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Cardiovascular disorders account for the increased morbidity and mortality that
accompanies a large number of diseases, including diabetes mellitus, obesity, hyper-
tension, nephropathies and rheumatoid arthritis. Recent progress in knowledge has
led to an increased understanding of the pathophysiologic mechanisms that underlie
vascular alterations in these diseases, the evidence being that a wide range of factors
are likely to participate to a variable degree in each of them. Aim of this book is to
describe the physiology of macro- and microcirculation together with their interac-
tions. It is also to discuss the structural and functional alterations that macro- and
microcirculation develop with diseases, with attention to their hemodynamic, meta-
bolic, humoral, hormonal, inflammatory, as well as genetic or environmental nature.
Emphasis is placed on recent notions, such as the involvement of arterial stiffness in
the initiation and progression of atherosclerosis, as well as in the age-related altera-
tions of systemic and renal vasculature; the importance of mineral-bone-vascular
interactions; the diagnostic and prognostic significance of new noninvasive mea-
sures of vascular structure and function in the retina and the kidney; the role of
toxemia in pregnancy; and the modern perception of diabetes as a vascular disease.
Some chapters are also devoted to the anatomy and the factors involved in athero-
sclerosis, arteriosclerosis and remodeling of precapillary resistance vessels, and to
the vascular changes and interactions with respiratory processes in pulmonary
hypertension. Evaluation procedures as well as the full range of available therapeu-
tic options, including lifestyle modifications and pharmacologic approaches, are
described and appraised. We hope that clinicians with a specific interest in arterial
diseases, but also those operating in other areas of medicine, will find this compre-
hensive update useful and timely.

Beirut, Lebanon Adel E. Berbari
Milan, Italy Giuseppe Mancia
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Reza Aghamohammadzadeh, Danielle Ormandy,
and Anthony M. Heagerty

1.1 Introduction

Cardiovascular diseases (CVDs) are the number one cause of death globally and
account for around a third of all deaths worldwide [1, 2]. In 2008, an estimated 17.3
million people died from these conditions which is 48 % of noncommunicable
diseases; of these, 6.2 million were a consequence of stroke and 7.3 million due to
coronary artery disease [3]. In the UK alone, 160,000 people died of CVD in 2001
[4]. The number of deaths from CVDs is predicted to rise to around 23 million by
2030 [5], thus highlighting the need for better understanding of these disorders and
exploration of new treatment and prevention strategies both at individual and popu-
lation level. Developing countries will suffer a similar fate if steps are not taken
urgently.

As the name suggests, cardiovascular diseases are a consequence of pathobiologi-
cal processes afflicting the heart and blood vessels. A number of disorders pertaining
to the heart are also vascular in origin; these include coronary artery disease and
microvascular disease within the myocardium. Arterial disorders can be split into
coronary, cerebrovascular and peripheral disorders based on the vascular bed, but
from a pathological perspective, the underlying processes can be grouped into five
categories: atherosclerosis, arterial stiffness, endothelial dysfunction, neurohormonal
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interactions and vascular remodelling. These processes often coexist in a range of
disorders including diabetes mellitus, hypertension, obesity and chronic kidney
disease.

1.2  Pathophysiology

Cardiovascular disorders are a heterogeneous group of diseases which share com-
mon underlying pathological manifestations. Atherosclerosis is a complex phenom-
enon and itself a result of a combination of pathological processes including
inflammation and endothelial damage. Far from a simplistic view that atherosclero-
sis is lipid driven and predominantly a cholesterol-related disorder, more recently a
number of inflammatory cells have been implicated in the process including mono-
cytes [6], macrophages [7], neutrophils [8] and dendritic cells [9], and further
exploration of novel chemokines including CCL2 [10], CCL17 and macrophage
migration inhibitory factor [10] can yet advance our understanding of the disorder.
A better understanding of the role of inflammation in atherosclerosis can in theory
lead to the introduction of immunomodulators alongside statins to treat those with
difficult-to-control atherogenic dyslipidaemia.

Endothelial dysfunction is characterised by processes which result in attenuated
endothelial vasodilatation, either by reducing the bioavailability of nitric oxide or
by increasing levels of endothelium-derived vasoconstrictor and prothrombotic fac-
tors [11]. Endothelial dysfunction has been described in diabetes mellitus [12—14],
hypertension [15, 16], aging [17-19], chronic kidney disease [20] and obesity [21,
22] and contributes to formation of atherosclerotic plaques and vascular stiffness.

Vascular remodelling is an adaptive process in response to long-term changes in
the haemodynamic environment that ultimately may contribute to vascular and cir-
culatory disorders. Four main processes have been implicated in remodelling: cell
growth, cell death, cell migration and extracellular matrix production or degradation
[23]. The specific type of remodelling depends on the disease process necessitating
the change within the vasculature. Eutrophic remodelling (rearrangement of the
same cellular material around a narrowed lumen resulting in increased media/lumen
ratio) has been described in patients with essential hypertension [24] and hypertro-
phic remodelling (increase in wall thickness or media cross-sectional area and pres-
ervation of the lumen diameter) in individuals with diabetes [25-27]. Similarly,
obese patients exhibit an increase in media-to-lumen ratio in keeping with hypertro-
phic remodelling [28], and persistent weight loss following weight-loss surgery
regresses these vascular changes [29].

Over the past 10 years, microRNAs have emerged as a rapidly advancing domain
offering much promise to enhance our understanding of the pathobiology of CVDs
at the molecular and cellular level. MicroRNAs are small noncoding RNAs involved
in post-transcriptional gene regulation by binding to mRNA sequences resulting in
a reduction of protein expression or leading to mRNA degradation [30]. The poten-
tial involvement of microRNAs has been reported in atherosclerosis [31, 32], endo-
thelial cell function [30] and arterial remodelling [33], as well as in disorders such
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as peripheral arterial disease [34], stroke [35], obesity [36] and aortic disease [37].
A better understanding of the role of microRNAs in cardiovascular disorders will no
doubt lead to development of future therapies [38].

1.3  Investigating Arterial Disorders

Over the years, a variety of techniques have been utilised to study the micro- and
macro-circulation at molecular, cellular and tissue level. These include functional
assessments of vessel wall and luminal changes using wire and pressure myogra-
phy, arterial stiffness studies using pulse wave velocity measurements as well as
high-resolution ultrasound assessment of endothelial function using flow-mediated
dilatation, evaluation of reactive hyperaemia using gauge-strain plethysmography
and more recently, pulse amplitude tonometry [39, 40]. One of the most recent
developments in the field of cardiovascular investigations is the emergence of reti-
nal artery imaging as a means of assessment and monitoring of arterial disease. The
retinal microcirculation offers a noninvasive and easily accessible window to the
human microvasculature. Advances in imaging technology using computer-based
analysis of retinal photographs allow for reproducible means for quantification of
retinal vascular calibre. Changes in retinal vascular calibre are associated with age,
ethnicity and genetic factors [41]. Changes such as narrowing of retinal arteriolar
calibre, enhanced arteriolar wall reflex and wider venular calibre are associated with
the metabolic syndrome [42, 43], waist circumference [44, 45], higher triglyceride
levels [45], diabetes and hypertension [44, 46] as well as stroke [47, 48], coronary
microvascular disease [49] and coronary artery disease [50]. Retinal microvascular
changes can predict subsequent vascular events following ischaemic stroke [51].
These changes are also observed in the paediatric and adolescent population [52—
54]. Retinal microvascular signs such as venular dilatation are associated with CKD
both in the presence and absence of diabetes, thus reinforcing the link between renal
and retinal microvasculature independently of diabetes [55].

1.4 Risk Factors

Identifying major risk factors for arterial disorders with the aim of developing new
therapies and public health strategies to reduce cardiovascular mortality and mor-
bidity has been at the forefront of efforts by major healthcare, academic, pharma-
ceutical and governmental bodies. However, despite our best efforts, cardiovascular
diseases are on the rise, and controlling and treating their risk factors remain a major
challenge.

Obesity has emerged as a major global healthcare burden and a symptom of our
unhealthy lifestyles. In the most simplistic terms, obesity is a result of the imbalance
between calories consumed versus calories expended. The worldwide prevalence of
obesity has nearly doubled between 1998 and 2008. Over half a billion adults over
20 were obese in 2008 (10 % of all men and 14 % of all women) [56]. The obesity
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prevalence tripled from 7 % in lower-middle-income countries to 24 % in upper-
middle-income countries. In low- and medium-income countries, there is a positive
correlation between socioeconomic status and obesity; however, in the European
Union, there seems to be an inverse relationship between education and obesity/
BMI [57-60]. These trends most likely reflect the growing awareness of the detri-
mental effects of obesity on health in the developed countries which should extend
to the developing countries in the not-too-distant future and help reduce the mortal-
ity rate from 2.8 million deaths each year (2008) as a result of overweight and obe-
sity [1]. In the context of the metabolic syndrome, obesity often coexists with
hypertension, diabetes and high cholesterol. There is an intricate interplay between
the components of the metabolic syndrome which is evident from both cellular and
epidemiological data. For example, those with a raised waist circumference are
twice as likely to have high blood pressure [61]. The interplay between adipose tis-
sue and adjacent vasculature has been studied in the context of perivascular adipose
tissue and adipokines with vasoactive properties. White adipocytes are the main
constituents of perivascular adipose tissue (PVAT) which surrounds a large propor-
tion of blood vessels in the human body and secretes molecules known as adipo-
kines. Healthy PVAT exerts a vasorelaxant effect mediated via a number of potential
candidates including adiponectin [62], nitric oxide [63], hydrogen sulphide [64] and
methyl palmitate [65]. In obesity, the vasorelaxant effect is not observed thus, in
theory, contributing to increased resting tone in peripheral small arteries.
Interestingly, weight loss following bariatric (weight loss) surgery restores the
PVAT vasorelaxant effect with its potential beneficial effects on resting BP [66].
These recent data are encouraging as they indicate the potential for reversal of a
degree of the obesity-induced cardiovascular damage.

Smoking is thought to cause around 10 % of cardiovascular diseases worldwide
[1]. Globally, there are more than one billion smokers, and despite a decrease in the
use of tobacco products in high-income countries, the total number of smokers is
increasing given that 80 % of the world’s smokers live in low- and middle-income
countries. Smoking kills 5.4 million people a year and has resulted in 100 million
deaths in the twentieth century [67]. Smoking cessation is very effective at reducing
mortality, and in those with coronary heart disease, it leads to a 36 % reduction in
crude relative risk of mortality [68]. The recent emergence and popularity of
E-cigarettes has proven controversial given that they may be a helpful aid to smok-
ing cessation, but the hype around the new products might lead to a renewed interest
in nicotine-based products and in some cases serve as an introduction to cigarette
smoking. The true effect of E-cigarettes on health and on smoking trends will
become apparent in the next decade.

The aging population of the world is another risk factor for cardiovascular dis-
ease and one which has no prescribed treatment. The developed countries, and to a
certain extent the developing countries, have fallen victim to their own economic
success. Improved quality of life, falling birth rates and longer life expectancies
have resulted in increasingly old populations in the developed countries. In 2010, at
least 20 % of the populations of the more industrialised countries were over the age
of 65, and by 2050, one billion people will be over the age of 65 worldwide [69].
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Age-related vascular changes have been well documented. These include luminal
enlargement with wall thickening, arterial stiffness and endothelial dysfunction.
Arterial stiffness is the reduced capability of a blood vessel to dilate and constrict in
response to changes in pressure. Both a linear relationship between age and stiffness
[70] as well as an accelerated stiffening between ages 50 and 60 have been described
[71]. The aetiology of endothelial dysfunction in aging is multifaceted and includes
a reduction in endothelial nitric oxide synthase activity leading to a reduction in
endothelial vasodilation, as well as a decline in the integrity of the endothelium as a
barrier and loss of the ability of endothelial cells to proliferate and migrate after tis-
sue injury [72]. Aging is one CVD risk factor that cannot be curbed; however, new
treatment strategies to fight the effects of aging might help alleviate the burden of an
increasingly old population.

In 2008, around 40 % of adults had raised blood pressure [73], and it accounts
for nearly 13 % of all deaths (7.5 million) worldwide [1]. Hypertension is a major
risk factor for ischaemic heart disease (IHD) and haemorrhagic stroke with 54 % of
stroke and 47 % of THD attributable to hypertension. Eighty percent of this burden
occurred in low-income and middle-income countries [74]. Moreover, blood pres-
sure levels have been shown to be positively and progressively related to coronary
heart disease and stroke [75]. In those older than 50, every increment of 20/10 mmHg
results in a doubling of cardiovascular risk, starting as low as 115/75 mmHg [76].
This highlights the importance of effective control of blood pressure which might
be addressed using a combination of antihypertensive drugs as well stressing the
importance of compliance.

Dyslipidaemia is another major cardiovascular risk factor. In 2008, 39 % of
adults had raised total cholesterol and an estimated 2.6 million deaths were attrib-
uted to this risk factor alone. In high-income countries, 50 % of the population had
raised total cholesterol which is double that of low-income countries, with 2.6 mil-
lion deaths annually [1]. The Framingham study first reported a link between high
cholesterol and increased coronary heart disease in the 1960s [77], and more
recently, lipoprotein (a) which is an LDL-like particle has been independently asso-
ciated with CHD and stroke [78]. Various treatment strategies have aimed to reduce
CVD risk in those with dyslipidaemia, but statins have been the most significant
players in this field. Recent controversy around statin use has threatened to derail
the success of preventing cardiovascular mortality by treating high cholesterol. The
authors of a paper published in 2013 by the British Medical Journal [79] had indi-
cated that statin therapy in low-risk individuals does not result in a reduction in
all-cause mortality or serious illness whilst conveying an 18 % risk of side effects.
The subsequent media reports have no doubt concerned physicians, as sensationalist
headlines could potentially affect patient compliance with medication.

Cardiovascular disease is the leading cause of morbidity and mortality in people
with diabetes, and diabetes is a significant contributor to cardiovascular risk. In
2001, just under a million deaths were directly caused by diabetes, and nearly 1.5
million deaths from ischaemic heart disease and 700,000 deaths from stroke were
attributed to high blood glucose [80]. However, with the emergence of better treat-
ment strategies and patient education, the tide might just be changing. In the past
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two decades, the difference in CVD complications in people with and without dia-
betes has narrowed substantially. In 1990, the rates of acute myocardial infarction
and stroke were three to four times higher in those with diabetes as compared with
the general population; however, by 2010, this difference had been reduced to less
than double that of the general population without diabetes [81]. Moreover, since
the 1990s, there has been a 3-5 % decline in the rates of acute myocardial infarc-
tion, cardiovascular mortality and all-cause mortality in patients with diabetes [82].
This might be a result of earlier detection of diabetes, as well as more effective
drugs with fewer side effects and a renewed emphasis on patient education.

Arguably, urbanisation has been the most significant contributor to the growing
cardiovascular mortality worldwide. As of 2010, more than half of the world’s pop-
ulation live in cities. The advent of globalisation and urbanisation coupled with the
emergence of 21 megacities around the world (>10 million) has led to the realisa-
tion that inhabitants of cities are at a greater cardiovascular risk than their rural
counterparts simply by the virtue of the fact that their lifestyles have changed
beyond recognition. Reduced physical activity, the use of motorised transportation,
air pollution, sedentary jobs, stress of commuting to work, increased rates of smok-
ing and readily available ‘junk food’ consisting of high calorie and high salt and
sugar foods with low nutritional value, all contribute to increases in blood pressure,
obesity and cardiovascular risk in general [69]. Air pollution in particular has been
linked with increased incident stroke risk [83], and high residential traffic exposure
has been linked with increased blood pressure in a recent comprehensive meta-
analysis of European population-based cohorts [84].

Cardiovascular diseases are no different to other disorders in that prevention is
better than cure. The World Health Organization ‘best buy’ interventions for treat-
ment and prevention of CVD would cost around 11-13 billion dollars annually
which is a significant saving considering that in the next 25 years, the cost of not
investing in CVD prevention and treatment is predicted to be as much as $47 trillion
worldwide [69]. These ‘best buys’ include protecting people from tobacco smoke
and banning smoking in public places, warning about the dangers of tobacco use,
enforcing bans on tobacco advertising and sponsorship, raising taxes on tobacco,
restricting access to retailed alcohol, enforcing bans on alcohol advertising, raising
taxes on alcohol, reducing salt intake and salt content of food, replacing trans fat in
food with polyunsaturated fat and promoting public awareness about diet and physi-
cal activity, including through mass media. These might seem intuitive and straight-
forward; however, pressure from multinational companies with vested interest and
difficulty in changing lifestyle habits that have been formed over many years make
it a formidable challenge and one which will not be easily achieved; however, in
high-income countries, focus on prevention and improved treatment following car-
diovascular events has resulted in significantly reduced rates of mortality [1].

References

1. Alwan A (2011) World Health Organisation: global status report on noncommunicable
diseases 2010. World Health Organization, Geneva



10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Definition and Epidemiology of Arterial Disease 9

. Mendis S, Lindholm LH, Anderson SG et al (2011) Total cardiovascular risk approach to

improve efficiency of cardiovascular prevention in resource constrain settings. J Clin Epidemiol
64:1451-1462

. Mendis S, Puska P, Norrving B (2011) Global atlas on cardiovascular disease prevention and

control. World Health Organisation, Geneva

. Foundation BH (2014) Cardiovascular disease. (cited 24 Jun 2014); Available from:

http://www.bhf.org.uk/heart-health/conditions/cardiovascular-disease.aspx

. Mathers C, Loncar D (2006) Projections of global mortality and burden of disease from 2002

to 2030. PLoS Med 3(11):e442

. Woollard KJ, Geissmann F (2010) Monocytes in atherosclerosis: subsets and functions.

Nat Rev Cardiol 7(2):77-86

. Moore KJ, Sheedy FJ, Fisher EA (2013) Macrophages in atherosclerosis: a dynamic balance.

Nat Rev Immunol 13(10):709-721

. Zernecke A, Bot I, Djalali-Talab Y et al (2008) Protective role of CXC receptor 4/CXC ligand

12 unveils the importance of neutrophils in atherosclerosis. Circ Res 102(2):209-217

. Weber C, Noels H (2011) Atherosclerosis: current pathogenesis and therapeutic options. Nat

Med 17(11):1410-1422

Zernecke A, Weber C (2012) Improving the treatment of atherosclerosis by linking anti-
inflammatory and lipid modulating strategies. Heart 98(21):1600-1606

Hadi HA, Carr CS, Al Suwaidi J (2005) Endothelial dysfunction: cardiovascular risk factors,
therapy, and outcome. Vasc Health Risk Manag 1(3):183-198

Clarkson P, Celermajer DS, Donald AE et al (1996) Impaired vascular reactivity in insulin-
dependent diabetes mellitus is related to disease duration and low density lipoprotein cholesterol
levels. J Am Coll Cardiol 28(3):573-579

. Skrha J, Vackva I, Kvasnicka J et al (1990) Plasma free N-terminal fibronectin 30-kDa domain as

a marker of endothelial dysfunction in type 1 diabetes mellitus. Eur J Clin Invest 20(2):171-176
Hadi HA, Suwaidi JA (2007) Endothelial dysfunction in diabetes mellitus. Vasc Health Risk
Manag 3(6):853-876

Hamasaki S, Al Suwaidi J, Higano ST et al (2000) Attenuated coronary flow reserve and vas-
cular remodeling in patients with hypertension and left ventricular hypertrophy. J Am Coll
Cardiol 35(6):1654-1660

Yoshida M, Imalzumi T, Ando S et al (1991) Impaired forearm vasodilatation by acetylcholine
in patients with hypertension. Heart Vessels 6(4):218-223

Taddei S, Virdis A, Ghiadoni L et al (2001) Age-related reduction of NO availability and oxi-
dative stress in humans. Hypertension 38(2):274-279

Versari D, Daghini E, Virdis A et al (2009) The ageing endothelium, cardiovascular risk and
disease in man. Exp Physiol 94(3):317-321

Virdis A, Ghiadoni L, Giannarelli C, Taddei S et al (2010) Endothelial dysfunction and vascu-
lar disease in later life. Maturitas 67(1):20-24

Stehouwer CD, Smulders YM (2006) Microalbuminuria and risk for cardiovascular disease:
analysis of potential mechanisms. J Am Soc Nephrol 17(8):2106-2111

Prieto D, Contreras C, Sanchez A (2014) Endothelial dysfunction, obesity and insulin resis-
tance. Curr Vasc Pharmacol 12(3):412-426

Toda N, Okamura T (2013) Obesity impairs vasodilatation and blood flow increase mediated
by endothelial nitric oxide: an overview. J Clin Pharmacol 53(12):1228-1239

Gibbons GH, Dzau VJ (1994) The emerging concept of vascular remodeling. N Engl J Med
330(20):1431-1438

Mulvany MJ (2012) Small artery remodelling in hypertension. Basic Clin Pharmacol Toxicol
110(1):49-55

Endemann DH, Pu Q, DeCiuceis C et al (2004) Persistent remodeling of resistance arteries in
type 2 diabetic patients on antihypertensive treatment. Hypertension 43(2):399-404
Schofield I, Malik R, Izzard A et al (2002) Vascular structural and functional changes in type
2 diabetes mellitus: evidence for the roles of abnormal myogenic responsiveness and dyslipid-
emia. Circulation 106(24):3037-3043


http://www.bhf.org.uk/heart-health/conditions/cardiovascular-disease.aspx

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

R. Aghamohammadzadeh et al.

Rosei EA, Rizzoni D (2010) Small artery remodelling in diabetes. J Cell Mol Med
14(5):1030-1036

Rizzoni D, De Ciuceis C, Porteri E et al (2012) Structural alterations in small resistance arter-
ies in obesity. Basic Clin Pharmacol Toxicol 110(1):56-62

De Ciuceis C, Porteri E, Rizzoni D et al (2011) Effects of weight loss on structural and func-
tional alterations of subcutaneous small arteries in obese patients. Hypertension 58(1):29-36
Sun X, Belkin N, Feinberg MW (2013) Endothelial microRNAs and atherosclerosis. Curr
Atheroscler Rep 15(12):372

Madrigal-Matute J, Rotllan N, Arand JF, Fernandez-Hernando C (2013) MicroRNAs and ath-
erosclerosis. Curr Atheroscler Rep 15(5):322

Rayner KJ, Moore KJ (2012) The plaque “micro” environment: microRNAs control the risk
and the development of atherosclerosis. Curr Atheroscler Rep 14(5):413-421

Zampetaki A, Dudek K, Mayr M (2013) Oxidative stress in atherosclerosis: the role of microR-
NAs in arterial remodeling. Free Radic Biol Med 64:69-77

Imanishi T, Akasaka T (2013) MicroRNAs in peripheral artery disease. Curr Top Med Chem
13(13):1589-1595

Koutsis G, Siasos G, Spengos K (2013) The emerging role of microRNA in stroke. Curr Top
Med Chem 13(13):1573-1588

Hulsmans M, Holvoet P (2013) MicroRNAs as early biomarkers in obesity and related meta-
bolic and cardiovascular diseases. Curr Pharm Des 19(32):5704-5717

Vavuranakis M, Kariori M, Vrachatis D et al (2013) MicroRNAs in aortic disease. Curr Top
Med Chem 13(13):1559-1572

Quiat D, Olson EN (2013) MicroRNAs in cardiovascular disease: from pathogenesis to pre-
vention and treatment. J Clin Invest 123(1):11-18

Celermajer DS (2008) Reliable endothelial function testing: at our fingertips? Circulation
117(19):2428-2430

Tousoulis D, Antoniades C, Stefanadis C (2005) Evaluating endothelial function in humans: a
guide to invasive and non-invasive techniques. Heart 91(4):553-558

Sun C, Wang JJ, Mackey DA, Wong TY (2009) Retinal vascular caliber: systemic, environ-
mental, and genetic associations. Surv Ophthalmol 54(1):74-95

Nguyen TT, Wong TY (2006) Retinal vascular manifestations of metabolic disorders. Trends
Endocrinol Metab 17(7):262-268

Wong TY, Duncan BB, Golden SH et al (2004) Associations between the metabolic syndrome
and retinal microvascular signs: the atherosclerosis risk in communities study. Invest
Ophthalmol Vis Sci 45(9):2949-2954

Zhao Y, Yang K, Wang F et al (2012) Associations between metabolic syndrome and syn-
drome components and retinal microvascular signs in a rural Chinese population: the Handan
Eye study. Graefes Arch Clin Exp Ophthalmol 250(12):1755-1763

Kawasaki R, Tielsh JM, Wang JJ et al (2008) The metabolic syndrome and retinal microvascu-
lar signs in a Japanese population: the Funagata study. Br J Ophthalmol 92(2):161-166

Ding J, Wai KL, McGeechan K et al (2014) Retinal vascular caliber and the development of
hypertension: a meta-analysis of individual participant data. J Hypertens 32(2):207-215
Kawasaki R, Xie J, Cheung N et al (2012) Retinal microvascular signs and risk of stroke: the
Multi-Ethnic Study of Atherosclerosis (MESA). Stroke 43(12):3245-3251

Cheung CY, Tay WT, Ikram MK et al (2013) Retinal microvascular changes and risk of stroke:
the Singapore Malay Eye study. Stroke 44(9):2402-2408

Wang L, Wong TY, Sharrett AR et al (2008) Relationship between retinal arteriolar narrowing
and myocardial perfusion: multi-ethnic study of atherosclerosis. Hypertension 51(1):119-126
Al-Fiadh AH, Farouque O, Kawasaki R et al (2014) Retinal microvascular structure and func-
tion in patients with risk factors of atherosclerosis and coronary artery disease. Atherosclerosis
233(2):478-484

De Silva DA, Manzano JJ, Liu EY et al (2011) Retinal microvascular changes and subsequent
vascular events after ischemic stroke. Neurology 77(9):896-903



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Definition and Epidemiology of Arterial Disease n

Taylor B, Rochtchina E, Wang JJ et al (2007) Body mass index and its effects on retinal vessel
diameter in 6-year-old children. Int J Obes (Lond) 31(10):1527-1533

Cheung N, Saw SM, Islam FM et al (2007) BMI and retinal vascular caliber in children.
Obesity (Silver Spring) 15(1):209-215

Murgan I, Beyer S, Kotliar KE et al (2013) Arterial and retinal vascular changes in hyperten-
sive and prehypertensive adolescents. Am J Hypertens 26(3):400-408

Liew G, Mitchell P, Wong TY, Wang JJ (2012) Retinal microvascular signs are associated with
chronic kidney disease in persons with and without diabetes. Kidney Blood Press Res
35(6):589-594

Finucane MM, Stevens GA, Cowan MIJ et al (2011) National, regional, and global trends in
body-mass index since 1980: systematic analysis of health examination surveys and epidemio-
logical studies with 960 country-years and 9.1 million participants. Lancet 377(9765):
557-567

Gutierrez-Fisac JL, Regidor E, Banegas JR, Rodriguez A (2002) The size of obesity differ-
ences associated with educational level in Spain, 1987 and 1995/97. J Epidemiol Community
Health 56(6):457-460

Martinez JA, Kearney JM, Kafatos A et al (1999) Variables independently associated with self-
reported obesity in the European Union. Public Health Nutr 2(1A):125-133

Sundquist J, Johansson SE (1998) The influence of socioeconomic status, ethnicity and life-
style on body mass index in a longitudinal study. Int J Epidemiol 27(1):57-63

van Lenthe FJ, Schrijvers CTM, Droomers M et al (2004) Investigating explanations of socio-
economic inequalities in health: the Dutch GLOBE study. Eur J Public Health 14(1):63-70
The NHS Information Centre LS (2011) Statistics on obesity, physical activity and diet:
England, 2011. http://www.hsic.gov.uk. Published 24 Feb 2011

Greenstein AS, Khavandi K, Withers SB et al (2009) Local inflammation and hypoxia abolish
the protective anticontractile properties of perivascular fat in obese patients. Circulation
119(12):1661-1670

Gil-Ortega M, Stucchi P, Guzman-Ruiz R et al (2010) Adaptative nitric oxide overproduction
in perivascular adipose tissue during early diet-induced obesity. Endocrinology 151(7):
3299-3306

Gao YJ, Lu C, Su L-Y et al (2007) Modulation of vascular function by perivascular adipose
tissue: the role of endothelium and hydrogen peroxide. Br J Pharmacol 151(3):323-331

Lee YC, Chang HH, Chiang CL et al (2011) Role of perivascular adipose tissue-derived
methyl palmitate in vascular tone regulation and pathogenesis of hypertension. Circulation
124(10):1160-1171

Aghamohammadzadeh R, Greenstein AS, Yadav R et al (2013) Effects of bariatric surgery on
human small artery function: evidence for reduction in perivascular adipocyte inflammation,
and the restoration of normal anticontractile activity despite persistent obesity. ] Am Coll
Cardiol 62(2):128-135

Jha P, Chaloupka FJ (1999) Curbing the epidemic: governments and the economics of tobacco
control. The World Bank. Tob Control 8(2):196-201

Critchley JA, Capewell S (2003) Mortality risk reduction associated with smoking cessation in
patients with coronary heart disease: a systematic review. JAMA 290(1):86-97

Laslett LJ, Alagona P Jr, Clark BA 3rd et al (2012) The worldwide environment of cardiovas-
cular disease: prevalence, diagnosis, therapy, and policy issues: a report from the American
College of Cardiology. J Am Coll Cardiol 60(25 Suppl):S1-S49

Avolio AP, Chen SG, Wang RP et al (1983) Effects of aging on changing arterial compliance
and left ventricular load in a northern Chinese urban community. Circulation 68(1):50-58
McEniery CM, Yasmin, Hall IR et al (2005) Normal vascular aging: differential effects on
wave reflection and aortic pulse wave velocity: the Anglo-Cardiff Collaborative Trial (ACCT).
J Am Coll Cardiol 46(9):1753-1760

North BJ, Sinclair DA (2012) The intersection between aging and cardiovascular disease. Circ
Res 110(8):1097-1108


http://www.hsic.gov.uk/

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

R. Aghamohammadzadeh et al.

WHO (2011) Blood pressure. Available from: http://www.who.int/gho/ncd/risk_factors/
blood_pressure_prevalence/en/index.html. (cited 17 Jul 2011)

Lawes CM, Vander Hoorn S, Rodgers A et al (2008) Global burden of blood-pressure-related
disease, 2001. Lancet 371(9623):1513-1518

Whitworth JA, WHO, ISH Writing Group (2003) 2003 World Health Organization (WHO)/
International Society of Hypertension (ISH) statement on management of hypertension.
J Hypertens 21(11):1983-1992

Chobanian AV, Bakris GL, Black HR et al (2003) Seventh report of the joint national commit-
tee on prevention, detection, evaluation, and treatment of high blood pressure. Hypertension
42(6):1206-1252

Kannel WB, Castelli WP, Gordon T, McNamara PM (1971) Serum cholesterol, lipoproteins,
and the risk of coronary heart disease. The Framingham study. Ann Intern Med 74(1):1-12
Emerging Risk Factors Collaboration, Erqou S, Kaptoge S et al (2009) Lipoprotein(a) concen-
tration and the risk of coronary heart disease, stroke, and nonvascular mortality. JAMA
302(4):412-423

Abramson JD, Rosenberg HG, Jewell N, Wright JM (2013) Should people at low risk of car-
diovascular disease take a statin? BMJ 347:£6123

Danaei G, Lawes CM, Vander Hoorn S et al (2006) Global and regional mortality from isch-
aemic heart disease and stroke attributable to higher-than-optimum blood glucose concentra-
tion: comparative risk assessment. Lancet 368(9548):1651-1659

Gregg EW, Li Y, Wang J et al (2014) Changes in diabetes-related complications in the United
States, 1990-2010. N Engl J Med 370(16):1514-1523

Booth GL, Kapral MK, Fung K, Tu JV (2006) Recent trends in cardiovascular complications
among men and women with and without diabetes. Diabetes Care 29(1):32-37

Stafoggia M, Cesaroni G, Peters A et al (2014) Long-term exposure to ambient air pollution
and incidence of cerebrovascular events: results from 11 European cohorts within the ESCAPE
project. Environ Health Perspect. doi:10.1289/ehp.1307301

Fuks KB, Weinmayr G, Foraster M et al (2014) Arterial blood pressure and long-term expo-
sure to traffic-related air pollution: an analysis in the European Study of Cohorts for Air
Pollution Effects (ESCAPE). Environ Health Perspect. doi:10.1289/ehp.1307725


http://www.who.int/gho/ncd/risk_factors/blood_pressure_prevalence/en/index.html
http://www.who.int/gho/ncd/risk_factors/blood_pressure_prevalence/en/index.html
http://dx.doi.org/10.1289/ehp.1307301
http://dx.doi.org/10.1289/ehp.1307725

Wilmer W. Nichols, Kevin S. Heffernan,
and Julio A. Chirinos

Abbreviations

(ED - Tr) Systolic duration of reflected wave

Alx Augmentation index (AP/PP)

AP Reflected pressure wave amplitude
CFR Coronary blood flow reserve
DPTI/SPTI  Supply/demand or subendocardial viability ratio
DPTI Diastolic pressure time index
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PP Pulse pressure

PWV Pulse wave velocity

RM Reflected wave magnitude (AP/P1)

SMC Smooth muscle cells

SPTI Systolic pressure time index

Tr Round trip travel time of the pressure wave to and from the lower
body reflection site

Z First (or fundamental) aortic input impedance modulus

Z, Characteristic impedance

“However eloquent may be the words of a writer, he cannot in a page convey as clear an idea
of the rhythm of the heart as a simple pulse-tracing; and if writers had given us more pulse-
tracings, their works would have been greatly enhanced in value”. James Mackenzie, 1902

2.1 Introduction

It is impossible to discuss the “normal” structure and function of the arterial system
without considering the changes that occur with advancing age. Normal arterial
structure and function is very different for a young person compared to an older
person. Furthermore, it is of paramount importance to understand normal arterial
function at all ages in order to recognize abnormal function in cardiovascular dis-
ease. In this chapter, we consider normality as meaning “without disease” and focus
our discussion on the structure and function of the arterial system over a wide age
range beginning in adult youth and continuing to old age.

There are numerous misconceptions in the conventional approach to quantify-
ing arterial function and ventricular/vascular coupling. Believing these miscon-
ceptions as true may lead to ineffective treatment. The main misconception arises
from the reliance on the sphygmomanometer for measurement of systolic and
diastolic blood pressures in the brachial artery. This approach implies that the
arterial system behaves as a model that does not take into consideration nonuni-
form elastic arteries or arterial wave reflections. Also, it does not allow for pres-
sure wave transmission and amplification along the arterial tree, but considers that
the pressure measured in the arm is the same in all arteries, including the aorta,
and under all conditions. Of course, we now know that this is not true; the pres-
sure is not the same in all arteries. As the pressure wave travels from the heart
along the arteries of the macrocirculation, both systolic and pulse pressures
increase markedly due to wave reflections. Thus, both systolic and pulse pressures
are greater in the arm and leg than in the ascending aorta; in young adults this dif-
ference in pressure (pressure gradient) can be 20-30 mmHg. These facts must be
considered before completely understanding the working relationship between
the heart and the arterial system. Our approach in this chapter is to consider the
heart as a pump and the viscoelastic arterial system, including wave reflections, as
its load with both static and dynamic components.
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The function of the left ventricle (LV) is to pump blood (the cardiac output)
through the macrocirculation of the systemic arterial tree to the microcirculation. If
the ventricle is ideally matched to its afterload, ventricular/vascular coupling and
cardiac efficiency are optimal and myocardial oxygen consumption is minimal
[1-4]. The amount of energy and thus the oxygen used by the LV to produce the
cardiac output is dependent not only on the contractile properties of the myocar-
dium but also on the physical properties and wave reflections of the arterial system.
Thus, the arterial system constitutes the external vascular “afterload” placed on the
ventricle during fiber shortening and ejection. Since the ventricle ejects a pulsatile
blood flow into a distensible arterial buffering system, the load has both static (non-
pulsatile) and dynamic (pulsatile) components. The static (or resistive) component
is dependent primarily upon blood viscosity and arteriolar caliber (microcircula-
tion), while the dynamic (or compliant) component is dependent on the elastic prop-
erties of the large arteries (macrocirculation) and pulse wave reflections. In this
chapter, LV arterial load is characterized in the frequency domain by the aortic input
impedance, since it is a function of systemic vascular resistance, central aortic stiff-
ness, and wave reflections and since it selectively describes the arterial system [2, 3,
5]. However, since input impedance requires measurement of both pulsatile pres-
sure and pulsatile flow in the ascending aorta and use of Fourier analysis, a simpler
time-domain approach is also presented [3]. Each load component is defined in
terms of the impedance spectra and pressure wave morphology and is related to the
geometric and structural variables that are likely to change with advancing age.
Also, the effects of increasing individual load components on LV function, coronary
blood flow reserve, and pulse pressure amplification are discussed.

2.2 Macrocirculation and Microcirculation (Structure)

The macro- and microcirculations of the systemic arterial tree are composed of dif-
ferent types of blood vessels, each with a distinct link between structure and func-
tion. The macrocirculation (large elastic and muscular arteries) transports oxygen,
metabolites, and nutrient-rich blood from the LV to the microcirculation (pre-
arterioles, arterioles, and capillaries) where it is distributed to the organs and tissues
of the body to meet their metabolic requirements at rest and during periods of stress.
The deoxygenated blood and waste products return to the right ventricle via the
venous system. The arterial and venous systems are linked through a complex net-
work of capillaries [5].

The walls of arteries (large, medium, and small) are composed of living cells and
their products including stiff collagen and compliant elastic fibers which directly
imparts elasticity and strength to the vessel wall [6]; collagen fibers are 500—1,000
times stiffer than elastic fibers. Larger arteries have small blood vessels within their
walls known as the vasa vasorum to provide them with oxygen-rich blood and nutri-
ents [7]. Since the pressure within systemic arteries is relatively high, the vasa vaso-
rum must function in the outer layers of the vessel wall. The structure of the vasa
vasorum varies with the size, function, and location of the arteries. Cells need to be
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within a few cell-widths of a capillary to stay alive. In the largest arteries, the vasa
vasorum penetrates the outer layer and middle layer almost to the inner layer. In
smaller arteries it penetrates only the outer layer. Endogenous and exogenous vasoac-
tive agents are delivered to the smooth muscle cells (SMC) in the arterial wall through
the vasa vasorum. In the microcirculation, the vessels’ own circulation nourishes the
walls directly and they have no vasa vasorum at all [7]. The confinement of the vasa
vasorum to the outer layers of arteries, along with the higher intraluminal pressure,
may be the reason that arterial diseases are more common than venous diseases, since
its location makes it more difficult to nourish the cells of the arteries and remove waste
products. There are also minute nerves within the walls of arteries that alter contrac-
tion and relaxation of the SMC. These minute nerves are known as the nervi vasorum.
All arteries have the same basic structure despite variations in the proportions of their
structural components [8, 9]. They are composed of three layers, or tunicae, which are
from the inside out: the intima, the media, and the adventitia (or tunica externa). The
tunica intima is composed of epithelial and connective tissue layers. Lining the tunica
intima is the specialized simple squamous cells called the endothelium, which is con-
tinuous throughout the entire vascular system, including the lining of the chambers of
the heart. Damage to this endothelial lining and exposure of blood to the collagenous
fibers beneath is one of the primary triggers of clot formation. Up until the late 1970s,
the vascular endothelium was considered as a passive lining of flat cells that separated
the load-bearing elements of the vascular media from the flowing blood. Over the
subsequent 40 plus years, it has become apparent that the endothelium produces a host
of chemical substances, notably nitric oxide, endothelin-1, prostacyclin, and angioten-
sinogen, which are designed to maintain homeostasis through effects on elements of
blood in the lumen, on the intimal surface which is exposed to blood, within the tunica
intima itself, and on vascular SMC in the tunica media [3, 10, 11]. Also, a multitude
of studies have now shown that the endothelium is physiologically critical to such
activities as helping to regulate capillary exchange and altering arterial blood flow and
pressure [12—15]. Endothelial cells synthesize, store, and release vasoactive sub-
stances in response to increased shear stress produced by increases in blood flow
velocity [16, 17]. Also, these substances are delivered through the vasa vasorum and
can constrict and relax the SMC within the walls of the arteries and arterioles to
increase or decrease both pulsatile and mean blood pressure [3]. Next to the endothe-
lium is the basement membrane, or basal lamina, that effectively binds the endothe-
lium to the connective tissue. The basement membrane provides strength while
maintaining flexibility, and it is permeable, allowing materials to pass through it. The
thin outer layer of the tunica intima contains a small amount of areola connective tis-
sue that consists primarily of elastic fibers to provide the vessel with additional flexi-
bility; it also contains some collagenous fibers to provide additional strength [9].

In larger arteries, there is also a thick, distinct layer of elastic fibers known as the
internal elastic lamina at the boundary with the tunica media. Like the other compo-
nents of the tunica intima, the internal elastic membrane provides structure while
allowing the vessel to stretch. It is permeated with small openings that allow exchange
of materials between the various layers. Microscopically, the lumen and the entire
tunica intima of an artery will normally appear wavy because of the partial constriction
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of the SMC in the tunica media, the next layer of the arterial wall. The tunica media is
the substantial middle layer of the arterial wall. It is generally the thickest layer in arter-
ies. The tunica media consists of layers of SMC supported by connective tissue that is
primarily made up of elastic fibers, most of which are arranged in circular sheets.
Toward the outer portion of the tunica media, there are also layers of longitudinal SMC
[18, 19]. Contraction and relaxation of the circular SMC increase and decrease the
stiffness of the artery, respectively. Specifically in large conduit arteries, vasoconstric-
tion increases stiffness and pulse wave propagation as the SMC in the walls of the
tunica media contract, making the lumen smaller and increasing pulse blood pressure
[3]. Vasoconstriction in arterioles reduces their caliber and causes an increase in vascu-
lar resistance and mean arterial blood pressure. Similarly, vasodilation decreases stiff-
ness and reduces pulse wave propagation as the SMC relax, allowing the lumen to
widen and pulse blood pressure to decrease. Vasodilation in arterioles increases their
caliber and causes a decrease in vascular resistance and mean arterial blood pressure.
Both vasoconstriction and vasodilation are regulated in part by the nervi vasorum that
runs within the adventitia of the arterial wall. Most arteries and arterioles in the body
are innervated by sympathetic adrenergic nerves, which release norepinephrine as a
neurotransmitter. Some blood vessels are innervated by parasympathetic cholinergic or
sympathetic cholinergic nerves both of which release acetylcholine as their primary
neurotransmitter. Neurotransmitter binding to the adrenergic and cholinergic receptors
activates signal transduction pathways that cause the observed changes in vascular
function. Nervous control over arteries tends to be more generalized than the specific
targeting of individual arteries. Hormones and local chemicals such as those released
from the endothelium also affect SMC in the arterial wall; some are vasodilators [20],
while others are vasoconstrictors [21]. Together, these neural and chemical mecha-
nisms increase or decrease blood flow and arterial pressure in response to changing
body conditions, from exercise to hydration and other forms of stress. The layers of
SMC in the tunica media are supported by a framework of collagenous fibers that also
binds the tunica media to the tunica intima and externa. Along with the collagenous
fibers are large numbers of elastic fibers that appear as wavy lines. Separating the
tunica media from the outer tunica externa in larger arteries is the external elastic mem-
brane. This structure is not usually seen in smaller arteries. The tunica externa is a
substantial sheath of connective tissue composed primarily of collagenous fibers. Some
bands of elastic fibers are found here as well. The outer layers of the tunica externa are
not distinct but rather blend with the surrounding connective tissue outside the artery,
helping to hold the vessel in relative position [9].

2.3 Macrocirculation
2.3.1 Elastic Arteries
Arteries of the macrocirculation have relatively thick walls that can withstand the

high pressure of blood ejected from the LV. However, those closer to the heart
have the thickest walls, containing a high percentage of elastic fibers and a lower
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percentage of collagen fibers and SMC in all three of their layers, especially the
tunica media. This type of artery is known as an elastic artery. Arteries larger than
approximately 5.0 mm in diameter are typically elastic. These include the aorta
(thoracic and abdominal), brachiocephalic, carotids, proximal subclavians, and
proximal iliacs. Their abundant elastic fibers allow them to expand, as blood
pumped from the LV passes through them, and then to recoil after the surge has
passed. The collagen fibers in the adventitia prevent elastic arteries from stretch-
ing beyond their physiological limits during systole. The SMC are arranged in a
spiral around the long axis of the vessels. These lamellae, and the large size of the
media, are the most striking histological feature of elastic arteries. In addition to
elastin, the SMC of the media secrete reticular and fine collagen fibers and proteo-
glycans (all not identifiable). The distribution of elastin and collagen differs strik-
ingly between the central and peripheral arteries. In the proximal aorta, elastin is
the dominant component, while in the abdominal aorta the content reverses, and
in peripheral arteries collagen dominates [22-25]. The transition occurs rapidly
over a few centimeters of the lower thoracic aorta just above the diaphragm and
over a similar distance in the branches leaving the aortic arch. With advancing age
elastic arteries become stiffer and, therefore, expansion and recoil are limited.
When this occurs, the impedance to blood flow increases and pulsatile blood pres-
sure rises, which in turn requires the LV to work harder in an attempt to overcome
the boost in pressure to maintain the volume of blood expelled by each heartbeat
[3, 26]. Artery walls become thicker in response to this chronic increase in pres-
sure and the larger elastic arteries dilate and elongate [27]. The elastic recoil of
the vascular wall helps to maintain the pressure gradient that drives the blood
through the arterial system. At low levels of arterial blood pressure, wall stress is
supported by compliant elastin fibers, while at higher levels of pressure, wall
stress is supported by stiff collagen fibers. This transition from elastic to collagen
fibers occurs at a mean blood pressure of about 120 mmHg [3]. An elastic artery
is also known as a conducting artery, because the large diameter of the lumen
enables it to accept a large volume of blood from the LV and distribute it to
smaller muscular artery branches and finally to the microcirculation.

2.3.2 Muscular Arteries

Further from the LV, the percentage of elastic fibers in an artery’s tunica intima
decreases and the amount of collagen fibers and SMC in its tunica media increases
[22, 23, 28]. The artery at this point is described as a muscular artery. The diameter
of muscular arteries typically ranges from 0.1 to 5.0 mm. These include distal sub-
clavians, axillaries, brachials, ulnars, and radials of the arms and femorals, poplite-
als, posterior tibials, and dorsalis pedises of the thighs and legs. The length of
muscular arteries in the lower body of humans is about twice that of the elastic
aorta. Their thick tunica media with numerous SMC allows muscular arteries to
play a major role in vasoconstriction and vasodilation [29]. Also, their decreased
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quantity of elastic fibers and increased quantity of collagen fibers limit their ability
to expand and alter wave propagation [22, 30]. Notice that although the distinctions
between elastic and muscular arteries are important, there is no “line of demarca-
tion” where an elastic artery suddenly becomes muscular. Rather, there is a gradual
transition as the arterial tree repeatedly branches. In turn, muscular arteries branch
to distribute blood to the vast network of the microcirculation. For this reason, a
muscular artery is also known as a distributing artery.

24 Microcirculation
2.4.1 Arterioles

An arteriole is a very small artery that leads to a capillary. Arterioles have the same
three layers as the larger arteries, but the thickness of each is greatly diminished.
The critical endothelial lining of the tunica intima is intact. The tunica media is
restricted to one or two SMC layers in thickness. The tunica externa remains but is
very thin. With a lumen 10-150 pm in diameter, arterioles are critical in slowing
down—or resisting—blood flow and, thus, causing a substantial increase in resis-
tance and a marked fall in mean blood pressure. Because of this, the arterioles are
referred to as resistance vessels; also, vascular pulsations are highly damped in the
pre-arterioles and arterioles. The muscle fibers in arterioles are normally slightly
contracted, causing arterioles to maintain a consistent SMC tone. In reality, all
arteries exhibit some degree of vascular tone due to the partial contraction of
SMC. The importance of the arterioles is that they will be the primary site of both
resistance and regulation of mean arterial blood pressure and blood flow. The pre-
cise diameter of the lumen of an arteriole at any given moment is determined by
neural and chemical controls, and vasoconstriction and vasodilation in the arteri-
oles are the primary mechanisms for blood pressure control and distribution of
blood flow to the capillary bed [9, 31].

2.4.1.1 Capillaries

A capillary is a microscopic channel that supplies blood to the tissues themselves, a
process called perfusion. Exchange of gases (oxygen and carbon dioxide) and other
substances occurs in the capillaries between the blood and the surrounding cells and
their interstitial fluid. The diameter of a capillary lumen ranges from 5.0 to 10 pm;
the smallest are just barely wide enough for an erythrocyte to squeeze through. Flow
through capillaries and arterioles are described as the microcirculation. The wall of
a capillary consists of the endothelial layer surrounded by a basement membrane
with occasional smooth muscle fibers. There is some variation in wall structure: In
a large capillary, several endothelial cells bordering each other may line the lumen;
in a small capillary, there may be only a single cell layer that wraps around to con-
tact itself. For capillaries to function, their walls must be leaky, allowing substances
to pass through [9, 31].
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2.5 Macrocirculation (Function)

When the LV contracts, it generates both internal and external “energy”’; the external
energy (or power) wave is the product of both forward-traveling pressure and flow
waves in the ascending aorta which causes a pulsatile change in vessel diameter as
they travel [5]. These pressure and flow waves are propagated along the arterial tree at
a finite velocity of about 400 cm/s in youth to about 1,500 cm/s in old age [3]. Their
morphology (or shape) depends upon the physical properties of both the macrocircu-
lation and microcirculation and also upon their location within the arterial tree [3]. As
noted above, the arterial tree can be separated into three anatomical regions, and since
the LV is a pulsatile pump, each region has a distinct and separate function: (/) The
large elastic arteries of the macrocirculation, especially the aorta, serve as a buffering
reservoir or Windkessel that stores blood during systole and expels it to the peripheral
circulation during diastole so that the capillaries of the microcirculation receive a
steady or continuous flow of blood during the entire cardiac cycle [32]. (2) The large
elastic arteries plus the muscular arteries in the lower body, by altering SMC tone,
modify the speed of travel of pressure and flow waves along their length and deter-
mine, to a great extent, when the reflected wave arrives back at the heart; the arrival
time also depends upon reflection site distance. (3) The pre-arterioles and arterioles of
the microcirculation, by changing their caliber, alter peripheral resistance and, there-
fore, aid in the maintenance of mean arterial blood pressure. Increased stiffness of the
central elastic arteries occurs over time and acute alterations in wall properties are
passive, while changes in the muscular arteries and arterioles (contraction and relax-
ation) most often occur acutely and alterations in wall properties are active [33].
Increased arterial stiffness causes an increase in pulse wave velocity (PWV) which
causes early return of reflected pressure and flow waves from peripheral reflecting
sites to the heart [2-5, 34, 35]; PWV is segment related and increases with distance
from the heart. This mechanism augments central aortic systolic (and pulse) pressure,
which increases arterial wall stress, elevates pulsatile afterload, and increases LV
mass and may potentiate the development of atherosclerosis [36—41]. Such studies
have suggested that logical treatment for lowering blood pressure should focus not
only on arteriolar caliber and peripheral resistance of the microcirculation but also on
arterial stiffness, pulse wave propagation, and wave reflections of the macrocircula-
tion [42—44]. Indeed, previous meta-analyses reports have shown that aortic stiffness
and wave reflections are independent predictors of adverse cardiovascular events and
outcomes [45-47]. A logical approach to understanding and treatment of the changes
in cardiovascular, cerebrovascular, and renovascular function is to consider the inter-
action between the heart as a pump and the arterial system as its load.

2.5.1 Ventricular/Vascular Coupling and Ventricular Afterload
The mechanical “afterload” imposed by the systemic circulation (macro- and micro-

circulations) to the pumping LV is composed of a static (or steady) and a dynamic
(or pulsatile) component (Fig. 2.1) and is an important determinant of normal
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Fig. 2.1 Illustration showing the three components of LV “afterload” and their measurements.
The non-pulsatile or static component is total peripheral resistance or mean arterial pressure and
the dynamic or pulsatile components are wall stiffness and wave reflections. Measurements of arte-
rial stiffness include characteristic impedance (Z.), pulse wave velocity (PWV), and distensibility;
measurements of wave reflection include reflected wave amplitude (AP), augmentation index (AIx
= AP/PP), reflection magnitude (RM = AP/P1), and amplitude of the first (or fundamental) har-
monic input impedance moduli (Z;). Changes in any (or all) of these load components can alter
ventricular performance

cardiovascular function and a key pathophysiological factor in various cardiac and
vascular disease states. Pulsatile LV afterload is largely determined by the elastic
properties of the macrocirculation (characteristic impedance and forward pressure
wave amplitude) and wave reflection characteristics (reflected wave amplitude and
first harmonic of input impedance modulus) of the arterial tree; the steady compo-
nent of afterload is determined by the microcirculation (peripheral resistance and
mean arterial pressure) [3, 48—50]. Although brachial arterial pressure (systolic,
diastolic, and pulse) is taken as a useful surrogate of arterial function and LV after-
load in clinical practice, it should be recognized that LV afterload cannot be fully
described in terms of brachial cuff (systolic and diastolic) pressure alone, but should
be assessed from central aortic pulsatile pressure or aortic input impedance derived
from central aortic pressure and flow waves [2-5].

The forward-traveling pressure and flow waves generated by the LV are transmit-
ted by the macrocirculation and are partially reflected at sites of impedance change
or mismatch, such as points of branching and/or tortuosity, change in lumen diam-
eter (taper), and physical properties along the macrocirculation system [2, 3, 35, 51, 52].
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Multiple small reflections are transmitted back toward the LV and merge into a
larger “net” reflected wave, composed of the contributions of all the smaller back-
ward scattered reflected waves. This reflected wave is most often a single discrete
wave, originating from an “effective” reflection site, but is actually the resultant of
multiple scattered reflections, originating from distributed reflection sites in the
lower body [3, 53]. In addition to hemodynamic phenomena related to wave travel
and reflections, the large elastic arteries exert a buffering function, which depends
on its stiffness and allows them to accommodate additional blood volume during
systole without excessive increases in pressure and in turn to release that excess
volume throughout diastole without excessive drops in blood pressure [2, 54].

2.5.2 Quantification of LV Afterload

Fourier analyses of ascending aortic pulsatile pressure—flow relations (i.e., aortic
input impedance spectra) allow the quantification of various components of LV pul-
satile load and “steady” or “resistive” load in the frequency domain (Figs. 2.2 and
2.3) [2, 3, 55-57]. The steady component of afterload depends largely on mean arte-
rial pressure and the peripheral resistance, which in turn depends on arteriolar caliber
(microcirculation), the total number of arterioles that are present “in parallel,” and
blood viscosity [3, 57, 58]. Therefore, the steady afterload component can be affected
by arteriolar tone, arteriolar remodeling, microvascular rarefaction, endothelial func-
tion, and changes in blood viscosity. Pulsatile LV afterload is, in contrast, predomi-
nantly influenced by the properties of larger macrocirculation arteries (both elastic
and muscular) and wave reflections. Although pulsatile LV afterload is fairly com-
plex and cannot be expressed as a single numeric measure, key indices of pulsatile
LV afterload can be quantified and summarized using relatively simple principles
and mechanical models of the systemic circulation, using time-resolved ascending
aortic pressure and flow waves [57, 58]. The large majority of the early studies on LV
pulsatile load were performed in dogs and rats with cuff-type flow probes implanted
on the ascending aorta and pressure measured with fluid-filled catheter—manometer
systems [59] or high-fidelity pressure catheter transducers [60]. Later invasive studies
in humans were performed using high-fidelity pressure—velocity catheters [61-65].
Noninvasive assessment of central aortic pressure can now be achieved using high-
fidelity applanation arterial tonometry at the carotid artery or by using a generalized
transfer (GTF) function to synthesize an aortic pressure waveform from the radial (or
brachial) pressure waveform [3, 66, 67]. Pulsatile aortic blood flow can also be mea-
sured noninvasively in humans, using pulsed wave Doppler ultrasound [68—70] or
phase-contrast magnetic resonance imaging [71]. The most convenient method to
assess aortic inflow is pulsed wave Doppler interrogation of the LV outflow tract,
given that systolic LV volume outflow equals proximal aortic volume inflow [70].
As stated above, LV afterload can be assessed in the frequency domain from the
aortic input impedance spectra (calculated from the harmonic components of central
aortic pressure and flow waves) or estimated in the time domain from the central aor-
tic pressure wave (Figs. 2.2 and 2.3) [3, 4, 48-50, 72-74]. Input impedance is the
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Fig.2.2 TIllustration showing the arterial tree of an older individual with a stiff aorta. Invasive mea-
surements of blood pressure and flow velocity obtained in the ascending aorta (bottom left) and
input impedance spectra (bottom right) obtained from these measurements are shown. AP is the
reflected wave amplitude, P/ is the forward wave amplitude, PP is the pulse pressure, P; is the
inflection point, Ew is the wasted LV energy, AQ is the peak flow, T is the travel time of the pressure
wave, ED is the ejection duration, MAP is the mean arterial pressure, O is the mean flow, MAP/Ois
the peripheral resistance and the impedance at zero frequency (not shown), Z, is the amplitude of the
fundamental harmonic of impedance moduli, and Z. is the characteristic impedance

“summed” mechanical load imposed by all vessels downstream of a particular point
(and which can be fully assessed by measuring pulsatile flow and pressure at that
particular point) [3, 49, 55, 59, 73, 75-77]. Therefore, “aortic input impedance” rep-
resents the summed mechanical load impeding LV ejection and represents the “gold
standard” for representation of LV afterload [3]. It should be noted that aortic input
impedance is not exclusively determined by aortic properties alone, but depends on
the physical characteristics of both the macro- and microcirculations and wave
reflections [2, 3]. Key parameters of pulsatile LV afterload include the characteristic
impedance (Z.) of the ascending aorta and the amplitude and timing of wave reflec-
tions (Figs. 2.2 and 2.3) [3, 34, 53, 78, 79]. The characteristic impedance of an artery
is a “local” property and can be intuitively calculated as the average of higher har-
monics of the aortic input impedance moduli spectrum [61]. Aortic Z. can also be
computed in the time domain as the slope of the early systolic pressure—flow relation
or as the ratio (P1/AQ) [3] where P1 is the amplitude of the forward-traveling
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Fig. 2.3 Illustration showing the arterial tree of a young adult with a compliant aorta. Invasive
measurements of blood pressure and flow velocity obtained in the ascending aorta (bottom left) and
input impedance spectra (bottom right) obtained from these measurements are shown. AP is the
reflected wave amplitude, P/ is the forward wave amplitude, PP is the pulse pressure, Pi is the
inflection point, Ew is the wasted LV energy, AQ is the peak flow, 7r is the travel time of pressure
wave, ED is the ejection duration, MAP is the mean arterial pressure, Q is the mean flow, MAP/Q
is the peripheral resistance and the impedance at zero frequency (not shown), Z; is the amplitude
of the fundamental harmonic of impedance moduli, and Z, is the characteristic impedance

pressure wave and AQ is the peak aortic blood flow velocity. An estimate of wave
reflection amplitude can be obtained from the aortic input impedance spectrum as the
first (or fundamental) harmonic of the impedance moduli (Z,) [3, 61]. It is important
to note that the large majority of LV energy (>80 %) is contained within the first and
second harmonics; therefore, logical therapy to reduce LV energy (internal and exter-
nal) should focus on these lower harmonics [5] which are influenced by reflected
wave amplitude (AP) in the time domain. Wave reflections are usually assessed via
wave separation analysis, based on the superposition principle that reflected waves,
by virtue of adding to forward pressure and subtracting from forward flow, distort the
linear relationship between the increase in pressure and the increase in flow that is
seen in early systole (as a result of the forward wave generated by ventricular con-
traction) when the pulsatile pressure—flow relation is assumed to be governed purely
by ascending aortic Z, (see below).
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2.5.3 Effect of Arterial Stiffness and Wave Reflections
on LV Afterload

The stiffness of various arterial segments of the macrocirculation have complex effects
on LV afterload, through their effects on the early aortic systolic pressure rise, the total
compliance of the arterial tree, and the velocity at which the pulse waves travel for-
ward in the arteries and reflected waves travel backward toward the heart [2, 3, 50,
72]. In early systole, the forward-traveling energy (flow) pulse from LV contraction
produces a forward-traveling pressure wave in the aortic root just distal to the valve.
If proximal aortic Z, is high due to a stiff wall, a small aortic diameter, or both, the
early part of the pressure wave (P1) (Figs. 2.2 and 2.3) increase is relatively large for
any given early systolic flow wave [3, 49, 52, 54]. The time of arrival of the reflected
wave at the proximal aorta from the lower body depends on the location of major
reflection sites and on PWV along the macrocirculation. Both the forward- and
backward-traveling waves are propagated along the macrocirculation at a similar
velocity [2, 3, 80, 81]; some investigators have suggested that these velocities may be
different and the location of the reflection site may be elusive [82]. Aortic PWYV is
directly related to the stiffness of the aortic wall (square root of elastic modulus) and
inversely proportional to the square root of aortic diameter [3, 52, 83, 84]. Stiffer arter-
ies of the macrocirculation conduct forward- and backward-traveling waves at a
greater velocity than compliant arteries and therefore promote an earlier arrival of the
reflected wave for any given distance to reflection sites [53, 79, 85-88]. Distance to
the major reflection site is strongly dependent on body height (or length) and both
elastic and muscular artery stiffness of the macrocirculation. When the elastic arteries
become very stiff, for example, with old age, PWV can increase to levels that cause an
apparent distal shift of the major reflection site [89]. This usually occurs when elastic
artery stiffness matches or exceeds muscular artery stiffness. However, this distal shift
of the reflection site does not cause a reduction in wave reflection amplitude or aug-
mentation index [3]. In the presence of normal LV systolic function, typical ill effects
of increased amplitude and propagation of the reflected wave on the aortic (and LV)
pressure waveform include a mid-to-late systolic shoulder which causes an increase in
systolic and pulse aortic pressure and the area under the pressure curve during systole;
this area represents the systolic pressure time index (SPTI) [3, 79]. The total arterial
compliance of the systemic macrocirculation depends on the summed compliance of
the various arterial segments. The compliance of individual segments is linearly pro-
portional to vessel volume (or radius?®) and, for any given “relative” vessel geometry
(wall volume/lumen volume ratio), linearly and inversely proportional to wall stiff-
ness (Young’s elastic modulus). The interaction between the stiffness and geometry
(including taper) of the macrocirculation also impacts location of the major reflection
site and amplitude and duration of the reflected wave. Reflected waves that arrive dur-
ing LV ejection increase the mid-to-late LV systolic workload, SPTI, wasted LV
energy (or effort, Ew), and myocardial oxygen demand [1, 3, 4, 40, 41, 60, 90]. It has
been proposed that the chronic increase in elastic artery stiffness with age increases
wave reflection amplitude and pulse pressure and promotes an excessive penetration
of pulsatility further into the microcirculation of target organs with high flow rates
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such as the heart, the brain, and the kidneys [56, 91-94]. This process reduces the
number of SMC [95] and causes endothelial dysfunction [94] which leads to attenua-
tion of the reserve capacity of the vascular bed. Indeed, aortic stiffness and wave
reflection amplitude are both inversely related to coronary blood flow reserve (CFR)
[96] (see below). An increase in arterial pulsatility resulting from arterial stiffness and
wave reflection amplitude has little effect on the systemic arterial circulation to most
bodily tissues because their flow is determined by the mean pressure gradient and
because cells are protected by the vasoconstricted small arteries and arterioles
upstream [56]. Brain and kidney cells receive no such protection because arterial ves-
sels remain somewhat dilated. The large increase in arterial pulsatility is applied to all
the distributing arteries in these organs while mean flow is maintained [97]. Brain and
kidney arteries of all sizes, including pre-arterioles, are thus subjected to higher pul-
satile circumferential stress and higher longitudinal shear stress. Their ability to with-
stand increased stresses depends on their resilience, and this is markedly decreased in
anumber of diseases, particularly diabetes mellitus [3, 98]. Increased stiffness of large
elastic arteries thus promotes a “setup” for small arterial disease and the types of
changes elucidated by Byrom [97, 99] over 50 years ago. Byrom’s work was initially
conducted in rats but was applied to the small-vessel disease seen in human hyperten-
sion. He showed that damage to small arteries could be induced by increased pulsatile
stress and could lead to tearing of their endothelium and SMC with disruption of the
vessel wall. He thus explained development of small arterial dilations and aneurysms
and the features of lipohyalinosis and of fibrinoid necrosis as seen in the brains and
kidneys of hypertensive disease. Byrom further showed that these changes were
largely reversible when disrupting forces were reduced [99].

It should be noted that although the timing of arrival of reflected waves from the
lower body to the heart is influenced by arterial (both elastic and muscular) stiff-
ness, the relationship between arterial stiffness and reflected wave transit time is
relatively poor, presumably given the wide variability in the distance to wave
reflection sites. Furthermore, there is not a direct correlation between aortic stiff-
ness and wave reflection amplitude or augmentation index (AIx) over the entire life
span [3]. Changes in elastic artery and muscular artery PWV do not always parallel
each other. For example, during the aging process elastic artery PWV (and Alx)
increases markedly, while muscular artery PWV changes very little. Also, during
vasoconstrictor administration (without a large increase in mean arterial pressure)
elastic artery PWV changes very little, while muscular artery PWV increases
markedly and causes a large increase in Alx [3]. PWV is a measure of arterial stiff-
ness while Alx is an index of the net effect of wave reflection on late systolic and
pulse pressure.

Various indices of pulsatile LV afterload are useful because they are meant to be
purely reflective of arterial properties and wave reflection. However, arterial load
should always be interpreted by considering interactions between arteries as a load
and the LV as a pump [3, 100] and also between myocardial elements and instanta-
neous LV geometry and the time-varying load imposed by both macro- and micro-
circulations. Wall stress represents the time-varying mechanical load experienced
by the contractile elements in the myocardium (myocardial afterload).
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Throughout systole, myocardial fiber activation results in the development of tension
(stress) and shortening of myocardial segments, which results in progressive ejection of
blood from the LV cavity and wall thickening. During early ejection, active develop-
ment of fiber cross-bridges occurs in the electrically activated myocardium and peak
myocardial wall stress occurs [101]. Myocardial fiber shortening and ejection of blood
determine a progressive change in LV geometry which causes a drop in myocardial
stress (despite rising pressure) during mid-to-late systole [3]. This shift in the pressure—
stress relation is related to the ejection process itself and appears to be favorable for the
myocardium to handle the additional load imposed by wave reflections and increased
LV wasted energy, but may be insufficient and/or compromised in the setting of wave
reflections of early onset of large amplitude [102] and in the presence of lower LV ejec-
tion fractions or abnormal LV ejection patterns [101, 103]. This may be important,
because the myocardium appears to be particularly vulnerable to late systolic loading.

As expected from physiologic principles, various arterial properties affect time-
varying myocardial wall stress differently. Whereas systemic vascular resistance is
an important determinant of wall stress throughout systole, Z. selectively affects
early systole and peak systolic wall stress, wave reflections, and total arterial com-
pliance correlate with myocardial stress in mid and late systole and significantly
influence the area under the stress curve generated for any given flow output [104].

An increase in the pulsatile component of afterload causes an undesirable mis-
match between the ventricle and arterial system, which increases myocardial oxy-
gen demand and decreases cardiac efficiency [1, 105, 106]. These changes in
ventricular/vascular coupling promote the development of LV hypertrophy (LVH)
and often lead to both systolic and diastolic myocardial dysfunction [103, 107-111].
Indeed, Jankowski et al. [108] reported that the pulsatile but not the steady compo-
nent of LV load predicted cardiovascular events in coronary patients. Several lines
of evidence support the importance of the LV loading sequence (and not just “abso-
lute” load) in LV remodeling and failure [40, 60, 90]. Late systolic loading (and
increase in wasted LV energy) has been shown to induce much more pronounced
LVH and fibrosis in an animal model compared to early systolic loading, at identical
peak LV pressure levels [60]. Increased late systolic load has also been shown to
exert more profound adverse effects on ventricular relaxation than early systolic
load, for any given level of peak LV pressure [60]. Consistent with available animal
data, changes in wave reflection magnitude (RM = AP/P1) have been reported to
correlate with regression of LVH in response to antihypertensive therapy [40], and
reflection magnitude has been shown to be strongly associated with incident heart
failure and mortality in the general population [45, 82].

2.5.4 Pressure Differences Within the Arterial Tree
and Pulse Pressure Amplification

As the pressure wave travels from the heart along the arteries of the macrocircula-
tion, both systolic and pulse pressures (PP) increase markedly, while mean pressure
decreases only slightly (-2 mmHg) due to wave reflection and viscous damping [3, 112]
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Fig. 2.4 Tllustration showing noninvasive measurements of radial artery pressure (upper right)
and synthesized central aortic pressure (upper left). Pi is the inflection point, R is the peak of the
reflected wave, and MAP is the mean arterial pressure. Lower panels show that PP amplification
(radial PP/aortic PP) is significantly inversely related to both aortic PWV (lower left) and reflected

wave amplitude (AP) (lower right)

(Fig. 2.4). Thus, both systolic and pulse pressures are greater in the arm and leg than
in the ascending aorta [3, 87]. This mechanism (PP amplification) ensures that pul-
satile load is lower in the elastic ascending aorta versus peripheral muscular arteries
and, therefore, minimizes excessive LV pressure energy and subsequent pulsatile
afterload [41]. PP amplification (i.e., peripheral PP/central PP) is determined by a
combination of factors including LV contractility and ejection duration, heart rate,
arterial stiffness (elastic moduli), arterial caliber (and taper), arterial path length,
timing and magnitude of wave reflections, and tone of the microcirculation (vascu-
lar resistance) [3, 86, 112—115]. From about 30 years of age onward, central aortic
PP is the sum of a forward-traveling wave (P1) and a reflected wave (AP) (Fig. 2.2);
therefore, PP amplification is influenced by both central aortic stiffness and wave
reflection. These factors are interassociated, making it difficult to determine specific
primary modulators. Overall, it would appear that wave reflection amplitude
explains the largest proportion of the variance in PP amplification with PWV (arte-
rial stiffness) and heart rate making additional notable contributions [112, 115,
116]. Indeed, the degree of amplification is age- and elastic artery stiffness-
dependent and decreases as aortic stiffness and wave reflection amplitude increase
(Fig. 2.4) [116, 117]. This difference between central and peripheral pressure pro-
gression may explain why central aortic pressure tends to be a better predictor of
cardiovascular events and outcome than peripheral brachial pressure [118—121].
Since peripheral muscular arteries stiffen little with age [122—125], elastic proper-
ties of these vessels alter amplification along the vessels minimally. Thus,
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transmission (propagation) characteristics in the upper limbs remain relatively con-
stant [126]. However, PP amplification in the proximal elastic aorta is markedly
influenced by acute changes in SMC tone of muscular arteries. Increased SMC tone
(contraction) increases wave reflection amplitude and reduces PP amplification,
while decreased tone (relaxation) has the opposite effect. Reduced PP amplification
occurs with aging [3, 86, 117, 127], obesity, and arterial disease (hypertension, dia-
betes, hypercholesterolemia, coronary artery disease, renal disease) and is associ-
ated with traditional cardiovascular risk factors [128, 129] and overall vascular
burden [130]. Moreover, PP amplification is associated with overt target organ dam-
age and regression of target organ damage with therapy (i.e., LVH regression with
antihypertensive therapy and exercise conditioning) [131], and it independently pre-
dicts future cardiovascular mortality [132, 133]. Thus, PP amplification has been
proposed as a potential mechanical biomarker of cardiovascular risk and global
arterial function. Racial differences in PP amplification have been reported with
African American men having lower amplification than their white peers [134]
related to increased arterial stiffness and wave reflections [81]. Sex differences in
PP amplification also exist, with women (particularly postmenopausal women) hav-
ing lower values than men [135]. Reasons for this difference have been ascribed to
a host of factors including shorter stature in women (reduced height resulting in
attenuated arterial path length and movement of reflection sites more proximal),
increased PWYV affecting timing of the return of the reflected pressure wave,
increased aortic taper, and arterial impedance mismatch affecting wave reflection
amplitude [3, 136]. Sex differences in PP amplification have been linked to LV dia-
stolic dysfunction in women [111]. In men and women over age 55 years, the mor-
tality impact of PP amplification is threefold higher in women compared to men
[137]. Since wave reflections do not alter PP in younger adults, amplification
declines as diastolic blood pressure rises, offering insight into well-noted observa-
tions that peripheral PP is unrelated to cardiovascular risk in this age cohort [126].
Conversely, loss of PP amplification with aging results in peripheral pressures more
closely approximating central pressures, hence increasing the ability of peripheral
PP to accurately predict CV risk in older adults [126]. In older adults, PP amplifica-
tion is predictive of heart failure, ischemic heart disease, atrial fibrillation, and mor-
tality [132, 137]. In young healthy adults, it is also possible for PP amplification to
result in spurious systolic hypertension [138]. Seen in taller men with compliant
elastic arteries, wave reflections are markedly attenuated and PP amplification pro-
found [139, 140]. The clinical implications of this elevated PP amplification in this
population remain to be determined [138]. As noted above, heart rate also makes a
notable contribution to PP amplification and this is most likely via effects on wave
reflection [141, 142]. With slower heart rate and prolonged systolic ejection dura-
tion, there is greater temporal overlap between forward and reflected pressure waves
causing an increase in reflected wave amplitude and Alx [3]. It is estimated that for
every 10 bpm reduction in HR, there is an increase in Alx of 4 % [142]. This in turn
results in a reduction in PP amplification. Medications that reduce heart rate such as
B-blockers are associated with reduced PP amplification because these drugs cause
an increase in wave reflection amplitude [143, 144]. Interestingly, lifestyle
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modification that results in bradycardia such as habitual aerobic exercise could pos-
sibly result in reduced PP amplification owing to HR-mediated increase in PP from
increased wave reflection coupled with reduced arterial stiffness [134, 145]. As
stated above, PP amplification is usually calculated as the ratio of the amplitude of
the PP between a proximal and distal site. Alternative methods include calculation
of absolute PP differences from peripheral to central sites (peripheral PP — central
PP) and expressed as the absolute difference from peripheral to central sites relative
to the central site [(peripheral PP — central PP)/central PP]. An issue that remains to
be resolved pertains to methodology for obtaining central and peripheral PP
appraisal. Although the gold standard for PP measurement remains invasive record-
ings, this is not practical for routine clinical use. Current studies noting clinical
utility of PP amplification have calculated central PP noninvasively either via (1)
synthesized aortic pressure waves derived from radial pressure waves and a GTF;
(2) carotid pressure waves as a surrogate for aortic pressure calibrated against bra-
chial mean and diastolic pressure [112]. While both methods are valid and have
merit, neither is without flaw. When using the GTF approach, radial pressure waves
are usually calibrated against brachial systolic and diastolic blood pressure, an
approach that assumes that pulse pressure in the brachial and radial arteries are
identical to each other (i.e., no brachial-to-radial amplification). When using syn-
thesized aortic pressure waves from the GTF approach and brachial pressures
obtained from an oscillometric cuff as done in the Anglo-Cardiff Collaborative Trial
(ACCT), amplification varies from 1.7 in the young (<20 years of age) to 1.2 in the
elderly (>80 years of age) [123]. These results are similar to those reported by Bia
et al. [127] over the same age range in the CUiiDARTE Project and those collected
by Nichols et al. [3]. When carotid and/or radial pressure waves obtained from
applanation tonometry are calibrated against brachial diastolic and tonometric mean
pressures (the latter being obtained from a brachial artery tonometric waveform), as
was done in the Asklepios Study, PP amplification values tend to be lower [116].
Although not without limitation, measurement of PP amplification from noninva-
sive central and peripheral pulse recordings has proven superior to brachial cuff
measures alone when assessing cardiovascular disease (CVD) burden, identifying
individuals at risk for CVD events, and monitoring response to therapy [130, 132].

2.5.4.1 Components of the Central Aortic Pressure Wave

Figures 2.2 and 2.3 show invasively measured high-fidelity ascending aortic pres-
sure and flow velocity waves in a normal young adult and a middle-aged human.
The measured aortic pressure (P) and flow (Q) waves are determined by the interac-
tion (or algebraic sum) of an LV-ejected forward-traveling “incident” wave and a
later arriving backward-traveling reflected wave from the lower body [2, 3, 80, 146].
The characteristics of the forward-traveling wave depend, primarily, upon the elas-
tic properties (Z.) of the ascending aorta and are not influenced by wave reflections
[3, 67, 147]. Two visible demarcations usually occur on the initial upstroke of the
central aortic pressure wave in middle-aged (Fig. 2.2) and older individuals with
stiff aortas and elevated Z.: the first shoulder (P1) and the inflection point (P;). These
demarcation points occur at an earlier age in patients with hypertension. The first
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(or early) shoulder is generated by LV ejection and occurs at peak blood flow veloc-
ity, while the inflection point occurs later and denotes the initial upstroke of the
reflected pressure wave; this wave represents the second (or mid-to-late) systolic
shoulder [3, 148, 149]. The first shoulder is an estimate of incident (or forward-
traveling) wave with amplitude P1, while the second shoulder is generated by the
reflected pressure wave from the lower body with amplitude AP and duration (ED —
Tr); ED is ejection duration and Tr is the round trip travel time of the pressure wave
to and from the lower body reflection site [3]; AP increases in parallel with the first
aortic input impedance moduli (Z;). When the first shoulder and P; occur simultane-
ously (or merge), as often occurs in older individuals and patients with severe
hypertension, no demarcation is visible. Therefore, if pressure and flow velocity are
measured simultaneously, the initial upstroke of the reflected wave, P1, and P; can
be determined and AP, Alx, and RM calculated. If flow velocity is not measured and
P; is not visible, a method that uses the second derivative of the pulse to identify P;
is used. In this method, P; occurs at the second peak of the second derivative; the
fourth derivative has also been used [3]. In younger individuals with compliant aor-
tas and reduced Z., the second systolic shoulder occurs much later (after peak sys-
tolic pressure) than the first and is usually of lower amplitude (Fig. 2.3) [3, 62]; Z,
is also reduced in this cohort. In a system with no reflections, the flow and pressure
waves are similar in shape (see Fig. 2.3). The characteristics of the reflected wave
depend upon a more complex set of determinants than the forward wave, namely,
the physical properties (stiffness, taper and branching) of all the arteries in the mac-
rocirculation, especially those in the aorta and lower body, PWYV, Tr, and distance to
the major “effective” reflection site [2, 3, 62, 74, 148—152]. Augmentation index
(AIx = AP/PP), an estimate of wave reflection strength and its contribution to cen-
tral PP, is related to arterial properties via changes in PWV from the heart to the
termination of the microcirculation in the lower body. The magnitude of wave
reflection can also be expressed by the reflection magnitude (RM = AP/P1) [52].
Increased arterial stiffness increases PWV (and Z.) and causes early return (Tr
decreases) of the reflected wave from the lower body reflecting sites to the heart
during systole when the ventricle is still ejecting blood [2, 3, 53, 72, 101, 153]. As
Tr decreases, both AP and systolic duration (ED — Tr) increase. This mechanism
augments ascending aortic systolic pressure and PP [108, 154-157], an effect that
increases arterial wall stress, potentiates the development of coronary artery athero-
sclerosis, elevates LV afterload, and increases LV mass and oxygen demand while
decreasing stroke volume [1, 87, 131, 148]. Since the reflected wave and associated
boost in pressure (LV and aortic) does not contribute positively to ejection of blood,
the effect of the extra workload is wasted (pressure) energy (or effort) (Ew) (Fig. 2.2)
[103, 148, 158-160] the ventricle must generate to overcome AP. Thus, the ventri-
cle shifts from a flow source to a pressure source which uses extra oxygen to gener-
ate less flow, and therefore, efficiency decreases [3]. Accordingly, optimal treatment
for high central systolic pressure and PP (pulsatile component of LV load) should
focus not only on increasing arteriolar caliber and reducing peripheral resistance of
the microcirculation but also on reducing arterial stiffness, Z., PWYV, systolic wave
reflection (and Z;), and Ew [161, 162]. Correct calculation of variables from the
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pressure wave (i.e., Alx, forward and reflected wave amplitude and travel time,
distance to reflection sites, RM, and Ew) depends on the accurate determination of
the inflection point, P;, on the aortic pressure wave (see above) [3, 70]. Also, care
must be taken not to use Alx as a measure of arterial stiffness because of its depen-
dence on wave reflections, heart rate, ejection duration, and body height [3]. Since
invasive recordings of ascending aortic pressure waves and pulse wave analysis can
only be made in a selected number of patients in the cardiac catheterization labora-
tory, techniques have been developed recently that enable the noninvasive determi-
nation of the above variables [66, 115] in large cohorts with similar results [144,
156, 163-166]. For example, large population studies such as the Baltimore
Longitudinal Study of Aging [167, 168], Framingham [169], Anglo-Cardiff (ACCT)
[123, 129], and many other aging studies [117, 125] and reviews [85, 162] observed
that age is an important determinant of arterial properties and wave reflection char-
acteristics that influence dramatic changes in the macrocirculation. In youth, the
reflected wave from the lower body travels at a reduced PWV and arrives at the
heart in diastole (Fig. 2.3) which aids coronary artery and myocardial perfusion, but
with increasing age (Fig. 2.2), the elastic arteries stiffen, increase Z. (and PWV),
and cause the reflected wave to arrive at the heart during systole (second shoulder)
with greater amplitude, systolic duration, and Z,. This modification in wave reflec-
tion characteristics contributes to a decrease in stroke output (negative reflected
flow wave contributing to flow deceleration) and a corresponding decline in cardiac
output [168]. Aortic systolic pressure and PP increase, whereas diastolic pressure
increases to middle age and then decreases in later life [3, 125]. Because of increased
central elastic artery stiffness and PWV measured as carotid—femoral PWYV, the
reflected wave from the lower body migrates into systole and increases aortic AP,
Alx, and RM; in the radial and brachial artery, since stiffness changes very little
with age [123, 125], the forward to reflected wave (from the hand region) ratio
remains essentially unchanged. Tr decreases with age, whereas (ED — Tr) increases
causing Ew and myocardial oxygen demand to increase markedly. Arterial stiffness
and wave reflection characteristics are amplified in older individuals and in patients
with systemic hypertension [125, 170], thereby causing a reduction in PP amplifica-
tion (Fig. 2.4). In a system with no reflections or one in which the reflected wave
arrives after peak systolic pressure and with low amplitude, an increase in aortic
stiffness alone only causes an increase in aortic PP (for a given stroke volume), with
little change in wave contour (see Fig. 2.3). Major changes in aortic pressure wave
contour are due to alterations in amplitude and timing of wave reflections from the
macrocirculation, including both elastic and muscular arteries (including arteri-
oles). LV afterload, central aortic and brachial artery systolic, and PP, SPTI, RM,
and AlIx are increased by elastic artery stiffening and increased wave reflection
amplitude, all of which are alterations associated with aging and resulting in LVH
[60, 131] and arterial wall damage [127]—major cardiovascular, cerebrovascular,
and renovascular risk factors [56, 154, 155]. Major cardiovascular risk factors
resulting from increased aortic stiffness and wave reflection (LV afterload) include
coronary artery atherosclerosis, decreased coronary blood flow and coronary flow
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Fig.2.5 Graphs showing the effects of aortic PWV (upper), reflected wave amplitude (AP) (lower
left), and augmentation index (AIx) (lower right) on coronary flow reserve (CFR). All three of
these variables are significantly inversely related to CFR

reserve (CFR) (Fig. 2.5), LVH, heart failure, and mortality. An explanation for the
progression from normal LV systolic function to severe failure is available on the
basis of the argument proposed by Westerhof and O’Rourke [107] and Nichols et al.
[3]. This explanation has been effectively used to characterize mechanical pumps,
with the LV seen to act as a flow source (powerful ejection) in youth when the ven-
tricle is optimally matched to a compliant arterial system and power generation is
minimal and wasted energy is zero. Under these circumstances the reflected wave
arrives in diastole and aids in coronary artery perfusion and CFR. The age-related
increase in elastic artery stiffness (and PWV) causes the reflected wave to arrive
earlier to the heart and boost pressure in mid-to-late systole and places an extra
pulsatile workload on the LV causing it to generate more force, which is wasted
energy [103]. These changes in arterial properties and wave reflection characteris-
tics cause the LV to change from a flow source to a combined flow and pressure
source (ejection limited by pressure achieved) as hypertension develops. As the
elastic arteries become stiffer, LV pressure increases and causes an increase in sys-
tolic pressure time index (SPTI) and myocardial oxygen demand. Sustained eleva-
tion and prolongation of mid-to-late systolic augmentation results in LVH [3],
which is associated with progressive degenerative changes in the myocytes such
that these weaken and develop less force with each contraction. The weakened,
hypertrophied fibers lengthen and the LV dilates, with augmented systolic pressure
and stroke output initially being somewhat maintained at greater muscle length and
LV volume through the Frank—Starling mechanism [3].
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2.5.4.2 Il Effects of Increased Aortic Stiffness and Wave Reflections
on the Coronary Microcirculation

The concept of coronary blood flow reserve (CFR) was introduced to reflect the
maximal oxygen delivery capacity during increasing myocardial oxygen demand.
Since myocytes extract large amounts (70-80 %) of oxygen from the blood at rest,
the best way of meeting increasing oxygen demand is by increasing coronary blood
flow [171, 172]. An increase in coronary blood flow can be accomplished by
decreasing coronary microvascular resistance, as occurs with elevated myocardial
oxygen demand, or increasing oxygen supply by increasing coronary artery perfu-
sion pressure. At rest, there is significant autoregulation in the coronary microvas-
cular bed which ensures sufficient blood supply to the myocytes under a wide range
of oxygen demand and perfusion pressure. Thus, resting coronary blood flow is
mainly under control of tissue metabolic demand [173]. To test the maximum flow
reserve capacity, the autoregulation must be uncoupled, which will create a linear
relationship between perfusion pressure and coronary flow [174—177]. Thus, CFR
in humans is usually measured during either exercise challenge or pharmacological
stimuli such as dobutamine or adenosine [178]; in animals CFR is measured as reac-
tive hyperemia following 10 or 20 s of total coronary artery occlusion and release
[179]. Hemodynamically significant lesions in the epicardial coronary arteries
(macrocirculation) are known to cause reduced CFR [178-180]. Furthermore,
numerous recent studies have shown that some individuals (especially women) with
normal epicardial coronary arteries have reduced CFR [181-187]. CFR is defined as
the ratio of blood flow at maximal (or near maximal) vasodilation and basal (or rest-
ing) blood flow [175]. Vasodilation results from relaxation of SMC of the microcir-
culation and is associated with endothelial function. Therefore, in the absence of
obstructive epicardial coronary artery disease, a reduction in CFR is frequently used
as an index of “microvascular dysfunction” [185-188]; however, this association
has been questioned by some. CFR is strongly dependent upon changes in the pla-
teau level of basal perfusion and coronary flow. For example, in LVH resulting from
chronically elevated afterload, total basal coronary blood flow is increased, but
maximal flow does not change; therefore, CFR is reduced [175, 177, 189, 190].
Conditions that increase myocardial oxygen demand increase basal coronary blood
flow and deplete a portion of the total reserve capacity of the microcirculation and,
therefore, reduce CFR [172].

To fully appreciate the importance of coronary microvascular physiology (and
pathophysiology), it must be realized that coronary blood flow changes dramatically
during the cardiac cycle. Since the rhythmic contraction of the LV compresses and
squeezes the coronary vessels and throttles blood flow during systole, the majority
of flow (about 80 %) occurs during relaxation (or diastole) [191]. As central aortic
stiffness and wave reflection amplitude increase, central systolic blood pressure
rises, PP widens, and LV wall stress and myocardial oxygen demand increase, while
aortic diastolic pressure decreases [123, 192, 193]. These alterations in pulsatile
load cause LVH independent of change in the steady load component [60, 194].
Such abnormalities in ventricular/vascular coupling unbalance the favorable myo-
cardial oxygen supply/demand ratio and promote myocardial ischemia and
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contractile dysfunction [3]. Information regarding the ill effects of aortic stiffening
and wave reflections on the coronary circulation has come primarily from experi-
mental animal models where the aorta was artificially stiffened or replaced with a
rigid tube [26, 195-197]. In these studies when the heart ejected into a stiff or non-
compliant aorta, systolic pressure and PP, wasted LV energy, and myocardial oxy-
gen demand increased and diastolic pressure decreased, but coronary blood flow
also increased in response to the marked increase in oxygen demand [26]. However,
increased aortic stiffness and wave reflection caused a decrease in CFR [189, 196],
and during increased myocardial contractility, subendocardial blood flow was
impaired and the subendocardial electrocardiogram showed signs of ischemia [195].
These undesirable alterations in ventricle/vascular coupling were enhanced in the
presence of a high-grade coronary artery stenosis [195] and during reductions in
aortic diastolic blood pressure. During total coronary artery occlusion and myocar-
dial ischemia, increased aortic stiffness caused marked enhancement in cardiac dys-
function [196]. In more recent experimental rat studies, Hachamovitch et al. [198]
and Gosse and Clementy [190] found that age and hypertension, conditions associ-
ated with increased aortic stiffness and wave reflection, produced LVH and adversely
affected the coronary circulation and CFR. These changes in coronary hemodynam-
ics in response to increased aortic stiffness increase the potential for ischemic epi-
sodes, especially in the subendocardial region [198]. From these experimental
animal studies, it appears that both acute and chronic preparations with artificially
stiffened aortas or other interventions that increase myocardial oxygen demand
have increased resting coronary blood flow and reduced CFR.

Several studies in humans have confirmed and expanded the findings in experi-
mental animal models. The age-related increase in aortic stiffness and wave reflec-
tion, in healthy volunteers with presumably normal coronary arteries, causes an
increase in LV afterload and resting coronary blood flow, but a decrease in CFR
[199]. The majority of older patients have increased aortic stiffness and wave reflec-
tion which causes increased systolic blood pressure and decreased diastolic pressure
resulting in isolated systolic hypertension so that aggressive treatment to lower blood
pressure, especially those with macro- and/or microvascular anomalies, is more dif-
ficult [200]. Under these conditions the myocardium is primarily and linearly depen-
dent upon coronary perfusion pressure for myocardial blood supply because
autoregulation is exhausted; however, the jeopardized region may receive some
blood flow through collaterals [201]. In other studies, significant correlations between
CFR and increased aortic stiffness and wave reflection amplitude were demonstrated
in different patient populations, some with [202] and others without [181-184]
CAD. The decrease in coronary blood flow and CFR in CAD results predominantly
from narrowing of epicardial coronary arteries, while reduction in CFR in patients
with normal or nonobstructive CAD is more difficult to explain. Therefore, one must
consider other factors than coronary artery narrowing such as myocardial oxygen
demand [191, 202], diastole pressure time index (DPTI) [203], coronary pressure
gradient, and coronary artery endothelial function [204]. Arterial stiffness and wave
reflection affect all four of these variables and can readily explain angina pectoris
even in the absence of macrovascular epicardial coronary artery atherosclerosis [205,
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206]. Increased stiffness of central elastic arteries with aging and/or vasoconstriction
of peripheral muscular arteries increases central aortic pressure (systolic and pulse)
to a much greater extent than brachial cuff pressure because of wave reflection [3,
74]; central and brachial diastolic pressures decrease in parallel. These hemody-
namic changes cause an increase in myocardial oxygen demand during systole while
decreasing coronary artery perfusion in diastole. Such chronic changes in LV after-
load are associated with an undesirable imbalance in the myocardial oxygen supply/
demand ratio which is exacerbated in LVH and can lead to ischemia and angina even
in the absence of coronary atherosclerosis [207]. Similarly, a marked increase in
heart rate in the face of increased aortic stiffness can reduce coronary perfusion and
precipitate myocardial stunning [208]. Aortic stiffness and wave reflection can have
a profound influence on coronary blood flow and CFR through an elevation in sys-
tolic pressure, a slowing in LV relaxation, and a reduction in diastolic pressure [209].
These effects can be estimated as the “subendocardial viability ratio” (DPTI/SPTI)
which has been shown to be directly related to CFR [191, 210]. Clinical information
on the effects of arterial stiffness and wave reflection on epicardial coronary artery
blood flow waveforms and CFR has come from both invasive (Doppler catheter or
guidewire) and noninvasive (transesophageal and transthoracic Doppler echocar-
diography) measurements [96, 182—184]. Regardless of the method used to measure
coronary blood flow velocity and aortic stiffness, the results are similar—aortic stiff-
ness and wave reflection amplitude are both inversely related to CFR in the presence
or absence of CAD (Fig. 2.5). Results from the Dallas Heart Study [207] showed that
angina among women in the general population is common and is not necessarily
associated with subclinical atherosclerosis. However, angina in the absence of sub-
clinical atherosclerosis is not related to traditional atherosclerotic risk factors but is
associated with clinical, inflammatory, and vascular factors that reflect endothelial
dysfunction and increased aortic stiffness and wave reflection, suggesting a distinct
vascular etiology and alternative potential therapeutic targets. Furthermore, coronary
microvascular dysfunction, if it exists, in some cases, however, may be independent
of the endothelium [211]. Thus, Reis et al. [212] of the Women’s Ischemic Syndrome
Evaluation (WISE) study group reported that of 159 women without significant
obstructive CAD undergoing invasive studies, 74 (47 %) had what they defined as
subnormal coronary flow responses to intracoronary adenosine (CFR <2.5). Age and
the number of years postmenopausal correlated inversely with reduced CFR, but not
lipid and hormone levels, blood pressure, or left ventricular ejection fraction. A more
recent report from the WISE study group found that, compared with a reference
group, WISE participants with normal epicardial coronaries had higher aortic sys-
tolic and pulse BP and ejection duration. These differences were associated with an
increase in reflected wave amplitude and systolic duration. These modifications in
wave reflection characteristics were associated with an increase in SPTI and wasted
LV energy and a decrease in PP amplification, subendocardial viability ratio, and
diastolic pressure time fraction [213]. Subsequent data from this WISE study group
showed that aortic PWYV was elevated and CFR was reduced. Furthermore, there was
a significant inverse relationship between CFR and indices of aortic stiffness and
wave reflections (Fig. 2.5), variables that increase myocardial oxygen demand and
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basal coronary blood flow. Therefore, it is difficult to say with certainty that micro-
vascular dysfunction was present. Support for this conclusion was published recently
by Pauly et al. [181]. These authors showed, in a substudy of WISE, that treatment
with an ACE inhibitor, an agent that reduces arterial stiffness and wave reflections,
improved CFR. In light of these findings, we tend to agree with O’Rourke’s sugges-
tion that “decreased coronary flow reserve” should be used instead of “microvascular
dysfunction” [191], since none of the above studies actually measured microvascular
function.
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Atherosclerosis as an enduring inflammatory disease of the arterial wall is
characterised by an imbalanced lipid metabolism and a maladaptive immune
response resulting in sub-endothelial lipoprotein retention and endothelial activa-
tion with migration of immune and smooth muscle cells to the inflamed intima. This
leads to formation of atheromas with chronic vascular stenosis and tissue ischemia
which is often complicated by acute atherothrombotic events such as myocardial
infarction or stroke. Even today, atherosclerosis and its consequences remain the
leading causes of mortality and morbidity in the industrialised nations.

3.1 Traditional Risk Factors and Pathogenesis of Plaque
Formation

Atherosclerotic lesions develop preferentially in vascular segments with slowed or
disturbed blood flow, e.g. arterial bifurcations and branching sites. This arterial
environment in combination with traditional risk factors such as hypertension,
smoking and diabetes or other pathogens (immune complexes, toxins, viruses, etc.)
may favour non-denuding endothelial dysfunction or even denuding injury with
exposure of matrix proteoglycans and platelet activation. Accordingly, this so-called
“response-to-injury” hypothesis has provided a fundamental framework in the
pathogenesis of atherosclerosis to address numerous questions about cellular inter-
actions and the nature of inflammatory mediators they produce [1].
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Early atherosclerotic lesions (known as fatty streaks) do not affect the vascular
lumen and consist predominantly of focal lipid deposition, T lymphocytes and
monocytes that transform to macrophages and lipid-loaded foam cells [ 1-4]. Indeed,
almost each leukocyte sub-population ranging from lymphocytes, monocytes and
neutrophils to dendritic or mast cells can be found at varying numbers inside the
lesion during different stages [4]. Epidemiological data have further acknowledged
leukocytosis as independent risk factor and predictor of cardiovascular events [5].

The continuous cell infiltration, proliferation and necrosis with accumulation of
cell debris and cholesterol crystals result in lesion growth, and the fatty streaks
transform gradually into stenotic plaques. These fibrous plaques contain an acellu-
lar necrotic core that is covered by a fibrous cap of dense connective tissue consist-
ing of collagen, intimal smooth muscle cells (SMCs) and macrophages [1-3]. The
“shoulder” regions of the plaques are often infiltrated by T lymphocytes and mast
cells, which release proteolytic enzymes and proinflammatory mediators that may
facilitate plaque destabilisation [3, 6]. Moreover, because of increasing plaque vol-
ume, the overlaying endothelial monolayer may be stretched quite thin and becomes
more permeable or can even rupture.

Advanced stable fibroatheromas are covered by a dense, tension-resistant fibrous
cap and contain few inflammatory cells [6, 7]. These plaques typically associate
with chronic tissue ischemia that can be partially compensated by the growth of
collateral vessels. In contrast, vulnerable plaques have a thin fibrous cap with more
inflammatory cells than SMCs next to relative large and “soft” necrotic core. These
plaques are more prone to erosion or rupture with subsequent occlusive athero-
thrombotic complications.

Dyslipidaemia with elevated circulating low-density lipoprotein (LDL) levels
is another cardinal risk factor for the development and progression of atheroscle-
rotic plaques. Due to increased endothelial permeability at predilection sites,
LDL is easily embedded in the sub-endothelial space [2]. A variety of biochemi-
cal modifications occur there and enhance its pro-atherogenic action [2, 8]. Most
important is the oxidation of LDL by reactive oxygen species or enzymes such as
myeloperoxidase or lipoxygenases released from surrounding inflammatory cells
[3]. Products of oxidised LDL (oxLDL) are chemotactic for monocytes but cyto-
toxic to endothelial cells. OxLDL is taken up at enhanced rates by macrophages,
thus contributing to foam cell formation. Moreover, oxXLDL can inhibit macro-
phage egress from the lesion but induce expression of adhesion molecules or
deposition of chemokines on activated endothelial cells which further accelerates
the recruitment of leukocytes. This accelerated leukocyte recruitment in conjunc-
tion with insufficient egress drives a continuous, oxLDL-mediated cell overload
and lesion growth.

To complement the above traditional risk factors, a search for genetic variants
linked with coronary artery disease (CAD) has flourished. Several genome-wide
association studies (GWASs) have created an enormous wealth of data on suscepti-
bility loci. The characterisation of these CAD-associated loci (9p21.3, 10q11.21,
etc.) should provide new insight in the molecular mechanisms driving atherosclero-
sis and its outcomes and should open new fields for cardiovascular research [9].
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3.2 Inflammatory Mediators in Atherogenic Cell
Recruitment

Atherogenic recruitment of leukocytes involves rolling, firm adhesion, migration
and trans-endothelial diapedesis [10]. This sequential cascade is controlled by
chemokines, which are chemotactic cytokines divided into four groups accord-
ing to their conserved cysteines and corresponding G protein-coupled receptors:
C, CC, CXC and CX;C [11, 12]. Considering the diversity of various leukocytes
recruited during the atherogenic process, the abundance in the chemokine system
has been perceived to confer robustness and specificity [13]. At a site of inflam-
mation, particular leukocyte subsets may be recruited by a signature combination
of chemokines engaging in heterophilic interactions, facilitated by a local reper-
toire of proteoglycans with differential binding affinities for these chemokines [4,
12, 13]. Soluble chemokines mediate direct leukocyte recruitment while surface-
immobilised chemokines on activated endothelial cells trigger leukocyte arrest and
activation of integrins. Numerous studies using antagonists or gene-deficient mice
for important chemokines and/or their respective receptors have generated valu-
able insights into receptor-ligand axes with specific and combined contributions
to atherogenesis [12]. Some of these crucial axes are CCR2-CCL2 (also known
as monocyte chemotactic protein-1) and CCR5-CCLS (also known as RANTES).
Other chemokines and receptors appear rather involved in cell homeostasis and
associate with reduced atheroprogression and plaque stabilisation, e.g. CXCL12
(also known as stromal cell-derived factor-1) and CXCR4/CXCR7, CX;CL1 (also
known as fractalkine) and CX;CR1 or the dendritic cell chemokine CCL17 [12—-
14]. Finally, the combined action of chemokines such as the CCL5-CXCL4 (also
known as platelet factor-4) heteromer can result in synergistic effects during ath-
erogenic leukocyte recruitment [15].

Advanced human atherosclerotic lesions show an up-regulation of macrophage
migration inhibitory factor (MIF) in macrophages and endothelial cells, which
express MIF also in response to oxLDL [16]. Multiple mouse studies have con-
firmed the atheroprogressive function of MIF, which is probably linked to its versa-
tile proinflammatory properties at crucial checkpoints in atherogenesis [3].
Macrophages can secret further proinflammatory mediators with implication in ath-
erogenesis such as interleukin-1-beta (IL-1p) and tumour necrosis factor-alpha
(TNF-a) [2, 6]. They are another robust source of platelet-derived growth factor
(PDGF), which is one of the more important candidates coordinating the prolifera-
tive response of intimal SMCs [17].

Type I interferons (IFNs) have been implicated in atherogenesis as other impor-
tant myeloid effector cytokines. Hence, treatment of atherosclerosis-prone mice
with IFN-f increases lesion size, macrophage content and CCLS5 plasma levels,
whereas myeloid deficiency of the receptor for type I IFNs (IFNAR1) was associ-
ated with stable plaques [18]. Signalling through IFN-B-IFNARI interaction trig-
gers CCL5 production by macrophages, thus increasing the CCR5-mediated
monocyte recruitment [18]. This explains a correlation between up-regulated type I
IFN signalling and CCL5 expression in advanced human lesions [3, 18].
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Co-stimulatory and co-inhibitory signalling molecules fine-tune immune reac-
tions by regulating inflammatory phenotypes and responses of T lymphocytes and
antigen-presenting cells. For the prominent co-stimulatory pair CD40-CD40L, both
receptor and ligand are expressed by lesional cell types and highly up-regulated in
advanced human plaques [3, 19]. Mouse studies have revealed a plaque-destabilising
function for CD40-CD40L signalling, attributable to the induction of multiple
inflammatory factors [19]. Notably, repeated injection of CD40L-deficient platelets
specifically implicated platelet CD40L in atherogenesis by mediating proinflamma-
tory leukocyte-platelet interactions and regulatory T-cell homeostasis without com-
promising systemic immune responses or inducing haemorrhage [20].

3.3  TheRole of Scavenger and Toll-Like Receptors (TLRs)

Although the major uptake of modified LDL in macrophages is mediated by scav-
enger receptor A (SR-A) and CD36, the genetic deletion of these receptors has
yielded varying effects on experimental atherosclerosis [3, 21]. Combined defi-
ciency of SR-A and CD36 in Apoe—/— mice has implicated both receptors in athero-
progression by inducing proinflammatory gene expression and macrophage
apoptosis rather than foam cell formation [22]. TLR4 and TLR6 cooperate with
CD36 in this inflammatory response to atherogenic lipids: oxLDL sequestered by
CD36 induces intracellular CD36-TLR4-TLR6 heteromerisation, thus activating
the transcription factor NF-kB and the secretion of chemokines [23]. Accordingly, a
sustained oxidative burst and apoptosis elicited by oxLDL with continuous stress of
the endoplasmic reticulum through combined signalling of CD36 with TLR2-TLR6
may similarly occur in lesional macrophages with intracellular accumulation of free
cholesterol [24, 25].

34 Activated Platelets

Chronic inflammation associates with elevated platelet counts and platelet activa-
tion. Similar to leukocytosis, the thrombocytosis has been considered as risk factor
for atherosclerosis. Platelets are activated by shear flow, oxXLDL or hyperglycaemia.
Upon activation they release membrane microparticles next to a broad arsenal of
soluble components with relevance not only to coagulation and wound healing but
also to immune response [26, 27]. The intravenous injection of activated platelets
leads to a rapid progression of atherosclerotic lesions in mouse models that can be
explained by a transfer of inflammatory chemokines such as CXCL4 and CCL5
[28]. As mentioned above, both chemokines may form a heteromer with synergistic
effect on monocyte recruitment [15]. Disrupting this interaction by a designed syn-
thetic peptide in vivo resulted in decreased atherosclerotic lesion formation, and the
genetic deficiency of CCL5 and CXCL4 has been found to reduce plaque formation
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in mice [15]. Furthermore, the P-selectin-mediated adhesion of platelets to mono-
cytes under coronary flow conditions results in circulating complexes with increased
adhesion to endothelial cells and immigration into the arterial wall [29]. These
monocyte-platelet aggregates are increased in patients with CAD end especially
after myocardial infarction [30].

3.5 Concluding Remarks and Perspectives for Prevention
and Therapy

The currently available non-invasive therapy against atherosclerosis and especially
CAD is usually restricted to controlling body weight, blood pressure, glycaemia,
LDL cholesterol and triglyceride levels as well as platelet aggregation to prevent
advanced thrombotic complications. Patients but also healthy individuals are fur-
ther encouraged to follow general lifestyle recommendations including physical
activity, smoking cessation and balanced diet. So far, the positive dietary effects of
cold-water oily fish, red wine and olive oil consumption on CAD have been well
documented [31, 32].

However, these established strategies do not fully address the inflammatory and
immune mechanisms driving atheroprogression. Thus, emerging and future con-
cepts in the treatment of atherosclerosis are urgently required. In this regard, several
lessons from experimental animal models could help to develop novel, more power-
ful therapeutics such as inhibitors of chemokine heteromerisation, receptor antago-
nists, artificial lipoprotein complexes or even vaccination [13, 33-35]. Such a
pioneering drug development requires stringent evaluation of effectiveness which
has to rely on surrogate markers. Although a variety of cellular, soluble, imaging or
functional biomarkers are available, their predictability remains partially limited.
Hence, new biomarkers should be developed to complement existing ones and mul-
tiple biomarker panels should be combined in an integrated approach with higher
predictive potential. Associated GWASs and transcriptional, proteomic or meta-
bolic profiling may facilitate this search.

Moreover, there is an urgent need for improved imaging techniques, as current
modalities (intravascular ultrasound, carotid intima-media thickness, quantitative
coronary angiography and computed tomography) are often invasive and provide
only quantitative but incomplete morphological data of atherosclerotic lesions. As
cellular and molecular composition better reflects plaque pathology compared to
size, highly advanced imaging techniques, such as high-resolution magnetic reso-
nance and positron-emission tomography, will be required. The development of
new molecular imaging with specific biological functions could add another dimen-
sion to plaque imaging, including monitoring the activation of endothelial cells and
macrophages. If successful, this will be of tremendous value for drug development
and testing efficacy, allowing detailed mechanistic insights into therapeutic effects
at early stages, as well as imaging-based clinical outcome studies.
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Michael F. O'Rourke

To a student of medical history, it is fascinating to reflect on how careful our
predecessors were in classification of diseases and how lazy and careless we have
become. In recent times, all forms of arterial disease are generally considered to cause
ill effects through narrowing and restriction of blood flow. All such disease is consid-
ered to be a form of atherosclerosis. The effects of arterial stiffening are usually set
aside and overlooked or forgotten. Coronary artery disease is synonymous with coro-
nary atherosclerosis. The AHA Journal Arteriosclerosis was renamed Arteriosclerosis,
Thrombosis, and Vascular Biology (ATVB). The journal Atherosclerosis has retained
its name but both it and ATVB now carry the same type of content.

The late nineteenth-century physicians were more careful in their terminology.
William Osler’s textbook Principles and Practice of Medicine [1] (first published
in 1892) had great influence. After Councilman, Osler described three types of
arteriosclerosis, on the basis of pathology. The first — nodular arteriosclerosis —
corresponds to what we call atherosclerosis today. The second — diffuse arterio-
sclerosis — was predominantly a medial disease in young to middle-aged adults and
probably corresponds to the arterial consequences of chronic severe hypertension,
a condition which was untreatable in 1900 but rarely encountered today, whereas
senile arteriosclerosis was the condition seen in elderly persons where the aorta and
large arteries were dilated with thickened stiff walls and with disorganisation of the
orderly arrangement of elastin in the arterial media. “Elderly” in Osler’s day prob-
ably meant over 60 (an age that became particularly significant in the controversy
following publication of his essay on “the Fixed Period” [2]). In modern times, a far
greater proportion of the population lives to well over 60 years, so that one would
expect senile arteriosclerosis to be far more common than in 1890-1920. Yet “senile

M.F. O’Rourke

Department of Cardiology, Victor Chang Cardiac Research Institute, St Vincent’s
Hospital, University of New South Wales, Victoria Street, Sydney, NSW 2010, Australia
e-mail: m.orourke @unsw.edu.au

© Springer International Publishing Switzerland 2015 57
A. Berbari, G. Mancia (eds.), Arterial Disorders:

Definition, Clinical Manifestations, Mechanisms and Therapeutic Approaches,

DOI 10.1007/978-3-319-14556-3_4


mailto:m.orourke@unsw.edu.au

58 M.F. O'Rourke

arteriosclerosis” or “arteriosclerosis” is not listed in textbook indices or in subject
titles for American Heart Association, American College of Cardiology or European
Society of Cardiology meetings. The lonely lot of researchers offering abstracts for
such meetings has to make do with “hypertension”, which was referred to as high
blood pressure in Osler’s day and diagnosed from the radial artery pulse, as felt at
the wrist or recorded by a sphygmogram.

Similar problems with terminology hinder communication between researchers
and clinicians who are interested in Alzheimer’s disease and how this condition is
defined [3]. To many physicians and psychiatrists today, Alzheimer’s disease is
dementia which is not caused by vascular disease, i.e. “if it has a vascular cause, it
is not Alzheimer’s disease” [3]. It is instructive to read Alzheimer’s first description
of a case [4] in which severe dementia in an older man was not associated with any
cerebral pathology at autopsy but was associated with arteriosclerosis. The views of
Osler and Councilman were followed at the time (1907), and it is probable that
Alzheimer’s reference was to senile arteriosclerosis with stiffening and dilation of
the thoracic aorta and with no particular abnormality of the intracranial or carotid
arteries. Alzheimer’s emphasis in describing this condition was absence of obvious
abnormalities at autopsy to explain it [4].

I find myself to be part of the problem. Despite railing against imprecise wording
in medicine [5], I find in the Index of our 6th edition of McDonald’s Blood Flow in
Arteries [6] the word “arteriosclerosis” to state succinctly “see atherosclerosis”. In
Osler’s time, senile or physiological arteriosclerosis and high blood pressure were
diagnosed on the basis of pulse wave contour — from high and prolonged pressure in
late systole, “the tidal wave is prolonged and too much sustained” [7], and “the
pulse (of high tension) is slow in its ascent, enduring, subsides slowly, and in the
interval between the beats, the vessel remains full and firm” [8]. Osler emphasised
that the (radial) “pulse of high tension” is similar to the pulse in arteriosclerosis but
that a test could be used to distinguish between the two (which are often combined)
“(@if) when the radial (artery) is compressed with the index finger, the artery can be
felt beyond the point of compressions, its walls are sclerosed” [8].

The difference between senile arteriosclerosis and atherosclerosis could not be
more stark (Table 4.1). Atherosclerosis is initially and predominantly an intimal
disease which may or may not secondarily involve the media. It occurs predomi-
nantly in small- to medium-sized arteries and preferentially at sites where there are
high and changing patterns of pulsatile shear throughout the cardiac cycle — at flow
dividers below a branch in coronary arteries and at or about the carotid sinus in the
neck [6]. It occurs predominantly in Western rather than Eastern societies, more
commonly in males than females, and has well-known and accepted “risk factors”
[9]. In all but one site (the infrarenal aorta, where abdominal aortic aneurysms
arise), it causes clinical effects through narrowing of arteries, limiting or preventing
arterial flow to the organ or tissue beyond. Finally, arteriosclerosis is diffuse, affect-
ing the thoracic aorta almost exclusively and uniformly, whereas atherosclerosis
creates individual discrete lesions, with normal segments between “nodules”.
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Table 4.1 Key differences
between arteriosclerosis
and atherosclerosis

Arteriosclerosis Atherosclerosis

Stiffens aorta Little effect

Dilates aorta Occludes

Media Intima

Diffuse Focal

Age and blood pressure Cholesterol and smoking
Cushion function Conduit function

The key functions of the arterial system are first as a conduit, to
distribute blood to tissues and organs of the body according to need
and at an appropriately high pressure, and, second, to cushion the
pulsations generated by the heart, so that blood can flow through the
organs and tissues of the body in a near-steady, non-pulsatile stream
Arteriosclerosis predominantly affects cushioning function; athero-
sclerosis predominantly affects conduit function. Arteriosclerosis is
caused by the pulsations of the artery, with elastin fibre fatigue,
then fracture, with greatest damage in the vessel (the proximal
aorta) which pulsates most. Ill effects are on the heart upstream,
whose load is increased but whose coronary flow in diastole is lim-
ited. Distal effects are on small arteries in vasodilated organs —
notably brain and kidney — from tearing of smooth muscle cells and
haemorrhage and from dislodgement of endothelial cells and
thromboses (pulse wave encephalopathy, pulse wave nephropathy).
Atherosclerosis predominantly affects conduit function by limiting
or obstructing flow to critical organs and tissues

Arteriosclerosis as it affects the aorta is illustrated in a schematic form prepared
with Seymour Glagov (Fig. 4.1).

In an editorial questioning the “comfort zone” of physicians [10], the Emeritus
invasive cardiologist Spencer King referred to the future developments he expects
to see from the use of engineering principles in this field. While concentrating on
hydraulic factors and shear stresses which are involved in development of and dam-
age to atheroscierotic plaques and which precipitate coronary acute events, he
alluded to the predictability of other diseases, on the basis of engineering principles.
One of them is arteriosclerosis, which Osler described as follows:

As an involution process arterio-sclerosis is an accompaniment of old age, and is the expres-
sion of the natural wear and tear to which the tubes are subjected. Longevity is a vascular
question, which has been well expressed in the axiom that ““a man is only as old as his arter-
ies.” To a majority of men, death comes primarily or secondarily through this portal. The
onset of what may be called physiological arterio-sclerosis depends, in the first place, upon
the quality of arterial tissue (vital rubber) which the individual has inherited, and secondly
upon the amount of wear and tear to which he has subjected it. [1]

The engineering principles that apply to development of arteriosclerosis from
“wear and tear” (now quantifiable in terms of S/N (strain/cycle number) curves) are
easier to understand than those that apply to rupture of an atherosclerotic plaque.
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Fig. 4.1 Conceptual view
of a young normal proximal
aorta (left) and an elderly
arteriosclerotic aorta (right)
showing (above) dilation and
wall thickening. Below is
shown the orderly pattern of
thick elastin fibres in the
normal aorta with some
muscular cells and collag-
enous fibres as wavy
elements that do not bear any
load at normal arterial
pressure. In the thickened
stretched arteriosclerotic wall
at right, elastin fibres are
fractured and fragmented.
Collagenous fibres are
stretched, and there is
accumulation of amorphous
material in the wall. The
intima is thickened by
hyperplasia of endothelial
cells (Cartoon prepared by
M O’Rourke and S Glagov.
From Ref. [9])

4.1 Cause of Arteriosclerosis

In seeking a cause for arteriosclerosis and an explanation for its development, one

has to explain:

e  Why it predominantly affects the proximal thoracic aorta and not the peripheral

muscular arteries

* Why it affects the media of the aorta and not the intima or adventitia
e Why it decreases distensibility of the aorta or (as put another way) why it

increases aortic stiffness

* Why it is associated with dilation of the aorta as well as increased stiffness

e Why its major cause is aging

These issues are explicable and predictable on the basis of engineering principles
of material fatigue, alluded to by Osler [1, 8] and King [10], as applied to inanimate
objects, such as ships, bridges, aeroplane wing spars and even dance floors [6]. Each
material object which is subjected to stretch or bending has a characteristic strain
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Fig. 4.2 Strain/cycle number (S/N) curve for natural rubber showing the relationship between
distention and cycle number at which fracture of the rubber element is expected. The ascending
aorta medial elastin fibres (if similar to natural rubber) which pulsate around 15 % with each beat
would be expected to show evidence of fracture between 500 and 800 million cycles, correspond-
ing to 20-30 years of life, whereas the distal muscular arteries which pulsate by <5 % with each
beat would not be expected to show fracture in a lifetime of 100 years (From Ref. [6])

(S)/cycle number (N) or S/N curve. Natural rubber has properties similar to those of
arterial elastin (indeed Osler referred to “vital rubber” as well as the effects of “wear
and tear”) [1]. An S/N curve is shown in Fig. 4.2. The graph plots the properties of
natural rubber in terms of the number of cycles of expansion to which it needs to be
subjected in relation to the extent of strain, before fracture would be expected. The
heart’s cycle is repeated some 30 million times per year and so some 1 billion times
in 30 years. With the proximal thoracic aorta in youth stretching by some 15 % with
each beat of the heart, one would expect that fracture of elastin fibres would begin
to occur at age 30 years and progress steadily thereafter. One would also expect that
peripheral muscular arteries (which dilate by <3 % at each cycle), or larger arteries
such as the femoral, carotid or brachial which dilate by 3—5 % per cycle [11], would
show little change in physical properties in a lifetime of 90 years.

Such an explanation fits with the disorganisation of the elastin network in the
aortic media with age (Fig. 4.1), and as seen in histology and pathology texts. This
is regarded as a normal aging process “physiological arteriosclerosis”, unless
extreme and unless associated with areas of medionecrosis, which is the substrate
for aortic weakening and aortic dissection in the elderly [1, 6].

The explanation accounts for confining this process to the media since the intima
and adventitia contain no elastin fibres (and do not oppose applied stress). It accounts
for distension of the aorta since fracture of structural elements causes stretch. It
accounts for increased stiffness of the aorta, since cycles of stretch are transferred to
and borne by the collagenous fibres in the wall which have much higher modulus of
elasticity (stiffness) than elastin. Physical damage to the proximal aorta is stressed
here, whereas others such as Lakatta and colleagues tend to concentrate on cellular
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and molecular changes with aging [12]. I favour the physical (engineering) hypoth-
esis since it explains the issues listed above. I see the physical damage to be primary
and the chemical/cellular changes to be secondary and part of the attempt to repair
the damaged aorta.

4.2  Effects of Aortic Change in Arteriosclerosis

Fracture of elastin elements in the aortic wall cause increase in elastic modulus.
This appears to increase four- to tenfold over an average lifetime and so be greater
than any other measurable effect of aging [6]. Stiffening of the aorta from change in
elastic modulus increases aortic pulse wave velocity by an amount that depends
on the square root of aortic modulus according to the classic Moens-Korteweg
equation [6]:

Pulse wave velocity (PWV) = LR

2rp
where E is Young’s modulus of the wall, % is the wall thickness, r is the vessel radius
and p is the blood density.

Hence, a ninefold increase in aortic modulus would increase aortic PWV three-
fold, and this explains the increase in aortic PWV with age from ~5 M/s to around
15 M/s at 90 years of age (Fig. 4.3).

Increase in aortic PWV explains another characteristic change in the pulse wave-
form in older persons, with wave reflection returning early and augmenting the pres-
sure wave in late systole. This is seen in Fig. 4.4 and is the cause of the change in
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Fig. 4.3 Change in “aortic” carotid-femoral PWV with age in urban Beijing (individual data
points and upper regression line), where hypertension is prevalent and salt intake high [13], and in
rural Guangdong province where hypertension is less prevalent and salt intake is low (regression
line at bottom). In Beijing, PWV increased approximately threefold between zero and 80 years. In
rural Guangdong, PWYV increased around twofold over the same period [13, 14] (From Ref. [9])
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Young Old

Aortic pressure

/ "\ Aortic flow

Fig. 4.4 Schematic drawing of ascending aortic pressure waves (fop) in a young (left) and old
(right) subject for the same ejection (flow) wave from the heart (bottom, red). Increase in pressure
from foot to initial peak or shoulder at ~100 msec later is higher in the old subject and attributable
to high aortic characteristic impedance (Zc), while augmentation in late systole is due to early
return of the reflected wave from peripheral sites, caused by increase in aortic PW'V. In the younger
subject, the initial pressure peak at ~100 msec forms the systolic peak, and the reflected wave
returns at the end of systole and boosts coronary blood flow. In both young and old subjects, there
is just one single spurt of blood from the LV into the aorta, but two distinct pressure pulses are
created. The second pressure pulse must be due to wave reflection

radial artery pulse wave described by Mahomed, Broadbent, Osler and other physi-
cians 100 years ago [6]: “The tidal wave is prolonged and too much sustained” [7];
“The pulse is slow in its ascent, enduring, subsides slowly” [8].

4.3 Clinical Effects of Arteriosclerosis

Il effects of arteriosclerosis are apparent in the shape of the arterial pulse wave-
form in the time domain (Fig. 4.4), as shown by Mahomed, Mackenzie and others
over 100 years ago and by ourselves [15] and by Murgo [16], Gourgon [17] and
others in the frequency domain 30—40 years ago. With respect to the heart, Taylor
(40-50 years ago) pointed out that in the mammalian kingdom, impedance of the
systemic circulation is “tuned” to heart rate and energy of pressure and flow waves
in the ascending aorta [18, 19]. This is evident in the matching of heart rate and
major harmonic components of the aortic flow wave to very low values of imped-
ance modulus at normal heart rate in rabbits but not in humans beyond youth
(Fig. 4.5) [6, 21, 22]. In middle-aged humans, this relationship is distorted as a
consequence of increased aortic stiffening over the (average) 44 years of life in
Murgo’s patients [16, 21, 22], such that impedance modulus is markedly increased
over the frequency band that normally contains the greatest energy of the ascend-
ing aortic flow wave.
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Fig. 4.5 Modulus (upper) and phase (lower) of ascending aortic impedance in a rabbit (lefr) (Data
from Ref. [20]) and in a middle-aged human (right) with human data from Murgo et al. [16]. The
dotted area shows the amplitude of flow harmonics between first and second for the rabbit (at
4-11 Hz) and between first and eighth harmonic for the human (1-10 Hz). “Tuning” of LV to arterial
tree is ideal for the rabbit but is not apparent by middle age in humans. Efficient vascular/ventricular
interaction in the rabbit is apparent as correspondence between minimal value of impedance with
highest energy of the aortic flow wave. Inefficient vascular/ventricular interaction in the middle-aged
human is apparent as impedance minimum disassociated from highest energy of the aortic flow wave.
Inefficient timing of the arterial system to the LV in the human is attributable to high aortic stiffness,
resulting in high Zc and aortic PWV. Despite the rabbit’s body length being about one quarter that of
a human, aortic stiffening in the human causes return of wave reflection to be similar in rabbit and
man, with minimal value of impedance and phase crossover at 4-5 Hz in both

Despite the far greater size and length of the human body, impedance modulus in
the ascending aorta is almost identical to that of the rabbit (Fig. 4.5). Such changes
in ascending aortic impedance with aging and hypertension were confirmed in
humans by Nichols [23], Gourgon [17], Merillon [24] and others and modelled by
O’Rourke and Avolio [22].

The aortic change with aging, i.e. arteriosclerosis, leads to marked increase in
aortic and left ventricular (LV) systolic pressure with that corresponding to peak
systolic flow ejection increasing two- to threefold (from increase in Zc) and with



4 Arteriosclerosis/Large Artery Disease 65

this increase further augmented by the reflected pressure wave from the peripheral
sites by up to another 40 %. Pulse pressures of near 100 mmHg are only occasion-
ally seen for the ascending aorta of old subjects since dilation of the ascending
aorta with age reduces flow velocity for the same stroke volume. The fall in peak
flow velocity in the aorta, seen in normal older subjects, is due partly to aortic dila-
tion and partly from reduced capacity for the LV to expel blood against such high
pressure [25-27].

Arteriosclerosis thus increases work of the heart and the pressure required by the
LV to expel spurts of flow into the ascending aorta. From this results LV hypertro-
phy [6], the “cardiomyopathy of overload” [28], with resultant LV failure (most
often with near-normal LV ejection fraction). Also resulting is predisposition to
angina pectoris even in the absence of epicardial coronary narrowing, caused by a
combination of increased LV requirement for blood and decreased capacity for cor-
onary supply caused by prolonged ejection period of the hypertrophied ventricle
and with correspondingly reduced time for perfusion, together with delayed relax-
ation and the lowered pressure gradient across the coronary vascular bed. There is
no need to postulate “microvascular dysfunction” to explain angina pectoris in
elderly arteriosclerotic patients with normal coronary angiograms [6].

4.4 The Cerebral and Renal Circulation in Arteriosclerosis

Alzheimer was the first to describe the presence of arteriosclerosis in patients with
dementia and to whom his name was given, as previously pointed out. A mechanis-
tic explanation for this condition and for its development and associated cerebral
microscopic pathology is that arteriosclerosis prevents effective cushioning of the
arterial pulse, so that pressure pulsations of very high amplitude (up to 100 mmHg)
enter into and pass through the large dilated arteries of the brain and into the small
delicate arteries, arterioles, capillaries and venules of the brain, causing excessive
stretching and rupture of the media with resulting microbleeds widely throughout
the brain [3, 29] — a condition referred as “pulse wave encephalopathy” by neurora-
diologists [30, 31]. Absorption of blood from the brain leaves pigment that is
changed into the amyloid plaques and tangles that are characteristic of dementia of
the Alzheimer type [3].

Similar damage is seen in the kidney with age, and this can be attributed to the
same mechanism [32].

The “arteriosclerotic continuum” or “aging continuum” [33] (Fig. 4.6) has been
proposed by O’Rourke, Safar and Dzau as a complement to the “atherosclerotic
continuum” [34] to explain progression from atherosclerotic risk factors to end-
stage heart disease together with dementia and renal failure in older humans. Later
stages of the “aging continuum” dovetail into the last part of the “atherosclerotic
continuum”, leading on to the same termination.
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Fig. 4.6 The cardiovascular continuum described by Dzau et al. [34] (leff) is an atherosclerotic
process developing from risk factors, coronary atherosclerosis, coronary obstruction, myocardial
damage and scarring, cardiac failure and end-stage heart disease. This can be extended by consid-
ering the cardiovascular aging continuum (right), which begins with aging and aortic stiffening
[33], leading on to LV hypertrophy, myocardial ischemia and the same myocardial damage and
resulting in cardiac failure (often with preserved LV contraction) and end-stage heart disease. This
aging continuum also includes microvascular disease in brain and kidney, with the comorbidities
of dementia and end-stage renal disease which are often seen in end-stage cardiac disease in the
elderly [33]
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5.1 Introduction

Blood pressure load and numerous hormonal and locally acting agents mediate
vascular damage associated with elevated blood pressure, leading to the

complications of hypertension that include stroke, myocardial infarction as a

consequence of accelerated atherosclerosis [1], heart failure, and chronic kidney
disease, the latter resulting from nephroangiosclerosis. Increased peripheral
resistance as a result of changes in small arteries and arterioles has been classi-
cally presented as the mechanism for blood pressure elevation in essential hyper-
tension. However, this occurs primarily in younger individuals. In older people,
especially after age 50-60, aging and cardiovascular risk factors contribute to
stiffen the wall of large arteries such as the aorta and other elastic vessels, which

leads to elevated systolic blood pressure.
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5.2 Mechanisms of Remodeling of the Vasculature

Chronically elevated blood pressure initiates a number of complex signal transduc-
tion cascades that lead to remodeling of the vasculature [2]. A critical regulator of
vascular tone is the endothelium [3], which becomes dysfunctional in people with
high blood pressure. As a result, vasodilation is diminished, and in addition, there
develops a pro-inflammatory and prothrombotic state. Endothelial dysfunction is a
key early determinant of progression of atherosclerosis and is independently associ-
ated with increased cardiovascular risk [4]. Low-grade inflammation localized in
the vascular wall and perivascular fat also contributes to the mechanisms of hyper-
tension [5] and participates in the initiation and progression of atherosclerosis [6, 7]
(see Chap. 3).

Activation of the renin-angiotensin-aldosterone system (RAAS) plays a signifi-
cant role in the pathophysiology of hypertension [2, §8]. Angiotensin (Ang) II, one of
the final products and major mediators of the RAAS, induces vascular remodeling
and injury by several mechanisms including vasoconstriction, cell growth, oxidative
stress, and inflammation. Ang II induces hyperplasia and hypertrophy of vascular
smooth muscle cells (VSMCs) of resistance arteries of patients with essential hyper-
tension and small arteries from hypertensive rats. Ang II and aldosterone, as well as
endothelin-1 (ET-1) produced by the endothelium, enhance reactive oxygen species
(ROS) generation by stimulating reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase and expression of its subunits by pathways that involve
c-Src, protein kinase C, phospholipase A,, and phospholipase D. NADPH oxidase is
indeed the major source of ROS in the vascular wall and is expressed in endothelial
cells, VSMCs, fibroblasts, and monocytes/macrophages [9-11], although uncou-
pled nitric oxide (NO) synthase, xanthine oxidase, myeloperoxidase, cytochrome
P450 enzymes, and mitochondria are also involved in generating vascular oxidative
stress. Increased ROS generation induced by Ang II, aldosterone, and ET-1 con-
tributes to vascular remodeling through VSMC proliferation and hypertrophy and
collagen deposition and by modulating cytokine release and pro-inflammatory tran-
scription factors such as NF-xB, as well as by reducing the bioavailability of NO.

Aldosterone increases as well as tissue angiotensin-converting enzyme activity is
enhanced [12] and upregulates angiotensin receptors [13], thus potentiating effects
of other components of the RAAS. Indeed, aldosterone and other mineralocorti-
coids affect blood vessels in the heart and kidneys by inducing oxidative stress and
impairing endothelial function [13], which can be blunted by mineralocorticoid
antagonism. Some of aldosterone’s actions may be mediated by stimulation of
endothelial production of ET-1 [14].

Ang II, aldosterone, and ET-1 trigger endothelial dysfunction and vascular
inflammation by inducing oxidative stress, which upregulates inflammatory media-
tors in the endothelium and stimulates immune cells such as T effector lymphocytes
[15]. Ang II and aldosterone as well as ET-1 stimulate fibrosis via TGF beta.
Vasoconstriction induced by Ang II thus becomes embedded in the enhanced col-
lagen deposited in the vascular wall [1, 2, 16]. Collagen I and III mRNA and colla-
gen protein synthesis by fibroblasts are increased in vessels from essential
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hypertensive patients [17], contributing to thickening of the media in hypertrophic
remodeling and reorganization of components of the vascular wall in eutrophic
remodeling [ 18-21]. Reduction in the activity of matrix metalloproteinases (MMPs)
may also participate in the stiffening of the vascular wall as collagen and other
extracellular matrix components are not degraded and consequently collagen type
IV and V and fibronectin accumulate in resistance arteries [22]. MMP-1 and MMP-3
activity is reduced in SHR before hypertension is established [23]. In hypertensive
patients with increased vascular type I collagen, serum concentrations of MMP-1
are reduced [24]. Ang II stimulates hyperplasia and hypertrophy of VSMCs [25, 26].
Other processes participating in remodeling of blood vessels include apoptosis, cell
elongation, reorganization, and inflammation [25-29]. Also, inflammation in peri-
vascular fat with enhanced generation of tumor necrosis factor (TNF)-alpha and
reduced adiponectin, which has anticontractile and thus antihypertensive properties
[30, 31], is critically involved in small artery remodeling [32].

Myogenic tone, the intrinsic ability of vessels to constrict in response to increases
in intraluminal pressure, participates early on in the alterations occurring in the arte-
rial wall [33]. Among the mechanisms involved in the control of myogenic tone are
changes in intracellular calcium, protein kinases, diacylglycerol, modulation of
transient receptor potential-like channels, and ion transport [34]. Structural narrow-
ing of the lumen may amplify vasoconstriction. Constriction may be a consequence
of increased concentration of specific agents at the level of receptors, greater recep-
tor density, or postreceptor signaling alterations associated with enhanced Ang II
signaling leading to increased ROS generation and enhanced constriction and vessel
growth [25, 28, 34, 35].

Endothelial dysfunction is involved in the initiation of vascular inflammation and
development of atherosclerosis [36]. The number of circulating endothelial pro-
genitor cells (EPCs), a bone marrow—derived population of cells capable of devel-
oping into competent mature endothelial cells, is an important determinant of
endothelial function [37]. Decreased EPC numbers are associated with arterial stiff-
ness and decreased endothelial function [38]. Endothelial dysfunction is not only
accompanied by reduced vasodilation and increased endothelium-dependent con-
traction but also by cell proliferation, platelet activation, vascular permeability, and
a pro-inflammatory and prothrombotic vascular phenotype. Detachment of endothe-
lial cells (anoikis), increases in circulating microparticles derived from the endothe-
lium, and reduced endothelial progenitor cells contribute also to dysfunction and
remodeling of the microcirculation in hypertension [39].

Endothelial dysfunction promotes vascular inflammation through generation of
ROS and by the production of vasoconstrictor agents, adhesion molecules, and
growth factors [40, 41]. Inflammation is central in cardiovascular disease and could
be involved in triggering myocardial and cerebrovascular ischemia [36, 42]. Blood
pressure itself [43] or activation of the RAAS [26, 32] may induce an inflammatory
process characterized by increased expression of adhesion molecules VCAM-1
(vascular cell adhesion molecule 1) and ICAM-1 (intercellular adhesion molecule
1) on endothelial cells, leukocyte extravasation, increased oxidative stress, cytokine
production, and activation of immune cells and pro-inflammatory signaling
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pathways. Greater expression of adhesion molecules on the endothelial cell mem-
brane and accumulation of monocyte/macrophages, dendritic cells, natural killer
(NK) cells, and B and T lymphocytes are some of the mechanisms that participate
in the inflammatory response in the vascular wall [44]. Patients with cardiovascular
disease present indeed increased expression and plasma concentration of inflamma-
tory markers and mediators [41, 45, 46]. High levels of inflammatory mediators,
particularly IL-6, ICAM-1, and C-reactive protein (CRP), may be independent risk
factors for the development of hypertension [47, 48] and have been associated with
increased risk of diabetes [49] and cardiovascular disease. CRP levels correlate with
insulin resistance, systolic blood pressure, pulse pressure, and hypertension [49, 50]
and with markers of endothelial dysfunction (plasma levels of von Willebrand fac-
tor, tissue plasminogen activator, and cellular fibronectin) [51].

A role of innate immunity in mechanisms that contribute to the low-grade inflam-
matory response in hypertension has also been described. In an osteopetrotic mouse
model that is deficient in vascular macrophages because of a mutation in the mCSF
gene (csf1), neither Ang II nor DOCA-salt induced hypertension or vascular remod-
eling [5]. Dendritic cells, which are antigen presenting cells originating in the bone
marrow but present in other tissues, including the vasculature, are critically involved
in activation of adaptive immune responses. As such, their presence in the vascula-
ture in hypertension and atherosclerosis suggests that they are associated with dis-
ease onset and progression through priming of T cells in cardiovascular disease in
response to danger-associated molecular patterns (DAMPs) [52]. Recent evidence
also suggests that different subsets of T lymphocytes may be involved in the mecha-
nisms leading to the inflammatory response described in cardiac and metabolic dis-
eases when an imbalance exists between the pro-inflammatory T helper lymphocytes
(Th) 1, Th2, and Th17 and the anti-inflammatory T regulatory (Treg) subsets [44].
Mice deficient in T and B lymphocytes presented blunted hypertensive response to
Ang I and DOCA-salt as well as reduced vascular remodeling in response to Ang II
[53]. Effector T cell but not B lymphocyte adoptive transfer corrected the lack of
response to Ang II. The central and pressor effects of Ang II are also critical for
T-cell activation and development of vascular inflammation [54]. One of the mecha-
nisms whereby T lymphocytes participate in hypertension and peripheral inflamma-
tion is in response to increased oxidative stress [55]. We recently showed that
adaptive immunity could be enhanced as a result of a genetic predisposition with loci
on chromosome 2 (which carries many pro-inflammatory genes) in a consomic strain
of rats (SSBN2), which contains the genetic background of hypertensive Dahl-salt-
sensitive rats and chromosome 2 from Brown-Norway normotensive rats [56]. The
presence of the normotensive chromosome 2 was associated with upregulation of
Treg markers, which were depressed in the Dahl-salt-sensitive rats. Enhanced Treg
(CD8&+ and CD4+ lymphocytes which were CD25+) and increased expression of
Foxp3 (transcription factor that is a marker of Treg) as well as IL-10 and TGF-beta
production (typically produced by Treg) were found in consomic rats, and the oppo-
site in Dahl rats. Thus Treg decrease and T effector upregulation are associated to
increased blood pressure and vascular inflammation. The potential protective role of
Treg in cardiovascular disease is supported by the more recent evidence that adoptive
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transfer of Treg cells ameliorated cardiac damage and improved electric remodeling
in Ang II-infused mice, independently of blood pressure-lowering effects [57], sug-
gesting a role of T regulatory lymphocytes in the pathogenesis of blood pressure-
induced cardiovascular remodeling. We have also recently shown that Treg adoptive
transfer lowered blood pressure and protected from vascular remodeling in mice
infused with either angiotensin II [58] or aldosterone [59].

Interestingly, inflammation may activate the RAAS, which in turn may further
contribute to vascular remodeling and hypertension. Activators of nuclear receptors,
such as the peroxisome proliferator-activated receptors (PPARs), downregulate the
vascular inflammatory response in experimental animals [60] and decrease serum
markers of inflammation in humans [61]. Thus, PPARs may be endogenous modu-
lators of the inflammatory process involved in vascular structural changes occurring
in hypertension. On the other hand, Ang II downregulates PPARs through activation
of nuclear factor (NF)-xB [62]. Also, gene inactivation of PPAR gamma was shown
to be associated with enhanced responses to Ang II including greater hypertrophic
and inflammatory response as well as enhanced endothelial dysfunction [63].

Arterial aging is a predominant risk factor for the onset of cardiovascular dis-
eases such as hypertension; on the other hand, hypertension is an important factor
in accelerated aging of the vasculature, resulting in premature cardiovascular dis-
ease. The hypertensive vascular phenotype and the age-associated changes in blood
vessels are similar. They include structural changes consisting in increased arterial
wall thickness, reduced compliance, increased stiffness, and decreased lumen diam-
eter and an associated pro-inflammatory phenotype [64, 65]. These structural
changes are associated with impaired endothelial function, caused by oxidative
stress and decreased production of vasodilators (NO and prostacyclins). The activa-
tion of the RAS and increased oxidative stress, decreased telomerase activity and
telomere shortening, DNA damage, and genomic instability are all important pro-
moters of cellular senescence [64].

5.3 Remodeling of Small Resistance Arteries and Arterioles
in Hypertension

As mentioned above, increased peripheral vascular resistance appears to be a mech-
anism for diastolic or systo-diastolic hypertension found mostly in younger indi-
viduals with essential hypertension [65] which results mostly from resistance to
flow in small arteries (with a lumen diameter of 100-300 pm) and arterioles (smaller
than 100 pm) [1, 18]. Since according to Poiseuille’s law resistance is inversely
related to the fourth power of the radius of the blood vessel, small decreases in the
lumen diameter will increase resistance to a significant degree. Remodeling of resis-
tance arteries (reduced vascular lumen with increased media thickness not corre-
lated with stiffness changes) may be functional, mechanical, and structural [1].
Increases in the media-to-lumen ratio (M/L) are typical and the most reproducible
parameter to compare changes in small arteries in subjects followed in repeat stud-
ies and when comparing different subjects [1, 18]. Our work has suggested that
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Fig.5.1 Remodeling of

small arteries and arterioles

in hypertension is inward Outward
(smaller lumen) and could be hypertrophic
eutrophic, with no increase in

the media cross-sectional area

despite a thickened media (in

essential hypertension), or it

Normotensive

could be hypertrophic, in
which case the media
cross-sectional area is
increased (generally
associated with severe or
secondary forms of
hypertension). In both,
media-to-lumen ratio (M/L)
is greater than in
normotension. Media
cross-sectional area is
calculated as nr,>—nr;

Media width

Inward
eutrophic

Inward
hypertrophic

increased M/L of small arteries may be the most prevalent and possibly the earliest
alteration that occurs in the cardiovascular system of hypertensive patients aged less
than 60 years of age [16] and may be much more frequent than and in fact precede
endothelial dysfunction in humans. Enhanced M/L of small arteries has been dem-
onstrated to be associated with increased cardiovascular events, especially in high-
risk patients [66].

In stage 1 hypertension in individuals younger than 60 years, eutrophic remodel-
ing of small arteries and arterioles is usually found (Fig. 5.1). In this type of remod-
eling, the outer diameter and the lumen are reduced, but the media cross section
does not increase; thus there is no vascular hypertrophy [1, 18]. Smooth muscle
cells are rearranged around a smaller lumen leading to increased media width and
M/L. Whether vascular smooth muscle cells are increased in volume, length, or
number remains a subject of controversy. Media growth toward the lumen com-
bined with enhanced apoptosis in the periphery of the vessel may also contribute to
these changes [32]. The smaller lumen decreases circumferential tension, according
to Laplace’s law, and the increased media width reduces media stress, which pro-
tects the vessel’s wall from the effects of elevated blood pressure. When blood pres-
sure elevation is severe or of long duration, increased wall stress results in
hypertrophic remodeling of small arteries and arterioles as smooth muscle cell
growth becomes greater than apoptosis and media cross-sectional area is enhanced
[1, 67, 68]. Eutrophic and hypertrophic remodeling may be found in the same exper-
imental animals in different arteries. Interestingly, hypertrophic remodeling of
resistance arteries is found, particularly in humans, in renovascular hypertension
[68], diabetes [69, 70], and acromegaly [71]. In experimental animals, hypertrophic
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Fig. 5.2 Folkow’s model Hypertrophic
shows that at each level of
vascular constriction (e.g., at /
the level of the dashed

vertical line), resistance to
blood flow is increased more
in eutrophic remodeling than
in hypertrophic remodeling;
and in the latter, resistance to
flow is greater than in vessels
from normotensive subjects

Maximal
dilation

Eutrophic

\ \

Normotensive

Resistance to blood flow

% Constriction of small arteries

remodeling can be demonstrated in those hypertensive models that are associated
with excess endothelin, such as one-kidney one-clip renovascular hypertension,
DOCA-salt hypertension, aldosterone-salt hypertension, and Dahl-salt-sensitive
hypertension. Folkow’s model (Fig. 5.2) demonstrates that at all levels of vascular
constriction, arteries with eutrophic remodeling generate more resistance to blood
flow than arteries with hypertrophic remodeling, which in turn, generate more resis-
tance than those from normotensive animals.

5.4 Rarefaction of Arterioles and Capillaries

Rarefaction is another type of remodeling that is found in hypertension. It occurs at
the level of small arterioles with a lumen diameter smaller than 40 pm and capillaries
[1]. With rarefaction, the density of arterioles and capillaries in tissues is diminished
and consequently vascular resistance is increased [72, 73] and tissue perfusion is
impaired [74]. Arteriolar rarefaction is functional initially as a result of vasocon-
striction, and later anatomical and permanent, followed by rarefaction of capillaries
with decreased tissue perfusion. Decreases in tissue perfusion have been associated
with vascular complications and cardiovascular events [75].

Conclusion

Vascular remodeling and endothelial dysfunction in small resistance arteries are
features regularly reported in hypertension. Functional, structural, and mechani-
cal alterations of resistance arteries are probably the earliest alterations in the
vasculature found in hypertensive subjects younger than 60 years of age. They
take the form of eutrophic inward remodeling accompanied by endothelial dys-
function associated eventually to enhanced stiffness. These changes have been
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shown to have prognostic significance with respect to outcomes. They could con-
tribute through wave reflection to increases in stiffness of large arteries and thus
to systolic hypertension and the increased pulse pressure found in older subjects
with hypertension. Alternatively, increased large artery stiffness could increase
pulsatility, which when conducted into the microcirculation, may cause injury
and remodeling of small arteries and arterioles. Activation of the RAAS plays a
key role in vascular remodeling and endothelial dysfunction through redox-sen-
sitive pathways that promote growth and inflammation in the blood vessel wall.

Disclosure This study was supported by CIHR grants 13570, 37917, 82790, and 102606, a
Canada Research Chair on Hypertension and Vascular Research from the CRC/CIHR Program of
the Government of Canada, and a Canada Fund for Innovation grant, all to ELS.
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6.1 Fetal Programming: Early Origins of Adult Disease

Impairment of intrauterine environment during critical periods may result in pertur-
bations in growth and development of the fetus. Barker et al. have originally pro-
posed the hypothesis that several chronic adult diseases can be programmed in early
life [1]. These authors examined the mortality records of 5,654 men who were born
during 1911-1930 in Hertfordshire (UK) [1]. In this report was found that the men
with the lowest weights at birth subsequently had the highest death rates from isch-
emic heart disease [1]. In addition, a retrospective study of babies born during the
Dutch famine of 1945 has demonstrated a significant association between cardio-
vascular disease (CVD) and early nutritional impairment during gestation [2]. In
this programming concept, stimulus or injury during the critical period of develop-
ment can result in the permanent changes in physiology and the metabolism and
produces persistent effects throughout life. Afterward, Hales and Barker suggested
the “Thrifty Phenotype Hypothesis” or “Economic Phenotype” to explain the bio-
logical basis of the fetal origin hypothesis. In this context, impairment of fetal envi-
ronment can result in a physiological adaptive response that promotes early survival
at the detrimental of later health [3, 4]. In fact, poor nutritional conditions during
pregnancy can alter the development of a fetus to prepare him or her to survive in an
environment with low nutritional resources. The main basis of this hypothesis is that
the deleterious effects are more pronounced when there is a significant difference
between the early nutritional deficiency and later nutritional intake. Reduced
growth, represented mainly by low birth weight, is the major result of a suboptimal
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intrauterine environment and is associated with chronic conditions in adulthood,
such as type 2 diabetes, hypertension, and CVD [5].

The fetal growth is complex and delicate. There are three stages associated with
the development of the fetus. During the first stage (cellular hyperplasia), cells mul-
tiply in the fetus’s organs, and this occurs from the beginning of development
through the early part of the fourth month. In the second stage (hyperplasia and
hypertrophy), cells continue to multiply and the organs grow. During the third stage
(hypertrophy) (after 32 weeks), growth occurs quickly and the baby gains weight. If
this delicate process of development is disturbed or interrupted, the baby can suffer
from restricted growth.

Low-birth-weight babies are defined as infant whose weight at birth is <2,500 g,
which could be due to the intrauterine growth restriction (IUGR) or prematurity.
Infants who are delivered before 37 weeks (gestational age: inadequate) are termed
preterm. On the other hand, infants with history of low birth weight and adequate
gestational age (37-42 weeks) are termed with IUGR or small for gestational age
(SGA). IUGR resulting in SGA infants can be due to many known and unknown
factors either acting alone or in combination. The fetal growth is determined not
only by the substrate availability but also by the integrity of physiologic processes
necessary to ensure the transfer of nutrients and oxygen to the developing fetus.

6.2 Fetal Programming of Hypertension
6.2.1 Renal Mechanisms

There is evidence that people whose birth weight was low have a congenital deficit
in the nephron number and are more susceptible to the development of renal disease
[6, 7]. Several ultrasound studies that examined the fetal kidney have supported
these findings [8, 9]. In Australian aborigines, a population in which renal failure is
several times higher than in the Australian Caucasian population, an ultrasound
study showed that in 174 children aged between 5 and 18 years, birth weight was
related to the kidney volume; individuals of lower weight at birth appeared to have
thinner kidneys of normal length, suggesting decreased nephron number [9]. In the
human, nephrogenesis is complete around 32-34 week of gestation, and therefore,
a nephron deficit presented at birth would persist through life. A kidney with a
reduced nephron number becomes more susceptible to renal injury and functional
decline. Interestingly, other studies have shown a direct relation between birth
weight and the number of nephrons with 250,000 more glomeruli per kidney per
kilogram increased in birth weight [10, 11]. In addition, early catch-up kidney
growth was observed in small for gestational age infants, suggesting either an accel-
erated renal maturation process or early compensatory kidney hypertrophy in this
group of infants [12]. In fact, nephrogenesis requires a perfect balance of many fac-
tors that can be disturbed by intrauterine growth restriction, leading to an impair-
ment of the nephron number. The compensatory hyperfiltration in the remaining
nephrons results in glomerular and systemic hypertension, which hastens injury to
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functioning glomeruli and perpetuates the vicious cycle of ongoing nephron loss
[7]. These observations indicated that during its period of development, the kidney
can be influenced quite dramatically by alterations in the intrauterine environment
that lead to impairment of nephrogenesis.

Increasing evidence is available also concerning the effect of fetal growth restric-
tion on impairment of renal function in children and adults [13—16]. The assessment
of renal function is important to detect the extension, as well as the progression, of
nephropathy. Moderate renal metabolic disturbance was found in SGA children
between 4 and 12 years of age [15]. Giapros et al. [16] found early catch-up kidney
growth in SGA children, suggesting an accelerated renal maturation process or
early compensatory kidney hypertrophy in these infants. Recent evidence highlight-
ing the importance of low birth weight on renal function was described in SGA
children with high levels of cystatin C [17]. In this context, the lower birth weight
appears to be associated with early impairment of renal function in 8-13-year-old
children, and this is consistent with the high incidence of lower number of nephrons
in cases of fetal growth restriction and with high prevalence of metabolic and car-
diovascular disease in later life [17]. Plasma cystatin C was proposed as a novel
surrogate marker of GFR. Cystatin C is a low-molecular-weight protein that func-
tions as an extracellular inhibitor of cysteine protease. It has been suggested that
elevated cystatin C levels may be a more sensitive indicator of renal dysfunction
than conventional creatinine-based measures [18, 19]. In fact, the serum cystatin C
concentration already increases with mildly reduced GFR of 70-90 ml/min, i.e., in
the “creatinine-blind” range [20]. Moreover, several studies concluded that cystatin
C performed better than serum creatinine and even better than equations estimating
GFR based on creatinine [17-20].

Several evidences derived from animal studies indicate that changes in fetal envi-
ronment may affect renal development [21-24]. In fact, Merlet-Benichou et al.
described a reduction in nephron number in offspring of rats submitted to substan-
tial protein restriction in utero [21]. Other study showed that 50 % of protein restric-
tion intake during pregnancy produces offspring with a reduced number of glomeruli,
glomerular hypertrophy, and hypertension in adulthood [22]. In addition, Langley-
Evans et al. demonstrated in rats that the prenatal exposure to a maternal low-protein
diet in mid—late gestation induces an impairment of nephrogenesis and hypertension
in adult life [23]. Nwagwu et al. [24] have shown that low-protein diet in utero
induced increased blood urea, urinary output, and urinary albumin excretion in
resulting offspring. It has been also shown that the induction of IUGR by uteropla-
cental insufficiency produces a significant reduction in glomeruli number in the
full-term fetal kidneys [25]. It has been suggested that some aspects of nephrogen-
esis, which begins around day 12 of gestation and is not complete until 8 days after
birth, are basically a maladaptive process leading to the subsequent development of
hypertension.

Additional evidence comes from some studies developed by Lucas et al. [26-28].
These authors demonstrated that when pregnant rats were subjected to 50 % of food
restriction during the first or second half or throughout pregnancy, the renal function
of the offspring was impaired 3 months after birth. Morphometric evaluation showed
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that the number of glomeruli was significantly decreased both in newborn and adult
offspring, irrespective of the period in which restriction was imposed. Glomerular
diameter showed a significant increase in every studied group, which characterized
a compensatory hypertrophy in the remaining nephrons. These findings led us to
raise the hypothesis that fetal undernutrition could be the determinant of the early
appearance of glomerulosclerosis in adult life. In fact, in a subsequent study when
renal function studies were performed in 18-month-old intrauterine undernourished
rats, a significant decrease in GFR and renal plasma flow levels was observed when
compared to normal controls at the same age. The GFR values were very similar in
3-month-old intrauterine undernourished rats and in control animals, which means
that the age-related decline in GFR was manifested earlier in young adults because
of a significant decrease in the number of glomeruli. Increased blood pressure levels
were observed from 8 weeks on while proteinuria began to increase later, in
9-month-old animals. Histological evaluation of kidney sections showed a mark-
edly increase in glomerulosclerosis and tubulointerstitial lesions in 18-month-old
intrauterine undernourished rats. Immunohistochemical studies revealed that an
accelerated process of glomerulosclerosis took place in those rats, with high expres-
sion levels of fibronectin, desmin, and L-actin in both glomeruli and Bowman’s
capsule as well as in interstitial areas. These findings led us to conclude that the
age-induced renal changes could be accelerated in this model of fetal undernutri-
tion, with renal structural changes occurring early in life.

It is well established that the intrarenal renin—angiotensin system (RAS) plays an
important role in the normal morphological development of the kidney [29]. In fact,
all components of the RAS are expressed from early in gestation in the rat and
human in meso- and metanephrons [25]. Thus, changes in this system programmed
in utero may be responsible for the renal alterations observed in animals submitted
to intrauterine undernutrition. Some studies have demonstrated that renal renin and
tissue angiotensin I mRNA levels were significantly reduced in newborn submitted
to low-protein diet in utero, suggesting that maternal malnutrition promoted sup-
pression of the newborn intrarenal RAS and this could affect nephrogenesis, result-
ing in a lower total number of nephrons [25, 30]. In addition, other study also found
that blockade of the AT, receptor during the first 12 days of postnatal life (i.e.,
period of nephrogenesis) promotes in a decreased number of glomeruli and reduced
renal function [31]. In addition, angiotensin II can stimulate the expression of Pax-2
(homeobox 2 gene), which might be important in kidney development and repair.
This process occurs through AT2 receptor and modifying nephrogenesis and kidney
development [32]. Other studies suggest a negative interaction between fetal expo-
sure to glucocorticoids and intrarenal RAS [32].

In kidneys from the offspring of rats given a low-protein diet during pregnancy,
an increased expression of several genes has been detected, including those encod-
ing sodium transporters. Manning and Vehaskari [33] suggested that inappropriate
sodium retention and expansion of extracellular volume could be involved in hyper-
tension observed in rats submitted to intrauterine undernutrition. In a subsequent
study, Manning et al. [34] demonstrated that some tubular sodium-related transport-
ers as bumetanide-sensitive Na—K—2Cl cotransporter (BSC1) and thiazide-sensitive
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Na—Cl cotransporter (TSC) were increased at different ages, suggesting that tran-
scriptional upregulation of Na+ transport could originate hypertension in this model.
It thus appears that, when nephrogenesis is compromised, the nephrons have an
increased capacity to retain salt and water. This is likely to contribute to the devel-
opment of hypertension.

6.2.2 Extrarenal Mechanisms

The vascular dysfunction may result from fetal programming of the vascular wall
by adverse intrauterine environment. The underlying mechanism linking fetal life
factors to vascular function remains unclear. It has been postulated that fetal pro-
gramming alters NO formation leading to endothelium dysfunction by impair-
ment of vasodilatory capacity and consequently to the development of hypertension
and other CVDs. Clinical studies have demonstrated considerably association
between low birth weight and endothelial dysfunction. Leeson et al. [35] and
Franco et al. [36], using a noninvasive method to evaluate endothelium-dependent
dilatation in the brachial artery, reported a positive association of low birth weight
with impaired endothelial function in young children. These studies were per-
formed in the absence of clinical complications and cardiovascular risk factors.
On the other hand, Goodfellow et al. [37] and Leeson et al. [38] reported the same
correlation between impaired endothelium-dependent relaxation and low birth
weight in young adult, suggesting that the impact of prenatal growth on vascular
disease does not operate through modification of acquired risk factors.
Experimental data confirm the clinical findings. In fact, impaired responses to dif-
ferent endothelium-dependent agonists have been consistently demonstrated in
different vascular beds isolated from rats submitted to fetal undernutrition.
Holemans et al. [39] and Ozaki et al. [40] demonstrated that maternal undernutri-
tion during pregnancy caused abnormal endothelium-dependent response in both
mesenteric arteries and skeletal circulation from resulting male offspring. In
another study, Franco et al. have shown that fetal undernutrition induced impaired
endothelium-dependent vasodilation in vivo in the mesenteric circulation [41] and
in aortic rings [42] of the adult male offspring. The same authors also demon-
strated that severe restriction of all dietary constituents during pregnancy aggra-
vates the already existing endothelial dysfunction in aortic rings isolated from
spontaneously hypertensive rat offspring [43]. Lamireau et al. [44] found that
maternal protein deprivation is associated with diminished NO-dependent relax-
ation of cerebral microvasculature. In addition, the impairment of the endothelial
function is also described in female offspring submitted to both low-protein diet
and global nutrient restriction in utero [39, 42, 45].

Reduced activity and gene expression of endothelial nitric oxide synthase
(eNOS) have been described in aortic rings isolated from rats submitted to intra-
uterine undernutrition [42]. Alves et al. [46] demonstrated that the urinary excre-
tion of NOx (NO,+NQO;) was lower in these rats. Furthermore, reduction in NO
synthesis by alterations in NOS activity via tetrahydrobiopterin cofactor was also
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observed in mesenteric vascular bed isolated from intrauterine undernourished
rats [47]. Taken together, these data suggest that fetal programming can promote
impairment of the endothelial function, in part, by decrease in NO synthesis.
Confirming these experimental findings, clinical investigations also reported
reduction in both NO concentration and NOS activity. In pregnancies complicated
by fetal growth restriction, a reduction in the NOS activity and fetoplacental NO
synthesis was observed [48-50]. In addition, children with low birth weight have
a lower urinary NO concentration, suggesting that alterations to NO pathways
could contribute to adult disease [51]. The same authors also described that NO
levels are significantly correlated with both systolic blood pressure levels and
vascular function in these children [51].

The NO bioavailability may be modified by reactive oxygen species (ROS),
such as superoxide anion. An increase in superoxide concentration putatively
leads to the scavenging of NO and to the cellular damage associated with endo-
thelial dysfunction [52]. Vascular reactivity studies performed in mesenteric
arteriolar bed found that topic application of SOD and MnTMPyP (a cell-perme-
able metalloporphyrin SOD mimetic) corrected the decreased endothelium-
dependent relaxation induced by intrauterine undernutrition [53]. These authors
also demonstrated that intrauterine undernutrition markedly attenuated the
superoxide dismutase (SOD) activity and increased superoxide anion concentra-
tions [53]. Confirming these findings, the treatment of intrauterine undernour-
ished rats with both vitamins C and E promoted reduction in the blood pressure
levels, and the antihypertensive effects of these antioxidant vitamins were
accompanied by improved endothelium-dependent vasodilation and decreased
superoxide anion concentration [54]. In addition, we have found that NADPH
oxidase inhibition attenuated superoxide anion generation and ameliorated vas-
cular function in rats submitted to intrauterine undernutrition. Although it is not
clear which mechanisms are responsible for the increase in NADPH oxidase
activity, a decrease in superoxide anion generation after losartan treatment asso-
ciated with an increased production of angiotensin II was observed, suggesting a
role of angiotensin II-mediated superoxide production via activation of NADPH
oxidase [41]. Clinical studies also described oxidative imbalances associated
with fetal programming. In fact, Gupta et al. [55] demonstrated that the activity
of the SOD, catalase, and glutathione was lower, indicating deficient antioxidant
defense mechanism in cord blood of the newborn with low birth weight.
Furthermore, there is evidence of oxidative stress in low-birth-weight children as
evidenced by increased lipid peroxidation [56]. The same authors also found
increased erythrocyte SOD activity in these children, suggesting an important
compensatory mechanism that protects these children against the excessive pro-
duction of superoxide radicals [56]. Although a mechanism was not identified for
the increased oxidative status found a decade after the insult caused by adverse
fetal life, these observations contribute to a better understanding of the link
between birth weight and later development of hypertension, and they have
implications for health risks in children.
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Pierre Boutouyrie, Hélene Beaussier,
and Stéphane Laurent

7.1 Mechanical Forces Acting on Arteries

Arteries are permanently exposed to mechanical stress [1]. Mechanical stress can be
divided according to its nature, either tensile stress or shear stress. Tensile stress
corresponds to changes in dimension according to changes in forces applied on the
vessel. Shear stress is of a different nature; it corresponds to the friction of viscous
fluid (here the blood) on the inner surface of the vessel (here the endothelium). It is
to be noted that direct measurement of stress is difficult in vivo and that stress is
most of the time deduced from stretch (elongation) and force (derived from pres-
sure). Stress can also be derived from mechanical modelling.

7.1.1 Tensile Stress

Tensile stress is represented by a tensor comprising stress along the three axes in a
cylindrical symmetry [2]: elongation stress (z axis), circumferential stress (circum-
ference) and compressive stress (radius). Because arteries are markedly anisotropic
(i.e. different mechanical properties along the axes of the vessel wall), the behaviour
of the artery is complex and best described by energy function [3-6].

P. Boutouyrie (><) ¢ S. Laurent

Department of Pharmacology, Université Paris Descartes, HEGP,

Assistance Publique Hopitaux de Paris, Institut national de la santé et de la recherche
médicale INSERM) U970, 20 rue Leblanc, Paris 75015, France

e-mail: pierre.boutouyrie @egp.aphp.fr

H. Beaussier
Department of Clinical Research, Hopital Saint Joseph, Paris, France

© Springer International Publishing Switzerland 2015 93
A. Berbari, G. Mancia (eds.), Arterial Disorders:

Definition, Clinical Manifestations, Mechanisms and Therapeutic Approaches,

DOI 10.1007/978-3-319-14556-3_7


mailto:pierre.boutouyrie@egp.aphp.fr

94 P. Boutouyrie et al.

7.1.2 Longitudinal Stress

Arteries are stretched longitudinally. When arteries are dissected and removed from
the body, their length decreases by an average of 20 % [2]. Arteries are maintained
in place by tethering from side branches, adherence of the adventitia to surrounding
tissues, so it is questionable whether the arterial wall bears all the stress involved by
the elongation [6]. Although measurement of longitudinal stretch is possible experi-
mentally [2], or noninvasively by speckle tracking [7], its role in physiology is still
debated. There is at least one arterial segment which is very influenced by longitu-
dinal stretch, the ascending aorta, because of the heart pulling on the aorta during
systole. The influence of longitudinal stretch on the global behaviour of the aorta is
still a matter of active research.

7.1.3 Circumferential Wall Stress

Here again, arteries exhibit residual stress at zero pressure. The artery remains
cylindrical at zero pressure, and when cut longitudinally, the arterial segment ring
opens with an opening angle. This angle depends from residual stress and condi-
tions of the behaviour of the artery [8]. Then stress is proportional to the blood pres-
sure, proportional to diameter and inversely proportional to the thickness of the
vessel. This is the classical Laplace law (Fig. 7.1), generalized by the Lamé equa-
tions. The elastic modulus in the circumferential direction is in the range of 10° Pa.
The typical strain is in the range of 10 % during cardiac cycle for elastic arteries. It
decreases when getting farther from the heart [9, 10].

flow Q

[ —

circumferential wall stress fluid shear stress
c0=PxR T=4u0Q
h n R®

Fig. 7.1 Forces exerting on arteries
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7.1.4 Radial Stress

Although arteries are mainly composed of water and thus hardly compressible, the
arterial wall is submitted to compressive stress during life. The compressive modu-
lus is very high, similar to that of water, in the range of 10° Pa, thus radial strain is
negligible [11].

7.1.5 Shear Stress

Shear stress is linked to the friction of blood on the endothelium. Blood velocity is
relatively low (lower than 2 m/s), and blood has a complex viscosity behaviour,
being non-Newtonian, i.e., viscosity decreases with increasing shear rates.
Altogether, shear stress has a low amplitude, in the range of 10! Pa, albeit of great
physiological importance because determining the secretion of active substances by
the endothelium. An extensive recent review has been published on the topic [12].

7.2  Integrated Wall Mechanics

The main function of large arteries is to conduct blood from the heart to the organs
that necessitate a certain amount of blood for performing their task. This function
makes it necessary to have a potential energy allowing directing the blood flow toward
the organ which needs it at a certain time. This potential energy is represented by
blood pressure (equivalent to the elevated water tank). Moreover, the circulation is
alternative, the heart pumping the blood during one third of the time (systole) and rest-
ing two thirds of the time (diastole). Nevertheless, blood is flowing constantly through-
out the body, with a pulsatile pattern on the arterial site and more continuous on the
venous side. The second most important function of the arteries is to store energy
during the heart contraction through elastic deformation and to restore this energy
during diastole. The thermodynamic advantage of such system is huge, because elas-
ticity buffers the oscillations of pressure generated by the heart, and pressure has a
high energetic cost. Second, energy storage and restitution are almost at zero energetic
cost because arteries have pseudo pure elastic behaviour (energy dissipation through
wall viscosity is small in vivo on healthy arteries [13]). Last, the volume of blood
stored under elastic deformation during systole acts as an instant reservoir, allowing
very fast adaptation of flow to increased demand in some territories. For instance, if
the whole blood flow was generated by the heart, any acute increase in blood demand
by exercise, for instance, would have to be compensated immediately by the pump
(the heart), at the cost of increased ventricular work. The electric equivalent is a well-
designed sound amplifier, with lamps or transistor giving limited current, loading
capacitors with very fast current restitution, buffering transient needs of current gener-
ated by the music or the bad impedance curves of loudspeakers.

The high integration of regulation of blood flow is also observed at the level of
the arterial wall. The arterial wall is rich in vascular smooth muscle cells. These
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cells are sensitive to stress. They are able to contract in response to increase in stress
(myogenic response) [14]. This is of very high importance on medium to small
arteries, because any increase in pressure tending to dilate the artery will be coun-
teracted by a vasoconstriction, limiting the effect of pressure. As said before, this
phenomenon is particularly marked at the level of medium to small arteries and
plays a major role in the autoregulation of local blood flows in organs such as the
kidney, the brain and the digestive tract.

Arteries are also sensitive to shear stress. Through the seminal work of Furchgott
[15] and followers, the endothelium has been shown to be indispensable to the mod-
ulation of the effect of several substances (acetylcholine, bradykinin, etc.) since
their vasoconstrictive effect is reversed to vasodilatation in the presence of intact
endothelium [12]. This seminal observation has been shown to be related to the
secretion of NO by the endothelium. Since then, many endothelium-derived sub-
stances, either vasodilatory (NO, prostacyclin, EDHF) or vasoconstrictive (endothe-
lin), have been put in evidence. One of the major physiological stimuli for endothelial
activation is blood flow. Increase in blood flow through peripheral vasodilatation
increases shear stress at the level of the upstream arterial bed, leading to the para-
crine secretion of vasoactive substances, mainly NO [12]. The resultant is a potent
vasodilatation, appearing with a delay of several seconds and lasting several min-
utes after cessation of the peripheral vasodilatation. When combined with myogenic
tone, peripheral blood flows are highly autoregulated, and the role of large arteries
is to provide a steady load while at the same time buffering pressure oscillations and
allowing a permanent reservoir pressure for providing adequate flow to organs.

Small arteries and arterioles are predominantly muscular. Because of their small
diameter, even small vasoconstrictions will induce large increase in vascular resis-
tance because of its dependence on the third power of diameter. Thus small arteries
and arterioles are the major site of peripheral resistance. These arteries have also
very prominent myogenic response and endothelium-modulated response.

7.2.1 Trophic Response to Mechanical Stress

Mechanical stress is the major trophic factor for large arteries. Mechanical stress
induces synthesis of extracellular matrix, smooth muscle cell growth, proliferation and
migration until a new equilibrium is found. The regulated parameter appears to be the
circumferential wall stress. The potency of pulsatile stress is much larger than steady
stress [16]. In humans, the associations of large arteries remodelling with local pulse
pressure have been found to be stronger than with mean blood pressure [17].

7.3  Small-Large Arteries Crosstalk

It is convenient to interpret the circulation by opposing large arteries (conduit,
compliance) to small arteries (resistance). This view is of course a caricature. As
developed before, the function of large arteries is to conduct blood, buffer pulsatile
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Fig.7.2 Large and small arteries interplay

pressure and provide a reservoir pressure to maintain blood flow. Another function
of large arteries is to provide sufficient pressure wave reflection to filter them out
and maintain them low at the site of medium-sized arteries [18]. Indeed, because
of their elasticity, the pressure wave propagates at a finite speed and partially
reflects on bifurcations and geometric patterns. The role of the stiffness gradient
from the central compartment (the more elastic) to the periphery (the stiffer) helps
to confine reflected waves within the large arteries and to protect small arteries
from excessive pulsatility. This is a double-edged sword, because more proximal
reflection can alter LV function; however, less distal reflection will decrease pulsa-
tility in the microvasculature and protect small arteries from remodelling and
weakening [18]. On the other hand, remodelling of small arteries and subsequent
vasoconstriction will increase blood pressure and wave reflections and therefore
contribute to stiffen the proximal compartment (Fig. 7.2). Medium-sized arteries
sit in between, and the lack of stiffening with ageing and blood pressure of medium-
sized arteries has been seen as a compensatory mechanism to compensate for the
increased proximal stiffness.

For these reasons, a real crosstalk between large and small arteries occurs during
physiological ageing and cardiovascular diseases [19] (Fig. 7.2).

Alteration of endothelial function and myogenic response must be integrated in
the scene, because they occur in parallel with alterations of the wall properties. The
general view is that similar functionality can be achieved with a higher energy cost,
the LV being the only source of energy; it will hypertrophy and alter its diastolic and
then systolic function to achieve similar peripheral blood flow. The second view is
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that for similar peripheral perfusion, stiff vessels lacking autoregulation will lead to
increased perfusion pressure in order to maintain sufficient blood flow to organs.
Indeed, increased arterial stiffness has been shown to precede hypertension in the
Framingham heart study [20]. The final view is that when the organism is subjected
to stress because of concomitant illness (dehydration, heat shock, etc.), the auto-
regulation of blood flow to organs such as the kidney, the brain and the heart will be
overrun, and such a situation which should be easily overcome by otherwise healthy
subjects will lead to organ failure in patients with increased stiffness and dysfunc-
tional autoregulation of arterial calibre.

Conclusion

The arterial system is constantly subject to hemodynamic stresses. These stresses
play a paramount role in physiology and pathology. Large and small arteries are
narrowly interconnected in terms of physiology. Ageing and cardiovascular risk
factors alter the interplay between small and large arteries, leading to disease.

Glossary

Compliance Change in volume for a change in pressure. Expresses the elasticity
of a chamber.

Distensibility Compliance normalized to initial volume.

Elastic modulus Either incremental elastic modulus (if reference dimension
unknown) or Young’s elastic modulus (if reference dimension known). Ratio of
stress to stretch: expresses the stiffness of the wall material.

Pressure Force per unit of surface.

Stress Force per unit of surface (same unit as pressure).

Stretch Elongation, defined from a reference dimension, synonymous to strain.
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8.1 Introduction

The main cause of arterial disease (AD) is hardening of the arteries or atherosclero-
sis due to a thickening of the artery lining from fatty deposits or plaques. There are
several different symptoms, depending on the location of the AD. It most commonly
affects the arteries in the heart, brain, and legs [1]. Diabetes is associated with a
two- to fourfold increase in the risk of developing coronary artery disease (CAD).
Diabetic patients presenting with unstable angina are more likely to develop myo-
cardial infarction. The mortality caused by myocardial infarction in diabetic patients
is more than in nondiabetic individuals [2]. Similarly, diabetes increases the risk of
stroke and stroke-related mortality [3]. Meanwhile, diabetes is a major risk factor
for the development of peripheral arterial disease, which is typically caused by pro-
gressive narrowing of the arteries in the lower extremities [4]. Thus, AD is the major
cause of mortality and significant morbidity in diabetes and cardiorenal metabolic
syndrome (CRS).
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Epidemiologic evidence supports the hypothesis that diabetes adds to the impact
of individual risk factors, such as hypertension and hyperlipidemia, for the prediction
of excess AD [3]. It was suggested that integrative effects of elevated glucose, insu-
lin, and triglycerides may have a considerable impact on AD and play an important
role in the early pathophysiology of AD in patients with type 2 diabetes [5]. In indi-
viduals with the CRS and those with clinical diabetes, AD has been observed in all
age groups, including children. Indeed, obese children prematurely manifest signs of
AD [6]. In individuals 40 years and older, multiple logistic and linear regression
analyses from a total of 2,188 individuals demonstrated that AD was independently
associated with insulin resistance (IR) in middle-aged adults [7]. In elderly people
without diabetes mellitus, the Rotterdam study found that impaired fasting glucose
was associated with increased AD [8]. Therefore, glycemic control, low-density
cholesterol-lowering therapy, blood pressure lowering, and comprehensive approaches
targeting multiple metabolic risk factors to reduce cardiovascular risk may therefore
account for the clinical beneficial effects in obese and diabetic patients with AD. In the
present review, we will discuss the roles of metabolic factors in the pathogenesis of AD
and provide a better understanding of potential therapeutic strategies.

8.2 Risk Factors for AD in CRS

Several metabolic risk factors such as hyperglycemia, IR, dyslipidemia, obesity,
fructose, and uric acid may initiate and accelerate artery impairment (Fig. 8.1).

8.2.1 Hyperglycemiaand IR

Hyperglycemia, a hallmark of diabetes, has been implicated in the development of
vascular cell dysfunction including vascular smooth muscle cells (VSMCs) and
endothelial cells (ECs) via mechanisms of protein kinase C (PKC) activation, acti-
vation of the hexosamine, and advanced glycation end products (AGEs). These
pathways are believed to mediate vascular dysfunction through the unifying mecha-
nism of reactive oxygen species (ROS) overproduction, most notably increases in
O, [9]. Studies have also shown that elevated glucose concentration may activate
the tissue renin—angiotensin—aldosterone system (RAAS), and this plays an impor-
tant role in the pathogenesis of vascular complications of diabetes [10, 11]. In vivo
exposure of healthy human subjects to an acute glucose load leads to attenuated
endothelium-dependent vascular relaxation [12]. This impaired endothelial relax-
ation is associated with increased oxidative stress, adhesion molecule expression,
vascular permeability, and plasma levels of plasminogen activator inhibitor-1 [12].
In vitro, both high glucose and angiotensin II (Ang IT) induced a progressive increase
in Ang I receptor type 1 receptor 1 (AT-1R) expression on the cultured human ECs.
Furthermore, high glucose enhanced Ang II-mediated peroxisome proliferation-
activated receptor-y inactivation and expression of pro-inflammatory adhesion mol-
ecules via signaling through the AT-1R [13]. With chronic exposure to elevated
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Fig. 8.1 Proposed the interaction of metabolic risk factors, adaptive metabolic response, and AD
in CRS. Risk factors for AD such as hyperglycemia, insulin resistance, dyslipidemia, fructose, and
uric acid induce the adaptive metabolic responses including mitochondria dysfunction, ROS,
inflammation response, sympathetic activity, RAAS, PTH, and TG2, resulting in the pathophysi-
ological abnormalities in ECs, VSMCs, and extracellular matrix on CRS. Abbreviations: AD arte-
rial disease, RAAS renin—angiotensin—aldosterone system, PTH Parathyroid hormone, AGE
advanced glycation end products, 7G2 tissue transglutaminase, ROS reactive oxygen species, IL
interleukin, 7NF tumor necrosis factor, NO nitric oxide, ONOO~ peroxynitrite, E7-1 endothelin-1,
Ang II angiotensin II, TxA2 thromboxane A2, MCP-I monocyte chemotactic protein-1, CRP
C-reactive protein, MMP matrix metalloproteinase

plasma glucose, the resulting glucotoxicity may activate mitogen-activated protein
kinase (MAPK) thus increasing secretion of inflammatory cytokines and inhibiting
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling leading to
reduced nitric oxide (NO) production and endothelial dysfunction [13].

IR, a metabolic risk factor in patients with normal glucose tolerance and even
after adjustment for known risk factor such as low-density lipoprotein (LDL), tri-
glycerides (TG), high-density lipoprotein cholesterol (HDL), and systolic blood
pressure, is frequently present in obesity, hypertension, dyslipidemia, and AD [14].
In nonobese subjects without diabetes, IR predicted the development of cardiovas-
cular disease (CVD) independently of other known risk factors. In another group of
subjects without diabetes or impaired glucose tolerance, patients with IR had a 2.5-
fold increase in CVD risk. These data indicate that IR itself promotes atherogenesis
[15]. Our study has found that abnormal insulin metabolic signaling is an important
contributor to AD. In this regard, IR is typically accompanied by reduced PI3K-NO
pathway and heightened MAPK-endothelin-1 (ET-1) pathway [16].
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8.2.2 Dyslipidemia and Obesity

Lipid abnormalities play an important part in raising the cardiovascular risk in
patients with diabetes. The main components of diabetic dyslipidemia are increased
plasma TG, low concentration of HDL, preponderance of small dense LDL, and
excessive postprandial lipemia [17]. Small, dense LDL, the elevation in remnant
TG-rich lipoprotein particles, and the low HDL are the most powerful atherogenic
components. The coexistence of these factors strongly aggravates the lipid accumu-
lation in the arterial wall and the formation of atherosclerotic plaques. Small, dense
LDL particles are held to be more atherogenic than their larger, buoyant counter-
parts because they are more liable to oxidation and may more readily adhere to and
subsequently invade the arterial wall. The atherogenicity of LDL may also be
enhanced by nonenzymatic glycation [18]. Thus, the benefits of statin therapy in
type 2 diabetics can no longer be questioned.

Obesity has a strong association with atherogenic dyslipidemia. In a large series
of 26,000 overweight children, concentrations of one or more of the lipids were
abnormal in 32 %, total cholesterol in 14.1 %, LDL-C in 15.8 %, HDL-Cin 11.1 %,
and TG in 14.3 % of those in whom data were available [19]. Indeed, overweight
and obesity are associated with development of CRS which is a constellation of risk
factors, such as IR, dyslipidemia, and high blood pressure [16]. The development of
AD in obese patients can be attributed to a number of factors including pro-
inflammatory cytokines, inappropriate activation of RAAS, vasoconstriction from
increased sympathetic nervous system (SNS) activation, and dysregulation in adi-
pokine production and secretion [20]. These data suggest that obesity and dyslipid-
emia are involved in AD in CRS.

8.2.3 Fructose and Uric Acid

The increasing fructose consumption has led to a rise in obesity from 13 to 34 %
since 1960 and the subsequent rise in diagnosed type 2 diabetes from 5 to 8 % since
1988 [21]. In children, the intake of artificially sweetened beverages was found to
be positively associated with adiposity [22]. A prospective cohort analyses of non-
diabetic women in the Nurses’ Health Study II concluded that higher consumption
of sugar-sweetened beverages is associated with greater magnitude of weight gain
and an increased risk for the development of type 2 diabetes [22]. In the Framingham
Heart Study, the relationship between soft drink consumption and cardiovascular
risk factors was evaluated in 6,039 participants; consumption of more than one can
of soft drink per day was significantly associated with the prevalence of CRS [23].
Thus, fructose has been implicated in promoting obesity and CRS by altering appe-
tite, inducing leptin resistance, and resulting in increased food intake. Recently, The
Third National Health and Nutrition Examination Survey (NHANES III) report has
indicated that consumption of sugar-sweetened beverages is significantly associated
with plasma uric acid concentrations [23]. Thus, a novel hypothesis has been pro-
posing to link fructose intake, hyperuricemia, and AD in CRS.



8 Role of Metabolic Factors: Lipids, Glucose/Insulin Intolerance 105

8.3  ECDysfunction Initiates AD

Forming a vast interface between blood and surrounding tissues, the endothelium
forms a monolayer comprising the innermost lining of blood vessels. The arterial
endothelium provides a continuous barrier between the elements of blood and the
arterial wall and is a critical component to vascular homeostasis, actively respond-
ing to biochemical and physical stimuli through the release of a diverse set of vaso-
active substances [24]. Endothelial damage and thickening of the intima-media
layers induced by risk factors we discussed above are early events in the AD pro-
cess. For example, LDL particles invade the endothelium and become oxidized, cre-
ating risk for a subsequent inflammatory response and ultimately CVD. Monocytes
enter the artery wall from the bloodstream with platelets adhering to the area of
insult, differentiate into macrophages, and eventually form foam cells. Foam cells
die and further propagate the inflammatory process [25] (Fig. 8.1).

NO, a most significant endothelium-derived mediator, plays multiple roles in
preventing AD. NO diffuses into neighboring VSMCs, activating guanylyl cyclase
and producing cyclic guanosine monophosphate (cGMP) and activating kinases
responsible for vascular relaxation [16]. NO also inhibits platelet aggregation,
smooth muscle cell proliferation, and nuclear transcription of leukocyte-adhesion
molecules including vascular cell adhesion molecule (VCAM) and intercellular
adhesion molecule (ICAM) [9]. Indeed, vascular homeostasis is tightly controlled
by EC secreting the vasodilatory substances, such as NO, endothelium-derived
hyperpolarizing factor (EDHF), prostacyclin (PGL,), and vasoconstrictory sub-
stances, such as ET-1, Ang II, and thromboxane A2 (TxA2) [26]. These EC-secreting
vasoactivity substances have been proposed to mediate the AD in CRS, including
continued activation of the SNS; increased production and activity of vasoconstric-
tors, such as ET-1, Ang II, and TxA2; and impaired endothelium-dependent relax-
ation [27]. Thus, endothelial dysfunction has been suggested as a common
underlying mechanism in AD with IR, hyperinsulinemia, and CRS.

8.4  Dysregulation of VSMCs and Vascular Extracellular
Matrix Promotes AD

Following the EC dysfunction, the metabolic abnormalities that characterize diabe-
tes, hyperglycemia, free fatty acids, and IR provoke the impairment of the function
and structures in blood vessels include VSMC and extracellular vascular matrix
(Fig. 8.1).

8.4.1 VSMC Dysfunction

The impact of CRS on vascular function is not only limited to the ECs but also
to VSMCs, which are the predominant cell type found in the arterial wall and are
essential for the structural and functional integrity of the vessel. Diabetes



106 G. Jiaetal.

increases PKC activity, NF-kappaB (NF-xB) production, and generation of oxygen-
derived free radicals in VSMCs and heightens migration of VSMCs into athero-
sclerotic lesions, where they replicate and produce extracellular matrix—important
steps in mature lesion formation [28]. Dysregulation of VSMC function is exac-
erbated by impairments in SNS function. Studies from the Zucker obese insu-
lin-resistant rat have shown that VSMCs from these rats manifested greater
concentrations of ROS and impaired activation of the NO/cGMP/protein kinase
G (PKG) pathway when compared to VSMC from the lean, insulin-sensitive
Zucker rats [29]. Our recent data also showed excessive serine phosphorylation
of insulin receptor substrate (IRS-1) as a key mechanism underlying cellular IR
in VSMCs. Furthermore, after treatment with aldosterone or Ang II, VSMCs
show increased activation of p70 S6 kinase 1 signaling pathway, increased pro-
teasome degradation of IRS-1, and attenuated insulin-induced Akt phosphoryla-
tion and glucose uptake [30]. These observations provide a biochemical basis to
the IR in VSMCs in the development of AD.

8.4.2 VSMC Calcification

Studies conducted in the United States have revealed that calcium deposits in
arterial walls are reported in nearly 30 % of Americans over 45 years of age
[31]. Vascular calcification risk factors are similar to those of atherosclerosis
including hypertriglyceridemia, increased LDL, decreased HDL, obesity, and
hypertension. It has also been shown that diabetes and renal failure contribute
significantly to higher risk of accumulation of calcium depositions in the vessel
wall [32]. Calcification of vessels reduces their elasticity, affecting hemody-
namic parameters of the cardiovascular system. Vascular calcification is an
active and complex process that involves numerous mechanisms responsible for
calcium deposits in arterial walls. They lead to an increase in arterial stiffness
and in pulse wave velocity, which in turn increases CVD morbidity and mortal-
ity. We have known that VSMCs can differentiate from a quiescent, contractile
phenotype to a proliferative, synthetic phenotype following arterial injury and
in atherosclerotic diseases [33]. Indeed, VSMCs are capable of osteoblast trans-
differentiation in calcifying arteries [34]. Epidemiological data have shown that
higher insulin levels in diabetes can independently predicate arterial calcifica-
tion [35]. The mechanisms of insulin involved in arterial calcification in these
clinical settings are still controversial. Furthermore, it has been demonstrated
that insulin enhances the calcification of VSMCs in vitro [36]. In this regard,
insulin promotes alkaline phosphatase activity, osteocalcin expression, and the
formation of mineralized nodules in VSMCs by increased receptor expression
of NF-xB ligand (RANKL) through extracellular signal-regulated protein
kinases 1 and 2 (Erk %2) activation [37]. However, others suggest that insulin
attenuated VSMC calcification induced by high phosphate conditions [38].
These contradictory results may be explained by different cell types or different
experimental conditions.
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8.4.3 Elastin, Collagen, and Advanced Glycation End Products

Elastin is the most abundant protein in the walls of the arteries, which are subjected
to pulsatile pressure generated by cardiac contraction. Matrix metalloproteinases
(MMPs) have an important role in the degradation of elastin [39]. Recently, it was
reported that in the arterial vasculature from chronic kidney disease patients, the
presence of diabetes markedly upregulated MMP-2 and -9, and this adaption is
strongly associated with elastic fiber degradation and AD. The increase in MMPs in
diabetic vessels was also accompanied by pronounced generation of angiostatin,
and the reduction of microvascular density was associated with impaired vasorelax-
ation [40]. In addition, the degradation of elastin also induces the overexpression of
transforming growth factor beta (TGF-f). TGF-f1 not only plays an important role
in osteoblast differentiation but also accelerates the calcification of VSMCs [39].
Meanwhile, hyperglycemia may cause changes in the type or structure of elastin
and/or collagen in the arterial wall through nonenzymatic glycosylation of proteins
that generate AGE. AGE may form irreversible cross-links between long-lived pro-
teins such as collagen, leading to accumulation of stiffer molecules that are less
susceptible to hydrolytic turnover [41]. These data confirm that the interaction
among MMPs, elastin, collagen, and AGE plays a key role in the development of
AD with CRS.

8.5 Misregulation of Adaptive Metabolic Responses
Aggravate to the Progression of AD

Misregulation of an adaptive metabolic response contributes to the risk factors
related CRS and dysfunction of ECs, VSMCs, and extracellular vascular matrix in
AD (Fig. 8.1).

8.5.1 Mitochondria Dysfunction and ROS

Mitochondria are essential for intermediary metabolism as well as energy produc-
tion and normally provide more than 90 % of the cellular energy [42]. It has been
established that mitochondrial respiratory chain function is responsible for energy
metabolism and adenosine triphosphate (ATP) production through the tricarboxylic
acid (TCA) cycle, coupling of oxidative phosphorylation (OXPHOS), and electron
transfer [43]. Mitochondria dysfunction is recognized as playing a central role in the
development of various abnormalities, including disturbed glucose homeostasis, IR,
abdominal fat accumulation, dyslipidemia, hypertension, and associated cardiac
and renal pathology. ROS production occurs mainly at complex I and complex III in
mitochondria [44]. Under conditions of glucose and fatty acid overnutrition, nutri-
ent overflow into cells prompts electrons transferring to oxygen without ATP pro-
duction and further favors a state of increased ROS, which potentially leads to
oxidative damage within mitochondria [45]. Therefore, ROS generated from
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mitochondria damages proteins, DNA, and lipid in membrane components, which
result in mitochondrial dysfunction. Although this review is concerned with mito-
chondrial ROS, it should be recognized that the considerable amount of ROS is
derived from outside of mitochondria, such as oxygen radicals from peroxisomal
[-oxidation of fatty acids, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, xanthine oxidase, arachidonic acid metabolism, microsomal P-450
enzymes, and prooxidant heme molecule [46].

8.5.2 Adaptive Immunity and Inflammation Response

Atherosclerosis is a chronic inflammatory disease of the arterial wall characterized
by an innate and adaptive immune system, which is composed of diverse cellular
components including granulocytes, mast cells, monocytes, macrophages, dendritic
cells (DCs), and natural killer cells [47]. Upon activation, partly in response to
immunological stimuli from the local microenvironment as well as systemic circu-
lation, macrophages polarize into classical (M1) or alternative (M2) phenotypes
[48]. M1 macrophages are found in advanced lesions where they accumulate a large
amount of lipids, which promotes their differentiation into foam cells. Meanwhile,
M1 macrophages secrete tumor necrosis factor alpha (TNF-a), interleukin (IL)-6,
and metalloproteinases, which exacerbate and destabilize lesion development.
However, M2 macrophages predominate in the early stages of atherosclerosis and
are characterized by IL-10 secretion and smaller amounts of accumulated lipids;
these events are atheroprotective and can reduce plaque development [49].

DC precursors or monocytes are recruited to lesions where they differentiate into
DCs. The DC population is heterogeneous and can be divided into four major cat-
egories: conventional DCs (cDCs), plasmacytoid DCs (pDCs), monocyte-derived
DCs, and Langerhans cells [50]. DC accumulation in regions prone to AD suggests
that their recruitment accounts for an initial inflammatory or immune activation.
The exact localization and origin of vascular DCs, however, is still under debate
[51]. In general, immature and semimature DCs uptake lipids and other intimal
antigens, thus preventing them from eliciting pro-inflammatory signaling in other
artery wall cells. Toll-like receptor (TLR) ligation by ligands such as oxLDL induces
DC maturation. Under hyperlipidemic conditions, lipid uptake and efferocytosis
likely lead to DC-foam cell formation, and mature DCs and foam cells emigrate
from the vessel wall in a C-C chemokine receptor type 7 (CCR7)-dependent man-
ner, clearing inflammatory cells, lipids, and apoptotic cell debris from the intimal
space and preventing necrosis and persistent inflammation. Mature CD11b+ DCs
likely expand regulatory T cells (Tregs) and CD4+ effector T cells within the artery
wall [52]. CD4*CD25*Foxp3* Tregs can protect the pro-inflammatory activation of
vascular cells. The mechanisms by which Tregs protect against inflammation are
thought to be mediated, at least in part, by directing cell-to-cell interactions as well
as through the secretion of soluble anti-inflammatory cytokines, including IL-10
TGF-B [53]. Thus, further studies are required to understand the role of adaptive
immunity and inflammation response in AD with CRS.
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8.5.3 Sympathetic Activity

The role of increased SNS activity in IR with CRS is increasingly recognized.
Individuals with central obesity show increased sympathetic nervous activity.
Increased sympathetic outflow has been reported in obese nonhypertensive indi-
viduals with the determination of circulating catecholamines, urinary norepineph-
rine (NE), and muscle sympathetic nerve activity (MSNA) [54]. Multiple
neurohumoral mechanisms can activate the SNS in patients with CRS including
direct activation of the SNS in response to the activation of higher cerebral nuclei
and renal afferent nerve activation mediated by perirenal fat accumulation and kid-
ney compression [55]. Sympathetic activation can also be triggered by reflex mech-
anisms such as arterial baroreceptor impairment, psychological stress, oxidative
stress, obstructive sleep apnea, inflammation, and metabolic factors and dysregu-
lated production and secretion of adipokines from visceral fat with a particular
important role of leptin [20]. Although enhanced activation of SNS is an important
component in IR, it is often related to activation of RAAS since the RAAS system
causes sustained sympathetic overactivity by modulating central neurons in the sub-
fornical organ of the forebrain [49]. The link between sympathetic nervous activity
and AD offers new clues to identify AD and may allow for development of novel-
targeted therapeutic interventions.

8.5.4 Renin-Angiotensin-Aldosterone System
and Parathyroid Hormone

There is evidence that RAAS activation plays an important role in the pathogenesis
of AD. In the course of RAAS-induced vascular injury, Ang II binds to its type 1
receptor to induce oxidative stress, mainly mediated by NADPH oxidase. Our study
has also found that Ang II increased serine phosphorylation of IRS-1 and inhibited
the insulin-stimulated phosphorylation of endothelial NO synthase through activa-
tion of S6 kinase (S6K) signaling pathway [30]. Recent data also suggests that
increased mineralocorticoid receptor (MR) is associated with IR. Studies have dem-
onstrated a relationship between MR activation and decreased insulin sensitivity in
animal models and humans. For example, patients with primary hyperaldosteronism
were found to have IR suggesting the contribution of MR signaling to IR [56].
Spironolactone, a blocker of the MR, has been shown to decrease local inflamma-
tion and vascular stiffness in rodent models of hypertension and IR [57, 58]. These
observations suggest that inhibition of MR might be a beneficial therapeutic
approach for preventing AD in diet-induced obesity and IR [58]. Thus, enhanced
RAAS activation may represent a link between obesity, hypertension, dyslipidemia,
and IR, features present in the AD with CRS [59]. Moreover, cross-talk between
Ang II and aldosterone signaling underscores the importance of Ang II-aldosterone
interactions in the development of IR, vascular dysfunction, and AD.

Parathyroid hormone (PTH) is secreted from parathyroid glands and increases
the concentration of calcium in the blood. Recent research suggests that PTH is
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implicated in regulating RAAS which is proposed to regulate PTH hormones [60].
Ang II seems to be an acute modulator of PTH, potentially through direct stimula-
tion of PTH release via the AT-1R. In contrast, aldosterone may be involved in the
modulation of PTH in the chronic setting via indirect and direct mechanisms [61].
PTH may increase sensitization towards Ang II and directly stimulate aldosterone
synthesis by binding to the PTH-related protein receptor, voltage-gated calcium
channels, and the adrenocorticotropic hormone receptor [62]. Therefore, the inter-
action of PTH and RAAS plays a key role in the pathogenesis of AD.

8.5.5 Tissue Transglutaminase

Tissue transglutaminase (TG2) is a multifunctional protein that plays an impor-
tant role in vascular function, including remodeling of resistance vessels,
increased aortic stiffness with age, and arterial calcification [63]. TG2 is a link
between IR and AD because of its regulation by NO availability. A study has
found that bioavailability of NO impaired by inflammation cytokines and RAAS
is associated with decreased TG2 S-nitrosylation [63, 64]. Thus, increased secre-
tion of TG2 to the cell surface and extracellular matrix and enhanced cross-
linking activity in isolated endothelial, smooth muscle, and fibroblast cells
resulted in AD in CRS [65]. In addition, increased vascular TG2 activity was also
associated with AD in high fat-fed mice that preceded hypertension [66], thereby
suggesting TG2 activation and AD as an early vent in the long-term effects of
obesity on the vasculature.

Conclusion

AD increases the risk of developing coronary, cerebrovascular, and peripheral
arterial disease and is a major cause of disability and death in patients with
diabetes mellitus and CRS. The pathophysiology of AD in diabetes and CRS
involves abnormalities in ECs, VSMCs, elastin, collagen, and AGE products,
which increase the risk of the adverse cardiovascular events. Elucidation of
mechanisms leading to the pathophysiological alterations in vasculature will
enable us to specifically target therapeutic interventions since currently avail-
able cardiovascular medications fall short at reducing AD. Future therapeutic
strategies should emphasize the need to achieve control of hyperglycemia, dys-
lipidemia, blood pressure, obesity, and cigarette smoking, in addition to exer-
cise therapy. A better understanding of the mechanisms leading to vascular
dysfunction may unmask new strategies to reduce disability and death in these
patients.

Acknowledgments The authors would like to thank Brenda Hunter for her editorial assistance.
This research was supported by NIH (R01 HL73101, RO1 HL107910) and the Veterans Affairs
Merit System (0018) for JRS. The authors have no conflict of interest associated with this
manuscript.

Disclosure The authors have no conflict of interest associated with this manuscript.



8

Role of Metabolic Factors: Lipids, Glucose/Insulin Intolerance m

References

1.

2.

10.

13.

14.

15.

16.

17.
18.
19.
20.

21.

22.

Krentz AJ (2003) Lipoprotein abnormalities and their consequences for patients with type 2
diabetes. Diabetes Obes Metab 5:S19-S27

Liischer TF, Creager MA, Beckman JA, Cosentino F (2003) Diabetes and vascular disease: patho-
physiology, clinical consequences, and medical therapy: part II. Circulation 108:1655-1661

. Sowers JR (2013) Diabetes mellitus and vascular disease. Hypertension 61:943-947
. Jia G, Sowers JR (2014) New thoughts in an old player: role of nitrite in the treatment of isch-

emic revascularization. Diabetes 63:39-41

. Salomaa V, Riley W, Kark JD et al (1995) Non-insulin-dependent diabetes mellitus and fasting

glucose and insulin concentrations are associated with arterial stiffness indexes. The ARIC
Study. Atherosclerosis Risk in Communities Study. Circulation 91:1432-1443

. Tounian P, Aggoun Y, Dubern B et al (2001) Presence of increased stiffness of the common

carotid artery and endothelial dysfunction in severely obese children: a prospective study.
Lancet 358:1400-1404

. Ho CT, Lin CC, Hsu HS et al (2011) Arterial stiffness is strongly associated with insulin resis-

tance in Chinese—a population-based study (Taichung Community Health Study, TCHS).
J Atheroscler Thromb 18:122-130

. van Popele NM, Elizabeth Hak A, Mattace-Raso FU et al (2006) Impaired fasting glucose is

associated with increased arterial stiffness in elderly people without diabetes mellitus: the
Rotterdam Study. J] Am Geriatr Soc 54:397-404

. Roberts AC, Porter KE (2013) Cellular and molecular mechanisms of endothelial dysfunction

in diabetes. Diab Vasc Dis Res 10:472-482
Daemen MJ, Lombardi DM, Bosman FT, Schwartz SM (1991) Angiotensin II induces smooth
muscle cell proliferation in the normal and injured rat arterial wall. Circ Res 68:450-456

. Sodhi CP, Kanwar YS, Sahai A (2003) Hypoxia and high glucose upregulate AT1 receptor

expression and potentiate ANG II-induced proliferation in VSM cells. Am J Physiol Heart
Circ Physiol 284:H846-H852

. Reusch JE, Wang CC (2011) Cardiovascular disease in diabetes: where does glucose fit in?

J Clin Endocrinol Metab 96:2367-2376

Min Q, Bai YT, Jia G et al (2010) High glucose enhances angiotensin-II-mediated peroxisome
proliferation-activated receptor-gamma inactivation in human coronary artery endothelial
cells. Exp Mol Pathol 88:133-137

Shanik MH, Xu Y, Skrha J et al (2008) Insulin resistance and hyperinsulinemia: is hyperinsu-
linemia the cart or the horse? Diabetes Care 31:5S262-S268

Du X, Edelstein D, Obici S et al (2006) Insulin resistance reduces arterial prostacyclin syn-
thase and eNOS activities by increasing endothelial fatty acid oxidation. J Clin Invest
116:1071-1080

Bender SB, McGraw AP, Jaffe I1Z, Sowers JR (2013) Mineralocorticoid receptor-mediated
vascular insulin resistance: an early contributor to diabetes-related vascular disease? Diabetes
62:313-319

Carmena R, Betteridge DJ (2004) Statins and diabetes. Semin Vasc Med 4:321-332

Arca M, Pigna G, Favoccia C (2012) Mechanisms of diabetic dyslipidemia: relevance for
atherogenesis. Curr Vasc Pharmacol 10:684-686

Raj M (2012) Obesity and cardiovascular risk in children and adolescents. Indian J Endocrinol
Metab 16:13-19

Canale MP, Manca di Villahermosa S, Martino G et al (2013) Obesity-related metabolic syn-
drome: mechanisms of sympathetic overactivity. Int J] Endocrinol 2013:865965

Masterjohn C, Park Y, Lee J et al (2013) Dietary fructose feeding increases adipose
methylglyoxal accumulation in rats in association with low expression and activity of
glyoxalase-2. Nutrients 5:3311-3328

Khitan Z, Kim DH (2013) Fructose: a key factor in the development of metabolic syndrome
and hypertension. J Nutr 2013:682673



112 G. Jiaetal.

23. Tappy L, Leé KA (2010) Metabolic effects of fructose and the worldwide increase in obesity.
Physiol Rev 90:23-46

24. Muniyappa R, Sowers JR (2012) Endothelial insulin and IGF-1 receptors: when yes means
NO. Diabetes 61:2225-2227

25. Zhang Y, Sowers JR, Ren J (2012) Pathophysiological insights into cardiovascular health in
metabolic syndrome. Exp Diabetes Res 2012:320534

26. Mudau M, Genis A, Lochner A, Strijdom H (2012) Endothelial dysfunction: the early predic-
tor of atherosclerosis. Cardiovasc J Afr 23:222-231

27. Tran LT, Yuen VG, McNeill JH (2009) The fructose-fed rat: a review on the mechanisms of
fructose-induced insulin resistance and hypertension. Mol Cell Biochem 332:145-159

28. Creager MA, Liischer TF, Cosentino F, Beckman JA (2003) Diabetes and vascular disease:
pathophysiology, clinical consequences, and medical therapy: part I. Circulation 108:
1527-1532

29. Doronzo G, Russo I, Mattiello L et al (2004) Insulin activates vascular endothelial growth
factor in vascular smooth muscle cells: influence of nitric oxide and of insulin resistance. Eur
J Clin Invest 34:664-673

30. Kim JA, Jang HJ, Martinez-Lemus LA, Sowers JR (2012) Activation of mTOR/p70S6 kinase
by ANG II inhibits insulin-stimulated endothelial nitric oxide synthase and vasodilation. Am J
Physiol Endocrinol Metab 302:E201-E208

31. Karwowski W, Naumnik B, Szczepanski M, Mysliwiec M (2012) The mechanism of vascular
calcification — a systematic review. Med Sci Monit 18:RA1-RA11

32. Townsend RR, Wimmer NJ, Chirinos JA et al (2010) Aortic PWV in chronic kidney disease:
a CRIC ancillary study. Am J Hypertens 23:282-289

33. Speer MY, Yang HY, Brabb T et al (2009) Smooth muscle cells give rise to osteochondrogenic
precursors and chondrocytes in calcifying arteries. Circ Res 104:733-741

34. Johnson RC, Leopold JA, Loscalzo J (2006) Vascular calcification: pathobiological mecha-
nisms and clinical implications. Circ Res 99:1044—1059

35. Blaha MJ, DeFilippis AP, Rivera JJ et al (2011) The relationship between insulin resistance
and incidence and progression of coronary artery calcification: the Multi-Ethnic Study of
Atherosclerosis (MESA). Diabetes Care 34:749-751

36. Olesen P, Nguyen K, Wogensen L et al (2007) Calcification of human vascular smooth muscle
cells: associations with osteoprotegerin expression and acceleration by high-dose insulin. Am
J Physiol Heart Circ Physiol 292:H1058-H1064

37. Yuan LQ, Zhu JH, Wang HW et al (2011) RANKL is a downstream mediator for insulin-
induced osteoblastic differentiation of vascular smooth muscle cells. PLoS One 6:€29037

38. Wang CC, Sorribas V, Sharma G et al (2007) Insulin attenuates vascular smooth muscle calci-
fication but increases vascular smooth muscle cell phosphate transport. Atherosclerosis
195:e65-e75

39. Mizobuchi M, Towler D, Slatopolsky E (2009) Vascular calcification: the killer of patients
with chronic kidney disease. J] Am Soc Nephrol 20:1453-1464

40. Chung AW, Yang HH, Sigrist MK (2009) Matrix metalloproteinase-2 and -9 exacerbate arte-
rial stiffening and angiogenesis in diabetes and chronic kidney disease. Cardiovasc Res 84:
494-504

41. Ganne S, Winer N (2008) Vascular compliance in the cardiometabolic syndrome. J Cardiometab
Syndr 3:35-39

42. Gao L, Laude K, Cai H (2008) Mitochondrial pathophysiology, reactive oxygen species, and
cardiovascular diseases. Vet Clin North Am Small Anim Pract 38:137-155

43. Nisoli E, Clementi E, Carruba MO, Moncada S (2007) Defective mitochondrial biogenesis: a
hallmark of the high cardiovascular risk in the metabolic syndrome? Circ Res 100:795-806

44. Whaley-Connell A, Sowers JR (2011) Indices of obesity and cardiometabolic risk.
Hypertension 58:991-993

45. Liu J, Shen W, Zhao B et al (2009) Targeting mitochondrial biogenesis for preventing and
treating insulin resistance in diabetes and obesity: hope from natural mitochondrial nutrients.
Adv Drug Deliv Rev 61:1343-1352



46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Role of Metabolic Factors: Lipids, Glucose/Insulin Intolerance 113

Sivitz WI, Yorek MA (2010) Mitochondrial dysfunction in diabetes: from molecular mecha-
nisms to functional significance and therapeutic opportunities. Antioxid Redox Signal 12:
537-577

Chavez-Sanchez L, Espinosa-Luna JE, Chavez-Rueda K et al (2014) Innate immune system
cells in atherosclerosis. Arch Med Res 45:1-14

Aroor A, McKarns S, Nistala R et al (2013) DPP-4 inhibitors as therapeutic modulators of
immune cell function and associated cardiovascular and renal insulin resistance in obesity and
diabetes. Cardiorenal Med 3:48-56

Aroor AR, McKarns S, Demarco VG et al (2013) Maladaptive immune and inflammatory
pathways lead to cardiovascular insulin resistance. Metabolism 62:1543-1552

Legein B, Temmerman L, Biessen EA, Lutgens E (2013) Inflammation and immune system
interactions in atherosclerosis. Cell Mol Life Sci 70:3847-3869

Déring Y, Zernecke A (2012) Plasmacytoid dendritic cells in atherosclerosis. Front Physiol
3:230

Alberts-Grill N, Denning TL, Rezvan A, Jo H (2013) The role of the vascular dendritic cell
network in atherosclerosis. Am J Physiol Cell Physiol 305:C1-C21

He S, Li M, Ma X, Lin J, Li D (2010) CD4+CD25+Foxp3+ regulatory T cells protect the
proinflammatory activation of human umbilical vein endothelial cells. Arterioscler Thromb
Vasc Biol 30:2621-2630

Huang CJ, Webb HE, Zourdos MC, Acevedo EO (2013) Cardiovascular reactivity, stress, and
physical activity. Front Physiol 7:4-314

Xiong XQ, Chen WW, Zhu GQ (2014) Adipose afferent reflex: sympathetic activation and
obesity hypertension. Acta Physiol (Oxf) 210:468-478

Underwood PC, Adler GK (2013) The Renin angiotensin aldosterone system and insulin resis-
tance in humans. Curr Hypertens Rep 15:59-70

Wada T, Kenmochi H, Miyashita Y et al (2010) Spironolactone improves glucose and lipid
metabolism by ameliorating hepatic steatosis and inflammation and suppressing enhanced glu-
coneogenesis induced by high-fat and high-fructose diet. Endocrinology 151:2040-2049
Benetos A, Lacolley P, Safar ME (1997) Prevention of aortic fibrosis by spironolactone in
spontaneously hypertensive rats. Arterioscler Thromb Vasc Biol 17:1152-1156

Garg R, Adler GK (2012) Role of mineralocorticoid receptor in insulin resistance. Curr Opin
Endocrinol Diabetes Obes 19:168-175

Tomaschitz A, Ritz E, Pieske B, Rus-Machan J et al (2014) Aldosterone and parathyroid hor-
mone interactions as mediators of metabolic and cardiovascular disease. Metabolism
63:20-31

Brown JM, Williams JS, Luther JM et al (2014) Human interventions to characterize novel
relationships between the renin-angiotensin-aldosterone system and parathyroid hormone.
Hypertension 63:273-280

Tomaschitz A, Ritz E, Pieske B et al (2012) Aldosterone and parathyroid hormone: a precarious
couple for cardiovascular disease. Cardiovasc Res 94:10-19

Jung SM, Jandu S, Steppan J et al (2013) Increased tissue transglutaminase activity contributes
to central vascular stiffness in eNOS knockout mice. Am J Physiol Heart Circ Physiol
305:H803-H810

Thomas WG (2005) Double trouble for type 1 angiotensin receptors in atherosclerosis. N Engl
J Med 352:506-508

Santhanam L, Tuday EC, Webb AK et al (2010) Decreased S-nitrosylation of tissue transglu-
taminase contributes to age-related increases in vascular stiffness. Circ Res 107:117-125
Weisbrod RM, Shiang T, Al Sayah L et al (2013) Arterial stiffening precedes systolic
hypertension in diet-induced obesity. Hypertension 62:1105-1110



Paul Welsh, David Preiss, Sofia Tsiropoulou,
Francisco J. Rios, Adam Harvey, Maria G. Dulak-Lis,
Augusto C. Montezano, and Rhian M. Touyz

9.1 Introduction

Altered vascular function is a common feature in many cardiovascular diseases such as
hypertension, atherosclerosis and ischaemic heart disease and is characterised by endo-
thelial dysfunction, arterial remodelling and vascular inflammation [1, 2]. Molecular
and cellular changes associated with these processes include increased expression of
cellular adhesion molecules, mitochondrial dysfunction, macrophage activation and
immune dysregulation, processes that are redox sensitive and linked to oxidative stress
(increased bioavailability of reactive oxygen species (ROS)) [3—7]. Inflammation is
both a cause and consequence of oxidative stress because ROS stimulate inflammatory
signalling pathways and induce activation of proinflammatory transcription factors
such as NFxB, while at the same time, inflammatory processes stimulate ROS produc-
tion and oxidative stress [8, 9] (Fig. 9.1). Because these phenomena occur early in the
pathophysiology of vascular injury and become exaggerated as cardiovascular disease
progresses, there is growing interest in identifying novel biomarkers of vascular inflam-
mation and oxidative stress that could better predict the risk of cardiovascular disease,
track the development of vascular injury, stratify patients to disease-targeted therapies
and provide insights into mechanisms underlying pathological processes [10, 11].
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Fig. 9.1 Diagram demonstrating how proinflammatory and pro-fibrotic mechanisms impact on
vascular inflammation and remodelling in vascular injury. Oxidative stress plays an important role
in vascular injury. Biomarkers of these processes may provide insights into molecular mechanisms
underlying vascular damage and may act as markers to predict the risk of cardiovascular disease

Many circulating biomarkers of vascular injury have been identified, includ-
ing acute-phase proteins (C-reactive protein (CRP), pentraxin, amyloid A,
homocysteine), inflammatory mediators (cytokines, chemokines), cellular
markers of endothelial damage (microparticles, endothelial progenitor cells,
microRNAs) and markers of oxidative stress (lipid peroxidation, ROS, antioxi-
dants) [10-13]. Although the field is growing, there are still no ideal markers to
predict and track vascular damage. With improved and more sensitive method-
ologies to measure circulating and urine biomarkers together with non-invasive
vascular imaging, the domain will continue to develop, and hopefully clinically
useful algorithms based on biomarkers could assist in better prediction of risk,
stratification of disease and targeting of treatment. This chapter describes vas-
cular inflammation and oxidative stress in the context of cardiovascular disease
and focuses on some biomarkers that may act as clinically useful surrogates of
underlying vascular injury.
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9.2 Definition of a Biomarker

The term “biomarker” is a contraction of “biological marker”. An NIH working
group defined biomarkers as “A characteristic that is objectively measured and eval-
uated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention” [14]. Biomarkers may be useful
in the early detection of vascular injury and in predicting the risk of cardiovascular
disease. Biomarkers may also reflect vascular injury and hence provide insights into
mechanisms underlying progression of disease. Finally, they may act as indices to
better stratify patients, which should lead to more directed and mechanism-targeted
treatments. Examples of biomarkers that have been included into clinical practice
and may add value to classical cardiovascular risk factors include high-sensitivity
CRP for cardiovascular risk prediction, glycated haemoglobin (HbA,C) for the
diagnosis of diabetes, N-terminal pro-B-type natriuretic peptide (NT-proBNP) for
heart failure diagnosis, troponin I and troponin T for acute myocardial infarction
diagnosis and microalbuminuria for kidney disease [15-19].

9.3 Vascular Inflammation

Low-grade inflammation in the vascular wall is increasingly recognised as an
important contributor to the pathophysiology of cardiovascular disease [20], to the
initiation and progression of atherosclerosis and to the development of hypertension
[20, 21]. Inflammation participates in vascular remodelling and promotes acceler-
ated vascular damage in aging through processes that involve increased expression
of adhesion molecules (vascular cell adhesion molecule-1 (VCAM-1), intercellular
adhesion molecule-1 (ICAM-1)) on the endothelial cell membrane, accumulation of
monocytes/macrophages in the vascular wall and stimulation of ROS-generating
enzymes, including Noxs [22-24] (Fig. 9.2). Innate immunity has been implicated
to contribute to the low-grade inflammatory response in atherosclerosis and hyper-
tension where different subsets of T lymphocytes may be involved in processes
leading to inflammation [25-27]. For example, an imbalance exists between the
proinflammatory Th1, Th2 and Th17 and the anti-inflammatory T regulatory (Treg)
subsets of T lymphocytes [28].

9.4 Reactive Oxygen Species, Oxidative Stress
and Vascular Inflammation

ROS are formed during the reduction of oxygen and include unstable free radicals
(species with an unpaired electron) such as superoxide (O,"") and non-free radicals,
such as hydrogen peroxide (H,O,) [29]. ROS are generated continuously as normal
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Fig. 9.2 Low-grade inflammation in the vascular wall is an important contributor to the patho-
physiology of cardiovascular disease. Inflammation participates in vascular remodelling and pro-
motes accelerated vascular damage in aging through processes that involve increased expression of
adhesion molecules (vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion mole-
cule-1 (ICAM-1), selectin, PECAM) on the endothelial cell membrane, increased rolling and adhe-
sion of polymorphonucleocytes (PMN), transmigration of PMN and accumulation of monocytes/
macrophages in the vascular wall. These processes are stimulated by increased generation of reac-
tive oxygen species (ROS) from Noxs in endothelial and vascular smooth muscle cells (VSMC)

by-products of cellular metabolism and as direct products through activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, also called Nox
[30, 31]. ROS are produced in the endothelium, throughout the vascular wall and
adventitia and in perivascular fat. In the vascular system together with nitric oxide
(NO), a potent endothelial-derived vasodilator, ROS play a physiological role in
regulating endothelial function and vascular contraction/dilation and are important
in maintaining vascular integrity [32—-34]. Under pathological conditions, increased
ROS levels cause cell damage and promote vascular inflammation, hypertrophy,
fibrosis and increased contraction, important factors contributing to endothelial dys-
function and vascular remodelling in cardiovascular diseases [35, 36]. Molecular
processes underlying ROS-induced cardiovascular injury involve activation of
redox-sensitive signalling pathways [37-39]. Superoxide anion and H,O, stimulate
mitogen-activated protein kinases (MAPK), tyrosine kinases, Rho kinase and tran-
scription factors (NFxB, AP-1 and HIF-1) and inactivate protein tyrosine
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phosphatases (PTP) [40, 41]. ROS also increase intracellular free Ca®* concentra-
tion ([Ca®*];) and upregulate proto-oncogene and proinflammatory gene expression
and activity [42]. These phenomena occur through oxidative modification of pro-
teins [43]. Changes in the intracellular redox state through glutathione and thiore-
doxin systems may also influence intracellular signalling [44].

9.4.1 Production and Metabolism of ROS
in the Cardiovascular System

Enzymatic sources of ROS important in cardiovascular disease are xanthine oxido-
reductase, uncoupled NO synthase (NOS), mitochondrial respiratory enzymes and
NADPH oxidase [45-47], found in many cell types in the heart, kidney, vessels and
central nervous system. Of the many ROS-generating enzymes, it is only NADPH
oxidase that has as its primary function the formation of ROS, hence termed a “pro-
fessional” ROS producer [30, 31]. NADPH oxidase was originally considered to be
expressed only in phagocytic cells involved in host defence and innate immunity. It
is now evident that there is a family of NADPH oxidases/Noxs that are functionally
active in non-phagocytic cells, including vascular cells. The mammalian Nox fam-
ily comprises seven members: Nox1, Nox2, Nox3, Nox4, Nox5, Duox1 and Duox2
[48, 49]. All are transmembrane proteins that have conserved structural properties
and that transport electrons across biological membranes to reduce O, to O,. Each
isoform is encoded by separate genes. Whereas Nox1, Nox2, Nox4 and Nox5 have
been identified in cardiovascular tissue [50], Nox3, found in the inner ear, and
Duox1 and Duox?2, found primarily in the thyroid gland, do not seem to be impor-
tant in the cardiovascular system.

9.5 Biomarkers of Endothelial Dysfunction
9.5.1 Nitric Oxide (NO) and ROS

Biomarkers of impaired endothelial function reflect altered NO bioavailability,
increased oxidative stress, coagulation and endothelial inflammation. NO, pro-
duced by endothelial cells, is a major determinant of endothelium-dependent vaso-
dilation and is an inhibitor of coagulation, inflammation and oxidative stress
[51-53] and consequently has been considered as an important marker reflecting
endothelial status. Since NO has a short half-life, plasma levels of oxidative degra-
dation products of NO, including nitrite (NO,"), nitrate (NO;~) and nitrosothiols,
have been used as surrogate indices of NO generation [54]. In addition to assessing
levels of NO and its metabolites, measurement of asymmetric dimethylarginine
(ADMA), a potent endogenous inhibitor of nitric oxide synthase (NOS)-derived
NO production, could also reflect NO bioavailability [55]. Plasma ADMA levels
have been shown to correlate with endothelial NOS activity and to be associated
with endothelial dysfunction [56, 57].
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Endothelial injury is associated with increased production of O,™~, which readily
reacts with NO to form peroxynitrite (ONOQO"), an injurious free radical that further
contributes to endothelial dysfunction [58]. Similarly, lipid peroxyl radicals react
with NO and may also be a source of NO inactivation [59]. Plasma measures of
endothelial oxidative stress include indices of lipid peroxidation (F,-isoprostanes
and thiobarbituric acid-reactive substances) and nitrotyrosine levels, reflecting per-
oxynitrite generation [60, 61]. Lipid peroxidation is increased in diseases associated
with endothelial dysfunction, and there is a strong negative correlation between
oxidative stress and endothelial function [62—-64].

9.5.2 Endothelial Proinflammatory Markers

Because endothelial impairment is often accompanied by inflammation, proinflam-
matory markers have been used to reflect dysfunction. Cellular adhesion molecules
play an important role in endothelial inflammation by attracting and anchoring
inflammatory cells. Soluble forms of cell adhesion molecules including VCAM-1,
ICAM-1 and E-selectin are found in the circulation and may reflect vascular inflam-
matory status and endothelial dysfunction [65]. C-reactive protein, a protein found in
plasma, which rises in response to inflammation, is an independent predictor of
abnormal endothelial function and cardiovascular mortality and morbidity [66, 67].
Additional circulating markers of inflammation include soluble CD40L [68] and cir-
culating cytokines such as interleukin-6 and tumour necrosis factor-o (TNFa) [69].

9.5.3 Markers of Coagulation

Endothelial dysfunction is associated with a pro-coagulatory state and accordingly
indices of coagulation may be considered as biomarkers of endothelial status.
Plasminogen activator inhibitor-1 (PAI-1) is an inhibitor of fibrinolysis that is pro-
duced primarily by the endothelium [70]. P-selectin is a platelet activation marker
and plasma fibrinogen levels are thought to be reflective of a pro-coagulant state.
PAI-1, P-selectin and fibrinogen are increased in cardiovascular disease and corre-
late with endothelial dysfunction [71]. Von Willebrand factor (vVWF), a glycoprotein
which is secreted by endothelial cells and plays a role in coagulation, has also been
proposed as a biomarker of endothelial function [72].

9.5.4 Microparticles

In addition to circulating biochemical or protein-based markers, growing evidence
indicates that endothelial cell-derived fractions, including microparticles, may be
reflective of endothelial dysfunction and injury. Microparticles are anuclear frag-
ments of cellular membrane shed from stressed or damaged cells [73]. They are
typically 0.1-1.0 pm in diameter and contain surface proteins and cytoplasmic
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material of the parent cells. Microparticles are distinguishable from other subcel-
lular vesicles, such as exosomes and apoptotic bodies, on the basis of size, mecha-
nism of formation and content [74].

Microparticles are identified in plasma samples by flow cytometry on the basis of
size, the externalisation of phosphatidylserine and the presence of specific surface
antigens. Labelling of surface antigens allows for identification of the parent cell from
which the microparticles were derived. In plasma samples, microparticles of endothe-
lial (identified by the surface presence of CD144, CD62E or CD31), platelet (CD41a,
CD42b, CD62P), leukocyte (CD45, CD4, CDS8, CD14) and erythrocyte (CD235a)
origin are present [75—77]. Given that microparticles are released under conditions of
cell stress/damage, it is not surprising that plasma levels of microparticles are increased
in cardiovascular disease. Strong evidence exists to suggest that microparticles of
endothelial, platelet and leukocyte origin may be reflective of endothelial dysfunction
and may in fact contribute to endothelial dysfunction [78-80]. Endothelial micropar-
ticles are thought to be directly indicative of endothelial cell stress/damage and may
also reflect endothelial inflammation, increased coagulation and vascular tone [81].
Platelet microparticles may indirectly reveal endothelial dysfunction by revealing
increased coagulation and inflammation [82], while leukocyte microparticles may
reflect inflammation, coagulation and vascular tone [83]. Microparticles of endothe-
lial, platelet and leukocyte origin have been shown to be increased in multiple disease
states associated with endothelial dysfunction including hypertension, diabetes and
end-stage renal disease (reviewed in [84]). Considering the complexity of endothelial
function, measuring multiple biomarkers to reflect different processes may provide a
comprehensive assessment of endothelial status.

9.6 Biomarkers of Vascular Inflammation
9.6.1 Acute-Phase Response Proteins

Acute-phase proteins are a class of proteins, which are increased in response to
inflammation. The phenomenon is called the acute-phase reaction [85]. Acute-
phase proteins are produced by the liver in response to injury and under the control
of a cascade of cytokines including IL-1p, IL-6 and TNFa. The association of ele-
vated serum levels of acute-phase proteins with the progression of atherosclerosis,
coronary artery disease, unstable angina and myocardial infarction has been docu-
mented in epidemiological studies [86, 87]. Acute-phase protein markers including
CRP, pentraxin 3 (PTX3), amyloid A, homocysteine and fibrinogen are increased in
cardiovascular disease and reflect generalised inflammation.

9.6.1.1 C-Reactive Protein

CRP has been the plasma biomarker of choice for a clinical index of generalised
inflammation partly due to its wide dynamic range. Increased plasma CRP has been
demonstrated in many cardiovascular diseases associated with endothelial dysfunc-
tion and vascular injury. Tissue necrosis is a potent inducer of CRP, and in



122 P. Welsh et al.

post-myocardial infarction, there is a significant CRP response [88]. The Emerging
Risk Factors Collaboration evaluated the predictive risk of adding CRP, fibrinogen
and lipid-related markers (apolipoprotein A, apolipoprotein B, apolipoprotein A-1,
lipoprotein(a) or lipoprotein-associated phospholipase A2) to traditional risk factors
in a meta-analysis including over 240,000 participants with no history of cardiovas-
cular disease [89]. Adding either of these biomarkers resulted in only a modest
reclassification improvement for individuals at intermediate risk versus models that
included age, sex, smoking, blood pressure, diabetes and total cholesterol concen-
trations. CRP failed to predict incident cardiovascular disease in patients with dia-
betes [90]. Although initial experimental evidence suggested that CRP might itself
be pro-atherogenic and cause vascular disease, later studies refuted this.

9.6.1.2 Other Acute-Phase Proteins

Besides CRP, there are other acute-phase proteins that are increased in cardiovascular
disease. Pentraxin 3 appears to be more specific for vascular inflammation than CRP
[91]. In patients with stable coronary artery disease, increased PTX3 levels were asso-
ciated with increased risk for all-cause mortality, cardiovascular events and heart fail-
ure [92]. Elevated serum levels of homocysteine and cardiac troponins are biomarkers
of myocardial injury and are elevated in patients with cardiac failure [93, 94]. Raised
plasma homocysteine is associated with greater risk for more severe cardiovascular
disease. Increased concentrations of plasma amyloid A and fibrinogen are linked to a
large number of cardiovascular risk factors and have been associated with increased
risk for coronary artery disease, thrombosis and myocardial infarction [95].

9.6.2 Cytokines

9.6.2.1 Tumour Necrosis Factor-a (TNFa)

Tumour necrosis factor-a and interleukins are proinflammatory cytokines that are
upstream of the acute-phase response and are thus generally thought to be more
credible causal agents in atherosclerosis and CVD. Cytokines are soluble glycopro-
teins produced by many cell types including cells of the vascular and immune sys-
tems [96]. They are produced in response to tissue injury or ischaemia and are
responsible for controlling the innate and adaptive immune response. An increase in
production of proinflammatory cytokines, such as IL-1f, IL-6 and TNFa, and a
decreased production of anti-inflammatory cytokines, such as IL-10, have been
observed in many diseases associated with endothelial dysfunction and vascular
injury, including hypertension, heart disease, stroke and diabetes [97, 98]. As such
these cytokines have been implicated as therapeutic targets and biomarkers for dis-
ease progression and prognosis.

The biology of the TNFa axis is complex and its physiological roles are still
being elucidated. The TNFa precursor is membrane bound and cleaved by
TNFa-converting enzyme (TACE), releasing the soluble form that binds to
TNFR1 and TNFR2, expressed in most cell types [99]. TNFa signalling via
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TNFR1/TNFR2 elicits signalling for cell death, survival or inflammation by
recruiting specific adaptor proteins. Recruitment of adaptor proteins such as
caspase-8 leads to apoptosis, while recruitment of TNF receptor-associated fac-
tor 2 (TRAF2) and receptor-interacting protein (RIP) stimulates signalling
through NFkB resulting in activation of transcription factors and genes that
promote inflammation [100].

9.6.2.2 Interleukin-1p (IL-1p)

Interleukin-1 is constitutively expressed in low levels and is regulated by transcrip-
tion, translation, cleavage and cellular release [101]. It is synthesised as a large
precursor protein and is biologically inactive until it is secreted following cleavage
by caspase-1. Active IL-1p binds to IL-1R1, to induce proinflammatory signalling
by stimulating Ca?* channel activation, increasing expression of adhesion molecules
on endothelial cells and causing impaired endothelial permeability [102].

9.6.2.3 Interleukin-6 (IL-6)

Interleukin-6 is an inflammatory cytokine that binds to class 1 cytokine receptors,
inducing activation of Janus kinase (JAK), which induces activation of signal trans-
ducer and activator of transcription (STAT) family of transcription factors and RAS-
RAF-MAPK pathways, leading to proinflammatory responses [103].

Increased plasma levels of IL-6 and TNFa have been demonstrated in patients
with diabetes, hypertension, ischaemic heart disease and cardiac failure [104—106].
In a large prospective population-based study, a combined elevation of IL-1f and
IL-6 was independently associated with an increased risk of type 2 diabetes, sug-
gesting a role for low-grade inflammation in diabetes (EPIC) [107]. However data
from the large ADVANCE clinical trial challenge the inflammatory paradigm of
microvascular disease in diabetes, showing that circulating cytokines are actually
not strongly associated with microvascular risk after adjusting for confounding risk
factors [108].

If indeed IL-6 and TNFa are implicated in the pathogenesis of vascular
inflammation and associated cardiovascular disease, then treatment targeting
these cytokines should reduce cardiovascular risk. Findings from studies where
anti-IL-6 and anti-TNFa biologics have been used in patients with inflammatory
disease such as rheumatoid arthritis suggested reduced risk of cardiovascular
disease in these patients who are at =50 % increased risk of cardiovascular dis-
ease compared to the general population [109, 110]. Data from biologics treat-
ment registers of rheumatoid arthritis patients show that those who respond to
TNF biologics have reduced rates of myocardial infarction (3.5 per 1,000 per-
son-years) compared to nonresponders (9.4 per 1,000 person-years) [111].
Similar data have been reported in the US CORRONA database [112]. It should
be highlighted that these findings are based on pharmacoepidemiology and are
therefore subject to potential confounding factors. Meta-analysis of small trials
failed to show a significant reduction in cardiovascular risk associated with anti-
TNFa biologics [113].
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9.7 Biomarkers of Oxidative Stress

Because of the key role of oxidative stress in vascular injury and cardiovascular
pathology, ROS levels and redox state have been considered as promising biomark-
ers indicative of the disease process. However, free radicals have a very short half-
life and are unstable. Hence accurately measuring O,"~ and H,O, in the circulation is
complex. As such, methods have been developed to measure stable markers of ROS
that reflect oxidative status. Biomarkers of oxidative stress that are currently assessed
are measures of oxidation products of lipids, DNA and protein [114] (Table 9.1).

Table 9.1 Biomarkers of Lipid peroxidation

oxidative stress Malondialdehyde
F2-isoprostanes
4-Hydroxynonenal (4-HNE)
OxLDL
Pro-oxidant enzymes
Xanthine oxidase
Mitochondrial oxidases
NADPH oxidases
Antioxidant enzymes
Superoxide dismutase
Catalase
Glutathione peroxidase
GSH/GSSG ratio (thiol index)
Nonenzymatic antioxidants
Total antioxidant capacity
Vitamin C
Vitamin A
Urate
Bilirubin
Thiols
Flavonoids
Carotenoids
Protein/DNA oxidation
Carbonyls
8-Oxo0-7,8-dihydroguanine
Reactive oxygen/nitrogen species
H,0,
NO
ONOO-
Cell-based biomarkers
Microparticles
Endothelial progenitor cells
MicroRNAs
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9.7.1 Lipid Peroxidation

Lipids are highly sensitive to oxidation because of their molecular structure, which
is characterised by numerous reactive double bonds. Polyunsaturated fatty acids,
including phospholipids, glycolipids and cholesterol, are vulnerable targets of oxi-
dation. For instance, evidence suggests that oxidised LDL (oxLDL) is engulfed, via
TLR-4, by activated macrophages, which then become cytokine-producing lipid-
laden foam cells, an integral part of the atherogenic plaque. Increased ROS bioavail-
ability triggers the process of lipid peroxidation. The most commonly studied
markers of lipid peroxidation are malondialdehyde (MDA) and isoprostanes.

9.7.1.1 Malondialdehyde

Malondialdehyde is the by-product of the arachidonate cycle and a main aldehyde
product of lipid peroxidation in vivo. It is formed by peroxidation of polyunsatu-
rated fatty acids and can interact with proteins [115]. MDA can be detected by
thiobarbituric acid (TBA) using a colorimetric method based on the reaction
between MDA and TBA that gives a pink colour [116]. The products that are mea-
sured are termed TBA-reactive species (TBARS). The TBARS assay is amongst the
most widely employed to evaluate lipid peroxidation. This assay has been exten-
sively used as an indicator of oxidative stress in experimental and human cardiovas-
cular disease. Plasma TBARS levels are increased in patients with coronary artery
disease, hypertension, atherosclerosis, diabetes, heart failure, stroke and aging
[117-120]. Cigarette smokers also have elevated levels of TBARS suggesting that
pro-atherogenic and vascular injury effects of smoking are related to oxidative dam-
age induced by lipid peroxidation [121, 122]. Some studies showed that plasma
TBARS could predict cardiovascular events. For example, raised TBARS concen-
trations predicted carotid atherosclerotic plaque progression over a 3-year period as
validated by carotid wall thickness using ultrasound [123].

9.7.1.2 Isoprostanes
F2-isoprostanes are prostaglandin-like compounds produced by nonenzymatic per-
oxidation of arachidonic acid, a polyunsaturated fatty acid in phospholipids of cell
membranes [124]. Formation of isoprostanes is independent of the cyclooxygenase
enzyme that catalyses the production of prostaglandins. F2-isoprostanes are stable
end products of lipid peroxidation and can be measured in all human tissues and
biological fluids, including urine, plasma and cerebrospinal fluid [125]. A metabo-
lite of F2-isoprostanes, 8-iso-prostaglandin F2a (8-iso-PGF2a), has vasoconstric-
tor, cell-growth properties and platelet aggregation and as such is biologically active
independently of its biomarker status. F2-isoprostanes can be assessed by gas
chromatography-mass spectrometry, liquid chromatography-mass spectrometry,
enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay in plasma
and urine [126]. Levels of F2-isoprostanes in plasma and urine correlate with ROS
levels and oxidative stress in experimental and human studies [127].

Increased circulating and urine levels of F2-isoprostanes have been demonstrated
in various cardiovascular diseases associated with vascular injury, including
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hypertension, atherosclerosis, ischaemia-reperfusion injury and cardiac failure
[128-130]. In addition, in healthy individuals with risk factors, such as obesity,
hyperlipidaemia and hyperhomocysteinaemia, plasma concentrations of
F2-isoprostanes are elevated, suggesting that indices of lipid peroxidation may be
clinically relevant biomarkers of cardiovascular risk. In support of this, a recent
prospective study including 1,002 anticoagulated patients with atrial fibrillation
studied over 25 months demonstrated that 8-iso-PGF2a and sSNOX2-dp (a marker of
Nox2 levels) correlated with cardiovascular events [131]. Using various modelling
paradigms, it was shown that 8-iso-PGF2a predicted cardiovascular events and
death. As such it was suggested that F2-IsoP may complement conventional risk
factors in prediction of cardiovascular events.

9.7.1.3 4-Hydroxynonenal

4-Hydroxynonenal (4-HNE), an a,p-unsaturated hydroxyalkenal produced by lipid
peroxidation in cells, is generated during physiological and pathophysiological con-
ditions based on the production of ROS [132]. 4-HNE is considered as one of the
most specific and sensitive measures of lipid auto-oxidation. Various methods have
been developed to measure 4-HNE including HPLC and GC-MS, anti-HNE adduct
antibodies and ELISA.

Higher circulating 4-HNE levels have been shown to correlate with more severe
diastolic dysfunction in spontaneously hypertensive rats [133]. 4-HNE has also
been associated with stroke, ischaemia-reperfusion injury and cardiac hypertrophy.
Increasing experimental evidence indicates that 4-HNE may have a dual role in that
it may be a marker of systemic oxidative stress and also contribute directly to the
pathogenesis of cardiovascular disease [134, 135]. Despite experimental evidence
linking 4-HNE and cardiovascular disease, there is a paucity of information in
humans. A few studies in dialysed patients demonstrated that MDA and 4-HNE
thiols correlated with severity of cardiovascular disease [136, 137].

9.7.2 Nonenzymatic Total Antioxidant Capacity

Total antioxidant capacity is a measure of the combined antioxidant effect of the
nonenzymatic defences in biological fluids and does not take into account the enzy-
matic antioxidant systems such as superoxide dismutase, catalase, peroxidase, etc.
The assay measures low molecular weight antioxidants, both water soluble and lipid
soluble, and includes urate, bilirubin, vitamin C, thiols, flavonoids, carotenoids and
vitamin E [138]. Experimental and clinical studies have shown, for the most part,
low levels of total antioxidant capacity in various cardiovascular diseases [139—
141]. Total antioxidant capacity assays have also been used extensively in human
studies evaluating effects of dietary antioxidants.

A recent comprehensive study reviewed prospective cohort studies and clinical tri-
als relating to associations between plasma/dietary antioxidants (total antioxidant
capacity) and cardiovascular events [142, 143]. In long-term, large-scale, population-
based cohort studies, higher levels of total antioxidant capacity were associated with a
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lower risk of cardiovascular disease supporting a protective effect of dietary antioxi-
dant vitamins, carotenoids and polyphenols. However results from large randomised
controlled trials failed to support long-term use of single antioxidant supplements for
cardiovascular prevention due to their lack of benefit or even adverse effects on major
cardiovascular events or cancer. Although antioxidant supplement use was reported to
have no benefit on cardiovascular events by several large randomised controlled trials,
cohort studies still supported the protective effects of dietary antioxidants in preventing
cardiovascular disease. In particular antioxidant vitamins and polyphenols exhibit high
antioxidant capacity in vitro and cardioprotective effects in vivo. Although total anti-
oxidant capacity assays may shed light on dietary antioxidant effects in specific patient
cohorts, there are still technical concerns regarding specificity and sensitivity of these
assays, and as such, total antioxidant capacity of foods or populations should not yet be
used for making decisions affecting population health [144].

9.7.3 Oxidative Modification of DNA and Proteins

DNA and proteins are highly susceptible to modifications by changes in the redox
state. Protein oxidation is the process whereby amino acid residues of a protein act
as electron donors and suffer an oxidative attack by an oxidising agent. This process
usually leads to changes in the biological function of the protein. Oxidation of pro-
teins can be induced by various mechanisms/stimuli including ROS, metal cations,
y-irradiation, UV light and ozone, leakage of the electron transport chain in mito-
chondria, oxidoreductase enzymes, products of lipid peroxidation as well as acti-
vated phagocytes [145, 146].

Protein oxidative modifications can be divided into reversible, by biological anti-
oxidant systems, and irreversible [147]. Irreversible modification normally leads to
loss of protein functionality, aggregation and consequent degradation, while revers-
ible modification has regulatory functions. The most common type of irreversible
modification is the formation of carbonyl groups. Amino acids prone to carbonyl-
ation include proline, arginine, threonine, lysine, histidine and cysteine. Assessment
of the extent of such a general type of oxidation serves as a marker of increased
oxidative stress [148]. On the other hand, the sulfur (S)-containing amino acids, Cys
and Met, are the only amino acids which can undergo modifications that can be
reversed by cellular enzymes and have, therefore, a potential regulatory role in
redox signalling [147]. The most common types of oxidative modifications include
nitrosylation, S-glutathionylation, sulfenylation and carbonylation [149]. Another
biomarker of oxidative stress is the extent of oxidation of bases in DNA. 8-Oxo0-7,8-
dihydroguanine or the corresponding nucleoside is most often measured, either
chromatographically or enzymatically [150], as an index of DNA oxidation.

Oxidatively modified proteins regulate the activities of several redox-sensitive
proteins involved in cardiovascular homeostasis, including endothelial function,
myocyte contraction, vasodilation, oxidative phosphorylation, protein synthesis and
glycolytic metabolism [151, 152]. At the same time, they may serve as biomarkers
of oxidative stress.
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Strategies to examine protein oxidation can be classified into direct and indirect
assays. Direct approaches detect oxidation by exploiting the properties of oxidised
forms of proteins or structural changes induced by oxidation and use specific anti-
bodies [153, 154] or chemoselective probes [155]. The development of cell-
permeable probes provides the advantage of labelling within the system, thus
preventing any artefactual labelling due to oxidation upon cell lysis [155]. Indirect
approaches utilising labelled substrates are the most commonly used, as they exploit
conserved biochemical properties of the reversible oxidative modifications, as well
as the catalytic activity of certain proteins.

While there is growing interest in studying oxidative modifications of proteins in
cardiovascular tissue in experimental models, such approaches are not yet used in
the clinical setting [156, 157]. However recent studies have shown that in patients
with post-acute myocardial infarction, circulating levels of fibrinogen carbonyl-
ation, a marker of modified protein structure and altered fibrinogen function, are
increased compared to controls [158].

Conclusions

Epidemiological studies have identified numerous factors, such as hypertension,
dyslipidaemia, smoking, obesity, sedentary lifestyle and diabetes, as risks for
cardiovascular disease [159]. Controlling such risk factors to prevent cardiovas-
cular disease is a priority in global health. Identification of new biomarkers of
vascular injury and inflammation, such as those highlighted in this chapter, offers
information on underlying pathology and together with classical risk factors may
provide better prediction of cardiovascular disease. With the many new biomark-
ers that continue to be identified, it is challenging to know which should be used
in the clinic. To address this, a joint task force of the American Heart Association
and the American College of Cardiology recently issued guidelines on biomark-
ers as predictors of cardiovascular disease [160, 161]. In addition to classical risk
factors including family history, haemoglobin A;C and microalbuminuria, the
task force suggested CRP, lipoprotein-associated phospholipase A2, coronary
calcium, carotid intima-media thickness and ankle/brachial index as clinical
markers of risk. Thus although there is tremendous enthusiasm and interest in
identifying novel biomarkers to predict cardiovascular disease, the utility still
remains unclear, and to date, only a few have been accepted as clinically useful.
Moreover, traditional biomarkers may not apply equally to both men and women
or between other population strata [162, 163].

Biomarkers that are most promising are those that are associated with the
pathophysiological mechanisms of the disease. Since vascular inflammation and
oxidative stress are fundamental processes associated with cardiovascular dis-
ease, markers of such vascular injury may provide important insights not only
into the pathogenesis but also early detection and tracking of vascular disease. As
such there has been growing interest in identifying and validating novel biomark-
ers of vascular inflammation and oxidative stress. Whether these will prove to be
useful indices in the clinic awaits confirmation.
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Gino Seravalle and Guido Grassi

Cardiovascular homeostasis represents the mechanism through which organ perfu-
sion, metabolic balance, and thermoregulation are modulated to provide the body’s
requirements. This is obtained with complex interactions among local, humoral, and
neural factors capable to modify cardiac and vascular function according to the
changing requirements of daily life. We will describe the different factors involved
in the homeostatic control of the cardiovascular system starting from the neural
mechanisms, passing through the several humoral mechanisms and, last but not
least, the local factors at the endothelial levels.

10.1 Neuroregulatory Mechanisms

The central nervous system (CNS) plays an important role in the regulation of
the cardiovascular system [1, 2]. By controlling both peripheral autonomic ner-
vous system activity and the release of circulating hormonal factors, the CNS
acutely modifies blood pressure and heart rate, thus facilitating cardiovascular
homeostasis and appropriate responses to the environment. The sympathetic
component of the autonomic nervous system (SNS) is known to play the major
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role in cardiovascular homeostasis [3, 4]. SNS is the effector of neurogenic
control of vascular tone inducing vasoconstriction of small resistance arteries. It
is mainly involved in short-term regulation of vasomotor tone allowing fast
adaptation to different physiological conditions by means of autonomic reflexes
(baro- and chemoreflexes) that, acting as a feedback mechanism, maintain car-
diovascular homeostasis [3, 5]. A role of the SNS in long-term blood pressure
control has also been established [6, 7].

Recent evidences suggest that sympathetic activity and vascular function could
be linked in a more complex fashion. The same pathways are involved in auto-
nomic regulation as well as in vascular function regulation, suggesting that vascu-
lar homeostasis is maintained through pathways activated by the same signaling,
allowing an integrated and multidistrict response [8—11]. SNS may also directly
modulate functional and mechanical properties of large arteries. This is suggested
by the evidence that markers of vascular function are inversely related to sym-
pathetic discharge and it is in line with the induction of endothelial dysfunction
by sympathoexcitatory stimuli [12-14]. Adrenergic activation is present in sev-
eral cardiovascular diseases, inducing chronic changes in vascular function and
structure, i.e., vascular remodeling [7]. Sympathetic activity may induce these
alterations through several mechanisms: inducing peripheral vasoconstriction;
potentiating cardiac contraction; reducing venous capacitance; affecting renal
sodium and water excretion, through baroreflex dysfunction; and altering insulin
and glucose metabolism [6, 15].

10.2 Humoral Regulation

The modulation of vascular contraction and fluid dynamics is accomplished at least
in part through endo-, para-, auto-, intracrine acting hormones which, as a part of a
complex regulatory system, are more or less quickly released or inhibited by
changes in volume and/or blood pressure and other conditions capable of maintain-
ing homeostasis. Several vasopressor and depressor hormones have been identified
and their physiological role known (Table 10.1).

Table 10.1  Hormones and Vasoconstriction Vasodilation
local factors involved in

. Angiotensin II Natriuretic peptides
vascular function P - — =
Arginine-vasopressin Kinin-kallikrein system
Catecholamines Medullipine system
Endothelin Adrenomedullin

Prostaglandins
Estrogens
Insulin

Nitric Oxide
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Fig.10.1 Effects of the renin-angiotensin-aldosterone system and the renal kinin system and their
interactions. ACE angiotensin converting enzyme, BP blood pressure, dashed line indicates the
inhibition of renin secretion through negative feedback

10.2.1 Renin-Angiotensin System

The systemic renin-angiotensin system (RAS) is central to the regulation of fluid bal-
ance. Hyponatremia, hypovolemia, hypotension, and adrenergic stimuli activate the
production and release of renin, which enzymatically induce the production of angio-
tensin I (inactive) that is converted to the vasoactive angiotensin II (Ang II) by a non-
specific converting enzyme (ACE) (Fig. 10.1) [16]. Ang II brings about a constriction
of the arteriolar vascular smooth musculature and a release of aldosterone from the
adrenal cortex with a resultant increase in tubular sodium and water reabsorption.
Since hypervolemia, hypernatremia, and increases in blood pressure and Ang II con-
centrations, under physiological conditions, supplant renin activation through a nega-
tive feedback mechanism, this system may represent a regulatory circuit serving fluid
and blood pressure homeostasis. Ang II is able to potentiate SNS activity at different
levels [8]. Experimental studies have shown that intracerebral infusion of Ang II was
able to induce hypertension, systemic vasoconstriction, and baroreflex reset towards
higher blood pressure levels [17]. It has been also demonstrated that vascular smooth
muscle nicotinamide dinucleotide phosphate (NADPH) oxidase is activated by Ang II
and this increases vascular reactive oxygen species (ROS) levels [18]. More recently,
it has been shown that a similar phenomenon occurs within the central nervous system
where Ang II upregulates NADPH oxidase activating type 1 (AT1) receptors in neu-
roanatomical areas implicated in central sympathetic regulation such as the rostroven-
trolateral medulla (RVLM) in the bulbar area, the circumventricular organs, and the
paraventricular nuclei [19-21]. At the peripheral level, Ang II facilitates neural trans-
mission within sympathetic ganglia; favors norepinephrine release by sympathetic
nerve terminals, acting on presynaptic receptors; and enhances o-mediated vasocon-
striction in arterioles [8, 17, 22-25] (Fig. 10.2). Ang II can stimulate the synthesis of the
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constitutive enzyme nitric oxide synthase (eNOS) and enhance the production of NO
[26, 27]. In the renal circulation, this Ang II-NO interaction may protect the preglo-
merular vessels from the constrictor effect of Ang II [28]. In patients with coronary
artery disease, ACE inhibitors attenuate sympathetic coronary vasoconstriction, not
only when the drugs are systematically administered [29], but also when small doses
of these compounds are infused at the level of the coronary circulation [30]. This find-
ing suggests that not only systemic but also the local renin-angiotensin system is
important for preserving cardiovascular homeostasis via an interaction with endothe-
lial factors.

10.2.2 Endothelin

Endothelin-1 (ET-1) is a vasoconstrictor peptide produced by endothelial cells
with an important role in regulation of vascular tone [31]. The role of the ET
system in cardiovascular homeostasis is not limited to its direct vascular effects
but also involves the neural regulation of vasomotor tone [32]. ET-1 can stim-
ulate central and peripheral SNS activity through ET, receptors [33, 34]. The
mechanism of ET-mediated vasoconstriction involves binding to specific recep-
tors on vascular smooth muscle and direct activation of voltage-operated calcium
channels in vascular smooth muscle membrane. Two distinct ET receptors have
been identified. The ET, receptor is expressed in vascular smooth muscle cells,
whereas the ETy receptor has been localized to the endothelial and smooth muscle
cells. The ETjy receptor may have a dual vasoconstrictive and vasodilatory effect.
While in vivo selective ET, receptor antagonists causes forearm vasodilatation
in resistance vessels due mostly to increased NO generation, stimulation of ET,
receptors triggers acute vasoconstriction of large conduit arteries [33]. The ETy
receptor antagonism causes local vasoconstriction, indicating that these recep-
tors in blood vessels respond to ET-1 majorly causing vasodilation [34]. While
intracerebral administration of ET-1 can increase BP and SNS activity mainly
through ET, receptors both in hypertensives and normotensives, the administra-
tion of an ET, receptor antagonist determines the opposite effect only in hyper-
tensives, suggesting a specific sympathoexcitatory role for the endogenous ET
system in this condition [35, 36]. The increased ET-1 vascular tone observed in
essential hypertension seems to be a consequence of reduced NO availability,
due to the complex interactions between endothelium-derived substances [37].
At the peripheral autonomic nervous system level, ET-1 can act in carotid bodies
and in cervical superior and nodose ganglia, influencing baroreflex and chemo-
reflex regulation. ET-1 is also released by postganglionic sympathetic neurons,
modulating catecholamine release and vascular tone, and stimulates catechol-
amine release from adrenal gland [38].
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10.2.3 Arginine-Vasopressin

The peptide hormone arginine-vasopressin or antidiuretic hormone (ADH) is pro-
duced in the hypothalamus and stored in the neurohypophysis. The hormone release
is induced by hyperosmolarity and volume decrease and causes a rise in iso-osmotic
reabsorption of primary urine in the distal tubule and collecting duct of the kidney.
It has also been proven in isolated vascular preparations that vasopressin has a
strong vasoconstrictor effect [39].

10.2.4 Natriuretic Peptides

The atrial-, brain-, and C-type natriuretic peptides (ANP, BNP, CNP) are a family,
structurally similar, with natriuretic and diuretic properties.

ANP, formed and stored in the atrium and released into the plasma through
atrial stretching, is a circulatory peptide hormone which may be involved in the
regulation of sodium homeostasis and blood pressure [40]. Under physiologi-
cal conditions, it is possible to detect relatively constant ANP plasma levels
which, considering the high clearance rate of this hormone, suggests a continu-
ous and relatively high production rate. In the 1990s, several papers have shown
a complex interaction between this substance and the major reflex mechanisms
responsible for cardiovascular homeostasis. Animal studies have shown that the
reduction in blood pressure that follows the administration of natriuretic pep-
tides is not accompanied by the expected tachycardia [41], which suggests that
these substances may produce an activation of the arterial and/or cardiopul-
monary baroreflexes. Direct demonstration of ANP-induced potentiation of the
baroreceptor-heart rate reflex has been provided in conscious normotensive rats
[42]. Thoren et al. [43] have also shown the link with cardiopulmonary reflex
activation providing that these peptides were able to stimulate vagal inhibitory
fibers in the cardiopulmonary region.

BNP is found predominantly in the ventricles and atria of the heart [44]. Infusion
of BNP, as well as ANP, is able to induce natriuresis and diuresis. Increased plasma
levels of this peptide hormone, along with higher intravascular volume and increased
ventricular pressure, have been observed in several pathophysiological conditions
like congestive heart failure, pulmonary hypertension, arterial hypertension, cere-
brovascular diseases, liver dysfunction, and chronic kidney disease [45—49]. A role
of cardiac natriuretic peptides has been recently shown also in inflammation and
rheumatic diseases [50, 51].

In contrast to ANP and BNP, whose primary target organ is the kidney, C-type
natriuretic peptide appears primarily to be a paracrine hormone involved in the reg-
ulation of vascular tone. CNP is formed from and secreted by vascular endothelium
and has been detected in various areas of the brain. It has been proposed to mediate
vascular relaxation by causing endothelium-dependent hyperpolarization. To study
this in porcine coronary arteries, the endothelium-dependent relaxation and hyper-
polarization of CNP and bradykinin were compared. In contrast to bradykinin, CNP
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induced endothelium-independent and weaker relaxation and hyperpolarization of
coronary artery vascular smooth muscle, suggesting that it is an unlikely mediator
of endothelium-dependent hyperpolarization of porcine coronary arteries [52].

10.2.5 The Kinin-Kallikrein System and Prostaglandins

Kinins are generated from precursor known as kininogens by enzymes such as tis-
sue and plasma kallikrein (Fig. 10.1). Some of the effects of kinins are mediated via
autocoids such as eicosanoids, NO, endothelium-derived hyperpolarizing factor
(EDHF), and/or tissue plasminogen activator (tPA). Kinins, acting via NO, help
protect against cardiac ischemia contributing to the vascular protective effect of
ACE inhibitors during neointima formation and help reduce infarct size following
preconditioning or treatment with ACE inhibitors. This mechanism is also useful in
heart failure secondary to ischemic heart diseases. In the kidney, kinins are essential
for proper regulation of papillary blood flow and water and sodium excretion.
Kinins are involved in the acute antihypertensive effects of ACE inhibitors but not
their chronic effects (save for mineralocorticoid-salt-induced hypertension). Kinins
appear to play a role in the pathogenesis of inflammatory diseases such as arthritis
and skin inflammation; they act as mediators of inflammation by promoting matura-
tions of dendritic cells, which activate the body’s adaptive immune system and
stimulate mechanisms that promote inflammation. Several prostaglandin derivates
(prostacyclin, PGE,), whose synthesis can be stimulated by kinins, are likewise
classified as vasoactive, dilatory tissue hormones [53-55].

10.2.6 Medullipin System

Medullipin is a substance formed and released in the renal medulla and converted in
the liver to the vasodilatory, blood pressure-decreasing, circulating hormone medul-
lipin II. It lowers intrarenal vascular resistance and increases renal plasma flow, the
glomerular filtration rate, diuresis, and natriuresis [56].

10.2.7 Adrenomedullin

Endogenous adrenomedullin is an autocrine or paracrine factor in cardiovascular
and renal regulation. This newly identified peptide is widely distributed in human
tissue. Adrenomedullin is a potent vasodilator in vivo in both human and animal
arteries and, at least in vitro, inhibits cell proliferation and migration as well as
ET-1 and Ang II production and oxidative stress. Adrenomedullin exerts cardio-
vascular protective actions, such as decreasing blood pressure, reducing intima
hyperplasia, and is involved in the regulation of in situ vascular proliferations
and vascular remodeling, as well as vascular tone. In the kidney, adrenomedullin
elicits a dose-dependent increase in renal blood flow, glomerular filtration rates,
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and urinary sodium excretion. Thus, adrenomedullin plays a role in the physio-
logical regulation of renal hemodynamic and in pathological condition such as
salt-sensitive hypertension [57, 58].

10.2.8 Estrogens

Both endothelial and vascular smooth muscle cells possess estrogen receptors.
Estrogens regulate the transcription of numerous genes, and its cellular actions are
mediated through the translation of specific mNA transcripts and synthesis of pro-
teins. It stimulates the native synthesis of NO in the blood vessels, heart, and skel-
etal muscles [59, 60]. Estrogens enhance the binding activity of the transcription
factor Spl, whose function is essential for eNOS transcription. Even modest
increases in eNOS expression may display protective effects against cardiovascular
disease [61]. Other potential protective mechanisms of estrogen are represented by
the suppression of a prostaglandin H synthase-dependent vasoconstriction [62] and
the inhibition of cyclooxygenase-dependent production of oxidative stress [63]. In
perimenopausal women, estrogen supplementation reduces arterial blood pressure
and enhances basal NO release in forearm resistance arteries [64].

10.2.9 Insulin

Insulin is synthetized and secreted by the pancreas. Although the liver is the main
source of circulating IGF-I levels, it is formed in endothelial and vascular smooth
muscle cells. The net effects of insulin on the vasculature are determined by differ-
ent cellular signaling pathways that are activated by stimulation of the insulin recep-
tor (IR) (Fig. 10.3) [65, 66]. Insulin metabolic signaling results in vasodilation via
increased NO production and increases in bioavailable NO. However in conditions
of insulin resistance, it promotes vasoconstriction and vascular proliferation.
Binding of insulin to IR triggers its phosphorylation and activation via an intrinsic
kinase activity, leading to tyrosine phosphorylation of the insulin receptor substrate
(IRS) proteins. The activation of the PI3K-Akt pathway induces phosphorylation of
eNOS and production of NO, modulated in a Ca*/calmodulin-sensitive manner,
with consequent decrease in vascular tone and vascular smooth muscle cell (VSMC)
proliferation and reduction in adhesion of inflammatory cells and platelet aggrega-
tion to endothelium [67]. Insulin also promotes, with different eNOS phosphoryla-
tion, the production of reactive oxygen species (ROS) and modulates the production
of prostaglandins and endothelium-derived hyperpolarizing factors. In addition to
vasodilation, insulin can promote vasoconstriction. Under some circumstances,
insulin activates the mitogen-activated protein kinase (MAPK) cascade that coordi-
nates insulin vasoconstriction and growth-promoting effects [66]. These effects are
mediated in part by the increased production of ET-1 and the activation of signaling
through the vascular tissue RAAS [65, 66]. ET-1, via ET, receptors, causes vaso-
constriction, increases oxidative stress, and promotes cell growth and mitogenesis
in VSMCs [33]. Similar deleterious effects are seen with the activation of vascular
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Fig. 10.3 Insulin effects on endothelial cells. Stimulation of IR results in activation of the PI3K-
Akt pathway, eNOS phosphorylation, and vasodilation. Insulin resistance induced by RAAS acti-
vation and excess nutrients causes increased serine phosphorylation of insulin receptor substrate
and metabolic signaling with uninhibited activation of mitogenic and growth pathways. ALDO
aldosterone, Ang II angiotensin II, ATIR angiotensin II type 1 receptor, eNOS endothelial NO
synthase, ET-1 endothelin 1, IR insulin receptor, mTOR mammalian target of rapamycin, MR min-
eralcorticoid receptor, MAPK mitogen-activated protein kinase, NO nitric oxide, PI3K phosphati-
dylinositol 3 kinase, p phosporylation, Akt protein kinase B, Ser serine, SerK serine kinase, thr
threonine, Tyr tyrosine (With permission from Muniyappa and Yavuz [66])

tissue RAAS [66]. Insulin plays a modulatory role on skeletal muscle vasculature
by increasing blood flow and regulating its own delivery during increased metabolic
demands [68]. The mechanism is dependent on an intact endothelium and involves
activation of the a-adrenergic receptors to restrict the vasodilation to actively con-
tracting areas of the muscle. Once the terminal arterioles are maximally dilated,
adequate skeletal muscle capillary recruitment is needed. An impaired capillary
recruitment is present in clinical conditions characterized by insulin resistance such
as obesity and type 2 diabetes mellitus [68, 69].

10.3 Endothelial Factors

NO is produced from the amino acid L-arginine by the enzyme NO synthase (NOS)
which is present in three isoforms [70]: neuronal NOS (nNOS) is expressed in neu-
rons in central and peripheral nervous system and also in macrophages and endothe-
lial cells where it plays a role in regulation of basal vascular tone [71]; inducible
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NOS (iNOS) is expressed in different cellular types and its activity is induced by
inflammatory stimuli [70]; endothelial NOS (eNOS) is a constitutive enzyme iso-
form found in endothelial and neural cells. NO release from endothelium is deter-
mined by receptor-mediated mechanisms (acetylcholine, bradykinin, serotonin,
substance P, adenosine diphosphate) and by mechanical stimuli (shear stress) [72].
eNOS expression is negatively influenced by hypoxia, tumor necrosis factor-a,
inflammatory cytokines, and by false substrates such as N-monomethyl-L-arginine
(L-NMMA), which are commonly used to test the degree of endothelium-dependent
vasodilation [70]. Asymmetric dimethylarginine (ADMA), a naturally occurring
amino acid, is an endogenous inhibitor of eNOS, which can cause endothelial dys-
function and is associated with increased cardiovascular risk [72]. Several evidences
have shown that NO acts as a sympathoinhibitory substance within the central ner-
vous system [9]. It is well established that acute or chronic administration of exog-
enous NOS inhibitors are able to induce vasoconstriction and favor blood pressure
raising [73]. This effect could be due to the impairment of NO basal vascular tone
and endothelium-mediated vasodilation but above all by the SNS activation. This
was found by Sakuma et al. [74] that after an acute intravenous administration of the
NOS inhibitor L-NMMA, recorded an increase in BP, in norepinephrine values and
in renal sympathetic nerve activity. They have also found a further increment of
these responses after baroreceptor deafferentation while a disappearance was
observed after cervical spine section, suggesting that L-NMMA pressor effects are
mostly due to its effect on SNS. These results are supported by the evidence that
ganglionic blockade and sympathectomy suppress BP and heart rate increase
induced by another NOS inhibitor such as L-NAME [75, 76]. NO modulation is
also particularly relevant in RVLM, the main bulbar area of integration of excitatory
autonomic efferent fibers involved in cardiovascular regulation, and in hypotha-
lamic paraventricular nuclei. Microinjection of NOS inhibitors at this level causes
renal SNA and BP increase, while NO donors exhibit opposite effects [77, 78].

NO seems to play a role in the pathophysiology of diseases characterized by
increased sympathetic discharge. A reduced activity of the intracerebral NO-pathway
has been found in renovascular hypertension and heart failure [11, 79].

As regards to the neurogenic control of vascular function, it has been shown that
sympathetically induced vasoconstriction may increase shear stress on the vascular
wall with consequent increase in NO release from vascular endothelial cells favor-
ing norepinephrine neuronal reuptake in sympathetic nerve terminals [80, 81].

Some other functions deserve to be mentioned. First, NOS may catalyze forma-
tion of hydrogen peroxide (H,O,) that is a potent vasodilator, but prolonged
increased concentrations may be harmful to endothelial and vascular smooth mus-
cle cells, leading to a shift in the balance between the production of protective NO
and deleterious O, [82]. O, from the adventitia of the blood vessel can also inacti-
vate NO [83]. It has been shown that oxygen-derived free radicals induced by low-
density lipoproteins, Ang II, and pulsatile stretch in artery smooth muscle cells have
been implicated in the pathogenesis of atherosclerosis and vascular restenosis in
humans [84]. Second, NO has also the role to maintain a balance in the kidney
between oxygen consumption and sodium reabsorption [85]. Third, NO released
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from the vascular endothelium plays an important role in the regulation of tissue
mitochondrial respiration in skeletal muscle and in the regulation of cardiac con-
tractile function [86, 87]. Fourth, in healthy adults, the pulmonary vascular resistance
is maintained in part through the continuous local production of NO [88].
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Associated with deleterious changes in the structure and function damage to large
arteries is a major risk factor contributing to the cardiovascular complications in
hypertension, diabetes, chronic kidney disease, and chronic inflammatory dis-
eases [1-3]. In many circumstances, these changes are in many aspects similar to
those occurring with aging, with this age-related process accelerated and intensi-
fied in diabetes and chronic kidney disease (CKD) [4, 5]. Although atherosclero-
sis and plaque-associated occlusive lesions are the frequent underlying causes of
these complications, the spectrum of arterial alterations is broader, including
remodeling of large arteries and stiffening of arterial walls, with consequences
that differ from those due to atherosclerotic plaques burden [6, 7]. Arterial stiffen-
ing is related to intrinsic changes in biophysical and geometric characteristics of
arteries with increased calcium content and arterial calcifications (AC) as one of
the most frequent consequences of arterial damage associated with deleterious
changes in the structure and function of the arterial system [7-10]. AC are fre-
quently associated with mineral and bone disorders which play an important
pathophysiological role in the pathogenesis and progression of arterial damage
[11-16]. Many studies showed that the extents of calcifications are associated
with subsequent cardiovascular mortality and morbidity beyond established con-
ventional risk factors [17-20].
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11.1 Arterial Calcifications and Mineral and Bone Disorders

AC develop in two distinct sites: the intima and media layers of the large and medium-
sized arterial wall. These two forms are frequently associated. Intima plaque calcifi-
cation occurs in the context of common atherosclerosis and progresses in parallel
with the plaque evolution. Calcium accumulation in the media (Mdnckeberg’s scle-
rosis or mediacalcosis) of arteries is observed with high frequency with aging, diabe-
tes, and CKD [4, 5, 10, 11]. For a long time, it was thought that these calcifications
resulted from passive deposition of calcium salts as the consequence of extracellular
fluid volume oversaturation with a high calcium—phosphate product. Experimental
and clinical studies indicate that cardiovascular calcifications are an active process
that is regulated by a variety of genes and proteins involved in mineral and bone
metabolism. AC is a process akin to bone formation, regulated by an equilibrium
between factors promoting or inhibiting calcification [21-23]. Emerging evidence
indicates that senescence, diabetes, inflammation, dyslipidemia, oxidative stress,
estrogen deficiency, and vitamin D and K deficiencies could provide stimuli for
osteogenic phenotype expression process involving differentiation of contractile vas-
cular smooth muscle cells, pericytes, and calcifying vascular cells into phenotypi-
cally distinct, “osteoblast-like” cells with secretory phenotype [24-31].

Aging is the most typical condition associated with the development of vascular
calcifications. VSMC senescence is associated with the switch to a secretory pheno-
type (senescence-associated secretory phenotype, SASP) that initiates osteoblastic
transition with calcifications and artery-wall remodeling [32, 33]. SASP is linked to
low-grade arterial inflammation with production of proinflammatory cytokines (IL-
1, TNF-a) and oxidative stress all factors leading to NF-kB activation [34]. NF-xB
activity, inflammation, and excessive production of reactive oxygen species (ROS)
are associated with several features of the progeroid syndrome, such as accumula-
tion of prelamin A [35], low telomerase activity and telomere shortening [36], and
DNA damage [37], all conditions being associated with the development of an
osteogenic program by activation of BMP 2/4 and Wnt/p-catenin signals (Fig. 11.1).

Molecular imaging in vivo has demonstrated inflammation-associated osteogen-
esis in early stages of atherosclerosis [38], confirming the role of inflammation in
triggering the metabolic cascade leading to the transformation of VSMC into an
osteogenic phenotype. Macrophage activation releases proinflammatory cytokines
(such as IL-6 and TNFa) and proteolytic enzymes (metalloproteinases MMP 2,
MMP 9, and cathepsin S) whose release is associated with osteochondrocytic
VSMC transdifferentiation [23, 38]. IL-6 and TNFa are the first steps for the activa-
tion of BMP2:BMP4 and Msx2 which promote calcification by activating paracrine
Wht signals and nuclear activation and localization of p-catenin, an indispensable
coregulator of expression of Runx2, osterix, and Sox9 which are all transcription
factors associated with the osteochondrogenic phenotype conversion of VSMC and
pericytes [23, 38—40]. The second aspect of inflammation-related calcification is the
proteolytic activation of elastolysis and degradation of extracellular matrix. The
fragmentation of elastic lamellae and release of biologically active elastin-derived
peptides also promote VSMC dedifferentiation and calcium deposition [41].
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Fig. 11.1 Osteochondrogenic BMP- Msx2-Wnt signaling in arterial calcifications

In the presence of normal serum, VSMC do not calcify. Serum inhibits spontane-
ous calcium and phosphate precipitation in solution [42], indicating that systemic
calcification inhibitors are present in the serum. VSMC which constitutively express
potent local or systemic inhibitors of calcification [21], such as matrix GLA protein
[43], may limit AC by binding to bone morphogenic proteins [44]. Osteopontin and
osteoprotegerin are potent inhibitors of AC in vivo, and inactivation of their genes
enhances the calcification process [45, 46]. Fetuin-A (AHSG or a, HS glycoprotein)
is apotent circulating AC inhibitor that is abundant in the plasma [47]. Pyrophosphate
is another potent inhibitor. In vitro, phosphate-stimulated apatite production can be
completely prevented by adding pyrophosphates that antagonize the cellular
sodium—phosphate cotransport system [48].

While in the general populations the presence of cardiovascular calcifications
could be observed in the absence of overt mineral metabolism disorders in several
clinical conditions such as CKD/ESRD, the associations between vascular calcifi-
cations are associated with deterioration of mineral and bone metabolism caused
by changes in serum phosphorus and calcium and disruption of endocrine and
humoral pathways including parathyroid hormone (PTH), calcitriol, FGF-23/
Klotho, and vitamin D. In vitro, calcium and phosphate promote both synergisti-
cally and independently VSMC calcification [28, 49]. Recent findings indicate that
hyperphosphatemia, through activation of mitochondrial respiration, stimulates the
production of ROS with final activation of NF-kB, enhancing Runx2 (Cbfal) acti-
vation [50].
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Hyperphosphatemia is tightly related to disruption of Klothe-FGF23 axis [51,
52]. Several experimental models and clinical conditions such as CKD are charac-
terized by increased FGF23 and decreased Klotho activity [53, 54]. In animal mod-
els, Klotho and FGF23 knockout animals are characterized by short life span,
accelerated aging phenotype, extensive arterial calcifications, osteoporosis, and
hyperphosphatemia [52, 55, 56]. Suppression of phosphate from the diet or knock-
out of gene for Pitl and sodium-dependent phosphate uptake restores normal life
span and phenotype [52, 55]. Klotho deficiency increases expression of Pitl and
expression of Runx2 associated with secretory osteogenic phenotype of VSMC
[53]. In animal models, FGF23 is not directly associated with vascular calcifications
since neutralization of FGF23 with specific antibodies results in extensive arterial
calcifications and premature death of animals [57].

Decreased Klotho expression and increased FGF23 precede the elevation of par-
athormone (PTH) secretion also responsible for mineral and bone homeostasis [58].
Chronic elevation of PTH upregulates RANKL and downregulates OPG gene
expression and enhances the RANKL-OPG ratio, RANK-RANKL-OPG (receptor
activator of nuclear factor (NF)-kB-receptor activator of NF-kB ligand—osteoprote-
gerin) signaling pathway, and the RANKL-OPG ratio [59—-61]. Once bound to
RANK, RANKL activates the alternative NF-xB pathway and initiates production
of inflammatory cytokines and activates MSx2/Runx2 pathway. Results of a recent
study demonstrated that RANKL increased VSMC calcification directly through
BMP4 upregulation, providing autocrine stimulus and activation of Wnt signaling
[62]. The arterial calcifications observed with increased PTH secretion are attrib-
uted to RANKL-mediated bone resorption by osteoclast-associated excessive cal-
cium and phosphate releases.

11.2 Bone-Vascular Cross-Talk

There is growing clinical and experimental evidence linking bone pathology and dif-
ferent functional and structural characteristics of cardiovascular system. Several pop-
ulation-based longitudinal studies demonstrated associations between osteoporosis
and AC or arterial stiffness, as well as an association between the progression of aortic
calcifications and decreased bone mineral density [14—17, 63—65]. The mechanisms
accounting for these associations are not well understood. Several possibilities should
be considered: (1) common risk factors for osteoporosis or bone remodeling and vas-
cular calcifications, (2) role of primary vascular pathologies on bone function and
remodeling, and/or (3) the participation of bone cells in vascular remodeling.

11.2.1 Common Factors
Clinical data show that osteoporosis and vascular calcifications are influenced by sev-

eral common risk factors, such as age, menopausal status, diabetes, dyslipidemia with
inflammation, and oxidative stress as the final common mechanisms [27, 66—69].
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Aging is associated with bone loss and with development of vascular calcifica-
tions especially in postmenopausal women [66, 67]. Nevertheless, this bone—vascu-
lar association remained significant after adjustment for age suggesting a biologically
linked phenomenon [14, 16, 65]. Aging is the most typical condition associated with
the development of vascular calcifications. VSMC senescence is associated with the
switch to a secretory phenotype (senescence-associated secretory phenotype, SASP)
linked to low-grade arterial inflammation with production of proinflammatory cyto-
kines associated with AC by activation of BMP 2/4 and Wnt/B-catenin signals [32,
33]. Direct evidence that inflammation was the factor linking bone remodeling and
arterial calcifications was recently provided by Hjortnaes et al. who, using near-
infrared fluorescence molecular imaging, showed that arterial and aortic valve cal-
cifications inversely were correlated with osteoporotic bone remodeling [69].
Chronic inflammation is also associated with unbalanced bone formation and bone
resorption [70].

Normal bone remodeling is characterized by a balance between osteoclast bone
resorption and osteoblast bone matrix deposition. This balance is disrupted in osteo-
porosis and is influenced by the RANKL-OPG equilibrium. The discovery that
OPG-deficient mice develop severe arterial calcifications concomitantly with severe
osteoporosis, cortical and trabecular bone porosity, and their high fracture rate pro-
vided robust evidence pointing to the RANKL—-OPG disequilibrium as a possible
common factor linking osteoporosis and arterial calcifications [71]. RANKL acti-
vates the alternative NF-kB pathway and initiates production of inflammatory cyto-
kines and arterial calcifications in parallel with RANKL-mediated bone resorption
by osteoclasts whose apoptosis is suppressed osteoclast apoptosis. The association
between arterial calcification and osteoporosis is most typically observed in post-
menopausal women. It could largely reflect estrogen deficiency since estrogen
inhibits RANKL-signaling and induces osteoblast OPG expression [72].

Osteopenia, poor fracture healing, arterial calcifications, and higher risk of hip
fractures are frequently found simultaneously in patients with diabetes mellitus
[73]. Increased AGE accumulation could be the common factor linking bone and
arterial pathologies in diabetes. Endogenous ligands for AGE receptors (RAGE)
trigger activation of transcription factor NF-xkB and ROS signaling, leading to the
production of proinflammatory cytokines and activation of VSMC osteogenic BMP/
Wnt signaling through Runx2 upregulation inducing AC [74]. In vitro, through their
accumulation in diabetes, AGEs stimulate osteoblast apoptosis and modify osteo-
clast activity by delaying bone regeneration and contributing to defective bone for-
mation [75, 76].

11.2.2 Arterial Disorders and Bone Alterations

Atherosclerosis also affects bone circulation and impaired bone perfusion. With
aging, bone arteries and arterioles are subjected to arteriosclerosis, with reduced
bone marrow blood supply that renders the marrow ischemic and diminishes the
cortex blood supply, which is replaced by the periosteal circulation [77]. That a
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link between compromised intraosseous circulation and consequent osteoporo-
sis might exist is also suggested by the observation associating decreased bone
mineral density and peripheral artery disease [78]. Intraosseous angiogenesis
and bone remodeling are regulated by similar cytokines and growth factors, and
bone formation—-resorption and blood supply are tightly associated [79]. Some
results showed that, in healthy women, bone perfusion indices were lower in
subjects with osteoporosis than those with osteopenia or normal bone—mineral
density [79, 80].

11.2.3 Bone Functions and Arterial Alterations

Several experimental findings support that bone and osteoblast physiology are
involved in the control of fat-tissue metabolism and adipokine release, energy
expenditure, and insulin secretion and sensitivity, all factors directly affecting car-
diovascular function and health. Lee et al. [81] showed that osteoblasts exert endo-
crine regulation on energy metabolism, with osteocalcin (OCN) playing an important
role. Uncarboxylated osteocalcin can regulate the expression of insulin genes and
f-cell proliferation and adiponectin (ADPN) release and expression by adipocytes
[81, 82]. In CKD patients, serum OCN was positively associated with serum ADPN
[83]. ADPN is anti-inflammatory, suppresses atherosclerosis, increases insulin
secretion and sensitivity, and activates osteoblastogenesis [84]. Moreover, ADPN
regulates arterial calcifications [85], and an inverse relationship was observed
between ADPN and the progression of coronary calcifications [86]. In ESRD
patients, cardiovascular calcifications are frequently observed in the presence of low
bone volume and adynamic bone disease, characterized by decreased osteoblast
numbers/activity [15, 87] suggesting that bone cells could influence vascular func-
tion and calcification. In a recent study in ESRD patients, it has been shown that
peripheral artery disease with extensive calcifications is associated with low osteo-
blastic activity characterized by pronounced osteoblast resistance to PTH [87].

In conclusion, the results of cross-sectional studies on general populations and
several clinical conditions showed an association between atherosclerosis/arterio-
sclerosis and arterial calcifications. The two types of calcifications, i.e., intimal and
medial, have a different impact on arterial functions. The intimal calcification as a
part of advanced atherosclerosis results in the development of plaques and arterial
lumen decrease or occlusion and ischemic lesions downstream. Medial calcifica-
tions result in the stiffening of arterial walls with increased systolic and decreased
diastolic pressures. Arterial changes occur in relation with mineral and bone disor-
ders, including osteoporosis, low bone volume, and high or low bone activity. The
pathophysiology and biological links between bone and arterial abnormalities sug-
gest the existence of bone-vascular cross-talk and common regulatory factors shared
by vascular and bone systems.

This leads to cardiac pressure overload, left ventricular hypertrophy, and
decreased myocardial perfusion. The two types of calcifications are associated with
increased mortality.



1"

Arterial Interactions with Mineral and Bone Disorders 157

References

1.

2.

11.

12.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

Briet M, Boutouyrie P, Laurent S, London GM (2012) Arterial stiffness and pulse pressure in
CKD and ESRD. Kidney Int 82:383-400

Hayden MR, Tyagi SC, Kolb L et al (2005) Vascular ossification — calcification in metabolic
syndrome, type 2 diabetes mellitus, chronic kidney disease, and calciphylaxis — calcific uremic
arteriolopathy: the emerging role of sodium thiosulfate. Cardiovasc Diabetol 4:1-22

. London GM, Driieke TB (1997) Atherosclerosis and arteriosclerosis in chronic renal failure.

Kidney Int 51:1678-1695

. Lindner A, Charra B, Sherrard D, Scribner BM (1974) Accelerated atherosclerosis in pro-

longed maintenance hemodialysis. N Engl J Med 290:697-702

. Longenecker JC, Coresh J, Powe NR et al (2002) Traditional cardiovascular disease risk fac-

tors in dialysis patients compared with the general population: the CHOICE Study. ] Am Soc
Nephrol 13:1918-1927

. O’Rourke MF (1995) Mechanical principles in arterial disease. Hypertension 26:2-9
. Guérin AP, London GM, Marchais SJ, Métivier F (2000) Arterial stiffening and vascular cal-

cifications in end-stage renal disease. Nephrol Dial Transplant 15:1014-1021

. Braun J, Oldendorf M, Moshage W et al (1996) Electron beam computed tomography in the

evaluation of cardiac calcifications in chronic dialysis patients. Am J Kidney Dis 27:394-401

. Goodman WG, Goldin J, Kuizon BD et al (2000) Coronary artery calcification in young adults

with end-stage renal disease who are undergoing dialysis. N Engl J Med 342:1478-1483

. Ibels LS, Alfrey AL, Huffer WE et al (1979) Arterial calcification and pathology in uremic

patients undergoing dialysis. Am J Med 66:790-796

Block GA, Klassen PS, Lazarus JM et al (2004) Mineral metabolism, mortality, and morbidity
in maintenance hemodialysis. J] Am Soc Nephrol 15:2208-2218

Jono S, McKee MD, Murry CE et al (2000) Phosphate regulation of vascular smooth muscle
cell calcification. Circ Res 87:E10-E17

. Yang H, Curinga G, Giachelli CM (2004) Elevated extracellular calcium levels induce smooth

muscle cell matrix mineralization in vitro. Kidney Int 66:2293-2299

Hak AE, Pols HA, van Hemert AM et al (2000) Progression of aortic calcification is associated
with metacarpal bone loss during menopause: a population-based longitudinal study.
Arterioscler Thromb Vasc Biol 20:1926-1931

London GM, Marty C, Marchais SJ et al (2004) Arterial calcifications and bone histomor-
phometry in end-stage renal disease. J Am Soc Nephrol 15:1943-1951

Schulz E, Arfai K, Liu X et al (2004) Aortic calcification and the risk of osteoporosis and
fractures. J Clin Endocrinol Metab 89:4246-4253

. Wilson PWF, Kauppila LI, O’Donnell CJ et al (2001) Abdominal aortic calcific deposits are an

important predictor of vascular morbidity and mortality. Circulation 103:1529-1534
Sangiorgi G, Rumberger JA, Severson A et al (1998) Arterial calcification and not lumen steno-
sis is highly correlated with atherosclerotic plaque burden in humans: a histologic study of 723
coronary artery segments using nondecalcifying methodology. J] Am Coll Cardiol 31:126-133
Detrano R, Hsiai T, Wang S et al (1996) Prognostic value of coronary calcification and angio-
graphic stenoses in patients undergoing coronary angiography. J Am Coll Cardiol 27:285-290
Blacher J, Guérin AP, Pannier B et al (2001) Arterial calcifications, arterial stiffness, and car-
diovascular risk in end-stage renal disease. Hypertension 38:938-942

Schoppet M, Shroff RC, Hofbauer LC, Shanahan CM (2008) Exploring the biology of vascular
calcification in chronic kidney disease: what’s circulating? Kidney Int 73:384-390

Demer LL, Tintut Y (2008) Vascular calcification: pathobiology of multifaceted disease.
Circulation 117:2938-2948

Bostrom KI, Rajamannan NM, Towler DA (2011) The regulation of valvular and vascular
sclerosis by osteogenic morphogens. Circ Res 109:564-577

Jono S, Nishizawa Y, Shioi A, Morii H (1998) 1,25-Dihydroxyvitamin D3 increases in vitro
vascular calcification by modulating secretion of endogenous parathyroid-hormone-related
peptide. Circulation 98:1302-1306



158 G.M. London

25. Steitz SA, Speer ME, Curinga G et al (2001) Smooth muscle cell phenotypic transition associ-
ated with calcification. Upregulation of Cbfal and downregulation of smooth muscle lineage
markers. Circ Res §9:1147-1154

26. Tintut Y, Patel J, Parhami F, Demer LL (2000) Tumor necrosis factor-alpha promotes in vitro
calcification of vascular cells via cAMP pathway. Circulation 102:2636-2642

27. Parhami F, Garfinkel A, Demer LL (2000) Role of lipids in osteoporosis. Arterioscler Thromb
Vasc Biol 20:2346-2348

28. Reynolds JL, Joannides AJ, Skepper JN et al (2004) Human vascular smooth muscle cells
undergo vesicle-mediated calcification in response to changes in extracellular calcium and
phosphate concentrations: a potential mechanism for accelerated vascular calcification in
ESRD. J Am Soc Nephrol 15:2857-2867

29. Braam LA, Hoeks APG, Brouns F et al (2004) Beneficial effects of vitamins D and K on the
elastic properties of the vessel wall in postmenopausal women: a follow-up study. Thromb
Haemost 91:373-380

30. Shao J-S, Cai J, Towler DA (2006) Molecular mechanisms of vascular calcification: lessons
learned from the aorta. Arterioscler Thromb Vasc Biol 26:1423-1430

31. Shao JS, Sadhu J, Towler DA (2010) Inflammation and the osteogenic regulation of vascular
calcification. A review and perspective. Hypertension 55:579-592

32. Wang M, Monticone RE, Lakatta EG (2010) Arterial aging: a journey into subclinical arterial
disease. Curr Opin Nephrol Hypertens 19:201-207

33. Nakano-Kurimoto R, Ikeda K, Uraoka M et al (2009) Replicative senescence of vascular
smooth muscle cells enhances the calcification through initiating the osteoblastic transition.
Am J Physiol Heart Physiol 297:H1673-H1684

34. Newgard CB, Sharpless NE (2013) Coming of age: molecular drivers of aging and therapeutic
opportunities. J Clin Invest 123:946-950

35. Ragnauth CD, Warren DT, Yiwen Liu Y et al (2010) Prelamin A acts to accelerate smooth
muscle cell senescence and is a novel biomarker of human vascular aging. Circulation
121:2200-2210

36. Carrero JJ, Stenvinkel P, Fellstro ' m B et al (2008) Telomere attrition is associated with inflam-
mation, low fetuin-A levels and high mortality in prevalent haemodialysis patients. J Intern
Med 263:302-312

37. Tistra JS, Robinson AR, Wang L et al (2012) NF-xB inhibition delays DNA damage-induced
senescence and aging in mice. J Clin Invest 122:2601-2612

38. Aikawa E, Nahrendor M, Figueiredo J-L et al (2007) Osteogenesis associates with inflamma-
tion in early-stage atherosclerosis evaluated by molecular imaging in vivo. Circulation
116:2841-2850

39. Shao J-S, Cheng S-L, Joyce M et al (2005) Msx2 promotes cardiovascular calcification by
activating paracrine Wnt signals. J Clin Invest 115:1210-1220

40. Al-Aly Z, Shao J-S, Lai C-F et al (2007) Aortic Msx2-Wnt calcification cascade is regulated
by TNF-a-dependent signals in diabetic 1dlr —/— mice. Arterioscler Thromb Vasc Biol
27:2589-2596

41. Aikawa E, Aikawa M, Libby P et al (2009) Arterial and aortic valve calcification abolished by
elastolytic cathepsin deficiency in chronic renal disease. Circulation 119:1785-1794

42. Moe SM, Duan D, Doehle BP et al (2003) Uremia induces the osteoblast differentiation factor
Cbfal in human blood vessels. Kidney Int 63:1003-1011

43. Luo G, Ducy P, McKee MD et al (1997) Spontaneous calcification of arteries and cartilage in
mice lacking matrix GLA protein. Nature 386:78-81

44. Sweatt A, Sane DC, Hutson SM et al (2003) Matrix Gla protein (MGP) and bone morphoge-
netic protein-2 in aortic calcified lesions of aging rats. J] Thromb Haemost 1:178-185

45. Speer MY, McKee MD, Guldberg RE et al (2002) Inactivation of osteopontin gene enhances
vascular calcification of matrix Gla protein-deficient mice : evidence for osteopontin as an
inducible inhibitor of vascular calcification in vivo. J Exp Med 196:1047-1055

46. Price PA, June HH, Buckley JR et al (2001) Osteoprotegerin inhibits artery calcification
induced by warfarin and by vitamin D. Arterioscler Thromb Vasc Biol 21:1610-1616



47.

48.

49.

50.

51

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Arterial Interactions with Mineral and Bone Disorders 159

Schafer C, Heiss A, Schwarz A et al (2003) The serum protein alpha 2-Heremans—Schmid
glycoprotein/fetuin-A is a systemically acting inhibitor of ectopic calcification. J Clin Invest
112:357-366

Lomashvili K, Cobbs S, Hennigar RA et al (2004) Phosphate-induced vascular calcification:
role of pyrophosphate and osteopontin. ] Am Soc Nephrol 15:1392-1401

Shanahan C, Crouthamel MH, Kapustin A et al (2011) Arterial calcification in chronic kidney
disease: key role for calcium and phosphate. Circ Res 109:697-711

Zhao M-M, Xu M-J, Cai Y et al (2011) Mitochondrial reactive oxygen species promote p65
nuclear translocation mediating high-phosphate induced vascular calcification in vitro and
in vivo. Kidney Int 79:1071-1079

. Quarles LD (2008) Endocrine function of bone in mineral regulation. J Clin Invest 118:3820-3828
52.

Stubbs JR, Liu S, Tang W et al (2007) Role of hyperphosphatemia and 1,25-dihydroxy vitamin
D in vascular calcifications and mortality in fibroblast growth factor 23 null mice. J] Am Soc
Nephrol 18:2116-2124

Hu MC, Shi M, Zhang J et al (2011) Klotho deficiency causes vascular calcification in chronic
kidney disease. J] Am Soc Nephrol 22:124-136

Lim K, Lu T-S, Molostvov G et al (2012) Klotho deficiency potentiates the development of
human artery calcification and mediates resistance to fibroblast growth factor 23. Circulation
125:2243-2255

Ohnishi M, Razzaque MS (2010) Dietary and genetic evidence for phosphate toxicity acceler-
ating mammalian aging. FASAB J 24:3562-3571

Kuro-O M (2009) Klotho and aging. Biochem Biophys Acta 1790:1049-1058

Shalhoub V, Shatzen EM, Ward SC et al (2012) FGF23 neutralization improves chronic kidney
disease-associated hyperparathyroidism yet increases mortality. J Clin Invest 122:2543-2553

Isakova T, Wahl P, Vargas GS et al (2011) Fibroblast growth factor 23 is elevated before para-
thyroid hormone and phosphate in chronic kidney disease. Kidney Int 79:1370-1378

Huang JC, Sakata T, Pfleger LL et al (2004) PTH differentially regulates expression of RANKL
and OPG. J Bone Miner Res 19:234-244

Hofbauer LC, Schoppet M (2004) Clinical implications of the osteoprotegerin/RANKL/
RANK system for bone and vascular diseases. JAMA 292:490-495

Collin-Osdoby P (2004) Regulation of vascular calcification by osteoclast regulatory factors
RANKL and osteoprotegerin. Circ Res 95:1046-1057

Panizo S, Cardus A, Encinas M et al (2009) RANKL increases vascular smooth muscle cell
calcification through a RANK-BMP4 dependent pathway. Circ Res 104:1041-1048

Raggi P, Bellasi A, Ferramosca E et al (2007) Pulse wave velocity is inversely related to verte-
bral bone density in hemodialysis patients. Hypertension 49:1278-1284

Toussaint ND, Lau KK, Strauss BJ et al (2008) Association between vascular calcification,
arterial stiffness and bone mineral density in chronic kidney disease. Nephrol Dial Transplant
23:586-593

Kiel DP, Kauppila LI, Cupples LA et al (2001) Bone loss and progression of abdominal aortic
calcification over a 25 year period: the Framingham Heart Study. Calcif Tissue Int 68:271-276
Tanko LB, Christiansen C, Cox DA et al (2005) Relationship between osteoporosis and cardio-
vascular disease in postmenopausal women. J Bone Miner Res 20:1912-1920

Hamerman D (2005) Osteoporosis and atherosclerosis: biological linkage and the emergence
of dual-purpose therapies. Q J Med 98:467-484

Doherty TM, Asotra K, Fitzpatrick LA et al (2003) Calcification in atherosclerosis: bone biol-
ogy and chronic inflammation at the arterial crossroads. Proc Natl Acad Sci U S A 100:
11201-11206

Hjortnaes J, Butcher J, Figueiredo J-L et al (2010) Arterial and aortic valve calcification
inversely correlates with osteoporotic bone remodelling: a role for inflammation. Eur Heart
J31:1975-1984

Koh JM, Khang YH, Jung CH et al (2005) Higher circulating hsCRP levels are associated with
lower bone mineral density in healthy pre- and postmenopausal women: evidence for a link
between systemic inflammation and osteoporosis. Osteoporos Int 16:1263-1271



160 G.M. London

71. Bucay N, Sarosi I, Dunstan CR et al (1998) Osteoprotegerin-deficient mice develop early onset
osteoporosis and arterial calcification. Genes Dev 12:1260-1268

72. Osako MK, Nakagami H, Koibuchi N et al (2010) Estrogen inhibits vascular calcification via
vascular RANKL system: common mechanism of osteoporosis and vascular calcification. Circ
Res 107:466-475

73. Hofbauer LC, Bueck CC, Singh SK, Dobnig H (2007) Osteoporosis in patients with diabetes
mellitus. J Bone Miner Res 22:1317-1328

74. Tanikawa T, Okaya Y, Tanikawa R, Tanaka Y (2009) Advanced glycation end products induce
calcification of vascular smooth muscle cells through RAGE/p38 MAPK and upregulation of
Runx2. J Vasc Res 46:572-580

75. Alikhani M, Alikhani Z, Boyd C et al (2007) Advanced glycation end-products stimulate
osteoblast apoptosis via MAP kinase and cytosolic apoptotic pathway. Bone 40:345-353

76. Valcourt U, Merle B, Gineyts E et al (2007) Non-enzymatic glycation of bone collagen modi-
fies osteoclastic activity and differentiation. J Biol Chem 282:5691-5703

77. Bridgeman G, Brookes M (1996) Blood supply to the human femoral diaphysis in youth and
senescence. J Anat 188:611-621

78. Laroche M (2002) Intraosseous circulation from physiology to disease. Joint Bone Spine
69:262-269

79. Alagiakrishnan K, Juby A, Hanley D et al (2008) Role of vascular factors in osteoporosis.
J Gerontol 4:362-366

80. Griffith JF, Yeung DK, Tsang PH et al (2008) Compromised bone marrow perfusion in osteo-
porosis. J Bone Miner Res 23:1068-1075

81. Lee NK, Sowa H, Hinoi E et al (2007) Endocrine regulation of energy metabolism by the
skeleton. Cell 130:456-469

82. Ferron M, Wei J, Yoshizawa T et al (2010) Insulin signaling in osteoblasts integrates bone
remodeling and energy metabolism. Cell 142:296-308

83. Bacchetta J, Boutroy S, Guebre-Egziabher F et al (2009) The relationship between adipokines,
osteocalcin and bone quality in chronic kidney disease. Nephrol Dial Transplant 24:3120-3125

84. Oshima K, Nampei A, Matsuda M et al (2005) Adiponectin increases bone mass by suppress-
ing osteoclasts and activating osteoblasts. Biochem Biophys Res Commun 331:520-526

85. Luo XH, Zhao LL, Yuan LQ et al (2009) Development of arterial calcification in adiponectin-
deficient mice: adiponectin regulates arterial calcification. J Bone Miner Res 24:1461-1468

86. Maahs DM, Ogden LG, Kinney GL et al (2005) Low plasma adiponectin levels predict pro-
gression of coronary artery calcification. Circulation 111:747-753

87. London GM, Marchais SJ, Guérin AP, de Vernejoul MCh (2015) Ankle-brachial index and
bone turnover in patients on dialysis. J Am Soc Nephrol 26:476-483



Arno Greyling, Maria T. Hopman, and Dick H.J. Thijssen

12.1 Introduction

It has been said that one is as old as one’s arteries. In view of the supreme importance of
endothelium in arterial function I would like to modify, or rather simplify, this statement by
saying the one is as old as one’s endothelium. [1]

Dr. Rudolf Altschul prefaced his book ‘Endothelium: Its Development, Morphology,
Function and Pathology’ with this statement. Embedded in our current knowledge,
this statement seems like an open door. However, it was made in 1954, a time during
which relatively little was known on the subject. This contrasts with contemporary
interest in the endothelium, supported by the publication of approximately 10,000
publications by 2014.

Since the discovery of the endothelium by Friedrich von Recklinghausen in mid-
1800, appreciation of the morphology and functions of the endothelium saw slow
progress. Notable milestones include the definition of Starling’s ‘Law of capillary
exchange’ which established the endothelium as a selectively permeable barrier [2]
and the use of electron microscopy which enabled assessment of the endothelium’s
ultrastructure. Only recently has it been found that the endothelium produces
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vasoactive substances, such as prostacyclin in 1976 [3] and followed by the Nobel
Prize winning work from Robert Furchgott who discovered the endothelium’s abil-
ity to produce nitric oxide in 1980 [4].

We now know that the deceptively simple appearance of this single layer of cells
belies the fact that it is ‘the largest endocrine gland in the body’ [5] with myriad of
complex functions that play an integral part in vascular homeostasis. This chapter
will focus on the (patho)physiological role of the vascular endothelium.

12.2 Physiological Functions of the Endothelium

The endothelium forms a barrier between blood-borne cells and macro-molecules
and the underlying artery wall. Its permeability and integrity is regulated by trans-
cellular (through endothelial cells) and paracellular (between endothelial cells) pas-
sage mechanisms. Transcellular transport takes place via transport vesicles (e.g.
caveolae and vesiculo-vacuolar organelles) and is the primary means by which albu-
min, lipids, steroid hormones and fat-soluble vitamins cross the endothelium.
Transport vesicles can also fuse into channels that traverse single cells, allowing the
passage of leukocytes and solutes [6]. Furthermore, specialised fenestrae are pres-
ent that control transcellular permeability to water and solutes. Paracellular trans-
port occurs through the coordinated opening and closure of endothelial cell-cell
junctions. Endothelial cell junctions also regulate contact-induced inhibition of cell
growth, apoptosis, gene expression and new vessel formation [7]. The importance
of controlling permeability is highlighted by the observation that increases in the
permeability of the endothelium, which is linked to endothelium dysfunction and
aids in the formation and progression of atherosclerosis [8].

In addition to the ‘barrier function’, the endothelium controls maintenance of
vascular homeostasis. Through the autocrine secretion of substances, it exerts bidi-
rectional control to form a finely balanced interdependent system [9] (Fig. 12.1).
The most important functions of the endothelium include (1) regulation of vascular
tone, (2) control of thrombosis and haemostasis, (3) immune and inflammatory
responses and (4) facilitation of vascular growth, repair and remodelling. These
functions of the endothelium are discussed below.

12.2.1 Regulation of Vascular Tone

12.2.1.1 Nitric Oxide

The endothelium regulates vascular tone through the rapid synthesis of vasodilators
and vasoconstrictors (Fig. 12.1). Nitric oxide (NO) is an important and powerful
vasodilator which is produced by the endothelium as a soluble gas with a short half-
life (6-30 s in the artery wall and a few seconds in the blood). Its production involves
a two-step oxidation of L-arginine to L-citrulline, with concomitant production of
NO. This reaction is catalysed by NO-synthases (NOS) with the aid of cofactors,
including tetrahydrobiopterin and nicotinamide adenine dinucleotide phosphate
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(NADPH) (Fig. 12.1). The NOS family plays a central role in the production of NO
and consists of three different isoforms named after the tissues in which they were
first identified: the neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) iso-
forms. Many tissues can express more than one isoform, and all three may be con-
stitutive or inducible [10]. Nonetheless, eNOS is the predominant form in endothelial
cells and is the main source of endothelium-derived NO. eNOS is constitutively
expressed and continuously produces small amounts of NO. eNOS can be stimu-
lated by various hormones as well as haemodynamic factors. These stimuli induce
an increase in intercellular Ca?* that displaces the inhibitor caveolin from calmodu-
lin to activate eNOS.

After production, NO diffuses to vascular smooth muscle cells (VSMCs) and
activates guanylate cyclase, causing an increase in intracellular cyclic guanosine
monophosphate (cGMP). This action leads to relaxation of the VSMCs and subse-
quent vasodilation. The importance of NO is supported by experimental work where
inactivation of eNOS results in vasoconstriction and elevation in arterial blood pres-
sure [11]. NO also exerts inhibitory effects on platelet aggregation, leukocyte adhe-
sion and VSMC migration and proliferation, highlighting the importance of this
hormone for vascular homeostasis [10].
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12.2.1.2 Prostacyclin

The endothelium produces a family of prostaglandins through the catabolism of
arachidonic acid by cyclooxygenases in response to mechanical and humoral stim-
uli. Prostacyclin (PGIL,) is a major member of this family and acts as a paracrine-
signalling molecule and activates the prostacyclin receptors on VSMC and platelets.
This stimulates adenylate cyclase and with a consequent increase in intracellular
levels of cyclic adenosine monophosphate (cAMP), ultimately resulting in VSMC
relaxation and inhibition of platelet activation [12]. The action of PGI, is closely
related to that of NO since PGI, potentiates NO release (and vice versa). Nonetheless,
PGI, seems less important for vascular control than NO, but plays a central role in
the coagulation pathway (see Sect. 12.2.2).

12.2.1.3 Endothelium-Derived Hyperpolarizing Factor

Some of the endothelium-dependent vasodilation has generally been associ-
ated with hyperpolarization of the VSMCs and referred to a non-characterised
factor called endothelium-dependent hyperpolarizing factor (EDHF) [13]. A
number of candidate EDHFs have been suggested, including arachidonic acid
metabolites, gaseous mediators (e.g. NO, hydrogen sulfide and carbon monox-
ide), reactive oxygen species, vasoactive peptides, potassium ions and adenos-
ine. Irrespective of its exact nature, EDHF plays an important role in regulating
vascular tone.

12.2.1.4 Endothelin

Endothelins are a family of potent vasoconstrictor peptides. Endothelin-1 (ET-1) is
the predominant isoform and is primarily secreted by the endothelium in response
to a variety of humoral and physical stimuli. After the production of ET-1 by the
endothelium, it binds to the ET, and ETjy receptors on VSMCs resulting in a sus-
tained vasoconstriction. Endothelial cells also express ETy receptors whose stimu-
lation results in the release of NO and PGI2, leading to vasodilation (and therefore
serves as a feedback mechanism to partially oppose the vasoconstrictive effects of
VSMC-located ET,p-receptors). ET-1 also induces VSMC proliferation and growth
in a dose-dependent manner, suggesting an important role for ET-1 to contribute to
the atherosclerotic process [14].

12.2.1.5 Angiotensin

After cleavage of angiotensinogen to angiotensin (Ang) I via renin, this peptide is
cleaved by the angiotensin-converting enzyme (produced by pulmonary and sys-
temic vascular endothelium) into Ang II. The smooth muscle cell-localised AT1
receptor subtype mediates the predominant action of Ang II: vasoconstriction.
These vasoactive actions are partly counteracted by the AT?2 receptor, which causes
vasodilatation [15]. Besides the vasoactive effects, Ang II leads to proliferation and
growth of the VSMCs through activation of the AT receptor. Similarly to ET-1, the
vasoconstrictive effects of AT1 are, at least partly, counterbalanced by a negative
feedback loop in the vascular wall.
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12.2.1.6 Thromboxane A,

Thromboxane A, (TXA,) is an end product of arachidonic acid metabolism and is
produced by TXA, synthase. TXA, is primarily produced by platelets, but also by
the endothelium. The primary physiological role of TXA, is platelet aggregation,
but it has also been demonstrated to contribute to vasoconstriction [16].

12.2.1.7 Prostaglandin H,

In contrast to most members of the prostaglandin family, prostaglandin H, (PGH.,)
is a vasoconstrictor substance. PGH, is closely related to TXA, as both are formed
during arachidonic acid metabolism. Furthermore, PGH, is the precursor of TXA,
and exerts its vascular effects through the same receptors [17].

12.2.2 Control of Blood Fluidity and Coagulation

The endothelium actively maintains an anticoagulant and antithrombotic surface
through several mechanisms (Fig. 12.1). First, the endothelium keeps circulating
platelets in a quiescent state, mainly through release of NO and PGI, which syner-
gistically increase cAMP content in platelets to repress activation and aggregation.
Endothelial expression of ectonucleotidases also contributes to this process by con-
verting ADP (a powerful trigger of platelet activation) to AMP and then adenosine.
If platelet aggregation occurs, the release of serotonin and ADP from aggregating
platelets will stimulate NO and PGI2 production to inhibit platelet aggregation and
limit thrombus formation. Furthermore, vasodilation in response to NO and PGI,
serve to mechanically impede the progression of the coagulation process [18].

Secondly, endothelial cells promote the activity of anticoagulant pathways
(Fig. 12.2). Anticoagulation is achieved through expression of thrombomodulin which
interacts with thrombin, forming a complex that prevents activation of platelets or the
conversion of fibrinogen to fibrin, a key step in the coagulation cascade. This complex
also activates protein C, which works in combination with protein S to inactivate two
essential cofactors for blood coagulation, VIIIa and Va. The endothelial surface layer
(glycocalyx) contains heparan sulfate proteoglycans which binds and activates anti-
thrombin III to inactivate thrombin and factors IXa, Xa and XIa. Finally, endothelial
cells regulate initiation of coagulation by inhibiting the activation of factor X [19]. In
addition to the strong anticoagulation effects, the endothelium can also contribute to
coagulation. Endothelial expression of tissue factor (TF) enhances the activity of factor
VII, which ultimately activates thrombin to facilitate activation of platelets and release
of the von Willebrand factor (vWF) to further promote platelet aggregation.

A third step in the coagulation pathway is the ability of the endothelium to influ-
ence fibrinolysis (Fig. 12.2) by the production of tissue-type plasminogen activator
(t-PA) and urokinase-type plasminogen activator (uPA). These factors activate the
liver-derived plasminogen into plasmin which then degrades fibrin. It is important
to note that this activity is inhibited through the (endothelial) production of plas-
minogen activator inhibitor (PAI)-1 [19].



166 A. Greyling et al.

Anticoagulant Procoagulant
e £
Y —— =
£ il <«—— | Willebrand's | | §
'3 _ e factor | G
£ o o Platelets = i
>
-—"'"‘-'_
o e
8 —
o e
g
)
i
2
Coagulation
c -
5|1l “Thrombin
B = X
gE PC ? e
8| & == - E
€ F e
o
= ) PS /
= > apc -3 Via + Va — IXa IX Vila g
§ % Prothrombin -~ |
38c
§8¢E > lla,XaXlaXa =
525 A2
g8 =
TesS
£
| <
f E —  ViaTF/Xa _—
= 3
Fibrinolysis
AT‘ <= PAI-1

- tPA

Fig. 12.2 Anticoagulant and procoagulant properties of the endothelium. The endothelium main-
tains blood fluidity through a balance between factors that either inhibit (/eff) or promote (right)
(1) platelet activation, aggregation, and (2) coagulation, and inhibit (left) or promote (right) (3)
fibrinolysis. NO nitric oxide, PGI2 prostacyclin, PC protein C, PS protein S, TF tissue factor, TFPI
tissue factor pathway inhibitor, 7PA tissue-type plasminogen activator, PAI-/ plasminogen activator
inhibitor 1

12.2.3 Inflammatory Responses

Under noninflammatory conditions, interaction of endothelial cells with leukocytes
is suppressed by inhibiting the endothelium-dependent production of adhesion mol-
ecules (Fig. 12.1). Also NO production inhibits the fusion of Weibel-Palade bodies
with the surface of the endothelial cell and leukocyte activation. However, during
inflammation, a rapid response to infectious microbes or injured tissues occurs,
involving local recruitment and activation of leukocytes. The purpose of the inflam-
matory response is to kill microbes and remove cellular debris. Endothelial cell
activation in response to inflammation can be divided into rapid responses (type I)
and slower responses (type II).

Type I responses are rapid (<10-20 min), transient and independent of protein
synthesis. These responses generally initiate a signalling cascade that increases
intracellular Ca?* levels to serve a number of purposes. First, this response facili-
tates increased NO and PGI, production, contributing to an increased blood flow
and delivery of leukocytes. Secondly, increased Ca’* levels enhance survival and
migration of invading leukocytes and cause contraction of endothelial cells, which
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opens gaps between adjacent endothelial cells and increase permeability for leuko-
cytes. Finally, expression of P-selectin and platelet-activating factor (PAF) is initi-
ated which promotes the binding and activation of leukocytes [20].

Type II activation of endothelial cells involves a more persistent form of activa-
tion. During sustained inflammation, leukocytes produce inflammatory cytokines
(e.g. tumour necrosis factor-a (TNF-a) and interleukin-1 (IL-1)) which results in
the increased transcription of genes responsible for expression of a pro-adhesive
and prothrombotic endothelial cell phenotype (IL-8 and adhesion molecules).
Increased expression of these factors contributes to further leukocyte migration,
adhesion and extravasation into the inflamed tissue. Inflammatory cytokines also
induce leakage of plasma proteins into the affected tissue. Since these responses
require transcription and translation of new proteins, type II activation is slower in
onset but has more sustained effects than type I activation (i.e. hours—days).
Accordingly, endothelial cells contribute to restoration of normal tissue architecture
or form a connective tissue scar in response to inflammation [21].

12.2.4 Facilitation of Remodelling, Growth and Repair

Remodelling or adaptation of the vasculature refers to a basic compensatory
response intended to maintain the functional integrity of the vessel in the presence
of (potentially harmful) haemodynamic, metabolic and inflammatory stimuli.
Sustained exposure to such stimuli, especially in conjunction with CVD risk fac-
tors, eventually transforms the initial (protective) response into a self-perpetuating
and pathogenic process that contributes to the development of atherosclerosis
(Fig. 12.3) [22].

12.2.4.1 Remodelling

Straight portions of arteries are associated with laminar shear, which produces an
atheroprotective genotype that mitigates the effects of risk factors. However, at flow
dividers, disturbed flow impedes such atheroprotective functions and initiates
increased expression of proatherogenic genes/proteins and (chronic) inflammatory
responses. As a lesion forms and grows, matrix remodelling takes place, paving the
way for abluminal expansion or outward growth of the growing atheroma that pre-
serves the lumen of the artery and maintains blood flow. Ultimately, plaque growth
can outstrip this compensatory enlargement of the artery wall, allowing the ather-
oma to encroach on the lumen and cause stenosis (Fig. 12.3). Smaller arterioles
resist the atherosclerotic lesion formation. However, due to increases in pressure,
these smaller vessels develop medial hypertrophy and intimal thickening, which
sustains and aggravates hypertension [22].

Endothelial cells play a pivotal role in the process of remodelling. For example,
early animal studies found that the presence of the endothelium is essential for arter-
ies to adapt in luminal size [23]. When the endothelium is removed from an artery,
exposure to elevations in shear stress does not induce a change in diameter. The
adaptive response is therefore dependent on the endothelium, and more specifically,
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Fig. 12.3 Arterial remodelling influences the clinical consequences of atherosclerosis. Normal
laminar shear stress maintains normal arterial calibre and properties (A). Disturbed flow character-
ised by a non-laminar, oscillatory flow promotes the upregulation of proatherogenic genes and
recruitment of monocytes, as depicted to the right in the enlarged nascent plaque (B). Monocyte/
macrophage accumulation yields a thin-capped, lipid-rich inflamed plaque (C), which can rupture
and cause a thrombus (D), leading to myocardial infarction (central bottom). Alternatively, the
plaque in (E) can undergo constrictive remodelling to promote flow-limiting stenosis that can
cause demand ischaemia and angina pectoris. Less commonly, superficial erosion (bottom right)
can cause myocardial infarction (With permission from Heusch et al. [22])
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dependent on gene expression of eNOS and suppression of the bioavailability of
ET-1 [24]. Also, immediate changes in vessel diameter in response to elevations in
shear stress are dependent on an intact endothelium that releases vasoactive sub-
stances [25], highlighting the importance of the endothelium to respond (acutely
and chronically) to changes in shear.

12.2.4.2 Repair

During the past decade, evidence supported the presence of repair mechanisms of
damaged or ‘old’ endothelial cells by bone marrow-derived cells: endothelial pro-
genitor cells (EPCs). These immature cells have the capacity to maintain endothe-
lial integrity and function by differentiating into mature endothelial cells, replacing
damaged endothelial cells and initiating neovascularisation [26]. Vascular injury
mobilises circulating EPCs, which localise at the site of damage where they divide,
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proliferate and adhere to the sub-endothelium promoting growth of new endothe-
lium. Endothelial injury causes a cytokine-mediated release of stromal-derived
factor-1 (SDF-1) which, in turn, determines recruitment and proliferation of EPCs.
Intact NO bioavailability is linked to efficient mobilisation and functionality of
EPCs, which may explain why the number of CVD risk factors is inversely related
to the number and migratory activity of circulating EPCs. Impairment in the ability
and/or efficacy of repair mechanisms of the endothelium logically follows the pres-
ence of CVD risk factors and progression of atherosclerosis [27].

12.3 Haemodynamic Forces Affecting the Endothelium
12.3.1 Shear Stress

Blood imparts a tangential frictional force on the endothelial surface, typically
referred to as shear stress (SS). Endothelial cells’ ability to detect SS and other hae-
modynamic forces is mediated by different sensing mechanisms, including ion
channels, caveolae, G-protein-coupled receptors, tyrosine kinase receptors, cell
adhesion molecules, glycocalyx, primary cilia and the cell cytoskeleton and the
lipid bilayer of the cell membrane [28]. Mechanoactivation of the signalling path-
ways results in the activation of transcription factors, leading to modulation of gene
expressions in endothelial cells. Importantly, responses to SS are not simply linked
to the absolute level of SS, but also the type of SS (i.e. laminar or oscillatory).

Straight portions of arteries are exposed to a steady, laminar SS. Sustained
elevation of such types of SS generates an atheroprotective phenotype. This is
highlighted by the expression of approximately 3,000 cultured endothelial cell
genes after exposure to elevations in laminar SS [29]. Gene expressions that are
upregulated by laminar SS involve growth factors (e.g. FGF, TGF-f), vasodila-
tors (e.g. NO, PGI,), antithrombotic components (e.g. TPA, thrombomodulin,
COX-2) and endogenous antioxidants, whilst downregulation is observed in
adhesion molecules (e.g. VCAM-1), vasoconstrictors (e.g. ET-1) and coagulation
factors (e.g. PAI-1) [28]. Conversely, regions of disturbed blood SS (e.g. branch
points, curvatures, poststenotic regions), typically include periods of reciprocat-
ing flow reversal that create oscillating wall SS. Experiments suggest that oscil-
lating SS patterns produce a proatherogenic endothelial cell phenotype,
characterised with decreased eNOS mRNA and increased VCAM-1, ICAM-1,
MCP-1, ET-1 and NADPH oxidase 4 [28, 30].

The impact of elevation in SS is well established from animal and human experi-
ments. Subjects exposed to 8-week repeated exposure to elevated SS via handgrip
training demonstrate improvement in vascular function and structure, whilst such
adaptations were not present when the exercise-induced elevation in SS was artifi-
cially attenuated [31]. Furthermore, the detrimental effect of oscillatory SS is con-
firmed in humans in vivo as this leads to a dose-dependent decline in endothelial
function [32]. These observations highlight the importance of the magnitude and
pattern of SS for endothelial function and vascular structure.
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12.3.2 Transmural Pressure and Cyclic Strain

Elevations in blood pressure exposes endothelial cells to an increased transmu-
ral force and increased cyclic strain, both of which are signals that can alter
endothelial cell phenotype. High transmural pressure directly affects endothe-
lial cell NO production [33]. Both in vitro and in vivo experiments in animals
and humans demonstrate that exposure of arteries to short-term increases in
transmural pressure depresses endothelium-dependent vasodilation by activat-
ing ROS-dependent mechanisms. More specifically, elevation in transmural
pressure increases intracellular Ca?* concentrations and protein kinase C activa-
tion, which ultimately results in NADPH oxidase activation and causes an
increase in ROS production [34]. The increased oxidative stress contributes to a
proatherogenic phenotype of endothelial cells and, consequently, contributes to
the atherosclerotic process [34].

Elevation in pressure across the cardiac cycle also produces an increase in the
rhythmic stretching (cyclic strain) of the vessel. Data obtained from in vitro cell
culture preparations suggest that cyclic strain produced an antiatherogenic endothe-
lial cell phenotype [35]. However, more recent data obtained from an isolated vessel
preparation suggest a proatherogenic phenotype and increased ROS production
[36]. Although speculative, the discrepancies in results between whole vessel prepa-
rations versus endothelial and smooth muscle cell culture may reflect the impor-
tance of crosstalk between endothelial and VSMCs. Research using co-cultured
endothelial and VSMC:s is required to determine the ultimate importance of cyclic
strain on the phenotype of the endothelium.

12.4 CVD Risk Factors Affecting the Endothelium

Loss of the delicate balance of the various functions of the endothelium leads to a dys-
functional state in which the vasoconstricting, prothrombotic and proliferative charac-
teristics of the endothelium predominate, ultimately facilitating the process of
atherosclerosis. Below, we describe how important cardiovascular risk factors influ-
ence this balance.

12.4.1 Dyslipidaemia

Dyslipidaemia relates to excessive levels of low-density lipoproteins (LDL) and/or
low levels of high-density lipoproteins (HDL). High levels of LDL, and especially
oxidised LDL, inhibit eNOS activity through inactivation of eNOS and ‘eNOS
uncoupling’. This latter process is initiated by superoxide, which reacts with NO to
form peroxynitrite. Peroxynitrite then oxidises the eNOS-cofactor tetrahydrobiop-
terin, which causes the generation of superoxide [37]. This process reduces NO
production and potentiates the pre-existing oxidative stress. Conversely, high levels
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of HDL protect the endothelium through the prevention of LDL-induced eNOS
uncoupling and upregulation of eNOS mRNA and protein levels, anti-inflammatory
effects through inhibition of NF-xB, as well as antithrombotic activity [38].

12.4.2 Diabetes

Hyperglycaemia, a common feature in diabetes type 1 and 2, induces reduced NO
bioavailability as a result of oxidative stress and eNOS uncoupling. Hyperglycaemia
increases synthesis of vasoconstrictor prostanoids (e.g. PGH2, TXA) [39], causing
an immediate decline in endothelial function. Another pathway by which diabetes
impacts the endothelium is production of insulin, which normally acts as a vasodila-
tor and stimulates endothelial NO production to facilitate glucose uptake in the
muscle. In diabetes, this signalling pathway is inhibited, possibly via excess produc-
tion of free fatty acids and inflammatory cytokines from adipose tissue [39] (espe-
cially in type 2 diabetes).

12.4.3 Hypertension

In addition to the effects of elevation in transmural pressure (Sect. 12.3.2), Ang II
plays a major role in hypertension through profound vasoconstriction, increased
renal sodium absorption and elevated pressor responses. This high blood pressure
stimulates oxidative stress by enhancing NADPH oxidase activity, increasing media
stress and stimulation of mechanoreceptors. Ang II also influences remodelling of
the vessel wall by stimulating Ca** release leading to vasoconstriction that may
become embedded as deposition of extracellular matrix occurs. In addition, Ang II
enhances all stages of the inflammatory response [40]. These effects of Ang II
establish a vicious cycle where hypertension begets hypertension through its adverse
effects on the endothelium and vascular structure.

12.4.4 Obesity

Obesity is independently associated with endothelial dysfunction [41]. Visceral adipose
tissue acts as an endocrine organ and is capable of producing proinflammatory adipo-
kines (e.g. leptin, resistin and adiponectin). Leptin induces oxidative stress in endothe-
lial cells and stimulates the secretion of the proinflammatory cytokines TNF-o and IL-6
causing a state of chronic low-grade inflammation. Resistin inhibits glucose uptake in
skeletal muscle cells and stimulates ET-1 production. Conversely, obesity is typically
characterised by a reduced production and activity of adiponectin [42]. Adiponectin has
antiatherogenic properties and stimulates insulin sensitivity, reduces the expression of
adhesion molecules, inhibits the transformation of macrophages into foam cells and
reduces VSMC proliferation. Furthermore, obesity is associated with increased plasma
levels of free fatty acids which may contribute to endothelial dysfunction [41].
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12.5 Concluding Remarks

The endothelium is the central regulator of vascular homeostasis. Changes in endo-
thelial cell phenotype support vessel repair, remodelling and resolution of infection
or inflammation. Whilst these alterations are usually transient, prolonged exposure
to harmful stimuli activates various processes that ultimately lead to endothelial
dysfunction. This process, characterised by reduced NO bioavailability, represents
a critical step in the atherosclerosis process and is present long before overt patho-
physiological changes occur. Therefore, the endothelium remains an attractive tar-
get for (1) early prediction of future CVD and (2) therapies preventing CVD.
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Charalambos Vlachopoulos, Panagiota Pietri,
and Dimitrios Tousoulis

Given the prognostic role of arterial stiffness and central hemodynamics [1-4], a large
body of research has focused on the recognition of lifestyle interventions that may
either worsen arterial function, and thus, they should be prohibited or at least discour-
aged, or exert favorable effects, and, consequently, they should be encouraged.

Active smoking has shown a detrimental effect on arterial stiffness either in the
acute or chronic phase, while passive smoking is not less innocent. Quitting smoking
is related to an improvement in the arterial elastic properties. The effect of pharmaceu-
tical aids for smoking cessation, such as varenicline, needs further investigation, while
electronic cigarette is an issue of concern that should be further evaluated.

Among elements of nutrition, dietary foods and beverages, salt increases blood
pressure (BP) and, consequently, arterial stiffness. The unfavorable effect of salt on
arterial stiffness may be exerted through BP-independent mechanisms as well,
while genetic predisposition to salt-induced vascular damage has also been pro-
posed. Salt restriction is accompanied by a decrease in aortic stiffness, but the rec-
ommended daily consumption has to be better defined since recent data raise
skepticism related to an existence of a J-curve between salt intake and cardiovascu-
lar events. Regarding coffee, we should stress that the latter and caffeine are not
interchangeable terms, and results of studies should be interpreted in the context of
the particular beverage/substance investigated. Generally, caffeine increases aortic
stiffness, whereas when ingested in coffee, this effect seems to be ameliorated.
Nevertheless, chronic coffee consumption increases aortic stiffness. On the other
hand, beverages with substantiated beneficial effects on arterial function are those
that are rich in flavonoids. Indeed, consumption of foods rich in polyphenols, such
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as cocoa and wine, all in moderate doses, is becoming synonymous to vascular
health in popular culture due mainly to antioxidant and anti-inflammatory proper-
ties of polyphenols. Also vegetables rich in these compounds, such as tomatoes,
have shown beneficial effects on endothelial function.

In the present chapter, we discuss data for the relationship of arterial properties
and three environmental/dietary compounds to which most people are exposed:
smoking, caffeine/coffee, and salt. Possible underlying mechanisms are identified,
and current recommendations on their daily consumption (if applicable) are reported.

13.1 Smoking

Smoking is an independent risk factor for cardiovascular disease (CVD), while it
remains the leading preventable cause of death worldwide. Although the association
of smoking with CVD is undoubted, the underlying mechanisms for this association
are not yet fully explored. Endothelial dysfunction, inflammation, sympathetic activa-
tion, oxidative stress, prothrombotic enhancement, and lipid modification are among
the potential pathophysiological links between smoking and CVD [5]. Importantly,
arterial stiffening is implicated in the complex interplay between smoking and CVD.

Active smoking has a detrimental effect on arterial stiffness and wave reflections
that is exerted both acutely and chronically [6]. Acute smoking, apart from tran-
siently increasing BP and heart rate, increases arterial stiffness and indices of wave
reflections in smokers [7—12], nonsmokers [10] (Fig. 13.1), and hypertensive patients
[13]. The maximal adverse effect of cigarette smoking seems to take place in the first
5-10 min [8-13]. The acute effect of smoking seems to be not nicotine dose
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Fig. 13.1 Changes in brachial and aortic blood pressures, corrected augmentation index, and
pulse wave velocity at 5, 10, and 15 min after smoking one cigarette in healthy smokers and non-
smokers. All parameters increased in both groups. Data are presented as mean + SEM (Reproduced
with permission from Mahmud and Feely [10])
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dependent since data have shown that light cigarette smoking has the same unfavor-
able effect on endothelial function and aortic distensibility as the regular cigarette
smoking [14]. Cigar smoking is not innocent either, since arterial stiffness increases
for at least 1 h after smoking one cigar [11]. Importantly, the combined consumption
of smoking and coffee has a synergistic effect on aortic stiffness [15], whereas red
wine decreases wave reflections in uncomplicated habitual smokers [16].

The chronic effect of smoking seems to be analogous to that of the acute effect
[15, 17-20]. The impact on arterial stiffness appears to be unrelated to the intensity
and duration of smoking since small quantities of smoking are able to produce its
deleterious effects. The effect of smoking on aortic stiffness may be both BP depen-
dent and BP independent [8]. Interestingly, studies have shown that augmentation
index (AIx) and central pressures are higher and pulse pressure is reduced in current
and former smokers as compared to never smokers for the same brachial BP levels
[10, 19, 21]. The long-term effect of cigarette smoking on the incidence of hyper-
tension has not been elucidated. In two large population studies, current cigarette
smoking was independently, yet modestly, associated with an elevated risk of devel-
oping hypertension [22, 23]. However, other studies have reported lower BP levels
among smokers [24] and increases in BP after smoking cessation [25]. The mildly
lower BP in smokers can be attributed to lower body weight [26]. Interestingly, a
recent study showed that aerobic exercise may mitigate the harmful effects of smok-
ing since brachial-ankle pulse wave velocity (PWV) values were not different
between physically active nonsmokers and physically active smokers [27].

Passive smoking is a well-established risk factor for coronary heart disease [28]
with similar detrimental effects on the cardiovascular system to those of active smok-
ing. Passive smoking has immediate and substantial effects on aortic stiffness in smok-
ers [29-31]. These effects are mediated through a nicotine-dependent pathway,
impairment of microvascular function, and increase of asymmetrical dimethylarginine
[31]. Importantly, data have shown that parental smoking is associated with the devel-
opment of several cardiovascular risk factors in their children, whereas the exposure to
smoking in childhood is associated with impaired endothelial function later in life [32].

Regarding mechanisms and considering that endothelium-derived nitric oxide
regulates arterial elasticity [33], smoking-induced endothelial dysfunction may serve
as one of the substrates for the increased aortic stiffness. Cigarette smoking is related
to increased endothelin-1, angiotensin II, and thromboxane resulting in vasoconstric-
tion and endothelial dysfunction [34]. Smokers have reduced flow-mediated dilata-
tion [35], whereas sildenafil, a specific type 5 phosphodiesterase inhibitor with
vasodilatory effects, abolishes the decrease in FMD of the brachial artery induced by
acute smoking [36]. Airflow limitation is associated with higher arterial stiffness.
Interestingly, brachial-ankle PWV was an independent determinant of airflow limita-
tion in current and past smokers but not in never smokers with airflow limitation,
putting forward an etiological role of smoking in this association [37].

The effect of smoking cessation on arterial stiffness and wave reflections has also
been investigated. Arterial stiffness is continuously decreasing along with the dura-
tion of smoking cessation. Values of carotid-femoral PWYV, Alx, and transit time
equal those of nonsmokers after a decade of smoking cessation [29] (Fig. 13.2).
Nevertheless, the effect of smoking cessation is more rapidly evident on wave
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Fig. 13.2 Pulse wave
velocity, augmentation index,
and transit time of current
smokers, never smokers, and
ex-smokers (Reproduced
with permission from Jatoi
etal. [19])
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reflections than aortic stiffness. In intervention studies, cessation of smoking for
4 weeks resulted in a decrease in Alx [18], while 6 months of smoking cessation
was associated with clear improvement of AIx and corrected heart rate, aortic pres-
sure, and aortic PWYV, and with a reduction of daytime BP [20]. In a study using
nicotine replacement therapy, improvement of AIXx was evident at a short time
frame, while at the same time course, no improvement of PWV was demonstrated
[38]. Patients who achieved smoking cessation with varenicline (a partial agonist of
a4-b2 nicotine acetylcholine receptors) treatment showed significant improvement
in central hemodynamics and brachial-ankle PWYV, whereas these parameters
showed no significant change in those who failed to quit smoking under the same
treatment, thus highlighting the beneficial effect of smoking cessation per se on
vascular function [39]. Electronic cigarettes are being advocated as tools for smok-
ing cessation with rapidly increasing use. These cigarettes are battery-powered
devices that have cartridges or refillable tanks containing a liquid mixture composed
primarily of propylene glycol and/or glycerol and nicotine, as well as flavorings and
other chemicals. No firm evidence exists on the effect of such an intervention on
aortic stiffness and total cardiovascular health, thus no definite recommendations
can be made [40].

13.2 Diet and Nutrition
13.2.1 Coffee and Caffeine

Coffee is a complex mixture of compounds that may have variable effects on the
cardiovascular system. However, the effects of coffee are often confused with the
effects of caffeine. Caffeine is a methylated xanthine derivative consumed in coffee,
tea, and soft drinks, and it is the most widely used pharmacologically active sub-
stance. It should be noted that coffee and caffeine are not interchangeable terms, and
results of studies should be interpreted in the context of the particular beverage/
substance investigated. Data on the association of coffee consumption with cardio-
vascular risk are controversial; they are equivocally varying from a positive to a
neutral or to even a J- or a U-shaped association [41]. In a recent large study, based
upon self-reported drinking habits, two or more cups of coffee per day seemed to
reduce all-cause mortality in women (but not in men), primarily due to a reduction
in cardiovascular mortality [41]. Similar findings were noted with decaffeinated
coffee, suggesting a beneficial effect from a component other than caffeine. The
latter appears to be not innocent. Interestingly, regular caffeine intake increases BP,
but when ingested through coffee, the BP effect of caffeine is small [42]. The rate of
caffeine metabolism through genetic predisposition may be an important determi-
nant of the effect of coffee intake on coronary heart disease risk and account for
these discrepancies in outcomes of studies.

Many studies indicate that caffeine intake, in the form of a tablet or in coffee,
exerts an acute detrimental effect on aortic stiffness and indices of wave reflections,
both in normal subjects and in hypertensive subjects [15, 43—47]. The ingestion of
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Fig. 13.3 Augmentation index, timing of reflected waves, and pulse wave velocity in different
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>450 ml/day (Reproduced with permission from Vlachopoulos et al. [48])
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caffeine results in a sustained impairment of arterial stiffness, which lasts longer in
hypertensive subjects (at least 3 h) compared with normotensives. Interestingly, the
unfavorable effect of caffeine is more evident in central hemodynamics than in
peripheral pressure [48] (Fig. 13.3), and coffee increases arterial stiffness to a lesser
degree than its contained caffeine [49].

Chronic coffee consumption is associated with increased aortic stiffness and
wave reflections in healthy normotensives, whereas in hypertensive patients, wave
reflections, but not aortic stiffness, are increased [50]. The latter implies that the
stiffening effect of coffee in the aorta is probably less prominent in the already stiff
aortas of hypertensive patients than in normal aortas.

The caffeine-induced effect on arterial stiffness is probably related to vasocon-
striction due to an increase in sympathetic activity and circulating catecholamine
concentrations mediated by central nervous system stimulation and antagonism of
endogenous adenosine.

Coffee consumption is very frequently combined with smoking. Interestingly
enough, the combination of acute caffeine intake/chronic coffee consumption and
smoking has a synergistic detrimental effect on carotid-femoral PWV and aortic Alx
[15] (Fig. 13.4). Clinical evidence shows that coffee drinking is unrelated to coronary
artery disease risk in never smokers, but in ex-smokers and current baseline smokers,
daily coffee intake is associated with higher coronary artery disease risk [51].
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13.2.2 Salt

therefore, if large amounts of salt are taken,
the pulse will stiffen and harden.
Huang Ti Nei Ching Su Wein, Chinese physician
(1700 BC)

Salt intake is associated with increased BP, and studies have shown a relationship
between high salt consumption and increased arterial stiffness. Considering the
adverse prognostic role of arterial stiffness, the latter might serve as a potential
mechanism, apart from the BP per se, through which salt might be associated with
increased cardiovascular risk.

In a seminal study of two Chinese populations, the age-associated increase in
carotid-femoral PWV was blunted in the population with a lower salt intake [52]. In
insulin-dependent diabetic patients, high sodium intake was associated with
decreased femoral arterial distensibility compared to nondiabetic subjects [53];
interestingly, a plausible concept suggests that BP in insulin-dependent diabetes is
sodium sensitive and a high sodium intake may be a factor that predisposes to the
development of diabetic vascular disease. Although an adverse effect of high salt
intake on arterial stiffness is evident in most of the studies, the effect on wave reflec-
tions is less clear. Central hemodynamics including central pulse pressure, aug-
mented aortic pressure, and AIx have been independently associated with estimated
24-h sodium excretion, whereas an inverse association was demonstrated between
sodium excretion and pulse pressure amplification [54]. However, contrary to these
observations, a recent study showed that increase in urinary sodium concentration
was independently but inversely associated with central Alx; to further blur the
picture, no relationship was established between carotid-femoral PWV and urinary
sodium concentrations. Nevertheless, these findings require additional investigation
concerning possible mechanistic changes in renal microcirculation after high
sodium intake that may explain a possible disassociation between salt intake, aortic
stiffness, and wave reflections [55].

Regarding intervention, beneficial effects of low-sodium diet on arterial stiffness
have been demonstrated. In older adults with systolic hypertension, sodium restric-
tion led to a rapid increase in large artery compliance, while the accompanying
lowering of systolic BP suggests that this improvement in elastic properties may be
a key mechanism for the rapid normalization of systolic BP by sodium restriction in
such patients [56] (Fig. 13.5). Furthermore, a modest reduction in salt intake for
6 weeks reduced carotid-femoral PWV in mild hypertensives [57]. However, sub-
group analysis indicated that the effect was significant only in blacks despite the fact
that these subjects achieved a smaller reduction in salt intake and a similar fall in BP
compared to whites and Asians, a finding suggesting that the favorable effects of
low-sodium diet are more pronounced in salt-sensitive patients. In addition, DASH
diet is associated with decreased carotid-femoral PWV [58].

The effect of salt intake on the large arteries may be exerted either through
BP-dependent or BP-independent mechanisms. Sodium chloride increases BP, an
effect that is due to either an increase in blood volume or an increase in vascular
resistance. According to the first observations by Guyton et al. [59], the kidneys
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have a pivotal role in the pathogenesis of hypertension since the inability of the
kidneys to excrete the excess sodium and promote natriuresis is a prerequisite for
the BP increase. Sodium retention and the consequent volume expansion initially
increase cardiac output. As a result of a process of local autoregulation, peripheral
vascular resistance progressively rises so that the long-term sodium-induced BP
increase is maintained by an increase in peripheral resistance rather than in cardiac
output. Moreover, sodium chloride may also induce alterations in small arteries
through endothelial dysfunction as data have shown in resistance arteries of sponta-
neously hypertensive rats [60]. Furthermore, it also decreases NO synthase activity
in rats [61] and enhances the production of endothelin-1 in salt-sensitive hyperten-
sive patients [62]. Additionally, by increasing sympathetic activity, high salt intake
may increase the muscular tone of small arteries [63].

A BP-independent relationship of salt intake with arterial stiffness is also likely.
An experimental study in anesthetized Dahl rats which were fed either a low- or
high-sodium diet for 5 weeks showed that the pressure-compliance curve of the
carotid artery was shifted to the right compared with that of Dahl salt-resistant rats
or even WKY rats [64]. This finding was evident regardless of the transmural
BP. Interestingly, Benetos et al. have also shown that low-sodium diet was associ-
ated with an increase in brachial artery diameter after 9 weeks in 20 hypertensive
ambulatory patients, a result that was not related to BP fall [65]. On the contrary, no
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change in carotid artery diameter was observed, thus suggesting a different response
of elastic- and muscular-type arteries to salt restriction.

Disassociation of sodium intake with BP changes and a prominent role of the
genetic background are emerging. Indeed, data have shown that salt-sensitive hyper-
tensive patients have increased arterial stiffness compared to salt-resistant individu-
als with the same BP levels, thus indicating that genetic predisposition to salt intake
is a strong determinant of the salt-induced vascular changes [66]. In the previously
mentioned study of Benetos et al. [64], results also suggest that sodium sensitivity,
more than sodium intake, influenced the changes in the carotid artery mechanical
properties. Other investigators have shown that in stroke-prone spontaneously
hypertensive (SHR-SP) rats, carotid arterial thickness and collagen content were
increased and BP was lower compared to SHR-SP rats fed with 1 % saline drinking
water, further supporting the notion that genetic sensitivity to sodium, rather than
BP itself, influences the changes in arterial structure [67].

Whatever the underlying mechanisms are, the association of arterial stiffness with
salt intake is strong. However, although reduction in salt intake reduces arterial stiff-
ness, there might be a threshold of salt consumption under which no further improve-
ment of arterial stiffness is observed. Indeed, in a recent randomized trial in 29
overweight and obese normotensive individuals, no significant change in carotid-
femoral PWV was demonstrated when salt intake was reduced from 9.2 to 3.8 g/day
for 2 weeks, in spite of a significant improvement in endothelial function [68]. Such a
finding raises skepticism about the appropriate recommended daily dose of salt intake.
Indeed, associations may be rather complex. The relationship of sodium intake and
BP is not linear with age. In a recent study including more than 100,000 adults from
18 countries, sodium intake and BP association was more pronounced not only in
patients with hypertension but also in older subjects compared to younger ones [69].
Uncertainty also exists regarding the threshold for CV risk increase. There is evidence
of a “J-shaped” relationship of sodium with cardiovascular outcomes. Individuals
with low salt intake (less than 2.5 g/day), as well as those with high salt intake (more
than 6.0 g/day), shared the same increased cardiovascular risk [70]. However, a more
recent study showed that a high burden of deaths from cardiovascular causes was
attributed to sodium consumption above a reference level of 2.0 g/day [71]. Until
prospective randomized studies provide answers as to whether low or moderate salt
consumption has the optimal cardiovascular benefit, the ESH guidelines argue in
favor of salt restriction to 5-6 g/day, whereas AHA recommends reducing dietary
sodium intake to lower than 1.5 g/day (1 g salt=400 mg of sodium) [72].
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Systemic Arterial Disorders



Peter M. Nilsson

The ageing of humans and its physiological consequences is regulated by both genetic
factors, as selected by evolution, and environmental factors, for example, the influ-
ence of nutrition and caloric intake with its mitochondrial effects. Some of the mediat-
ing mechanisms have been characterised, but much is still unclear. As biological
ageing is central to understand the development of many chronic disease conditions
that increase in incidence with advancing chronological age, it is important to under-
stand age-related mechanisms in order to find new ways to dissect the causality of
disease and even to find new targets for preventive efforts. In the cardiovascular sys-
tem, the development of disease is paralleled by age-associated changes, and these
will be further discussed, with a focus on arterial ageing [1]. It is sometimes not easy
to disentangle the pathological changes in the arterial tree from these changes that are
age related in themselves, for example, related to atherosclerosis that increases in
prevalence in large arteries with advancing age, at least in western populations.

14.1 Composition and Function of the Arterial Wall

The arterial wall consists of three distinct layers, from inside and out, the funica
intima (made up mainly by endothelial cells), tunica media (which is made up of
smooth muscle cells and elastic tissue) and tunica externa (composed of connective
tissue made up of collagen fibres). These layers are innervated by the autonomous
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nervous system and involved in the modification of arterial function following the
propagation of the pulse wave from the heart with every heartbeat.

The endothelium is closest to the blood stream circulating in the arterial lumen
and involved in regulating vasodilation and vasoconstriction by secretion of vasoac-
tive substances such as nitric oxide (NO), endothelin and many more [2]. With age-
ing, the endothelial function starts to deteriorate, and less NO is produced by
impaired induction of endothelial NO synthetase (eNOS). In addition the normal
insulin sensitivity in the endothelial cells, associated with vasodilation by the hor-
mone insulin in the postprandial state, is replaced by a gradual increase in endothe-
lial insulin resistance [3]. This will lead to a loss of the vasodilatory capacity induced
by insulin and therefore vasoconstriction and blood pressure elevation, another
mechanism by which insulin resistance (resulting in hyperinsulinaemia) might lead
to hypertension [4]. Furthermore, endothelial dysfunction is associated with reduced
anticoagulant properties as well as increased adhesion molecule expression, chemo-
kine and other cytokine release, promoting inflammation, in addition to reactive
oxygen species (ROS) production from the endothelium. This leads to local inflam-
mation with myofibroblast migration and proliferation inside the vessel, often
linked to vascular remodelling. In addition perivascular inflammation can contribute
to local vasoregulation. These factors taken together play important roles in the
development of atherosclerosis, starting in the intima with fatty streaks and lipid
deposits already at an early age in risk individuals [5], for example, with familiar
hypercholesterolaemia.

The media of the artery consists of layers of elastic elements that are stretched by
each pulse wave in systole and will be flexed back in diastole, thus contributing to a
smooth forward propagation of the blood stream in both systole and diastole (so-
called Windkessel effect). These elastic elements consist of elastin, a protein that is
preformed in fetal life and decreases gradually during the lifespan. Another compo-
nent is collagen as well as the smooth muscle cells causing contractions. The third,
outward layer (tunica externa) is surrounded by perivascular fat in different amounts,
with its own cytokine activities for local inflammation.

14.2 Age-Related Changes of Arterial Properties

During ageing the collagen content will become relatively increased, and cross-
links will occur between collagen elements, also influenced and further enhanced by
glycation of arterial wall proteins. The consequence of these two developments, a
relative decrease in elastin and a corresponding relative increase in collagen (with
cross-linkages and glycation), will contribute, together with impaired endothelial
function, to a gradual stiffening of the large (elastic) arteries. This is in contrast to
the medium-sized (muscular) arteries that will not undergo the same age-related
changes. Therefore the aorta and the carotid arteries will show typical age-related
increasing stiffness, while this is not the case for the brachial arteries. The changes
of the femoral arteries are somewhat in between, with a notable stiffening taking
place with ageing but not as pronounced as in the aorta. These arteries can also be
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affected by atherosclerosis, similar to what happens in the aorta and carotid arteries,
but in contrast to the brachial artery that is not affected.

This gradual age-related stiffening of the large elastic arteries is named arterio-
sclerosis and occurs mainly in the media of the artery but is further facilitated by
endothelial dysfunction. In addition, it is believed that haemodynamic stress; meta-
bolic factors, most importantly hyperglycaemia; and chronic inflammation could
contribute to this process. On the other hand, the development of atherosclerosis
involves first of all the intima and later on also other layers of the artery, with well-
described morphological changes [5]. The consequence could later on be incidence
of cardiovascular disease events caused by atherosclerosis, for example, ischaemic
heart disease (IHD), stroke or peripheral artery disease (PAD). These manifesta-
tions constitute the major public health problem in western societies and in a grow-
ing proportion of the population in developing countries according to the World
Health Organization (WHO).

According to one hypothesis, arteriosclerosis starts very early in life and is influ-
enced by fetal programming of the vasculature and its elastin content [6]. Later on
the process of atherosclerosis starts and runs in parallel with arteriosclerosis. The
clinical events are usually linked to atherosclerosis, based on its derived plaque
formation and rupture, even if arterial stiffness has also been shown to be an inde-
pendent predictor of future cardiovascular events and mortality, based on recent
meta-analyses [7, 8]. In both conditions, oxidative stress, chronic inflammation and
increased activity of the renin-angiotensin-aldosterone system (RAAS) seem to be
of considerable importance.

14.3 How to Evaluate Arterial Function and Arterial Ageing?

The arterial function associated with ageing and the morphological changes in the
arterial wall can be measured by use of different technical methods, from more
simple to more sophisticated ones. Brachial blood pressure undergoes typical
changes with ageing, at least in most populations. There is a constant increase in
systolic blood pressure in both men and women, but a steeper relative increase in
women at around the time of menopause. The diastolic blood pressure tends to
increase until age 60—65 years and then flattens off or even decreases. This means
that the pulse pressure will show an increasing trend from around 50 years, and this
is a reflection of underlying arterial stiffness. Similar changes occur in the central
circulation and are possible to measure indirectly by so-called pulse wave analysis
(PWA) in the radial artery based on tonometry and an algorithm. A specific charac-
teristic of the central blood pressure is that it tends to be lower than the peripheral
blood pressure in younger subjects, and therefore a blood pressure amplification can
be registered from the central to the peripheral blood pressure. This amplification is
lost in midlife, and after that the central and peripheral pressures tend to be rather
similar with few differences [9].

Of utmost importance to arterial ageing is the increase in pulse wave velocity
(PWYV) that occurs as a reflection of increasing arterial stiffness caused primarily by
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the morphological changes with relatively less elastin and more collagen (and cross-
linkages) in the arterial media layer. In most cases PWV is measured directly along
the aorta from the carotid to the femoral artery as c-f PWV [9]. In some circum-
stances it has also been proposed to measure PWV between the brachial artery and
the femoral artery (b-f PWV) or the ankle arteries (b-a PWV), but this method
involves muscular arteries (art. brachialis, art. tibialis posterior, art. dorsalis pedis)
with less elastin content and is therefore less informative. However, in the Far East
(Japan, China), cultural norms may preclude observers to measure stiffness in the
groin via direct access to art. femoralis, that is why other more distal arterial alter-
natives are preferred. Based on a European study of several population-based
cohorts, a group of about 1,400 healthy, normotensive subjects were used for defini-
tion of the age-specific normal range of c-f PWV [10]. Based on these data, a thresh-
old for pathological c-f PWV and increased cardiovascular risk was first defined as
>12 m/s [10], but after a revision in 2012 as >10 m/s [11]. This means that an
increased c-f PWV is a marker of arterial stiffness affecting the large elastic arteries,
and this biomarker has also been shown to predict not only cardiovascular morbidity
and mortality but also total mortality in recent meta-analyses [7, 8].

14.4 The Concept of Early Vascular Ageing (EVA)

In recent years the interest in arterial stiffness has increased, as well as in the under-
lying arteriosclerosis, as a precursor to the more well-known and well-studied ath-
erosclerosis, with its pathology influenced by genetics, high LDL cholesterol levels,
smoking, hypertension, inflammation and overt type 2 diabetes [5]. In many cases it
is believed that early life programming may cause a susceptibility for this increased
tendency for arterial stiffening as well as other aspects of vascular tree, for example,
the development of capillaries and the microcirculation. As this process is also
related to ageing, it has been proposed that a process of early vascular ageing (EVA)
is an early sign of arteriosclerosis (in the media) but linked also to early changes in
the endothelial function (intima), haemodynamic changes and the influence of
abnormal glucose metabolism and increased inflammation [12-14]. The difference
between the concept of arterial ageing and EVA is that the latter also encompasses
the smaller arteriolae and the microcirculation, based on the crosstalk between the
macro- and microcirculation [14]. EVA is now being extensively studied in different
population-based cohorts, both in Europe and in Latin America, but still no general
definition has been agreed upon. One way to define EVA could be to use the outliers
according to the normal range of c-f PWYV, i.e. above the two standard deviations
(SD) of the normal distribution of c-f PWYV in the European reference group [10]
(Fig. 14.1). Another way to describe EVA is based on statistical methods when arte-
rial stiffness (c-f PWV), a central aspect of EVA, is used as the dependent variable
in multiple regression analyses and a number of risk markers are used as indepen-
dent variables, based on data from population-based studies. As the influence of
haemodynamic changes and sympathetic nervous system (SNS) stimulation on the
arterial tone is substantial, the data are normally adjusted for mean arterial pressure
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Fig. 14.1 Normal values for pulse wave velocity (c-f PWV): average according to age (1,455
healthy, normotensive subjects). Boxes contain 50 % of the data and bars contain the remainder (2
SD); horizontal lines indicate medians and the circle indicates outliers (From: The Reference
Values for Arterial Stiffness’ Collaboration [10])

(MAP) and heart rate (HR), the latter as a marker of SNS activity. Such investiga-
tions in a population-based study in Malmo, Sweden, have revealed that markers of
glucose metabolism and dyslipidaemia (elevated triglycerides, low HDL cholesterol
levels), as well as waist circumference (a marker of active abdominal fat tissue with
inflammatory action), are significantly associated with arterial stiffness, but not
LDL cholesterol, smoking or cystatin-C, a marker of impaired renal function [15].
The findings thus point to different clusters of cardiovascular risk factors involved
in the development of arteriosclerosis and atherosclerosis, respectively.

Still there is a need to better define EVA in different age groups but also in rela-
tion to gender and ethnicity, as well as based on genetic studies for improved clas-
sification [16]. Some would argue that EVA is just a construct to cover one example
of target organ damage (arterial stiffness) in subjects at high cardiovascular or meta-
bolic risk and primarily influenced by haemodynamic changes and blood pressure
levels. However, the modern genetics of hypertension and blood pressure regula-
tion, based on a global study, could not show any marker on chromosome 13 [17],
but exactly on this chromosome, a genetic locus (for the COL4A gene, involved in
collagen metabolism) was found for arterial stiffness in a study from Sardinia, Italy,
with independent replication in another American cohort [18]. This shows that even
if arterial stiffness (and EVA) is strongly influenced by the blood pressure load
(MAP), HR and SNS activity, there could even exist some other important compo-
nents (collagen protein synthesis, structure) and vascular risk factors (hyperglycae-
mia, dyslipidaemia, inflammation) independent of blood pressure regulation. If
true, this opens up new possibilities to target these mechanisms of protein/collagen
synthesis with new drugs to reduce arterial stiffness.
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So far it has been shown that a prolonged control of hypertension will reverse
early changes and have a long-term beneficial influence on arterial stiffness with
decreasing c-f PWYV levels over time, beyond the blood pressure control itself [19].
However, an ongoing randomised controlled study in France (SPARTE) aims to
compare a treatment strategy for reduction of arterial stiffness (c-f PWV) by differ-
ent means, including drugs that specifically influence the renin-angiotensin system,
and another treatment strategy (control) to go for implementation of control of the
conventional risk factors including blood pressure, as suggested in the guidelines
[20]. SPARTE is supposed to continue for still a number of years until a sufficient
number of cardiovascular end points have accumulated to show potential differ-
ences in outcomes between the treatment arms. Recruitment is ongoing.

14.5 Haemodynamic Effects of Vascular Ageing:
Blood Pressure

As arterial stiffness is a characteristic of vascular ageing based on morphological
changes in the arterial wall, there is also a need to better understand its haemody-
namic consequence. A starting point is to try to list different characteristics of hae-
modynamic ageing and to try to understand the association with underlying
morphological changes in the arteries (Table 14.1).

Well-known changes, as already alluded to, include an increase in brachial sys-
tolic blood pressure and a flattening off of the diastolic blood pressure to be fol-
lowed by a decrease in diastolic blood pressure above the age of approximately
60-65 years. This will lead to increased risk of isolated systolic hypertension (ISH)
and elevated pulse pressure, both conditions being associated with increased pro-
spective risk of cardiovascular events [21]. The same holds true for corresponding

Table 14.1 Examples of
haemodynamic ageing and its
relationship to blood pressure
(BP) and arterial stiffness Elevated pulse pressure (PP)
Age-related changes in central BP

Age-related changes in brachial BP
Isolated systolic hypertension (ISH)

Increased central systolic BP and PP
Increased BP variability
Linked to arterial stiffness
Decreased heart rate variability (HRV)
Linked to arterial stiffness
Impaired endothelial function
Less vasodilation, linked to arterial stiffness
Impaired baroreceptor function, orthostatic hypotension
Linked to arterial stiffness
Microvascular disease in diabetes
Influenced by long-standing hyperglycaemia
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changes in central systolic blood pressure and pulse pressure, because around the
chronological age of 50 years, the blood pressure amplification between the central
and peripheral circulation decreases, and thus central and brachial blood pressures
tend to become more similar. These changes according to conventional blood pres-
sure and central blood pressure recordings have previously been discussed in detail
by Stanley Franklin et al. [21, 22]. For example, in participants from the Framingham
Heart Study who were free of CVD events and antihypertensive therapy, in all
1,439, CVD events occurred between 1952 and 2001. In pooled logistic regression
with the use of BP categories, combining SBP with DBP and PP with mean arterial
pressure (MAP) improved model fit compared with individual BP components.
Significant interactions were noted between SBP and DBP (p=0.02) and between
PP and MAP (p=0.01) in multivariable models. The combination of PP + MAP
(unlike SBP+DBP) had a continuous relation with cardiovascular risk and may pro-
vide greater insight into haemodynamics of altered arterial stiffness versus impaired
peripheral resistance but is not superior to SBP+DBP in predicting CVD events
[21]. This analysis is based on conventional blood pressure variables, but reflecting
the age-related changes that more modern and sophisticated technologies can reveal.

14.6 Arterial Stiffness and Age-Related Haemodynamic
Changes

Some other features of haemodynamic ageing are less well characterised, but all
linked to arterial stiffness as an underlying contributing factor, and thereby also
explaining most of the risk associated with these different features. One of them is
increased blood pressure variability (BPV), linked to increased cardiovascular risk,
i.e. for stroke [23]. Increased BPV can be evaluated on a visit-to-visit basis with
weeks or months between visits but also based on shorter time intervals (days,
hours, even beat-to-beat timing), as recently reviewed by Gianfranco Parati et al.
[24]. An underlying feature is arterial stiffness, and it is reasonable to believe that
this factor might explain most of the increased risk associated with increased BPV,
even if also some mechanical changes could play a role based on changes in blood
flow, shear stress or transmission of increased pulse wave energy to small arteries
and the peripheral circulation [24].

In a corresponding way, it has been reported that a decrease in heart rate vari-
ability (HRV) is a marker of ageing and increased cardiovascular risk but also asso-
ciated with increased arterial stiffness, for example, in patients with type 1 diabetes
[25]. The decrease in heart rate variability is supposed to be influenced by an imbal-
ance between the sympathetic and parasympathetic parts of the autonomous ner-
vous system.

Furthermore, it is well known that episodes of orthostatic hypotension are asso-
ciated with increased cardiovascular risk during follow-up, based on data from sev-
eral epidemiological studies. Also here we notice underlying arterial stiffness as a
common denominator, as shown in the Rotterdam study of elderly subjects [26].
The link could be the impaired stretching (compliance) of the carotid arterial wall



196 P.M. Nilsson

close to the baroreceptor due to arterial stiffness and superimposed atherosclerosis,
leading to impaired baroreceptor function in response to change of body position.
This could contribute to the understanding of arterial stiffness being the true risk
marker behind orthostatic reactions, often seen in aged subjects with, for example,
diabetes of long duration. These orthostatic reactions should be separated from
benign vasovagal reactions with orthostatic reactions in younger subjects.

It is conceivable to think that more widespread changes in innervation and the
autonomous nervous system could contribute to the ageing of the neural system
and thus linked to vascular ageing and decreased baroreceptor function as well as
imbalance between sympathetic and parasympathetic activity. In one recent study,
the relationship was tested between direct measures of sympathetic traffic and
PWYV in healthy humans [27]. The authors examined MSNA (microneurography),
PWYV (Complior® device), heart rate and blood pressure in 25 healthy male par-
ticipants (mean age 43 years). It was reported that PWV correlated significantly
with age (r=0.63), SBP (r=0.43) and MSNA (r=0.43) but not with BMI, waist
circumference, waist-to-hip ratio, heart rate, pulse pressure or DBP. Multiple lin-
ear regression analysis revealed that only age and MSNA were linked indepen-
dently to PWV (?=0.62, p<0.001), explaining 39 and 25 % of its variance,
respectively. Individuals with excessive PWV had significantly greater MSNA
than individuals with optimal PWV. Thus the relationship between MSNA and
PWYV is independent of age, BMI, waist circumference, waist-to-hip ratio, heart
rate, pulse pressure or blood pressure [27]. This shows the contribution of neuro-
physiological ageing to vascular ageing.

In the arterial wall, there is a crosstalk between the sympathetic nervous system
and the renin-angiotensin system that will further decrease elasticity and promote
vascular ageing [28].

14.7 Cardiac-Arterial Coupling Influenced
by Arterial Stiffness

Finally, it is self-evident that haemodynamic changes associated with ageing are not
possible to describe without taking cardiac changes into account. In fact, there is a
so-called cardiac-arterial coupling process that can be illustrated by echocardiogra-
phy examinations [29]. In the end there is thus a crosstalk between cardiac function,
as well as morphological changes, and the general circulation in the arterial tree.
With increasing stiffening of the proximal thoracic aorta, the reflex wave from the
periphery back to the central circulation and the heart can no longer be accommo-
dated, even if the aorta root widens. Instead this pulse wave energy will impact on
the heart with increased pressure waves and augmentation during systole leading to
increased strain on the left ventricle, causing left ventricular hypertrophy (LVH),
and a decreased perfusion pressure during diastole, leading to impaired blood flow
in the coronary circulation. These two trends combined will increase the risk of
morphological changes (LVH) in combination with coronary ischaemia, thus
increasing the risk of CHD events. This is therefore a haemodynamic mechanism
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explaining some of the risk potential of arterial stiffness, as measured by increased
PWY, for the development of CHD. It contributes to what has been called the car-
diovascular ageing continuum by O’Rourke et al. [30].

14.8 Metabolic Syndrome and Arterial Stiffness

Even if it has been difficult to show a strong independent association between arte-
rial stiffness and overt type 2 diabetes [31], there is evidence to show that hypergly-
caemia as a continuous variable contributes to vascular ageing and arterial stiffness
[32]. Diabetes mellitus was associated with c-f PWV in 52 % of studies in one
meta-analysis, but the strength of the association was low [31]. Within the so-called
metabolic syndrome (MetS), a number of risk factors tend to cluster, including
hypertension, hyperglycaemia, dyslipidaemia (elevated triglyceride, decreased
HDL cholesterol), increased waist circumference and underlying insulin resistance.
Specific clusters of MetS components impact differentially on arterial stiffness
(PWYV). Recently, in several population-based studies participating in the MARE
(Metabolic syndrome and Arteries REsearch) Consortium, the occurrence of spe-
cific clusters of MetS differed markedly across Europe and the USA. Based on data
from 20,570 subjects included in nine cohorts representing eight different European
countries and the USA in the MARE Consortium, MetS was defined in accordance
with NCEP ATPIII criteria. PWV measured in each cohort was “normalised” to
account for different acquisition methods. The results could show that MetS had an
overall prevalence of 24.2 %. MetS accelerated the age-associated increase in PWV
levels at any age and similarly in men and women. Therefore, different component
clusters of MetS showed varying associations with arterial stiffness (PWV) across
these nine cohorts [33].

Also in a local study from the Malmé Diet Cancer cohort, hyperglycaemia and
dyslipidaemia showed independent associations with arterial stiffness in elderly
subjects with mean age of 71 years [15].

14.9 Kidney Disease, Inflammation and Stiffness

It is well known that advanced chronic kidney disease is associated with vascular
changes, as media sclerosis, and thus increasing arterial stiffness [34]. This is linked
to oxidative stress and chronic inflammation [35, 36]. Uraemic toxins, particularly
those associated with dysregulated mineral metabolism, can drive vascular smooth
muscle cell damage and tissue changes that promote vascular calcification but may
also promote DNA damage [36]. Epidemiological data suggest that some of these
same risk factors in chronic kidney disease (CKD stages 1-5) associate with cardio-
vascular mortality in the aged general population. The advanced arterial changes in
CKD thus resemble that of a fast progressing vascular ageing. This will further
increase the overall cardiovascular risk that is very high in patients with CKD-5 and
end-stage renal disease (ESRD).
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14.10 Arterial Stiffness in the Elderly

The cardiovascular risk increases rapidly with advancing chronological age, based
on arterial stiffness, advancing atherosclerosis and haemodynamic changes in the
elderly [37, 38]. On the other hand, survival selection bias may influence the fact
that some elderly subjects have survived in spite of advanced arterial stiffness.
Epidemiological studies have thus shown that c-f PWV is a stronger risk marker in
middle-aged as compared to elderly subjects [8]. No intervention studies exist so far
to show the benefits of reducing arterial stiffness (PWV) in the elderly, as was
already shown for control of hypertension in 80+-year-old subjects in the placebo-
controlled HYVET trial [39].

Another aspect of great interest is the role of chronic inflammation and oxidative
stress that are closely linked to the ageing process in general and therefore visible in
elderly people [40]. If inflammation can be reduced, a reduction of arterial stiffness
has been shown, for example, in patients with inflammatory bowel disease [41], a
finding of great theoretical and practical importance. More studies should aim for
control of inflammation to prevent cardiovascular disease, but still convincing
human studies are lacking.

Arterial stiffness is also a reflection of biological and functional ageing in gen-
eral. In the Whitehall II study in London, this has been investigated. Researchers
aimed to analyse associations of arterial stiffness with age, subjective and objective
measures of physical functioning and self-reported functional limitation [42]. Pulse
wave velocity was measured by applanation tonometry among 5,392 men and
women aged 55-78 years. Results showed that arterial stiffness was strongly associ-
ated with age (mean difference per decade: men, 1.37 m/s; women, 1.39 m/s). This
association was robust to individual and combined adjustment for pulse pressure,
mean arterial pressure, antihypertensive treatment and chronic disease. One SD
higher stiffness was associated with lower walking speed and physical component
summary score and poorer lung function adjusted for age, sex and ethnic group.
Associations of stiffness with functional limitation were robust to multiple adjust-
ments, including pulse pressure and chronic disease. The authors concluded that the
concept of vascular ageing is reinforced by the observation that arterial stiffness is
a robust correlate of physical functioning and functional limitation in early old age
[42]. Why this is so merits further studies.

14.11 Future Perspectives

The development of the EVA concept [12—-14] has also triggered research and inter-
est in some other related biomarkers and in haemodynamic ageing [43]. Telomeres
represent the end segment of the DNA helix with a shortening taking place with
every cell division and therefore regarded as a marker of the biological clock of age-
ing [44, 45]. Even if discrepant results have sometimes been published, most studies
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support the notion that telomere length, or rather the telomere attrition rate over
time, could represent an interesting aspect of vascular ageing [44, 45]. Previous
studies have shown an association between telomere length and arterial stiffness, as
measured by pulse pressure [46].

Other biomarkers of growing interest are, for example, aldosterone and vitamin
D, both with implication for cardiovascular ageing. Studies have shown that ele-
vated aldosterone levels are associated with cardiovascular changes including scle-
rosis and increase stiffness [47]. This is possible to counteract by use of aldosterone
antagonist, for example, spironolactone or eplerenone. Large-scale intervention
studies are needed before conclusions can be drawn regarding the reversibility of
these changes.

Growing evidence has documented that vitamin D deficiency could play a role in
the development of pathological changes within the arterial system. Observational
studies have shown an increased risk associated with vitamin D deficiency, but it has
been hard to show benefits by vitamin D supplementation [48]. Therefore, the role
of vitamin D is still somewhat enigmatic in arterial disease.

In the future, more studies should elucidate on the role of arterial stiffness in
relation to cognitive decline and risk of dementia, as an association exists between
impaired arterial compliance, arterial stiffness, mild cognitive impairment and the
occurrence of so-called white matter lesions (WML) in the cerebral white matter
[49]. Probably the pulse wave propagation from the general circulation, with stiff
arteries, cannot be accommodated in a normal way in the cerebral microcirculation.
This leads to micro-bleeds and the development of tissue scaring and WML, a com-
mon finding in subjects with uncontrolled hypertension. Hypertension was observed
in a Swedish study of 70-year-old people to predict dementia, both of the vascular
type and Alzheimer-like dementia [50]. In a recent statement from the American
Heart Association/American Stroke Association, risk factors for cognitive impair-
ment have been discussed, including the role of hypertension [51].

Finally, intervention studies are needed to show the benefits of reducing arterial
stiffness, over and above blood pressure control per se. In this respect new drugs will
also be tested, for example, the vascular protection believed to be an effect of com-
pound 21, a specific angiotensin-2 (AT2) receptor agonist [52], soon to be tested also
in humans. Animal studies have been promising in showing a reduction of arterial
stiffness, without significant effects on blood pressure in a mouse model [53]. Other
new experimental drugs are being developed for vascular protection and blood pres-
sure control [54] and could be combined with more traditional drugs for control of
hypertension and hyperlipidaemia. A novel approach is also to retard ageing via influ-
encing mammalian Sir2 (SIRT-1, a NAD+-dependent deacetylase), previously shown
to extend the lifespan of lower organisms. This is a promising target molecule to influ-
ence some aspects of vascular ageing, and drug development is underway [55]. In
summary, arterial ageing is a fruitful concept to be explored for new understanding of
vascular biology and new mechanisms for potential intervention.
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15.1 Introduction

Over the past century, life expectancy at birth has increased significantly from less
than 50 years to over 75 years in both developed and developing countries, with the
elderly constituting a growing proportion of the population. Among diseases
responsible for increased morbidity and mortality in this segment of the population,
renal disorders play an important role [1, 2]. Estimated prevalence of chronic kidney
disease (CKD) nears 40 % after the age of 70 years [3]. Furthermore, according to
the United States Renal Data System (USRDS) data, the elderly population has the
fastest growth of end-stage renal disease at 11 % for ages 65—74 years and 14 % for
age 75 years and above [4].

Like other organs in the body, the kidneys undergo involutionary changes with
age. In both humans and experimental animals, aging is associated with progressive
impairment of the morphology and function of the kidneys [5-9].

In subjects without hypertension or diabetes mellitus, moderate to severe reduc-
tion in renal function (glomerular filtration rate — GFR — <60 ml/min/1.73 m?) is
common among those >70 years with an incidence of 16 % compared to 0.1 and
1.2 % in subjects of age group 20-39 and 40-59 years, respectively [10].
Furthermore, aside from hypertension and diabetes, age appears to be a key predic-
tor of CKD: 11 % of subjects >65 years without hypertension or diabetes have stage
3 or more CKD [10].

In the elderly, several disorders are associated with CKD (Table 15.1) [10]. Cross-
sectional and prospective studies have identified many factors that may accelerate

A.E. Berbari (<)  N.A. Daouk ¢ S.G. Mallat

Department of Internal Medicine, American University of Beirut Medical Center,
Beirut, Lebanon

e-mail: abO1 @aub.edu.lb; nd00 @aub.edu.lb; sm104 @aub.edu.lb

© Springer International Publishing Switzerland 2015 203
A. Berbari, G. Mancia (eds.), Arterial Disorders:

Definition, Clinical Manifestations, Mechanisms and Therapeutic Approaches,

DOI 10.1007/978-3-319-14556-3_15


mailto:ab01@aub.edu.lb
mailto:nd00@aub.edu.lb
mailto:sm104@aub.edu.lb

204 A.E. Berbari et al.

Table 15.1 Primary renal 1. Primary renal parenchymal disorders
disease in the elderly 2. Diabetic kidney disease

3. Hypertension

4. Infections

5. Tumors of the kidney and renal pelvis

6. Renal arterial aging

age-related decline in renal function such as hypertension, diabetes mellitus, athero-
sclerosis, urinary tract obstruction, increased consumption of nephrotoxic drugs,
increased use of radiological procedures using iodinated contrast media, and
increased necessity of major surgery [11]. Among these contributing conditions,
renal arterial aging is emerging as a powerful determinant of renal impairment in this
age group [12, 13].

The present chapter is a summary of the state of knowledge about the morpho-
logical and functional features of the renal vasculature during the aging process. For
this purpose, the focus will be mainly on studies in humans. Information obtained
in animals is taken into consideration only if it contributes to the understanding of
the problem in the human.

15.2 Renal Arterial Aging
15.2.1 Definition

Renal arterial aging can be defined as a measure of the cumulative impact of age,
cardiovascular risk factors, and genetic background on the structure and function
of the renal vascular system over the course of an individual’s lifetime. Although
these changes are not specific, they become more frequent as senescence is
evolving [5, 6, 13].

15.2.2 Morphologic Alterations with Aging

15.2.2.1 Anatomy of the Aging Kidney

The aging process is associated with marked morphologic and functional alterations
in several organ systems [7]. With the possible exception of the lungs, the changes
in renal structure and function associated with normal aging are the most dramatic
in any human organ system [7].

Normal aging results in relentless loss of renal mass. Renal mass increases from
birth to adulthood and then progressively declines during aging. The average kid-
ney weight increases from 50 g at birth, peaks at about 300-400 g at about
40-50 years, and then declines by about 20-30 % to 180-200 g between 70 and
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90 years [5, 7, 13]. The loss of renal mass is primarily cortical with sparing of the
medulla, leading to thinning of the renal cortical parenchyma [5, 7, 13].

15.2.2.2 Renal Vasculature in Aging

Renal Microvascular Disease

Several studies have documented age-related changes in the histopathology of the
renal vessels [5, 6, 8]. Although they are not specific and pathognomonic for the
aging process, they become more evident after the age of 40 years increasing in
evidence and severity with the evolution of senescence [5]. These changes become
distinctly more pronounced at the levels of the small arteries and arterioles [5, 6].

In a microangiographic and histologic study performed on 31 kidneys obtained
from surgical specimen or autopsy on 28 subjects aged 20—79 years with no evidence
of cardiovascular or renal disease, Ljungquist and Lagergren demonstrated that age-
related changes in the renal arterial tree occur mainly at the level of small arteries
[14]. The walls of the wider branches of the renal vasculature contain only dispersed
subintimal plaques and slight subintimal fibrosis with local hyalinization [14].

The vessels most susceptible to histopathologic changes are the small arteries
and arterioles [5, 6]. The aging kidney frequently displays two types of microvas-
culopathic lesions: (a) arterial sclerosis and (b) arteriolar hyalinization [5, 6, 8,
15, 16].

Arterial Sclerosis
This term is used to denote thickening of the wall of the artery associated with nar-
rowing of the vascular lumen leading to increased wall/radius ratio [5].

Thickening of the arterial wall can be produced by different morphologic pro-
cesses which include hyperplasia and/or hypertrophy of the medial vascular smooth
muscles, fibrosis of the media, and/or fibrosis of the intima [6]. These lesions have
been reported in hypertension, diabetes mellitus, and aging and increase in fre-
quency with advancing age [5, 6].

Intimal fibrosis, also known as intimal fibroplasia, is the more specific lesion of the
aging renal microvasculature [5, 6]. It involves small and larger interlobular arteries
with a diameter of 80-300 pm. It is characterized by progressive thickening of the
intima by reduplication of the elastic tissue and atrophy of the underlying media asso-
ciated with loss of vascular smooth muscle cells [5, 6]. The media may even disap-
pear almost completely when intimal thickening becomes maximal [17]. In contrast,
in the very small interlobular arteries which give rise to the afferent arterioles, the
intima becomes thicker by subendothelial deposition of hyaline and collagen [12].

Intimal fibroplasia which renders the vessel wall rigid is a universal finding in
kidneys of elderly subjects [5, 6, 8]. Although it starts early in life, it becomes much
more prominent after the age of 50 years [5, 6, 8].

Intimal fibroplasia is not limited to the renal vasculature but involves other
organs such as the liver, the spleen, and the adrenal gland [8].



206 A.E. Berbari et al.

The etiology of intimal fibroplasia remains elusive. It may be enhanced or even
precipitated by blood pressure elevation and hypertension [5, 6, 8]. It appears to be
associated with global glomerulosclerosis rather than by hyaline arteriosclerosis
and subsequent subcapsular injury [5, 6].

Arteriolar Hyalinization

Arteriolar hyalinization, also known as hyaline arteriolosclerosis, is another feature
of the aging renal microvasculature [5, 6]. The frequent occurrence of hyaline arte-
riolosclerosis/arteriolar hyalinization with increasing age was first described by
Moritz and Oldt. This lesion which involves mainly the 10-30 pm diameter afferent
arterioles is characterized by deposition of hyaline, a term derived from the Greek
word “hyalos,” which is a glassy eosinophilic homogeneous material [18, 19].
Ultrastructurally, hyaline deposition is associated with (1) the presence of a homo-
geneous material which, by immunofluorescence, contains plasma proteins, (2)
thinning of the media and atrophy of vascular smooth muscle cells, and (3) irregular
thickening of the basement membrane and collagen [19]. Hyaline change occurs
patchily along the length of the afferent arteriole and is predominant in its proximal
portion and rarely extends into the glomerular capillaries [18, 19]. Further, hyaline
deposition is rare in the interlobular arteries and when present occurs in the orifice
of the afferent arteriole [18].

Hill and Bariety examined the relationship between hyaline arteriolosclerosis
and glomerular structure in aging humans. They identified three types of changes in
the afferent arterioles, namely, no hyaline deposition, non-obstructing hyaline, and
obstructing hyaline. These investigators reported that, compared to those without
hyaline lesions, afferent arterioles with nonoccluding hyaline deposits had a much
larger lumen, twice as great (480+240 pm? vs 204 + 160 pm?), with corresponding
increases in diameter and outer circumference and a markedly reduced wall/lumen
ratio (3.2+ 1.8 vs 6.4+6.1 %). In the areas involved by hyaline deposition, the wall
thickness was thinner (7.4+3.9 pm vs 15.9+5.8 pm), and vascular smooth muscle
cells were atrophic, which might impair the constricting capacity of the vessel [17].

The incidence and severity of hyaline afferent arteriolosclerosis is dependent on
age and BP levels. In kidneys of normotensive subjects, Smith reported that minor
degrees of sclerosis occur in the third to fourth decades, increasing gradually with
age and becoming significant in the fifth to sixth decades [19] although these vascu-
lar changes remain minor [19]. However arteriolosclerosis increases as the blood
pressure rises even with BP differences in the normal range. Arteriolosclerosis was
found in 13.5 % of patients with systolic BP of 90-129 mmHg, in 22.1 % of those
with BP of 130-139 mmHg, and in 34.1 % of those with BP above 140 mmHg [19].
Smith concluded that arteriolosclerosis of the afferent arteriole appears to be an age
change that is enhanced by hypertension [19].

Arteriolar hyalinization involves also the efferent arterioles. However, in contrast
to the afferent arterioles, subendothelial hyaline deposits on the efferent arterioles
are scarce, occurring in only 7-9 % of kidneys of nondiabetic normotensive or
hypertensive subjects [15, 16, 18]. They appear to be also age related, as they are not
seen before the age of 40 years but increase in incidence with age [18]. They are
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independent of BP levels or presence of hypertension but are greatly enhanced by
diabetes mellitus [18]. The hyaline deposits in the efferent arterioles occur patchily
along the vascular wall and frequently surround and constrict the vascular lumen
[18]. Although hyalinization of both afferent and efferent arterioles appears to be
age related, they are greatly enhanced by diabetes mellitus [5, 6, 18].

An increased prevalence of other abnormalities in the renal vasculature has been
reported. In postmortem angiographic studies in subjects beyond the seventh
decade, tapering of interlobular arteries and increased tortuosity of intralobular
arteries have been observed [20].

Vascular Disease of the Large Renal Arterial System

Primary diseases of the renal arteries often involve the large renal arteries and are
associated with two most frequent clinical entities, fibromuscular dysplasia and
atherosclerotic renal artery stenosis (RAS) [21].

Atherosclerosis accounts for about 90 % of cases of RAS and usually involves
the ostium and proximal one third (1/3) of the renal artery and perirenal aorta [21].
In advanced cases, segmental and diffuse intrarenal atherosclerosis also occurs par-
ticularly in patients with ischemic nephropathy [21].

Atherosclerotic RAS is a common finding in subjects older than 50 years of age
[21]. Its prevalence increases with age, particularly in patients with diabetes melli-
tus, hypertension, and/or aorto-occlusive disease [21]. An epidemiologic study
involving one million subjects aged 67 years disclosed an estimated prevalence and
incidence of renovascular disease (RVD) of 0.5 % and 3.7 per 1,000 subjects per
year, respectively [11, 22]. Furthermore, occult RVD has been reported in about
24 9% of patients with unexplained chronic or progressive renal failure [21].

Atherosclerotic RVD is a progressive disorder and a major cause of progressive
renal failure in the elderly [23]. It has been estimated that 10-15 % of patients with
atherosclerotic RAS develop end-stage renal disease [23].

Atherosclerotic RVD may occur alone (isolated anatomical RAS) or in associa-
tion with hypertension and other comorbidities (ischemic nephropathy) [21].
Concurrent atherosclerotic coronary artery, renovascular, and peripheral vascular
diseases are frequently present [11, 21].

Ischemic nephropathy represents a syndrome characterized by obstruction to
renal blood flow leading to renal ischemia and renal excretory dysfunction associ-
ated with renal insufficiency, hypertension in 50 % of patients, recurrent attacks of
flash pulmonary edema due to salt/water retention, and evidence of systemic athero-
sclerosis [21].

Atherosclerotic RVD comprises two clinical entities: (a) renal ischemia due to
ostial or truncular atheromatous lesions and (b) distal systemic cholesterol embolism.
It may be associated with renal microvascular lesions and glomerular hyalinization,
raising the concept of a link between atherosclerosis and glomerular nephrosclerosis/
obsolescence [21]. Kasiske demonstrated that the severity of systemic atherosclerosis
has a major impact on the degree of age-related glomerulosclerosis [24]. In the light
of these findings, many authors have postulated that glomerulosclerosis may indicate
the presence of subclinical RVD [25].
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Cholesterol embolism is a direct consequence of disruption of atheromatous
plaques and shedding of cholesterol crystals into the renal circulation resulting in
microinfarcts and renal parenchymal scarring [21].

The pathogenesis of atherosclerotic RVD has not been completely elucidated.
Combination of high BP activation of humoral factors and inflammation may con-
tribute to acceleration of systemic and renovascular atherosclerosis [21, 26].

15.2.2.3 Aging Renal Glomerulus

Structural Changes

Several morphologic changes have been described in the glomerulus of aging sub-
jects [5, 6, 8]. These alterations are characterized by glomerulopenia, glomerulo-
sclerosis, and increase in size of the remnant intact glomeruli and impaired intrinsic
glomerular properties.

Glomerulopenia

The number of glomeruli varies with age and gender [5, 6, 11, 27]. Several studies
have documented a reduction in the number of glomeruli with aging in both human
and experimental animals [5, 6, 8, 9]. Using an accurate and unbiased stereologic
method, Nyengaard and Bendsten demonstrated that the number of glomeruli in
kidneys in subjects coming to autopsy declines with age [27]. Subjects younger than
55 years had a greater number of glomeruli per kidney than those older than those
of 55 years, 695 x 10° versus 560 x 10%, respectively [27]. The reduction in the num-
ber of nephrons is thought to result from both glomerulosclerosis and resorption of
obsolescent glomeruli [27].

In the senescent kidney, glomerular lobulations tend to disappear, and the length
of the glomerular tuft perimeter decreases [28, 29]. Accordingly, these morphologic
changes, associated with loss of nephrons, contribute to the observed age-related
reduction in surface area available for filtration and reduction in glomerular filtra-
tion rate [28, 29].

Glomerulosclerosis

Sclerosis of the glomerulus is defined as acellular obliteration of the glomerular
tufts leading to complete solidification of the glomerulus [5, 6]. This process is
referred to as global glomerulosclerosis.

The incidence of sclerotic glomeruli rises with advancing age from less than 5 %
at ages 4045 years to 10-30 % of the total glomerular population by the eighth
decade [5, 6, 8, 30].

The pattern of glomerular and vascular changes differs according to the renal
zones. In the juxtamedullary glomeruli, the sclerosing damage in aging subjects
results in a vascular connection between the afferent and efferent arterioles which,
by shunting blood past the obsolescent glomeruli, maintains an adequate rate of
medullary blood flow [30-34]. In contrast, in the cortex, global glomerulosclerosis
is associated with obliteration of the arteriolar blood supply, eventually leading to
resorption of the obsolescent sclerosed glomeruli [30-34].
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There is some controversy as to the pathogenesis of glomerulosclerosis. In some
studies, glomerulosclerosis and the associated tubulointerstitial changes are attributed
to both intimal fibroplasia and hyaline arteriolosclerosis, while in others, the renal
parenchymal changes appear to correlate better with intimal fibroplasia [15, 30].

The number of sclerosed glomeruli is linked to age and microvascular renal
pathology [30]. However, age-related glomerular involution may occur indepen-
dently of events in the renal microvasculature [30].

Totally sclerosed glomeruli are more frequent in aged men than in aged women
[30-35].

Structure of the Remnant Intact Glomeruli

With the evolution of senescence, the number of remnant intact (nonsclerotic)
glomeruli decreases with age while their size enlarges [30]. The enlarged (intact)
glomeruli display specific morphologic features. They have increased tuft size,
dilated hilar capillaries, increased mean area of individual capillaries, and increased
total capillary area [17, 36]. They are served by markedly dilated afferent arterioles
with non-obstructing luminal hyaline deposits [17, 36]. These morphologic features
predispose glomeruli to hemodynamic and physical injury leading to global glo-
merulosclerosis [17, 30, 36].

There is, however, no unanimity as to the zonal distribution of enlarged glomeruli.
Newbold et al. measured single cross-sectional areas of outer cortical and juxtamed-
ullary glomeruli in 41 adults aged 22-92 years with a mean age of 61 year and
reported that glomerulosclerosis was more severe in the outer cortex, while the jux-
tamedullary glomeruli had a significant greater glomerular area, and the enlargement
of the juxtamedullary glomeruli was positively correlated with cortical glomerulo-
sclerosis [33]. The authors postulated that the increased number of sclerotic glom-
eruli (glomerulosclerosis) in the superficial cortex shifts glomerular blood flow to the
remnant nonsclerotic juxtamedullary nephrons leading to glomerular hypertension,
hyperfiltration, and increased risk of glomerulosclerosis [33]. In contrast Samuel
et al. using the dissector (Cavalieri method) to estimate the distribution and volumes
of glomeruli in the superficial, middle, and juxtamedullary cortex in autopsy kidneys
in 12 young male adults aged 20-30 years and 12 older males aged 51-69 years
found that glomerular mean volume was 20 % larger in the superficial cortex than in
juxtamedullary zone [34]. Global glomerulosclerosis was also more severe in the
superficial cortex. In kidneys of young adults, there were no significant differences
between superficial and juxtamedullary glomeruli [34].

Intrinsic Glomerular Ultrafiltration Properties

In a recent study, Hoang et al. evaluated the extent and mechanisms of age-related
reduction in glomerular filtration rate (GFR) in healthy aging volunteers and in healthy
transplant kidney donors [37]. The study included 159 healthy volunteers aged
18-88 years and 33 healthy transplant kidney donors aged 23-69 years. Glomerular
dynamics were evaluated in the 159 healthy volunteers, while renal biopsy from 33
healthy kidney transplant donors was subjected to a morphometric analysis to deter-
mine glomerular hydraulic permeability and filtration surface area [37].
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In their study, Hoang et al. reported that, compared to the healthy younger sub-
jects, healthy elderly volunteers had a 22 % lower GFR (81+17 vs 104+15 ml/
min/1.73 m?) and a 28 % lower renal plasma flow (RPF) (413 +106 vs 576+ 127 ml/
min/1.73 m?). Further, the computed Kf (two-kidney ultrafiltration coefficient) was
significantly reduced below youthful levels by 21-53 % [37]. Morphometric studies
in renal biopsy specimens from healthy kidney transplant donors revealed reduced
filtration surface density (0.1+£0.01 vs 0.13+£0.04 pm*/pm?) and epithelial filtration
slits (1,110 17 vs 1,272+ 182 slits/mm) and increased glomerular basement mem-
brane thickness (461+81 vs 417+61 mm). According to these investigators, this
study indicates that the intrinsic hydraulic permeability is reduced in aging indi-
vidual glomeruli, which contributes to the age-related renal functional impairment
[37]. Thus, an overall reduction in the number of functioning glomeruli, increased
glomerular base membrane thickness, and accumulation of mesangial matrix limit
both glomerular filtration area and glomerular permeability [37].

Aglomerular Arterioles

An increased frequency of direct continuity between afferent and efferent arterioles
is a prominent feature of aged kidneys [5, 6, 30]. In the juxtamedullary glomeruli,
glomerular sclerosis is associated with formation of a direct channel between afferent
and efferent arterioles, referred to as arteriolae rectae verae or aglomerular arterioles
which maintain blood flow in juxtamedullary nephrons. In the cortex, a different pat-
tern of change predominates. Degeneration of glomeruli results in atrophy of the
afferent and efferent arterioles. This leads to a gradual reduction in blood flow in
cortical nephrons and eventual global sclerosis [30].

15.2.2.4 Renal Tubulointerstitium in Aging
Tubulointerstitial changes are a common feature of the aging kidney. The decrease
in renal size with senescence has been attributed to tubulointerstitial scarring,
infarction, and fibrosis [5, 6, 11, 38]. The number, volume, and length of the tubules
decrease with age [5, 6]. Tubular atrophy with thickening of the basement mem-
brane and tubular “thyroidization” with dilatation of lumen and hyaline casts are a
common feature. Simple renal cysts and tubular diverticula are more frequent in
senescent kidneys [6].

The degree of renal functional impairment correlates not only with loss of
glomeruli but also with severity of tubulointerstitial alterations [6].

Nephrosclerosis
Nephrosclerosis, defined as a primary vascular lesion associated with glomerular
obsolescence, tubulointerstitial changes, and fibrosis, is a morphological entity with
no specific clinical features [21, 39]. The etiology of this lesion remains elusive but
appears to be multifactorial. It has been reported in aged normotensive subjects but is
enhanced by hypertension, diabetes mellitus, and systemic atherosclerosis [21, 39].
In the elderly, nephrosclerosis is the most frequent diagnosis in patients with
end-stage renal disease (ESRD) starting maintenance dialysis [11, 40, 41]. However,
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the high incidence of nephrosclerosis as a cause of ESRD in the elderly is due
mainly to ischemic damage induced by atherosclerotic RVD [11, 21].

15.3 Pathogenesis of Age-Mediated Glomerulosclerosis

The mechanisms responsible for glomerulosclerosis and progressive nephrons loss
in aged kidneys have not been completely elucidated but appear to be multifactorial.
Impaired autoregulation of renal blood flow (RBF) has been shown to play an
important role in this process [5, 6].

The renal circulation is characterized by a high resting renal blood flow, low
afferent arteriole resistance, and minimal wave reflection in the renal artery [42].
Consequently, high flow and wave oscillations are transmitted through the low
afferent arteriole resistance to the glomerular capillaries exposing these vessels to
biotrauma [42].

These features of the renal circulation render the kidney more vulnerable to the
harmful effects of aging and its associated disturbed large artery dynamics, namely,
arterial stiffness and hypertension [43, 44].

15.3.1 Autoregulation of Renal Blood Flow

15.3.1.1 Definition

Autoregulation of RBF is defined as the mechanism that maintains intrarenal func-
tional hemodynamic parameters, i.e., renal glomerular flow, glomerular filtration
rate, and mean glomerular capillary hydraulic pressure relatively constant in the
face of episodic or sustained increases in BP [45].

15.3.1.2 Physiology and Determinants

Renal autoregulation is mediated by two systems intrinsic to the kidney, a rapid
myogenic response and a slow tubuloglomerular feedback (TGF) [45]. Although
the myogenic and TGF systems act in concert to regulate BP and body fluid
volumes, the myogenic response appears to be primarily involved in protecting
morphologic integrity of the kidney from hypertensive injury [45, 46].

The myogenic mechanism describes the capacity of the preglomerular resistance
vessels, primarily the afferent arterioles, to constrict or dilate in response to changes
in intraluminal pressure [45]. Normally, increases in systemic arterial BP, either
transient or sustained, result in proportionate increases in intrarenal vascular resis-
tance to guard against excessive elevation in intraglomerular capillary pressure
which remains normal [44, 45]. Thus, glomerular capillaries are protected from
biotrauma as long as the renal autoregulatory mechanisms are intact [44, 45].

The myogenic mechanism responds rapidly, within seconds, and is elicited by
changes in BP oscillations, mainly by variation in systolic and pulse pressures more
than by changes in sustained mean arterial pressure [45].
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15.3.1.3 Dysautoregulation of Renal Blood Flow

Dysautoregulation or impaired autoregulation of RBF is characterized by enhanced
transmission of “inappropriate” BP levels through a poorly autoregulated preglo-
merular microcirculation leading to glomerular hypertension and ultimate glomeru-
lar injury [42-44, 47, 48]. This process may be associated with dilatation of the
afferent and efferent arterioles and glomerular hypertrophy [17, 36].

Longitudinal and cross-sectional studies have documented an age-related loss of
renal autoregulation which may promote acceleration of loss of renal function. In a
recent study, morphologic changes consistent with impaired renal autoregulation
have been reported in human kidneys taken from normotensive elderly subjects [17,
36]. Afferent arterioles exhibited nonocclusive or occlusive subendothelial hyaline
deposits, although few were normal [17]. Afferent arterioles with nonocclusive sub-
endothelial hyaline lesions were markedly dilated and were connected with hyper-
trophied glomeruli containing larger than normal capillary lumen particularly in the
hilar region [17]. The medial vascular smooth muscle cells were atrophic or even
completely absent. As a result, myogenic contraction induced by vessel distention
would be impaired. The net effect is altered distal transmission of systemic blood
pressure [17, 36].

Several factors have been postulated to disrupt renal autoregulation with advancing
age (Table 15.2).

Hypertension: Blood Pressure Liability

Hypertension enhances the deterioration of renal function with aging. Linderman
et al. reported that age reduction in GFR was more pronounced in elderly
hypertensive subjects [49].

Although in mild to moderate hypertension, renal autoregulation is well pre-
served, exposure of the renal microcirculation to long-standing BP elevation levels
leads to a preglomerular arteriopathy, impairment of renal autoregulation, and pro-
gressive glomerulosclerosis [44]. At necropsy, 68-97 % of elderly patients with
well-established hypertension had histologically proven arteriolosclerosis [40].

Table 15.2 Determinants of

. Hypertension/BP lability
impaired RBF in aging

. Large arterial stiffness

. Preglomerular microvascular arteriolopathy
. Atheroembolic renal disease

. Reduced renal mass

. Endothelial dysfunction

. Salt sensitivity

. Genetic susceptibility

NeRRe RIENRNe Y R O N S

. Comorbid conditions
Diabetes mellitus
Hypertension
Atherosclerosis

10. Cardiovascular risk factors



15 Renal Arterial Aging 213

Furthermore, a close negative relation between RBF and the severity of arteriolar
nephrosclerosis was reported in a series of 100 renal biopsies [41].

Recent data suggest that hypertensive renal damage correlates most strongly
with systolic and pulse pressures. In 4,736 subjects with isolated systolic hyperten-
sion (ISH) older than 65 years included in Systolic Hypertension in the Elderly
Program (SHEP), systolic BP and to a lesser extent pulse pressure (PP) and mean
arterial pressure (MAP) were significant predictors of a decrease in GFR within
5 years of follow-up [50]. In contrast, in a cross-sectional study of 212 patients with
untreated ISH, high PP rather than MAP was associated with lower effective renal
plasma flow (ERPF) and GFR in subjects 60 years of age or older [51]. These obser-
vations favor the assertion that PP, a parameter of BP pulsatility and a sign of arte-
rial stiffness in the aged, modulates the tone of the afferent arteriole and
autoregulation of RBF [45]. Thus, PP in the elderly is a determinant of pressure
transmission to the glomerulus and may predispose to glomerulosclerosis and dete-
rioration in renal function [51].

Arterial Stiffness/Cross Talk Between the Macrocirculation
and the Microcirculation
Increased stiffness of the central (large) arteries which frequently occurs with
advancing age is characterized by increased systolic BP and PP and high pulse wave
velocity (PWYV) [43]. Several studies indicate that arterial stiffness plays a major
role in the pathogenesis of renal functional impairment and incident CKD in the
elderly. In the Multi-Ethnic Study of Atherosclerosis which included 4,850 sub-
jects, large artery stiffness and PP were associated with faster decline in GFR among
participants with baseline GFR >60 ml/min/1.73 m? [52]. Likewise, in a cohort of
2,050 Japanese patients with GFR >60 ml/min/1.73 m? followed up for 5-6 years,
higher baseline brachial ankle PWV was associated with lower GFR and a higher
annual rate of decrease in GFR [53]. In the Health, Aging and Body Composition
(Health ABC) study of 2,129 initially well-functioning elderly subjects aged
72-79 years followed up for about 9 years, higher baseline PWV was related to
incident CKD and more rapid decrease in GFR as assessed by cystine C [54].

Several observational and clinical studies support the suggestion of an interac-
tion between the large arterial system and the microcirculation in the pathogenesis
of CKD and target organ involvement in the elderly, a phenomenon often referred to
as cross talk between the macrocirculation and the microcirculation [43, 55, 56].
Stiffening of the aorta, a major determinant of an age-related alteration of the large
arterial system, leads to an increase in PWV and premature reflected waves. These
disturbed arterial functional parameters are associated with an increase in SBP and
pulsatile hemodynamic load which favor damage to the peripheral and renal micro-
circulation. Further, the transmission of an elevated systemic BP to the glomerular
capillaries due to impaired RBF autoregulation favors glomerular hypertension and
damage and progression to CKD (Table 15.3) [43, 55, 56].

Studies have demonstrated that, in the elderly, aortic stiffness is also associated
with endothelial dysfunction and abnormalities in systemic microvasculature
[26, 56].
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Table 15.3 Links between 1. Glomerular hypertension/glomerular injury/
large artery stiffness and glomerulosclerosis

chronic kidney disease 2. Preglomerular microvascular arteriopathy/thrombosis/

microinfarctions
3. Systemic atherosclerosis

Miscellaneous

Advancing age is associated with decreased renal mass, salt sensitivity, genetic sus-
ceptibility, and presence of comorbid states and cardiovascular risk factors
(Table 15.2) [47, 57]. These factors may impair pressure-induced myogenic vaso-
constriction of the afferent arterioles and RBF autoregulation, favoring transmission
of systemic BP to the glomerular capillaries, and lead to glomerular hypertension,
glomerular injury, CKD, and preglomerular microvascular disease [47, 57, 58].

15.4 Renal Hemodynamics in Aging Kidneys

The morphologic changes that are associated with aging result in profound altera-
tions in renal hemodynamics. They are characterized by: (a) reduction in RBF,
GFR, and renal functional reserve and (b) increase in intrarenal vascular resistance
[11,31].

15.4.1 Renal Blood Flow

Several investigators using different techniques in healthy subjects free of comorbid
conditions and renal disease have demonstrated that advancing age is associated
with a reduction in RBF [5, 8, 11, 31]. Significant increase in filtration fraction and
renal vascular resistance has also been reported in some of these studies [11, 31].
In a review of 38 renal hemodynamic studies which included 634 healthy sub-
jects with varying age range, Wesson reported that total RBF was well maintained
until the fourth decade [59]. Thereafter, there was a 10 % reduction per decade with
the effective renal plasma flow falling from 600 ml/min/1.73 m? in young adults to
about 300 ml/min/1.73 m? by the age of 80 years [58]. However, the reduction in
RBF does not involve the renal regions to the same extent. In a study of 207 healthy
kidney donors, Hollenberg et al. reported a significant decrease in the rapid (corti-
cal) blood flow, while medullary blood flow was well preserved in aged subjects
[11, 31]. This redistribution in blood flow from cortex to medulla may account, at
least partly, for the increased filtration fraction reported with advancing age [31].
Structural and functional factors have been postulated to account for age-related
reduction in RBF: (1) redistribution of RBF from the well-perfused cortex to lesser-
perfused medulla [31]; (2) structural changes in the preglomerular microcirculation
including tapering and increased irregularity and tortuosity of the arcuate, interlobu-
lar, and intralobular arteries [20]; (3) endothelial dysfunction [47, 56]; (4) defective
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angiogenesis resulting from impaired growth factors in the kidney (vascular endo-
thelial growth factor (VEGF) and angiopoietin-1 factors) [47]; and (5) persistent
renal vasoconstriction and increased renal vascular resistance [11, 31].

15.4.2 Intrarenal Renal Vascular Resistance

Resting intrarenal vascular resistance is increased in aging kidneys, even in normo-
tensive subjects, but is enhanced by the presence of established hypertension and/or
cardiovascular comorbidities [5, 6, 31, 47].

The enhanced age-related renal vascular resistance has been attributed both to
functional and structural factors.

An imbalance between vasodilating and vasoconstricting responses has been
reported in aged kidneys [26, 47]. In aging, there is an attenuated responsiveness to
dilators such as nitric oxide (NO), endothelial-derived hyperpolarizing factor
(EDHF), and prostacyclin [47]. In addition, renal vasodilatation after administration
of acetylcholine and L-arginine is markedly impaired [60]. Since response to these
vasoactive agents is dependent on NO, these findings suggest impaired NO genera-
tion [61]. Kielstein et al. reported accumulation of endogenous NO inhibitor, asym-
metric dimethylarginine, in senescent kidneys [61]. On the other hand, enhanced
renal vasoconstriction to pressor substances, such as angiotensin II, has also been
reported [47]. This imbalance may result in resting vasoconstriction of the renal
circulation and high resting renal vascular resistance in aging [11, 31].

Structural changes in the renal microvasculature such as narrowing or obsoles-
cence of pre- and postglomerular vessels, frequently observed in aging kidneys,
may contribute to the high resting vascular resistance [20].

15.4.3 Glomerular Filtration Rate

A fall in glomerular filtration rate (GFR) with advancing age has been documented
by both population-based and longitudinal studies [5, 6, 49, 59, 62].

GFR remains stable until the ages of 30-40 years and thereafter decreases at an
average of about 8 ml/min/1.73 m*/decade and is enhanced by increasing mean arte-
rial pressure [5-8, 31]. The clinical significance of this age-related fall in GFR is
minimal until an acute or chronic illness further impairs the already decreased renal
reserve seen in aging [5—8]. However, with aging, the decline in renal function is not
uniform but varies with each subject. In the Baltimore Longitudinal Study of Aging,
Lindeman et al. evaluated renal function by repeated creatinine clearances in 446
subjects aged 22-96 years over 12—18-month intervals. They reported that 30-35 %
of elderly subjects had no change in renal function [49].

GFR has been assessed by the clearance of creatinine and by the infused exoge-
nous markers, such as inulin and iothalamate, and estimation formulae. The inulin
clearance (Cy,), the gold standard method, is cumbersome and requires special pro-
cedures. The creatinine clearance (C,,) in a timed urinary collection is commonly
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used to estimate GFR [11, 62, 63]. However, this method is fraught with significant
inaccuracies in the elderly. With aging, as the muscle mass decreases, creatinine
production, serum creatinine, and urinary creatinine excretion are reduced [30, 62,
63]. Therefore, in the aged, serum creatinine concentration is unreliable as a predic-
tor of GFR and underestimates the degree of renal functional impairment in this
group [30, 62, 63]. Despite these inaccuracies, studies revealed that true C,, falls by
8 ml/min/1.73 m*decade beyond middle age [30].

To obviate the need for cumbersome and inaccurate 24-h urine sampling, predic-
tion formulae are increasingly used to estimate GFR. In adults, C,, is estimated by
this Cockcroft-Gault (CG) equation and GFR by modification of diet in renal dis-
ease (MDRD) [62]. Estimation of C, from body weight and height and gender
according to the CG equation has been shown to be unreliable especially in very old
subjects [11, 30, 62]. In addition, there are no studies that evaluated the accuracy
and precision of GFR evaluation by MDRD in the elderly. In a study involving 180
healthy elderly subjects aged 65—111 years, GFR values calculated by MDRD were
much higher than those recorded by CG equation [64]. These observations suggest
that, in the elderly, evaluation of GFR by estimation formulae may not reflect the
exact status of renal function.

Several factors have been postulated to account for the progressive decrease in
GFR with senescence: (1) increasing number of sclerotic glomeruli correlating with
renal hemodynamic alterations [5-8]; (2) age-related atrophy involving the cortex
more than the medulla, resulting in loss of great number of nephrons [5-8]; and (3)
vascular lesions involving the small arteries rather than the arterioles favoring
simultaneous reduction of filtration pressure in a large number of glomeruli [20].

15.4.4 Renal Functional Reserve

Renal functional reserve, defined as the capacity of the renal vasculature to dilate
maximally in response to a vasodilating stimulus, is impaired with aging [65].
15.5 Acceleration of Renal Arterial Aging

Renal arterial aging is enhanced by risk factors of atherosclerosis such as hyperten-
sion, diabetes mellitus, smoking/nicotine, hyperlipidemia, and environmental toxic
processes [47].

15.6 Premature Renal Arterial Aging

Renal arterial aging is not limited to senescence. Changes in the renal microvascular

circulation, similar and indistinguishable from those in aging kidneys, have been
reported in diabetes mellitus and in CKD in younger adults [47].
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15.7 Therapeutic Strategies

There are no specific therapeutic measures to reverse age-related pathophysiologic
macro- and microvascular changes [35, 6, 43]. However, lifestyle measures and normal-
ization of systemic and glomerular hypertension may delay progression of renal func-
tional impairment [5, 6]. Blockade of renin-angiotensin-aldosterone system (RAAS)
affords better renoprotection [28]. Lipid-lowering and antiplatelet administration are
also indicated [66, 67].

The management of atherosclerotic renal artery stenosis and ischemic nephropa-
thy is by conservative measures. There is no evidence that revascularization of ste-
noticrenal artery is associated with improvement in renal function and cardiovascular
outcome [68].

Conclusion

Renal arterial aging represents a complex pathophysiologic state characterized
by morphologic and functional changes in the renal macro-/microcirculation
which lead to a wide spectrum of target organ involvement. Therapeutic mea-
sures are limited to normalization of systemic and glomerular hypertension;
lipid-lowering, antiplatelet therapy; and lifestyle measures.
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16.1 Introduction

Diabetes is considered as a major and growing health problem in most countries.
According to the International Diabetes Federation Atlas, the estimated worldwide
prevalence of diabetes in 2013 has risen to 382 million people, representing 8.3 %
of the world adult population [1].

Type 2 diabetes is diagnosed and, mainly, defined by hyperglycemia. Nonetheless,
the definition of diabetes and the pathologic characteristics of this disease often
involve the vasculature, with hyperglycemia promoting microvascular and macro-
vascular complications. The clinical manifestations of microvascular disease are so
characteristics of the disease that diabetes is defined by the glycated hemoglobin
(HbA,,) level that causes microvascular