Ichiro Wakabayashi - Klaus Groschner
Editors




Interdisciplinary Concepts
in Cardiovascular Health






Ichiro Wakabayashi « Klaus Groschner
Editors

Interdisciplinary Concepts
in Cardiovascular Health

Volume I: Primary Risk Factors

@ Springer



Editors

Ichiro Wakabayashi Klaus Groschner

Department of Environmental Center for Physiological Medicine
and Preventive Medicine Institute of Biophysics

Hyogo College of Medicine Medical University of Graz
Hyogo Graz

Japan Austria

ISBN 978-3-7091-1333-2 ISBN 978-3-7091-1334-9  (eBook)

DOI 10.1007/978-3-7091-1334-9
Springer Wien Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013946028

© Springer-Verlag Wien 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered and
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s
location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to
prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

According to the recent WHO statistics, cardiovascular diseases are the leading
cause of death globally with an estimated 17.3 million people dying from cardiovas-
cular disease in 2008, representing 30 % of all global deaths. Of these deaths, an
estimated 7.3 and 6.2 million were attributed to coronary heart disease and stroke,
respectively. Undisputedly, cardiovascular diseases are predicted to remain as the
leading cause of death. Over the past decades, we have gained substantial knowl-
edge about the molecular and cellular mechanisms underlying disease initiation and
progression and in parallel have identified a plethora of potential risk factors.
Moreover, epidemiology has recently moved closer to molecular pathology, enabling
a first glimpse to be captured of essential molecular mechanisms that determine
cardiovascular risk within a certain population. This book is an attempt to provide
an overview of the recent development in this field.

There is common consent that pathogenesis of cardiovascular disorders is mainly
based on atherosclerosis, which progresses with age. Thus, retardation of atheroscle-
rosis progression is considered the most effective strategy to prevent cardiovascular
morbidity and mortality. A wide range of risk factors are involved in the pathogenesis
of atherosclerosis. Lifestyle-related factors including diet, nutrition, physical activity,
habitual smoking and alcohol consumption, socioeconomic factors, and psychologi-
cal stress as modifiable factors, in addition to age, gender, race/ethnicity, and genetic
polymorphisms as destined factors, are recognized to determine the risk for cardiovas-
cular events. These “primary risk factors” typically promote the genesis of disorders
that may be understood as “secondary risk factors” such as obesity, hypertension, dia-
betes, dyslipidemia, hyperuricemia, and metabolic syndrome. Thromboatherosclerotic
alterations in arterial wall structure result from a combination of secondary risk fac-
tors and lead to terminal cardiovascular events such as ischemic heart disease and
stroke. Our book is accordingly structured into three sections, published as separate
volume that give detailed information about our current understanding of primary
and secondary risk factors, as well as on terminal cardiovascular events. To sustain
cardiovascular health, prevention or compensation of primary risk determinants, as
well as early diagnosis and treatment of secondary risk factors, are undoubtedly key
strategies.

Accumulated groundbreaking insights into cellular mechanisms involved in the
pathogenesis of cardiovascular aging and disease include the identification of vaso-
active prostanoids, lipoprotein receptors, and nitric oxide. The general scientific
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value of these basic findings, as well as their wider impact on our society, is well
documented by the Nobel Prizes given for each of these discoveries. This book aims
to introduce established principles of both cardiovascular epidemiology and molec-
ular pathophysiology and makes a unique attempt to bridge the gap between epide-
miological knowledge and current molecular concepts in cellular pathophysiology.
The authors spotlight future avenues for research in basic pathophysiology, as well
as in cardiovascular therapy and prevention. The comprehensive overview of car-
diovascular pathophysiology provided with this book is expected to help readers to
address questions on unresolved pathomechanisms and/or to interpret novel epide-
miological findings on cardiovascular disorders.

Finally, the editors would like to express their sincere appreciation to all contribu-
tors for their dedicated collaboration in this project. We wish to additionally thank
Ms. Karin Osibow for her competent and patient support in editing this book.

We hope our book will enable readers to connect epidemiological knowledge
with principles of molecular pathophysiology, thereby promoting the development
of new strategies for sustaining cardiovascular health.

Nishinomiya, Japan I. Wakabayashi
Graz, Austria K. Groschner
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Basic Principles of Molecular
Pathophysiology and Etiology
of Cardiovascular Disorders

Michael Poteser, Klaus Groschner, and Ichiro Wakabayashi

Abstract

Molecular etiology of cardiovascular diseases is based on genetic predisposition
and environmental factors. While in monogenic forms with Mendelian traits,
gene defects are the dominant origin of the disease, the combination and com-
plex interdependence of environmental and genetic factors determine an indi-
vidual’s risk for common forms of cardiovascular disorders. The molecular
pathophysiology of Mendelian traits has been well understood, and a wide range
of molecular dysfunctions in key proteins have been identified by examining the
pathology of rare genetic defects. Pathomechanisms triggered by environmental
factors, on the molecular level, are considered to involve crucial posttranslational
modification of signaling molecules with a significant dependence on a genetic
susceptibility that is determined by common gene variation. Here, we provide a
brief introduction to this concept, focusing on selected paradigms of disease-
relevant cellular mechanisms such as modification of proteins by reactive oxygen
species, phosphorylation, and glycation. Available information bridging molecu-
lar knowledge with epidemiological concepts is highlighted.

Keywords
Genetic predisposition ¢ Signaling molecules * Oxidative stress ¢ Protein
phosphorylation ¢ Protein glycation
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1.1 Introduction

Due to the large numbers of different types of organs, tissues, and cells involved,
etiologies of cardiovascular diseases (CVDs) cover an accordingly wide spectrum
of molecular pathways and mechanisms. A general aspect that applies to all CVDs
is provided by the fact that the cause of a disease can be either a genetic or environ-
mental disturbance or, as seen in the vast majority of cases, an interaction of these
factors. Consequently, understanding the causal contribution of genetic and envi-
ronmental risk factors to the pathogenesis is crucial for diagnosis, prognosis, treat-
ment, and public health management. Using the gene-environment context as a
basic classification criterion, it appears justified to separate Mendelian/monogenetic
diseases, typically showing relatively low prevalence, from multifactorial or poly-
genic cardiovascular diseases, representing common forms that are often based on
balanced interactions between genetic and environmental factors (Fig. 1.1).
Nonetheless, secondary modifications in many cases disguise the causal origin of
monogenic diseases and generate more complex molecular pathways of
pathogenesis.

1.1.1 “Mendelian” and Monogenic Diseases

If the occurrence of a disease in a familiar anamnesis follows a clear Mendelian
autosomal-dominant, autosomal-recessive, or gonosomal (X, Y) pattern, it is highly
unlikely that multiple independent gene defects cause the disorder in a linked way.
Therefore, these diseases are also termed monogenic diseases, as they can be con-
vincingly traced back to single genes. This simple concept of monogenetic diseases
has in the last decade been challenged by reports of incomplete penetrance as well
as the identification of triallelic forms of inheritance (Eichers et al. 2004), where
mutations in a small number of genes interact genetically to manifest a certain phe-
notype. A monogenic pathophysiology, however, is generally characterized by a
relatively clear causal pathway that is a sufficient and, in most cases, inevitable
cause of disease. It has been observed in clinical practice that the impact of at least
some of these diseases may, nevertheless, be alleviated or worsened by modifications,
often age related, of the affected pathway (Miyamoto et al. 2012). Accordingly,
environmental factors like smoking or physical activity may have a significant
impact on the prognosis of monogenic diseases. Considering the number of possible
modifications, the complexity of involved molecular pathways that have been
identified in some monogenetic diseases may even approximate those of typical
multifactorial disorders.

The prevalence of monogenetic diseases is typically very low and estimated to
range from 0.005 % in the rarest forms up to 0.1-0.2 %, as observed in hypertrophic
cardiomyopathy (HCM), the most common cardiac disease with Mendelian inheri-
tance. More than 50 % of all cases of HCM occur familially, following an auto-
somal-dominant pattern, and 22 % of the first-degree relatives in these families were
shown to be affected (Greaves et al. 1987). Despite the relatively clear causal origin,
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Monogenetic Multifactorial

Genetic Environmental Genetic
predisposition influences predisposition

Disease Disease
onset : onset
Outcome and Outcome and
prognosis prognosis

Fig. 1.1 Schematic illustration of monogenetic and multifactorial cardiovascular diseases.
In monogenetic diseases (left), genetic predisposition is responsible for disease onset induced by a
relatively clear molecular pathway. Outcome and prognosis may then be alleviated or worsened by
complex modifications of environmental factors. Multifactorial cardiovascular diseases are
triggered by an imbalance between environmental (GXE) and genetic factors (GxG). The molecular
pathways of the diseases may then again be modulated by heritable or environmental modifications
of elements within the underlying molecular pathways

however, the global view on all possible forms of HCM reveals a genetically highly
complex situation of pathogenesis, because mutations in several different molecular
targets are linked to HCM. While more than 80 % of the mutations involved affect
the myosin heavy chain gene (MYH7), troponin T (TNNT?2), and myosin-binding
protein C (MYBPC3), the HCM phenotype, as characterized by a left ventricular
myocardial hypertrophy, may also be caused by mutations affecting a number of
other sarcomeric proteins, including troponin I (TNNTI2), a-tropomyosin (TPM1),
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essential and regulatory myosin light chain (MYL3, MYL2), titin (TTN), B-myosin
heavy chain (MYH6), and muscle LIM protein (MLP). These mutations of other
sarcomeric proteins have been demonstrated to account for 30-60 % of the sporadic
forms of HCM (Richard et al. 2003). In addition to about 300 identified mutations
of sarcomeric proteins, mutations of Z-disc proteins have also been found to be
involved in HCM. Here LIM domain binding 3 (LDB3) and muscle LIM protein
(CSRP3) as well as vinculin and o-actinin 2 were demonstrated to be affected
(Gehmlich et al. 2004; Vasile et al. 2006; Wang et al. 2010a). HCM is, therefore,
considered a genetically heterogenic disease, as also indicated by the low likeliness
of two nonrelative HCM patients to carry the same mutations. An estimated 3 % of
affected individuals carry more than one mutation (Van Driest et al. 2004).

Despite the diversity of genetic backgrounds, the resulting molecular path-
ways leading to HCM involve different elements of a common functional unit in
the myocyte. The myosin heavy chain protein forms the thick filament of the
sarcomere, while the thin filament is comprised of actin, a-tropomyosin, and the
troponins. These structures are stabilized by myosin-binding protein C and titin.
A calcium-triggered signal then leads to an ATP-dependent conformational
change in the myosin heavy chain, resulting in filament sliding and muscle con-
traction. Mutations in sarcomeric genes are the sufficient and the primary cause
of HCM as demonstrated by studies using transgenic animals in genetically engi-
neered mice and rabbits expressing human HCM mutations that induced the
development of histopathological phenotypes comparable to human HCM
(Marian et al. 1999; Oberst et al. 1998; Vikstrom et al. 1995). Analysis of protein
structure/function relationships of the mutated human -myosin heavy chain and
the broad local distribution of HCM mutations across the protein suggests that
the HCM mutations are not necessarily affecting the basic functions of the pro-
tein, like ATP hydrolysis or actin binding, but may relate to interaction with
other proteins of the sarcomere (Rayment et al. 1995). For some affected sarco-
meric proteins, clear mutation-induced functional consequences have been dem-
onstrated. This includes disturbed intrinsic ATPase activity of a-cardiac muscle
actin (Muller et al. 2012) or alterations in the concerted conformational change
of the a-tropomyosin/actin complex (Rysev et al. 2012). The common result of
most sarcomeric mutations involved in HCM appears to be a change in myocyte
contractility.

The chain of events leading to left ventricular hypertrophy is still unclear. One
proposed mechanism is decreased contractility of cardiac myocytes, leading to cel-
lular stress and production of trophic factors (Marian 2000), which ultimately causes
transcriptional reprogramming and hypertrophy. Another hypothesis suggests that
abnormal force development of the myocytes triggers a reflectory increase in sym-
pathetic activity, possibly due to changes in diastolic filling (Ostman-Smith and
Wettrell 2000). Because both of these hypotheses are supported by several studies
(Fineschi et al. 2005; Lim et al. 2001; Pace et al. 2004; Patel et al. 2000), a con-
certed contribution by these mechanisms might be considered. The resulting left
ventricular hypertrophy and fibrosis are typically associated with enhanced systolic
function and impaired diastolic function. Depending on the genetic base, the clinical
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spectrum of HCM is wide ranging, spreading from relatively benign forms to heart
failure and sudden cardiac death.

Recent progress in genetics, including the completion of the human genome
project, has enabled the identification of a number of cardiovascular target proteins
and helped to identify monogenic forms of common disorders. One example is cor-
onary heart disease, a disorder typically displaying multifactorial causality. While
common forms are mainly influenced by classical risk factors like dyslipidemia or
diabetes mellitus, monogenetic forms have been traced back to LRP6, a protein
involved in the Wnt-signaling pathway (Mani et al. 2007), and a less clear causality
has been demonstrated for MEF2A, a transcription factor located in the nucleus of
proliferating smooth muscle cells (Lieb et al. 2008; Weng et al. 2005). Monogenetic
forms were also found in arterial hypertension and atrial fibrillation (see Chap. 4).
In arterial hypertension, mutations of the mineralocorticoid receptor cause a partial
constitutive activity of the receptor, leading to hypertensive crisis in female mem-
bers of affected family trees. Inherited mutations in renal ion transporter systems
can also cause hypertension, as can be seen in a form of hyperaldosteronism, where
a crossing-over induced hybridization of aldosterone synthase and 11p-hydroxylase
forms a protein that is no longer under control of by angiotensin II but activated by
adrenocorticotropic hormone (ACTH) (Lifton et al. 1992).

1.1.2 Multifactorial Cardiovascular Disorders

Most CVDs can be triggered by genetic as well as environmental factors, which are
typically able to induce a disease in patients with genetic predisposition, i.e., who
are carrying common variants in susceptibility genes. Environmental factors are
characterized, in principle, as avoidable external modulators of cellular pathways
and comprise a wide range of physical, chemical, biological, dietary, and psycho-
logical factors, including radiation, toxins, pathogens, malnutrition, physical strain,
and mental stress.

Most multifactorial diseases are based on complex molecular pathways, making
it difficult to distinguish between causation and correlation within the range of dis-
ease-promoting factors. The situation is even more complex, because recent
scientific advances indicate that genetic and environmental factors are often linked
and that different pathological gene expression patterns may interact with other
genes as well as environmental factors in a synergistic or antagonistic way. Young
scientific disciplines like environmental genomics and epigenetics are positioned to
shed light onto these topics using multidisciplinary approaches.

Recently, a database for gene-environment interactions (GXE) of the human
genome compiled from literature was presented (Lee et al. 2011), showing 554
significant interactions that were associated with obesity, metabolic disorder, and
CVDs. An example of such a gene-environment interaction is provided by a study
(Romanoski et al. 2010) demonstrating a significant interaction between genotypes
of explanted human endothelial cells and their exposure to oxidized phospholipids,
a common scenario found in atherosclerosis. About one third of 59 of the most
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regulated gene transcripts showed evidence for gene-environment interactions, and
a direct local interaction was observed for FGDG6, a protein that is hypothesized to
represent a Rho family guanine nucleotide exchange factor (RhoGEF) and catalyz-
ing GDP/GTP exchange for small G proteins involved in cytoskeletal pathways.

Another well-established example demonstrating modification of gene expres-
sion pattern by environmental factors is found in nonphysiological hypertrophy of
the heart. At birth, metabolism of the heart switches from the hypoxic “intrauterine
mode” to the oxidation of fatty acids, and a mature set of enzyme proteins is
expressed. The fetal metabolic program, however, can become reactivated as soon
as the heart is stressed by hypoxia, ischemia, atrophy, or hypertrophy (Kuwahara
et al. 2012). This adaptive process of re-expression of fetal genes is seen as a hall-
mark of pathophysiological hypertrophy and demonstrates the direct effect of envi-
ronmental conditions on genetic expression (Kehat and Molkentin 2010).

Interactions among genes are defined as phenotypic effects of two or more coin-
cident gene modifications that differ from those observed for independent contribu-
tions of each gene. Because of their relatively high abundance within populations,
many studies investigating these synergistic effects among genes refer to polymor-
phisms. Polymorphisms are described as variance among genes with a relatively
high frequency of occurrence >1 % that cannot be explained by accident mutations
but are rather due to general variability induced by allelic drift, i.e., the frequency of
occurrence of an allele, and that are stabilized by evolutionary selection. A large
number of polymorphisms have been identified as risk factors in various CVDs (see
Chap. 4).

Interactions between different genes (GxG) relevant for cardiovascular
pathophysiology have been described in several studies. One example is given by a
population-based study, indicating that genes involved in the renin-angiotensin, bra-
dykinin, and fibrinolytic systems synergistically modulate plasma concentrations of
plasminogen activator and plasminogen activator inhibitor type 1 (Bentley et al.
2010). Here it is demonstrated that the coincidence of polymorphisms may generate
a much higher CVD risk than the simple arithmetic sum of the relative risk factors,
as derived from single polymorphisms.

Gene-gene interactions may even link diseases of the cardiovascular system with
other disorders (Bondy 2007; Ordovas 2007) and help to explain epidemiological
findings of significant comorbidity.

1.2  Common Molecular Pathways in Cardiovascular Disease

In multifactorial CVDs, gene-gene interactions and gene-environment interactions
are linked to a plethora of molecular pathways that result in specific cellular dys-
functions, morphological changes, or cell death. The number of pathways that have
been identified so far correlates with the diversity of CVDs and, therefore, does not
allow for a comprehensive presentation here. However, a selection of molecular
mechanisms will be presented within the next paragraphs. Recent scientific advances
have helped to identify numerous molecular pathways linked with the pathogenesis
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of CVDs. It should be kept in mind that most of the results, however, especially
those aiming to elucidate molecular pathways, were obtained by using animal or
even cellular model systems.

Some identified pathways are involved in several forms of CVDs and may thus
be considered as pivotal molecular mechanisms, even if their role may be empha-
sized in a certain pathophysiological context. The common pathological key events
represented by these pathways are, in a broader sense, posttranslational modifications
of proteins and other molecules, including oxidation, phosphorylation, and glyca-
tion processes.

1.2.1 Oxidative Stress

Reactive oxygen species (ROS) are characterized by unpaired valence electrons in
the outer shells of atoms and thereby able to react with a large number of molecular
target proteins, lipids, carbohydrates, and nucleic acids. Consequently, ROS have
been implicated in many diseases as well as aging-related pathophysiology of the
cardiovascular system (Chen et al. 2012).

ROS levels in cells increase after exposure to environmental factors like UV
light, heat, or ionizing radiation and can also be produced by metabolism of xeno-
biotics. However, ROS are also generated by physiological processes, including
activity of the mitochondrial respiratory chain and enzymatic reactions as catalyzed
by uncoupled eNOS and NADPH oxidases, lipoxygenase, monoamine oxidase, and
xanthine oxidase. This general oxidative stress is counterbalanced by the activity of
a number of cellular antioxidant enzymes, including glutathione peroxidase (GPx),
catalase, and superoxide dismutase (SOD), as well as some exogenously obtained
dietary compounds (Shao et al. 2012).

The most common radicals are superoxide anion radical ("O,"), hydrogen perox-
ide (H,0,), hydroxyl radicals ("OH), NO radicals ('NO), nitrogen dioxide radicals
(NO,), peroxynitrite (ONOO"), and hypochloride (CIO").

The reaction of the superoxide anion, with the main endothelial relaxing factor
NO, is extremely efficient. Consequently, one obvious cardiovascular outcome of
enhanced superoxide production is decreased NO bioavailability. The reaction
product of “O,~ and NO, peroxynitrite, is known to induce the activity of poly ADP-
ribose polymerase (PARP), an enzyme that has been shown to induce cellular dys-
function and metabolic disorders in cells and has been demonstrated to be involved
in vascular aging (Burkle et al. 2005; Csiszar et al. 2005).

Production of ROS in the cardiovascular system seems to be tightly linked to the
renin-angiotensin system (RAS), because chronic inhibition of the RAS or genetic
deletion of the angiotensin II type 1 receptor suppresses peroxynitrite formation
during aging. Angiotensin II has been identified as a major stimulus for NAPDH
oxidase and, thus, a key element for accumulating oxidative stress during aging
(Oudit et al. 2007; Wang et al. 2010b).

Oxidative stress is well known to be involved in initiation and progression of the
pathogenesis of atherosclerosis. Atherosclerosis and its clinical representations are
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directly linked to oxidation of lipids bound to LDLs that accumulate in the network
of the extracellular matrix of the subendothelial space. While immobilized, ROS
secreted from several pathways of the vessel wall can reach the LDL and induce
lipid oxidation (Witztum and Steinberg 1991). LDL oxidation is seen as a two-stage
process with an initial, relatively slow oxidation, characterized by only small
changes in ApoB and a more rapid second stage initiated by arrival of monocytes,
which provides a strong additional source of ROS when converted to macrophages.
This oxidative potential of monocytes/macrophages may also contribute to the
pathophysiology of hypertension (Lim et al. 2006) and is mainly due to the physi-
ological accumulation of ROS in the phagosome by NOX2 activity (Judkins et al.
2010). This accumulating oxidative stress leads to modification of the LDL receptor
and loss of its ability to recognize cholesterol. As a consequence, LDL is trans-
ported by the receptors without limiting the cholesterol uptake, resulting in cellular
cholesterol accumulation and formation of foam cells (McLaren et al. 2011).

Epidemiological Examples Demonstrating Relevance of Cellular Redox Balance
A lectin-like 52-kD receptor for oxidized LDL (LOX-1) is a scavenger recep-
tor present primarily on vascular endothelial cells and binds and regulates
oxidized LDL. Ligand activity of LOX-1 has been found associated with non-
HDL cholesterol, triglycerides, history of smoking, and risk of coronary artery
disease (Inoue et al. 2010; Uchida et al. 2011).

Oxidation of LDL has been demonstrated to promote atherosclerotic inflammation
by affecting monocyte tethering, activation and attachment (McEver 1992).
P-selectin, a tethering protein, has been demonstrated to be upregulated and released
from endothelial cells in the presence of oxidized LDL (Vora et al. 1997). In addi-
tion, oxidized LDL in endothelial cells was shown to induce several pro-inflammatory
factors including monocyte chemoattractant protein 1 (MCP-1) (Cushing et al.
1990), monocyte colony-stimulating factor (M-CSF) (Rajavashisth et al. 1990), and
human growth-related oncogene (GRO) (Schwartz et al. 1994). Thus, initially lim-
ited oxidation of LDL may lead, via a positive feedback mechanism, to accumulated
production of ROS. Further development of the atherosclerotic lesion is promoted
by activation of transcriptional programs that trigger an inflammatory response and
induce arterial calcification that alters the mechanical properties of the vessel wall,
enables infiltration by monocytes, and, in advanced stages, triggers plaque rupture.

Recent findings suggest that ROS-generating pathways are modulated by Ca*,
and a crosstalk of signaling between ROS and Ca?* has been demonstrated for sev-
eral systems (Lee et al. 2010; Sun et al. 2011). While Cav1.2 and other plasmalem-
mal calcium-conducting channels have been shown to be regulated by ROS (Amberg
et al. 2010; Cioffi 2011; Florea and Blatter 2008; Hool et al. 2005; Poteser et al.
2006; Weissmann et al. 2012), intracellular Ca** stores may be compromised by
expressional downregulation of calsequestrin (Hanninen et al. 2010) or ROS-induced
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modification of the cardiac ryanodine receptor (Donoso et al. 2011). In turn, ROS-
generating NADPH oxidase activity (Nox5) was shown to be regulated by intracel-
lular Ca* levels via CAMKII (El Jamali et al. 2008; Pandey et al. 2011) and
"0, production in mitochondria is closely related to Ca** concentrations (Victor
et al. 2009), enabling feed-forward interactions that may finally lead to cellular Ca*
overload (Peng and Jou 2010).

1.2.2 Kinase Pathways

Important cellular functions such as growth and differentiation are governed by
environmental and genetic factors that alter signal transduction pathways culminat-
ing in altered gene expression. Critical components of many of those pathways are
protein kinases, which phosphorylate and regulate cellular substrates including
transcription factors. Kinase pathways are characterized by a cascade-like chain of
reactions suitable to potentiate even very weak initial events into robust cellular
signals.

A specific set of serine/threonine kinases is activated by factors induced via envi-
ronmental disturbances like heat, inflammatory signals, ischemia, and genotoxic
stress. These kinases have therefore been termed stress-activated protein kinases
(SAPKSs), also known as c-Jun N-terminal kinases (JNK). These SAPKs, together
with kinase p38, represent a common element in the pathophysiology of many
CVDs (Bogoyevitch et al. 1996; Choukroun et al. 1998; Johnson and Nakamura
2007; Liang and Molkentin 2003; Seko et al. 1997).

A molecular mechanism involving SAPKs is part of the pathophysiology of isch-
emic-reperfusion injury (Clerk et al. 1998). Ischemic-reperfusion injury is character-
ized as initial anoxic cell injury, triggering decreased mitochondrial ATP production,
activation of hydrolases, and compromised membrane integrity. Resupply of blood
in the second phase is then followed by inflammatory cellular responses. Reperfusion
of ischemic tissue can activate genetic programs, which induce cells to dedifferenti-
ate, proliferate, or undergo apoptosis. While the exact initial events of the pathway
are still unclear, the radical scavenger GSH has been shown to prevent activation of
SAPKSs, substantiating a key role of oxidative stress. SAPKs, however, are the pre-
dominant ATF-2 (activating transcription factor 2) kinases activated by reperfusion
(Pombo et al. 1994). After ischemia and reperfusion, SAPKs target transcription fac-
tors of multiple promoters, hypothesized to be c-Jun/ATF-2 heterodimers, providing
a potent mechanism to induce a large number of genes. Their targets are the ATF/
CRE and jun2 TRE motifs of the c-jun promoter (Morooka et al. 1995). The acti-
vated genes typically encode for proteins involved in apoptotic processes,
inflammatory pathways, and heat shock proteins (Conti et al. 2007).

SAPKSs were shown to be involved in inflammatory responses of macrophages
and smooth muscle cells of the artherosclerotic plaque (Metzler et al. 2000).
Inhibition of p38 prevents the cumulative production of cytokines like IL-1p and
TNF-a by interruption of feed-forward amplification on a translational level (Feng
et al. 2001).
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5" AMP-activated protein kinase (AMPK) is an enzyme that regulates metabolic
functions of heart, as well as liver, brain, and skeletal muscle, and helps to normal-
ize cellular lipid, glucose, and energy imbalances. AMPK is thus seen as an interest-
ing drug target for the treatment of metabolic syndrome and was shown to regulate
the function of lipoprotein lipase (LPL) (An et al. 2005), an enzyme that is critical
for the fatty acid supply of the cardiomyocyte and the GLUT4 glucose transporter
in the heart. AMPK has also been reported to play a role in ion channel activation
(Alesutan et al. 2011; Ikematsu et al. 2011), ischemia-reperfusion injury (Kambara
et al. 2012; Omar et al. 2012; Paiva et al. 2011), oxidative stress (Colombo and
Moncada 2009), hypertrophy (Jiang et al. 2010), and other pathophysiological path-
ways (Beauloye et al. 2011; Heidrich et al. 2010).

Another group of kinases that has been identified to be critically involved in
CVDs including angina, cerebral ischemia, myocardial ischemia, and cardiac hyper-
trophy is the group of Rho kinases. Rho-associated coil-forming protein kinases
(ROCKs) are downstream targets of RhoA, a GTP-triggered molecular switch rep-
resenting a key element in the regulation of some basic cellular functions like con-
tractility, migration, proliferation, and apoptosis.

Epidemiological Examples Demonstrating the Relevance of Cellular

Kinase Pathways

An evidence of involvement of protein phosphorylation in cardiovascular dis-
ease, activity of Rho-associated kinases (ROCK) in circulating leukocytes has
been proposed to be a marker of cardiovascular risk. ROCK activity report-
edly showed significant positive correlations with flow-mediated vasodilation
(FMD), reflecting endothelial function, as well as with various cardiovascular
risk factors, such as body mass index (BMI), systolic blood pressure, LDL
cholesterol, and Framingham risk factor score, a cumulative cardiovascular
risk factor (Hidaka et al. 2010; Soga et al. 2011). Moreover, smokers and
patients with vasospastic angina have been reported to show increased ROCK
activity (Hidaka et al. 2010; Kikuchi et al. 2011).

Typical target proteins of ROCKs are regulatory elements of the cytoskeleton,
adducin (Fukata et al. 1999), MARCKS (Mueller et al. 2005), intermediate filaments
like desmin and vimentin (Inada et al. 1999), as well as proteins of contractile
machinery like calponin (Qu et al. 2008), troponin (Vahebi et al. 2005) and PTEN
(Chang et al. 2006). Activation of ROCKs has been demonstrated to regulate the
Ca?* sensitivity of the contractile proteins by phosphorylation of MYPT-1, a regula-
tory subunit of MLC phosphatase, and this modulation is of special importance in
contractile cells (Ohtsu et al. 2005).

In addition, gene expression in vascular smooth muscle cells has been demon-
strated to depend on this group of kinases. Myocardin expression of vascular
smooth muscle cells was shown to be regulated by a signaling cascade that involved
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ROCK, p38 MAPK, PPla, CPI-17, and myocyte enhancer factor-2 (MEF-2)
(Iwasaki et al. 2008).

Consequently, ROCKs may contribute to critical cellular mechanisms in many
CVDs. Inhibition of ROCKs prevents smooth muscle proliferation induced by
platelet-derived growth factor, thrombin, or urotensin-II that has been identified to
involve ROCK-induced upregulation of the cyclin-dependent kinase inhibitor
p27Kipl (Liu et al. 2011).

In the endothelium, ROCKs are important regulators of angiogenic migration
and permeability and barrier function. ROCKs have also been shown to exert a
negative effect on NO production by inhibition of endothelial NO synthase
(Bivalacqua et al. 2004), while endogenous NO can inhibit the RhoA/ROCK path-
way (Noma et al. 2012).

ROCK inhibitors, such as the pyridine derivative Y-27632 and fasudil, have been
demonstrated to normalize arterial pressure in a rat model of arterial hypertension
(Tsounapi et al. 2012) as well as human pulmonary hypertension (Li et al. 2009).
Upregulation of ROCKs can be observed in arteriosclerotic lesions (Kandabashi
et al. 2000, 2002) and contributes to lesion formation in mice (Mallat et al. 2003).
ROCK pathways were also shown to be involved in vascular aneurisms (Wang et al.
2005), myocardial ischemia (Bao et al. 2004), and ventricular remodeling after
myocardial infarction (Hattori et al. 2004), and the still-growing list of cardiovascu-
lar pathophysiological mechanisms involving ROCKs indicates the central role of
this protein kinase family in CVD.

1.2.3 Enzymatic and Nonenzymatic Glycation

Glycosylation is a posttranslational protein modification effected by site-specific
enzymatic addition of saccharides. Despite the still unclear position between adverse
and beneficial effects, glycosylation of proteins has been demonstrated to be an
important regulatory mechanism in the cardiovascular system. Under healthy, phys-
iological conditions, glycosylation is important for cell-cell adhesion, protein sta-
bility (protection from degradation), and regulation of enzyme activity (Spiro 2002).
Carbohydrates may be attached to the nitrogen of asparagine and arginine (N-linked),
to the hydroxyl oxygen of serine, threonine, hydroxylysine, or hydroxyproline
(O-linked); to the phosphate of phosphoserine (P-linked), at the carbon of trypto-
phan (C-linked); or via phosphoethanolamine to the carboxy-terminus of proteins
(glycation). Thirteen different monosaccharides and 8 amino acid types have been
identified to form bonds, enabling 31 different combinations (Spiro 2002). While
N-linked glycosylation is the most widely distributed form, the compound formed
by attachment of [-N-acetylglucosamine to serine and threonine residues
(O-GlcNAcylation) has been recognized as a key regulator of many critical biologi-
cal processes including translation and transcription, nuclear transport, cytoskeletal
reorganization, and signal transduction (Laczy et al. 2009). The reaction is cata-
lyzed by O-GlcNAc-transferase (OGT), reversed by O-GlcNAc-hydrolase (OGA),
and depends on the substrate UDP-GIcNAc that is generated by the hexosamine
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biosynthesis pathway (Marshall et al. 1991). Serine/threonine residues of several
proteins including endothelial nitric oxide synthase (eNOS) (Du et al. 2001), estro-
gen receptor-f3 (Cheng and Hart 2001), RNA polymerase II (Kelly et al. 1993), and
c-Myc (Kamemura et al. 2002) were shown to be phosphorylation sites as well as
targets of O-GlcNAcylation. These posttranslational modifications are not mutually
exclusive, as some proteins can be phosphorylated and O-GlyNAcylated concomi-
tantly (Wang et al. 2007; Yang et al. 2006). The linkage between ROCK, AMPK,
and SAPK pathways (Limaetal. 2011; Cheung and Hart 2008) and O-GIcNAcylation
indicates that this modification reflects cellular stress in addition to functioning as a
metabolic sensor (Ngoh et al. 2010).

While a number of cardioprotective effects of O-GlcNAcylation were reported
(Fulop et al. 2007; Porter et al. 2012), O-GlcNAcylation has also been demonstrated to
be responsible for adverse effects of diabetes on the heart (Marsh et al. 2011) and vas-
culature (Du et al. 2001; Lima et al. 2010). Hyperglycemia represents a major risk
factor for macro- and microvascular diseases associated with diabetes mellitus (Nathan
1996), and O-GlcNacylation was shown to contribute to the effects of diabetes on ves-
sels (Buse 2006). The molecular mechanisms by which O-GlcNAcylation contributes
to endothelial vascular dysfunction have been demonstrated to be based on modification
of several important regulatory proteins that govern blood vessel function, including
PGI, synthase (Du et al. 2006) and several transcription factors (including specific
protein 1, activator protein-1, cAMP response element-binding protein-1, host cell fac-
tor-1, nuclear factor of activated T cells, tumor suppressor gene-53) that regulate the
expression of proteins like plasminogen activator inhibitor 1 (PAI-1) (Du et al. 2000),
thrombospondin-1 (TSP-1) (Raman et al. 2007), and angiopoietin-2 (Ang-2) (Yao et al.
2007). PAI-1 inhibits serine proteases, attenuating the fibrinolytic system in blood and
supporting clot formation (Van de Werf et al. 1984). High TSP-1 levels are made
responsible for mesangial cell proliferation and increased cellular matrix protein pro-
duction (Murphy et al. 1999; Yevdokimova et al. 2001), and Ang-2 is an antagonist of
Ang-1-promoted Tie2 signaling, leading to an attenuation of blood vessel maturation
and stabilization (Chen and Stinnett 2008). The role of PAI-1, TSP-1, and eNOS in
diabetes-associated vascular disease is consistently reflected by identification of sev-
eral polymorphisms in these genes that are linked to vasculopathy (Saely et al. 2008;
Santos et al. 2012; Stenina et al. 2004). The O-GlcNAcylation of eNOS at serine 1177,
the site for phosphorylation and activation of the enzyme, has been demonstrated to
reduce NO production in endothelial cells (Federici et al. 2002). The resulting reduced
NO production contributes to impaired relaxation of vessels (Lima et al. 2010).
O-GlcNAcylation-mediated decrease in eNOS activity was also shown to be associated
with an increase in matrix metalloproteinase activity, an imbalance implicated in dia-
betes (Galis and Khatri 2002). Matrix metalloproteinases are additionally known to
cleave and activate precursors of vasoactive proteins like endothelin 1 (Fernandez-
Patron et al. 1999) and cytokines like TNF-a (Gearing et al. 1995) and may thus further
impair relaxation and promote inflammatory responses (Fig. 1.2).

Advanced glycation end products (AGE) are products of the reaction of saccharides
with lipids, nucleic acids, and proteins. They are generated by a nonenzymatic process,
termed “Maillard reaction.” Over months and years, the initial products undergo various
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Fig. 1.2 Schematic illustrating molecular mechanisms mediating the adverse effects of
O-GlcNAcylation of eNOS on diabetic vasculature. UDP-GlcNAc is produced by the hexosamine
biosynthesis pathway (green) and transferred to eNOS at serine 1177, an enzyme phosphorylation
and activation site, by b-N-acetylglucosaminyltransferase (OGT). This modification reduces
eNOS activity and NO production in endothelial cells and is contributing to impaired vessel relax-
ation. In addition, a decrease in eNOS activity leads to activation of the cellular stress-induced
transcription factor p53 by reduced activity of its inhibitor ATF3 and enhanced expression and
activity of matrix metalloproteinases. These metalloproteinases can directly affect vascular
remodeling but may also cleave and activate precursors of vasoactive factors and cytokines that
contribute to vascular dysfunction. Glu-6-P glucose-6-phosphate, Fru-6-P fructose-6-phosphate,
glucosamine-6-P glucosamine-6-phosphate, UDP-GlcNAc UDP-N-acetylglucosamine, OGA
B-N-acetylglucosaminidase, Akr Akt kinase, protein kinase B, ATF3 activating transcription fac-
tor 3, p53 tumor protein 53, ET-1 endothelin-1, MMP matrix metalloproteinase, TNF-o tumor
necrosis factor o




14 M. Poteser et al.

changes until finally yielding a stable AGE compound. Consequently, AGEs accumu-
late by age and are considered as biomarkers of senescence (Simm et al. 2007).

Epidemiological Examples Demonstrating Relevance of Glycation

AGE levels have been shown to be higher in diabetes patients with coronary
artery disease than in those without coronary artery disease (Kilhovd et al.
1999) and to be independent predictors of prognosis in heart failure patients
(Koyama et al. 2007).

AGESs mediate their effects mainly by cross-linking extracellular matrix (Francis-
Sedlak et al. 2010; Kamioka et al. 2011) and intracellular proteins (Bidasee et al.
2003, 2004) and also by affecting intracellular glycation and activation of specific
receptors (Singh et al. 2001). Binding of AGEs to their cellular surface receptors
(RAGE, Neeper et al. 1992), as expressed in endothelial cells, smooth muscle, and
monocytes, promotes vasoconstriction, atherogenesis, and inflammation as associated
with coronary dysfunction, thrombosis, and atherosclerosis (Hartog et al. 2007).
A polymorphism in RAGE has been found associated with the onset of diabetes, ath-
erosclerosis, and renal dysfunction in patients with hypertension (Kawai et al. 2013).

Plasma levels of pentosidine, a cross-linking AGE, have been demonstrated to be
a marker of severity and prognosis in heart failure patients (Koyama et al. 2007,
Raposeiras-Roubin et al. 2010). In addition to their involvement in coronary artery
disease, AGEs were shown to be involved in carotid stenosis and peripheral artery
occlusive disease as well as diabetic microangiopathies (Chen et al. 2004; Gerrits
et al. 2008; Murata et al. 1997).

Conclusion

Cellular mechanisms linked to oxidative balance, kinase pathways, and posttrans-
lational glycation determine the outcome of most multifactorial CVDs.
Posttranslational protein modifications are the basis of a complex relationship
among genetic predisposition, cellular balance of metabolic processes, and envi-
ronmental factors that interact with each other to contribute to the pathogenesis of
CVDs. Consequently, this degree of complexity demands particular attention at
the clinical level to identify suitable biomarkers of disease progression and also
opens the view on a wide field of potential therapeutic interventions. Many ques-
tions in this field are still unresolved, and molecular pathways of CVDs along
with epidemiological aspects will remain in the focus of preventive medicine.
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Aging

Toshio Hayashi

Abstract

Average life expectancy becomes longer all over the world. Japan is one of the
fastest aging nations in the world. With the addition of the low birthrate, the popu-
lation aging rate (ratio of population 65 years or older) is 23 % and late elderly
aged 75 years or older comprise over 10 % of the population. The other character
in Japan is the small number of people with independent activities of daily living
(ADL). Medical and care expenses for elderly are continuously increasing and the
government and general population are interested in gerontology, geriatric care,
and sometimes antiaging. Gerontology divides aging into (1) physiological aging,
(2) pathological aging/geriatric syndrome, and (3) geriatric disease.

1.

Physiological aging is universal, intrinsic, and progressive. It is an inevitable,
preprogramed progression and fundamentally difficult to treat, recover from,
or prevent. Many longevity genes have been discovered, from those in nema-
todes to those in mice. Remarkable results have been achieved in the develop-
ment of longevity in living organisms using molecular biological techniques
and disease research from a cellular aging level.

. Pathological aging occurs in the elderly and has almost the same definition as

geriatric syndrome. It has various causes and nursing care is required during
treatment. In Western countries, it is called the “Geriatric Giant” due to this
care requirement.

. Geriatric diseases reduce life span and declined functional residual capacity

in the elderly. Cerebrovascular attack (CVA) and ischemic heart disease (IHD)
both fall into this category. Cellular aging, the basic subunit of physiological
aging, undergoes dynamic changes in pathological conditions and may be an
important onset factor for geriatric disease. We discuss the effects of aging on
cardiovascular disease from these viewpoints.
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Aging is one of independent cardiovascular risks. Recent advances in research
are revealing the detailed mechanisms of the effect of aging in the human cardio-
vascular disease. Some effects of aging are different on people and we are also
able to regulate the effects partially. Dividing the status of patients into physio-
logical aging, pathological aging = geriatric syndrome, and disease may help the
approach described as above.

Keywords
Late elderly  Physiological aging ¢ Geriatric syndrome ¢ Geriatric disease
* Cellular aging

2.1 Background

Average life expectancy for Japanese people is the highest in the world, at 79.64

years for males and 86.39 years for females (Muramatsu and Akiyama 2011). There

is also a long life expectancy after 80 years of age — 8 years for males and 11 years
for females (Abridged Life Tables for Japan 2010). Japan is one of the fastest aging

nations in the world, with the period required for the percentage of population 65

years or older to double from 7 to 14 % less than half that in Western countries

(Declining Birth Rate and Aging Population). With the addition of the low birthrate,

the population aging rate (ratio of population 65 years or older) is 23 % and late

elderly aged 75 years or older comprise over 10 % of the population (Muramatsu
and Akiyama 2011). With the national character tending to emphasize prolonging
life, the small number of people with independent activities of daily living (ADL)
and high proportion of people dependent on care are relative to the high proportion
of late elderly living alone or as elderly couples (the utilization rate of nursing care
insurance for late elderly is more than 30 %) (Nakamura et al. 2007). Medical
expenses are also high and there is intense interest in the government and general

population regarding gerontology and geriatric care (Matsuura and Sasaki 2012).

Gerontology divides aging into (1) physiological aging, (2) pathological aging/geri-

atric syndrome, and (3) geriatric disease (Plante 2003).

1. Physiological aging is universal, intrinsic, and progressive. It is defined as being
an inevitable, preprogramed progression from birth through development to
maturity. To individuals, it means progressive, irreversible damage. It is funda-
mentally difficult to treat, recover from, or prevent. Although wrinkled and dis-
colored skin is a typical symptom, UV rays are actually heavily involved, making
differentiation from pathological aging difficult (Zouboulis and Makrantonaki
2011). The medical field has begun to consider the mechanisms of physiological
aging, and many longevity genes have been discovered, from those in nematodes
to those in mice (Tomas-Loba et al. 2008). Remarkable results have been achieved
in the development of longevity in living organisms using molecular biological
techniques and disease research from a cellular aging level.

2. Pathological aging often occurs in the elderly and is a generic term for specific
symptoms that has almost the same definition as geriatric syndrome. It has
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various causes but refers to a series of symptoms and findings in which nurs-
ing care is required during treatment. In Western countries, it is called the
“Geriatric Giant” due to this care requirement and acts as an important cue for
elderly medical care (Isaacs 1992).

3. Geriatric disease leads to a reduced life span and involves environmental changes
in addition to the decline in functional residual capacity in the elderly or a state
where overlapping pathological factors and pathological aging have caused the
homeostasis of biological functions to breakdown. CVA and IHD both fall into
this category. Cellular aging, which is the basic subunit of physiological aging,
undergoes dynamic changes in pathological conditions and is now understood as
an important onset factor for geriatric disease itself.

Next, we will discuss the effects of aging on cardiovascular disease from the
viewpoints of pathological aging and geriatric disease.

2.2  Pathological Aging: Geriatric Syndrome

Pathological aging/geriatric syndrome is located somewhere between physiological
aging and geriatric disease. Since the 1982 report on unexplained syncope in elderly
patients, patients 50 years or older came to be included and patients have been
grouped into three groups depending upon the extent of age-related changes
(Steinman et al. 2011; Sonohara et al. 2008). Osteoporosis, urinary incontinence,
atherosclerosis, decreased immunity, thrombus formation, and changes in coagula-
bility are also involved. The proportion of arteriosclerotic diseases (IHD, CVA, etc.)
that comprise causes of death and nursing dependency increase with age, with their
proportion surpassing that of cancer in patients aged 80 years or older (Besdine and
Wetle 2010). Senescence or aging is an important risk factor for cardiovascular
disease (Strait and Lakatta 2012). In other words, in addition to coronary risk fac-
tors such as dyslipidemia and diabetes, the fixed factors of age and sex (menopause)
are involved in the progressive atherosclerosis seen in elderly patients. Meanwhile,
although diabetes has a multitude of complications, including three major compli-
cations, vascular endothelial injury culminating in atherosclerosis is the cause of
death in over 50 % of cases (Coccheri 2007). Elderly people exhibit postprandial
hyperglycemic impaired glucose tolerance (IGT) with aging and diabetes is highly
prevalent in elderly populations. IGT is an independent arteriosclerotic risk factor
(Bowman and Armitage 2002). Cellular aging is also related to individual aging,
atherosclerosis pathophysiology, severity of diabetes, and cardiovascular disease.

2.3  Cellular Aging: NO and Telomerase

The bioavailability of NO, which is implicated in most vascular endothelial dys-
function, is limited by cellular aging, and scientists are beginning to further under-
stand effects of NO on aging itself and interaction between coronary risk factors,
NO, and aging.
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2.3.1 Cellular Aging and Telomerase and NO

Cellular aging is often observed in the skin, digestive organs, and vascular
endothelial cells, which have fast metabolisms, and is accompanied by reduced
NO utility in the endothelium. Conversely, NO action on aging has only been the
subject of a short account a number of years ago, and there remain many unclear
points (Vasa et al. 2000). Its relationship with elderly atherosclerosis is also
intriguing. Telomeres are repetitive DNA sequences found in the termini of chro-
mosomes in eukaryotic organisms that shorten each time cell division occurs.
Aging caused by telomere length shortening is defined as replicative senescence
and is roughly consistent with physiological aging. Telomere length in lympho-
cytes as an aging indicator has significant individual variation, and in recent years,
significance of telomere length in different cell types such as mononuclear cells
and endothelial cells has been debated (Sampson et al. 2006). Telomerase synthe-
sizes with new telomere repeats in RNA protein conjugation and repairs telomere
length. Telomerase expression level and function are strongly related to the aging
of normal cells and the immortalization of cancer cells. Telomerase activation in
vascular endothelial cells occurs in less than 10 % of tumor cells, but measure-
ment has only recently become possible (Hayashi et al. 2006). In elderly aortas
during autopsy, excluding the luminal necrotic layer, an aging indicator substance,
senescence-associated (-galactosidase (SA-B-gal), existing in lysosomes was
observed in sites of arteriosclerotic progression (Fig. 2.1). SA-B-gal is considered
as the sign of cellular aging, and it was also observed in the coronary artery in
vascular bifurcation of inner membrane surfaces with significant atherosclerosis
(Fig. 2.1; Hayashi et al. 2000).

In NO donors in which tolerance is unlikely to occur, DETA/NO lowered SA-(3-
gal activation in concentration and time dependency in HUVECs and increased
telomerase activation (Hayashi et al. 2006). When eNOS was introduced into
HEK?293 cells that have no intrinsic NOS, both NO production and telomerase acti-
vation increased. Similarly, when introduced into HUVEC, NO production increased,
SA-B-gal-positive cells decreased, and telomerase was activated.

2.3.2 Dyslipidemia and Cellular Aging

Increased incidence and severity of risk factors including dyslipidemia and hyper-
tension associated with aging and aging itself have contributed to the saying, “a man
is as old as his arteries (word of Sir William Osler, 1891, from Lim and Townsend
2009).” Human LDL values increase in both males and females from approximately
1 year after birth to eventually reach a value four times that of other mammals
(approximately 25 mg/dl) (Brown et al. 1980). Incidences of cases with TC of
220 mg/dl or higher have increased by approximately twofold in elderly people
from 1980 to 1990. In 1990, approximately 25 % of males and 45 % of females
showed plasma TC higher than 220 mg/dl (JAPAN Guideline for Diagnosis and
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Senescence-associated-B-galactosidase (SA-B-gal)

Enzyme induced by senescence | ‘ At bifurcation, atherosclerotic area
a HUVECs b Coronary Artery

Passage 8 Passage 15 Endothelial Outer

Fig. 2.1 SA-B-gal activity as cellular senescence. (a) Representative photographs of SA-B-gal
staining in passage 8 and 15 of human umbilical venous endothelial cells (HUVECs). (b) SA-B-
gal-positive staining was observed in atherosclerotic lesions of the intimal side of human coronary
artery, which was obtained by autopsy. No staining was detected in the outer surface and normal
surface. (¢) SA-B-gal-positive staining was observed in atherosclerotic lesions of the intimal side
of human thoracic aorta, which was obtained by autopsy. No staining was detected in the non-
atherosclerotic area and advanced atherosclerotic area, including the necrotic core and ulcer com-
plicated lesion (Cited from Hayashi et al. 2006)

Prevention of Atherosclerotic Cardiovascular Diseases 2007). For plasma LDL cho-
lesterol levels, almost the same situation occurred. IHD incidence also increases
with age and human serum lipid itself is involved in intimal hypertrophy and athero-
sclerosis formation.

2.3.3 Diabetes Mellitus and Cellular Aging

HUVEC eNOS protein and NO production decreased with 72 h of hyperglyce-
mia administration (Hayashi et al. 2006). These levels recovered by 30 % with
the addition of NOS substrates (L-arginine, etc.) or antioxidants (vitamins C and
E) (Hayashi et al. 2005). At a normal glucose concentration, NOS substrates and
inhibitors do not affect cellular aging. To state this differently, culture stress
alone does not cause eNOS substrate deficiency or uncoupling. Effects were
additive, with SA-B-gal-positive cells increasing with high glucose treatment and
NOS substrate and antioxidants reducing positive cell count (Hayashi et al.
2008a).
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2.3.4 RecentKnowledge

Glucose and insulin are associated with aging and endothelial dysfunction in geri-
atric diabetic patients: HUVECs and HAECs were cultured for 3-28 days at each
glucose concentration, and the effect of insulin on cell function was observed
(Miyazaki-Akita et al. 2007). Elevated glucose promoted SA-B-gal activation and
reduced telomerase activation. NO metabolites decreased and ROS increased.
Although all concentrations of insulin promoted aging at normal glucose lev-
els, under hyperglycemia, physiological concentrations of insulin inhibited
telomerase-dependent aging. Both cellular aging caused by eNOS siRNA with
normal glucose and effects of physiological concentrations of insulin were NO
dependent. Hyperglycemia promoted endothelial cell aging and insulin effects
changed depending on the conditions, with NO and reactive oxygen also involved.
The potential mechanisms underlying the ability of NO to prevent endothelial
cell senescence and the possible changes in the NO-mediated anti-senescence
effect under pathological conditions are schematically depicted in Fig. 2.2a, b.
Forkhead box O (FOXO) transcription factors are involved in multiple signaling
pathways and play critical roles in a number of physiological and pathological
processes, including differentiation, proliferation, and survival. FOXO is a mam-
malian homolog of Daf-16, and activation of Akt leads to phosphorylation of
FOXO and thereby inhibits the transcription of antioxidant genes such as manga-
nese superoxide dismutase. Finally, FOXO can affect TERT (telomerase reverse
transcriptase) activity by regulating levels of ROS under enough amount of BH,
(tetrahydrobiopterin, Fig. 2.2a). Alternatively, when the signaling pathway such
as insulin/IGF-1/PI3-K/Akt is activated, decreased FOXO activity due to phos-
phorylation leads to decreased FOXO-dependent expression of antioxidant genes
(Fig. 2.2b), which is considered to be associated with the potential mechanisms of
FOXO-related senescence. It may also contribute to atherosclerosis formation that
continues for more than a year with replicative senescence. Intermittent hyperg-
lycemic stimulation also caused cellular aging in a postprandial hyperglycemia
model (Hayashi et al. 2010).

Endothelial cell signal transmission including eNOS is performed in caveolae
that cover more than a certain percentage of the cell surface area. This percent-
age changes in tandem with glucose. When one observes THP-1 cells, mac-
rophage system cells with atomic microscopy, localization of NADPH oxidase
changes according to glucose concentration (Hayashi et al. 2007a). When prog-
nosis of late-stage aging was looked at with a range of physiologically active
substances and nutrition indices, albumin and (not cytokines of BNP) NO metab-
olite concentrations were significant biomarkers (Hayashi et al. 2007b). Even
with the addition of comprehensive functional assessment of the elderly (physi-
cal and mental evaluation including cognitive function and ADL), NO metabo-
lites were useful markers comparable to basic ADLs. In our scientific research
for the MHLW, we conducted an observational study of 4,014 diabetic patients
with a mean age of 67.4 years and reported that HDL was a risk factor for CVA
in late-stage elderly (Hayashi et al. 2008b, 2009). Even now, there is no other
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treatment for maintaining and raising HDL than exercise, and this is related to
the fact that ADL and NO have been recognized in elderly prognosis. HDL and
eNOS act reciprocally (Mineo and Shaul 2003).
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Fig. 2.2 (a) Anti-senescence effect of NO in endothelial cells. Under the normal homeostasis
condition, endothelial NO is synthesized from L-arginine and oxygen in a reaction catalyzed by
eNOS. Hormones such as insulin or estrogen activate eNOS expression through the PI3-K/Akt
pathway and/or direct effect via promoter or stabilization of eNOS mRNA. They may also inacti-
vate NADPH oxidase. NO shows antiapoptotic effects and suppresses ROS production by scaveng-
ing directly or preventing NADPH, which would result in depletion of TERT export to the
cytoplasm from the nucleus. Activation of the PI3-K/Akt pathway can also downregulate FOXO,
leading to decreased FOXO-dependent expression of antioxidant genes. However, with the normal
condition of endothelium, the balance between the antioxidant effects of NO and ROS production
may be kept well. Solid lines represent positive regulatory pathways. Dotted lines represent nega-
tive regulatory pathways. (b) Progress of endothelial senescence under pathological conditions.
Both the decrease in eNOS expression by the decline in the hormonal signal with age or insulin
resistance and the increase in ROS production by endogenous or exogenous sources cause progres-
sion of endothelial senescence by unbalance of NO and ROS. Additionally reduction in BH, under
pathological conditions such as diabetes causes eNOS uncoupling. Under such an uncoupling
state, eNOS no longer produces NO and instead generates superoxide. Then, stimulation of the
PI3-K/Akt pathway causes not only downregulation of FOXO but also increased eNOS uncou-
pling, which may result in accelerating endothelial senescence. Solid lines represent positive regu-
latory pathways. Dotted lines represent negative regulatory pathways (Cited from Hayashi et al.
2008a)
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Fig.2.2 (continued)

24  Elderly Cardiovascular Disease: Dyslipidemia

Rankings for causes of death change with aging, and in the late-stage elderly, ath-
erosclerosis holds a higher position than malignancies (Besdine and Wetle 2010). It
has been suggested that the increased incidence and severity of risk factors includ-
ing dyslipidemia and hypertension associated with aging as well as aging itself have
contributed to the saying, “a man is as old as his arteries” (word of Sir William
Osler, 1891, from Lim and Townsend 2009).

2.4.1 Dyslipidemia

High blood total cholesterol (TC) and low blood HDL cholesterol are also inde-
pendent risk factors for IHD, CVA (cortical branch), and arteriosclerosis oblit-
erans (ASO) in the elderly. The significance of high blood triglycerides as a risk
factor for these atherosclerotic diseases in the elderly is unknown. The second-
ary preventive effects of anti-dyslipidemic pharmaceuticals on IHD have been
proven, even in elderly patients, with large-scale trials. Two large-scale trials con-
ducted in Japan reported primary preventive effects of therapy for dyslipidemia
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on the risk of cardiovascular disease in subjects that included female patients, but
the trials only included some early-stage elderly subjects (Mizuno et al. 2008;
Yokoyama et al. 2007). In the West, an investigation including late-elderly sub-
jects (Proper et al.) reported its usefulness, but effects were not as pronounced as
expected (Heart Protection Study Collaborative Group 2002; Sever et al. 2003;
Shepherd et al. 2002).

Looking at age-related changes in lipid metabolism, the elderly have a lower
actual lipid intake than younger people and the rate of absorption from the digestive
tract increases slightly with age (Saltzman and Russell 1998). The hepatic ability
and rate of apoprotein synthesis do not change with age — production rate of hepatic
VLDL increases and LDL receptors decrease. LDL activation decreases with age
and lipoproteins rich in small dense cholesterol (chylomicron and VLDL remnants)
are stationary for a long time in the circulation. LDL catabolism decreases with age
and lipid concentration may rise (Matthan et al. 2005). The above changes in serum
lipid levels caused by aging increase the atherosclerotic propensity through increased
absorption and production.

Serum TC levels have been previously shown to exhibit minimum values in both
Japan and America before 20 years of age and increase along with aging. They peak
in the 1960s and subsequently diminish gradually. Although recent studies have
shown that TC levels decreased in men and women of almost all ages in the USA,
the same trend was seen in each age group (Abbott et al. 1998). Annual examina-
tions involving in-class screening of 20,000 people aged from 20 years to approxi-
mately 80 years were conducted for 10 years from 1970 (Sekimoto et al. 1983). It
was found that both TC and LDL increased in males of all age groups from their late
20s to their 70s. TC and LDL also increased in females from the late 30s and
increased dramatically when women were approximately 50 years of age (influenced
by menopause). In women in their 70s, results leveled off. Successive changes over
10 years dictate that if the person is 50 years old and born in the 1920s, both males
and females will have approximately 200 mg/dl. If the person is 50 years old and
was born in the 1960s, this increases by 20 mg/dl. It has long been reported that TC
levels in young Japanese subjects are lower than TC levels in US subjects of the
same age range and the same trend can also be seen in other age groups. However,
now the situation has changed. Japan Ministry of Health Labour and Welfare
(MHLW) statistics have also shown the number of cases with serum TC levels of
220 mg/dl or higher to have increased approximately twofold in the elderly over the
10-year period from 1980 to 1990. In 1990, approximately 25 % of males and 45 %
of females showed their plasma TC higher than 220 mg/dl (JAPAN Guideline for
Diagnosis and Prevention of Atherosclerotic Cardiovascular Diseases 2007). For
plasma LDL cholesterol levels, almost the same situation occurred. The
Westernization of the Japanese diet (high-fat diet, increased number of processed
foods, increased calorie intake) has also affected this. There was no great difference
in statistical levels reported by the MHLW in 2000 when compared with results
released in 1990 (Kuzuya et al. 2002). The MHLW survey also includes examinees
of medical institutions, and outcomes may differ from those of screened patients.
Even in Japan, the public has become more enlightened about dietary therapy, and
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cholesterol content has come to be displayed on food packages, like in Western
nations. Statins have also come to be more widely used.

HDL levels in women fall after menopause due to estrogen deficiency, but it does
not change with age in men. HDL is an independent arteriosclerotic risk factor, and
the presence or absence of complications is an important consideration for treat-
ment. Recently, the results of a large-scale clinical trial of subjects aged up to their
70s have been released. Our investigation of 4,014 diabetic patients including 1,016
late-elderly diabetic patients older than 75 years (MHLW-funded research group
headed by the author) revealed that HDL-C levels and LDL-C/HDL-C ratio are
important for male and female in the prevention of ischemic heart disease and cere-
brovascular attack (stroke) (Hayashi et al. 2009, 2011, 2013).

There is little evidence regarding the efficacy of treatments for the prevention of
cardiovascular disease in patients of 80 years or older.

2,5 Summary

Aging is one of the independent cardiovascular risks and is thought not to be able to
regulate its effect on cardiovascular diseases. Recent advances in the research and
findings in this field are revealing the detailed mechanisms of the effect of aging in
the human cardiovascular disease. It means that some effects of aging are different
on people and that we are also able to regulate the effects partially. Dividing the
status of patients into physiological aging, pathological aging = geriatric syndrome,
and disease may help the approach described as above.
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Gender

Toshio Hayashi

Abstract

In all age groups from childhood to old age, women have a longer average life
expectancy than men, suggesting that sex (specifically, sex hormones) is closely
related to geriatric diseases and aging. Disease structure changes as people age,
with cardiovascular disease increasing dramatically in late elderly (older than 75
years of age) females and arteriosclerotic diseases surpassing malignancies as
the leading cause of death. After menopause, however, this number increases
dramatically, thus reducing the gender gap. The prevalence of cardiovascular
disease in women aged 75 years or older is thus equal to that of men of the same
age. As this age group has a greater population of females than males, women
account for a greater number of cardiovascular disease cases. We will discuss
recent knowledge, including the gender differences apparent in risk factors such
as dyslipidemia and hypertension. Cardiovascular disease is a typical geriatric
disease, and pathological aging contributes to estrogen action and sex differences
in atherosclerosis.

Women have a longer average life expectancy than men, and sex hormones,
especially estrogen, is closely related to geriatric diseases and aging. Disease
structure changes as people age, with cardiovascular disease increasing dramati-
cally in late elderly females and arteriosclerotic diseases surpassing malignan-
cies as the leading cause of death. Although hormone replacement therapy for all
postmenopausal women as one same dose of agents failed to prevent cardiovas-
cular disease in elderly female, recent advance of basic and clinical gender-
specific medical research made clear the molecular mechanism on the gender
differences in cardiovascular diseases and coronary risk factors such as dyslipi-
demia. Cardiovascular disease is a typical geriatric disease, and pathological
aging contributes to estrogen action and sex differences in atherosclerosis, which
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form the main etiology of cardiovascular disease. These gender-dependent dif-
ferences in risk are important for an individualized strategy to prevent athero-
sclerotic disease.

Keywords
Estrogen ¢ Nitric oxide ¢ Selective estrogen receptor modulators (SERM) e
Gender-based medicine * Hormone replacement therapy

3.1 Introduction

In all age groups from childhood to old age, women have a longer average life expec-
tancy than men, suggesting that sex (specifically, sex hormones) is closely related to
geriatric diseases and aging. Disease structure changes as people age, with cardiovas-
cular disease increasing dramatically in late elderly (older than 75 years) females and
arteriosclerotic diseases surpassing malignancies as the leading cause of death
(Muramatsu and Akiyama 2011). Prior to menopause, fewer women suffer from car-
diovascular disease than men. After menopause, however, this number increases dra-
matically, thus reducing the gender gap (The Lipid Research Clinics Program
Epidemiology Committee 1979; Hayashi et al. 2000a). The prevalence of cardiovascu-
lar disease in women aged 75 years or older is thus equal to that of men of the same
age. As this age group has a greater population of females than males, women account
for a greater number of cardiovascular disease cases. This chapter will discuss recent
knowledge, including the sex differences apparent in risk factors such as dyslipidemia
and hypertension. Aging or senescence is divided into (1) physiological aging, (2)
pathological aging/geriatric syndrome, and (3) geriatric disease. Cardiovascular dis-
ease is a typical geriatric disease, and pathological aging (The Lipid Research Clinics
Program Epidemiology Committee 1979) contributes to estrogen action and sex differ-
ences in atherosclerosis, which form the main etiology of cardiovascular disease
(Besdine and Wetle 2010).

3.2 Pathophysiology of Sex Differences Apparent in
Atherosclerosis: The Anti-atherosclerotic Effects
of Estrogen

3.2.1 Introduction
The effect of estrogen on serum lipids has been thoroughly investigated.

After estrogen receptors (ERa) were implicated in the vascular effect mecha-
nism in the 1990s, the presence of a new estrogen receptor (estrogen receptor f3,
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ERP) was confirmed in vascular endothelium and smooth muscle (Nakao et al.
1991; Mosselman et al. 1996). The anti-atherosclerotic action exhibited by nitric
oxide (NO), which is largely responsible for vascular endothelial function, has
also been the subject of research (Hayashi et al. 1989; Flavahan 1992). Shear stress
is an important factor in atherosclerosis onset, and we discovered that basal secre-
tion of NO in extracted aortas of domestic rabbits was higher in females (Hayashi
et al. 1992).

3.2.2 The Serum Lipid-Mediating Action of Estrogen

Lipid profiles, especially the character of LDL cholesterol, can account for the
gender and species differences of ischemic cardiovascular diseases (Fig. 3.1 left and
right).

In other words, in animals other than humans, plasma low-density lipoprotein
cholesterol (LDL-C) is constant around 25 mg/dl all their life; however, in humans,
LDL-C increases up to four times in the first year after birth, and serum lipid itself
plays a mandatory role in intimal hypertrophy and atherosclerosis formation
(Fig. 3.1, right; Brown et al. 1980). In familial hypercholesterolemia, LDL-C
increases two to ten times higher than normal human plasma LDL-C levels. There
are no sex differences in LDL levels, and high-density lipoprotein cholesterol
(HDL-C) levels are approximately 10 mg/dl higher in females than in males.
Estrogen promotes hepatic apolipoprotein A-1 synthesis and inhibits hepatic tria-
cylglycerol (TG) lipase activation. LDL is taken up from the circulation due to
accelerated very-low-density lipoprotein (VLDL) production and an increased
number of hepatocyte LDL receptors. LDL oxidization is inhibited and coronary
risk factor lipoprotein(a) (Lp(a)) is also lowered by estrogen (Brinton 1996; Su et al.
1998). Menopause results in negation of estrogenic effects, leading to lipid changes,
and explains approximately 50 % of the postmenopausal cases of rapid atheroscle-
rotic progression (Holm et al. 1999). This drastic change of lipid profile in post-
menopausal women reflects the gender differences and change after its 50 years of
incidence of ischemic cardiovascular changes (Fig. 3.1, left).

3.2.3 Effects of Estrogen on Nitric Oxide Synthase (NOS)

Most of the remaining anti-atherosclerotic effects of estrogen are believed to arise
from direct effects on the vascular wall and, in particular, the endothelium.
Estradiol (E2) provides antioxidant action. We discovered that E2 has biphasic
action that makes NOS activation and NO production receptor dependent in bovine
aortic endothelial cell (BAEC) and human umbilical vein endothelial cell
(HUVEC) (Hayashi et al. 1995a). This decreases NOS activation and NO produc-
tion at pharmacological concentrations (Hayashi et al. 2000a). This suggests that
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Fig. 3.1 A man is as old as his arteries with gender differences. Left: Incidence of ischemic car-
diovascular disease: gender differences (From the Framingham Study 1992). Right: Plasma LDL
concentration of human and nonhuman primates (Cited from Brown et al. (1980) and Goldstein
and Brown (1982))
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the endothelial nitric oxide synthase (eNOS) sites of E2 action are estrogen
response element half-palindromic motifs and AP1 and SP1 regions (Simoncini
et al. 2002). E2 inhibits destabilization of endothelial nitric oxide synthase mes-
senger ribonucleic acid (eNOS mRNA) in the presence of tumor necrosis factor-
alpha (TNF-o) (Sumi et al. 2001). E2 also increases the number of caveolae,
which are eNOS sites of action. Estrogen action diverges at eNOS/NO. T cell-
and macrophage-derived inducible nitric oxide synthase (iNOS) was observed
around the necrotic foci (soft, friable plaque with abundant inflammatory cells) in
the aorta of domestic rabbits and advanced coronary atherosclerotic lesions in
humans (Esaki et al. 1997). E2 inhibited macrophage system cell J774 and neu-
trophil iNOS (Hayashi et al. 1998). Estrogen also has acute effects mediated via
eNOS phosphorylation, as well as cell membrane estrogen receptor alpha (ERa)
and Akt/PKB, although independent of intranuclear receptors (Hisamoto et al.
2001; Haynes et al. 2000). It also influences atherosclerotic plaque formation
(including leukocyte adhesion and migration), angiogenesis/vascularization, and
the myocardium. There is a high homology of ERf with ERo. DNA-binding
domains, and previous reports have suggested that mediation occurs via ERp as
well as ERa. In dietary cholesterol-loaded rabbits, ERa was observed in the
endothelium, while ER} was observed in the endothelium and around the necrotic
foci. When dietary cholesterol loading was conducted on male rabbits and female
rabbits which had not undergone ovariectomy, atherosclerotic lesion formation in
female rabbits was milder than in male rabbits (Hayashi et al. 2000a, 1995b).
With regard to the NO basal secretion observed in extracted blood vessels,
reduced NO secretion in females preceded lesion formation. In males, NO basal
secretion was originally low. High levels of basal NO secretion in females work
defensively against dietary cholesterol-loading stimuli, leading to the hypothesis
that E2 has anti-atherosclerotic effects mediated via NO (Hayashi et al. 2000a,
1995b). The effect of estrogen on EDHF was also suggested (Sakuma et al.
2002).

3.24 SERM

Estrogen acts on the reproductive and coagulation systems in addition to the cardio-
vascular system, and hormone replacement therapy (HRT) side effects have
obstructed its popularization (Hlatky et al. 2002; Writing Group for the Women’s
Health Initiative Investigators 2002). Selective estrogen receptor modulators
(SERM) were developed taking this into consideration, leading to modulators such
as raloxifene being made available. NO-dependent ameliorative effects on endothe-
lial function were also reported, and it is possible that this may solve many issues
related to HRT (Ettinger et al. 1999; Wenger et al. 2002).
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3.3  Effects of Estrogen on Blood Vessels: Clinical Results

In the arteries of young females, flow-mediated dilation (FMD) fluctuates in tandem
with estrus cycles due to estrogen, and FMD decreases after menopause (Hashimoto
et al. 1995). When estriol (E3) was administered to elderly females who are more
than 25 years postmenopause, however, improved FMD and increased plasma nitro-
gen oxide (NOx) and cyclic guanosine monophosphate (cGMP) were observed after
30 weeks (Hayashi et al. 2000c).

We created guidelines for HRT for postmenopausal Japanese patients, based on
clinical research presided over by the Japanese Ministry of Health, Labour and
Welfare as a Longevity Science Research Project (1998-2003) (Watanabe et al.
2004). When 305 women (246 of whom were undergoing HRT, mean age of 63
years) were administered low-dose conjugated estrogen, E3 pharmaceuticals, or E3
patches and observed for an average of 3 years, genital bleeding was observed in
20 % and mastalgia in 16 %. There does, however, appear to be a racial difference
with Western patients as no ischemic heart disease, cerebrovascular accidents, or
uterine, ovarian, or mammary tumors were observed (data were reported in Japanese
only).

In general, HDL concentration is approximately 10 mg/dl higher in females than
males, and this difference shrinks following menopause. Within approximately 2
years, HDL decreases by 5-7 %, and TC and LDL increase by approximately
10 %.

Arterial thrombosis is also affected by estrogen in a dimorphic pattern.
NO-mediated antithrombotic action occurs at low concentrations, while thrombo-
genic steroid actions (similar to the contraceptive pill) occur at high concentrations
(Battaglioli and Martinelli 2007; Shulman 2011). Deep vein thrombosis is also a
potential adverse event. In the Heart and Estrogen Replacement Study (HERS) that
targeted patients affected by cardiovascular disease, the most common reason for
discontinuation of medication was venous thrombosis in the initial period of estro-
gen administration (Hlatky et al. 2002; Shulman 2011). The incidence frequency of
coagulation factor gene mutations (factor V Leiden mutations) in Asian races is
lower than in Western races, and venous thrombosis is uncommon (Ridker et al.
1997). In South Korea, HRT is recommended even now.

3.4  Estrogen and Cellular Aging
3.4.1 Estrogen and Cellular Aging Through NO

Estrogen affects vascular and cellular aging, which is involved in the sex differences
apparent in average life expectancy.

Cellular aging markers in cultured endothelium: SA-B-gal positive =senescent
cell count was reduced with physiological concentrations of estrogen. This action
suggests mediation via NO, as this is inhibited by ER and NOS inhibitor nitro
-L-arginine methyl ester (L-NAME) (Fig. 3.2, right; Hayashi et al. 2006a). Even at
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Fig. 3.2 Mechanism of NO release enhancement by estrogen and the effect of aging of estrogen.
(a) Left: Under the normal homeostasis condition, endothelial NO is synthesized from L-arginine
and oxygen in a reaction catalyzed by eNOS. Estrogen activates eNOS expression through the
PI3-K/Akt pathway and/or direct effect via promoter or stabilization of eNOS mRNA. They may
also inactivate NADPH oxidase. NO shows antiapoptotic effects and suppresses ROS production
by scavenging directly or preventing NADPH. However, with the normal condition of endothe-
lium, the balance between the antioxidant effects of NO and ROS production may be kept well.
Solid lines represent positive regulatory pathways. Dotted lines represent negative regulatory path-
ways. /. Receptor mediated gender difference (Cited from Hayashi et al. 1992). 2. Promoter (Cited
from Hayashi et al. 1995a). 3. mRNAstablization (Cited from Sumi et al. 2001). 4. Calmodulin
(Cited from Hisamoto et al. 2001). 5. Caveolae (Cited from Hayashi et al. 1995a, 2000a). 6.
Superoxide anion (Cited from Hayashi et al. 2000b). 7. EDHF (Sakuma et al. 2002). &,
9 Phosphorylation (Cited from Haynes et al. 2000, Hayashi et al. 2006a). (b) Right: Effect of estro-
gen on cellular senescence. Representative photographs of SA-f3-gal staining in control, 10-8 M
E2-treated, and 10-8M E2- and 10-4M L-NAME-treated cells. Note that treatment with E2
decreased the number of SA-B-gal-positive cells, which was prevented by further treatment with
L-NAME. Cells were used in PDL 22 at passage 7 (Cited from Hayashi et al. 2006a). TNFarufa
tumor necrosing factor arufa, ERE etrogen response element (a human transcription factor), SP/
Specificity Protein 1 (a human transcription factor)

physiological estrogen concentrations, 70 % of atherosclerotic changes in dietary
cholesterol-loaded domestic rabbits were inhibited, albeit without changes in serum
lipid levels (Hayashi et al. 2000a). In atherosclerosis prevention, estrogen acts via
aliquots of NO and exhibits anti-arteriosclerotic effects in proportion to serum
estrogen concentration and tissue concentrations of the NO reaction product cGMP
(Fig. 3.2, left). The mechanism of maintaining NO effects on atherosclerosis or
vascular aging is not due to suppression of the citrulline—arginine system, but rather
that of arginase II (Fig. 3.3; Hayashi et al. 2006b). Estrogen thus increases the bio-
availability of NO in progressive atherosclerotic vascular disease.
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Fig. 3.3 Modulating role of estradiol on arginase II and arginosuccinosynthase expression in
hyperlipidemic rabbits as an atheroprotective mechanism. Upper: Distribution of arginase II in
atherosclerotic aortas. Immunohistochemical analysis with anti-arginase II antibody of thoracic
aortas of NZW rabbits from the different groups. **, P<0.01. Lower: Immunohistochemical anal-
ysis with anti-arginase II [lower left: group II and lower middle left: group I1I] monoclonal anti-
bodies and the anti-argininosuccinate synthetase monoclonal antibody [lower middle right: group
II and lower right: group III] of the thoracic aortas of NZW rabbits from the atherosclerotic group
(original magnification, x100, scale bars 25 pum; Cited from Hayashi et al. 2006b)

3.4.2 Age-Related Fluctuations in Sex Hormones

The serum concentrations of sex hormones change dramatically over the course of
one’s lifetime. Adrenal androgens such as dehydroepiandrosterone (DHEA) decrease
with age from puberty onward in both males and females (Hinson et al. 2003). Estrogen
decreases dramatically in females after menopause and from then on is mainly com-
posed of estrone (E1) from peripheral tissues due to the action of aromatase. Estrogen
in males remains at a fixed concentration throughout their entire lifetime and is slightly
higher than postmenopausal females. After DHEA was converted into E2 by aromatase,
it exerts anti-atherosclerotic effects via NO (Hayashi et al. 2000b).

3.5 SexDifferences in Geriatric Disease and Coronary
Risk Factors

Most diseases in elderly patients have atypical symptoms and signs, e.g., asymp-
tomatic angina pectoris in elderly diabetic individuals. Research is also progressing
regarding sex differences and their relation to sex hormones for each of these
diseases.
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3.5.1 Dyslipidemia

Dyslipidemia significantly influences cardiovascular disease sex differences in
postmenopausal and elderly patients. High serum LDL cholesterol and low serum
HDL cholesterol are also independent risk factors for ischemic heart disease (IHD),
cortical branch CVAs, and arteriosclerosis obliterans (ASO) in elderly patients
(Aronow 2002). The influence of statins did not live up to the expectations in large-
scale clinical trials (Prosper, HPS, ASCOT-LLA) that included Western late elderly
subjects (Heart Protection Study Collaborative Group 2002; Sever et al. 2003;
Shepherd et al. 2002). Although effects were not seen in women in the Anglo-
Scandinavian Cardiac Outcomes Trial — Lipid Lowering Arm (ASCOT-LLA), sex
differences are still possible as the study only involved a small number of cases
(Shepherd et al. 2002). Meanwhile, our investigation of 4,014 patients (MHLW-
funded research group headed by the author) revealed reliable treatment outcomes
in women with concomitant diabetes (Hayashi et al. 2008).

In familial hyperlipidemia, there are no sex differences in serum lipid levels, and
a sex difference is observed for the age of cardiovascular disease onset (approxi-
mately 20 years) (Oosterveer et al. 2009). There is also hardly any fluctuation in
serum lipid levels due to E2 administration in dietary cholesterol-loaded animals
(Hayashi et al. 2000a). The pleiotropic effect, which is recognized with statins, is
also observed with estrogen. More doctors are offering guidance regarding other
risk factors appropriate to age and sex.

Human TC levels are lowest in both males and females before 20 years of age and are
said to increase with age (Brown et al. 1980; Sekimoto et al. 1983). An annual, in-class
cohort study conducted on 20,000 screening examinees revealed trend of increasing
TC levels until around 75 years of age (Sekimoto et al. 1983). Cases with TC values of
200 mg/dl or higher were relatively elderly and increased by twofold from 1980 to 1990;
approximately 25 % of males and 45 % of females showed plasma TC levels higher
than 220 mg/dl (JAPAN Guideline for Diagnosis and Prevention of Atherosclerotic
Cardiovascular Diseases 2007). For plasma LDL cholesterol levels, almost the same
situation occurred (Kuzuya and Shimokata 2002). Regarding postmenopausal female
hyperlipidemia patients, research revealed that coronary heart disease primary preven-
tative effects were observed in Japanese patients with a mean TC of 240 mg/dl, 60 % of
whom were females (mega study) (Mizuno et al. 2008). The Japan Lipid Intervention
Trial (J-LIT) showed a dramatic increase in cardiovascular disease incidence in females
with dyslipidemia due to concomitant IGT abnormalities and smoking (Yokoyama et al.
2007). Use of HRT to prevent ischemic heart disease (IHD) decreased after the results
of the Women’s Health Initiative (WHI), but HRT has been reported to have an inhibi-
tory effect on calcification that occurs in end-stage atherosclerosis (Writing Group for
the Women’s Health Initiative Investigators 2002; Manson et al. 2007).

E2 patches are considered very promising for HRT as they bypass hepatic metab-
olism and do not elevate TG. E3 does not cause serum lipid fluctuations in females
directly after menopause, and HDL increases from 6 months after administration in
patients with a mean age of 80 years (Hayashi et al. 2000c).
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3.5.2 Hypertension

The Framingham study found that the incidence of cardiovascular disease compli-
cations increased in both males and females in proportion to hypertension severity
(blood pressure) (Engberding and Wenger 2008). Hypertension is a risk factor for
renal failure, cerebral infarction, and IHD. Hypertensive cardiovascular disease
onset frequency and morbidity rate are both high in females. Senescent elastic aortic
atherosclerosis leads to systolic hypertension, and this elastic aortic atherosclerosis
leads to decreased diastolic blood pressure, reduced coronary blood flow, and cere-
bral ischemia (Dao et al. 2005). Systolic hypertension also contributes to myocar-
dial infarction and cerebral infarction onset.

Hypertension onset occurs later in females than in males and often happens
after menopause. Hypertension is often complicated by cardiac failure from age
70 onward. There is a debate regarding whether hypertension contributes to
estrogen shortage. Animal experiments and cell biological studies have reported
that estrogen shortage causes (1) changes related to renal diuresis, (2) expression
of angiotensin II receptors and increased secretion of aldosterone, and (3)
impaired secretion of arteriolar EDHF and NO (Nawate et al. 2005). On the other
hand, it has also been reported that there is no difference in blood pressure
fluctuation caused by menopause, HRT, hysterectomy, or before and after meno-
pause (Taddei 2009).

3.5.3 Diabetes Mellitus

As there are multiple branches of the coronary artery, in diabetic angiopathy, dif-
fuse long stenotic lesions are common. There is little morphological change or
lipid accumulation. Diabetes is the greatest risk factor for ASO, and elderly
females with diabetes are also at high risk for cardiovascular disease. Estrogen
prevents vascular endothelial dysfunction caused by hyperglycemia by activating
the rate-limiting enzyme GTPCHI of NOS coenzyme BH, (Miyazaki-Akita et al.
2007). This is anticipated to aid in the prevention of diabetic cardiovascular dis-
eases. As high-dose estrogen causes hyperglycemia through glucocorticoid
action, HRT is contraindicated in severe diabetic cases. In apoE KO mice, estro-
gen inhibited streptozotocin-induced diabetes and progression of atherosclero-
sis. Diabetes onset was later in normal female rats than in rats that underwent
ovariectomy (Tse et al. 1999). End-stage renal failure is often caused by hyper-
tension and nephritis in males, and there is no sex difference in diabetes origin.
Our investigation of 4,014 diabetic patients including 1,016 late elderly diabetic
patients older than 75 years (MHLW-funded research group headed by the author)
revealed that HDL-C levels are important for the prevention of ischemic heart
disease and cerebrovascular attack (stroke) and that insulin treatment might
require close attention because of the risk of hypoglycemia in elderly (Hayashi
et al. 2009, 2011, 2013).
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3.6 Attempt to Implement Gender-Based Medicine
in Treatment for Elderly Atherosclerosis

3.6.1 Hormone Replacement Therapy

In a 120,000-person Nurses’ Health Study conducted in 1997, postmenopausal HRT
caused a decrease of approximately 50 % in cardiovascular disease incidence and
mortality, and the American Heart Association (AHA) recommended HRT in their
Guidelines for Primary Prevention of Cardiovascular Disease for all postmeno-
pausal women and those with cardiovascular disease risk factors in particular
(Grodstein et al. 2001; Grundy et al. 1997). The 1998 HERS study, however, target-
ing patients with cardiovascular disease, indicated a high rate of cardiovascular dis-
ease recurrence 1-3 years after beginning HRT (Sakuma et al. 2002). In 2002, the
first Women’s Health Initiative (WHI) study aiming to prevent heart attacks found
that subjects undergoing HRT had a higher incidence rate of IHD and CVA (Writing
Group for the Women’s Health Initiative Investigators 2002). A racial difference
was also suggested for the side effect of deep vein thrombosis.

3.6.2 Environmental Factors

Finally, we come to the topic of environmental factors. Many environmental factors
are acted on by estrogen, but the mechanism of some remains unclear. Firstly, one
considers the factors of marriage, childbirth, and child-rearing. Changing attitudes
toward females working and social environment deficiencies that make it difficult
for working women to raise children have been indicated as having led to the trends
toward later marriage and having fewer children in Western countries as well as
Japan and Korea. Average life expectancy is growing longer, and modern women
need new life values and objectives for the second half of their life after the conclu-
sion of child-rearing following childbirth. The differing status of female employ-
ment following childbirth between different countries is one side of the gender
difference. An array of issues has been proposed, from mental instability to a health
management system including “housewife screening.”

There is insufficient societal understanding of menopausal symptoms in
women. From the perimenopausal period onward, the incidence of dyslipidemia
and diabetes in women increases, and atherosclerotic lesions progress. Modern
diet and changing exercise patterns are, however, also to blame. The results of a
comparative study of serum lipids targeting subjects from Hiroshima, as well as
subjects of Japanese ancestry living in Hawaii and the US mainland, also indi-
cated the importance of environmental factors. Smoking in conjunction with the
use of the oral contraceptive pill has been shown to aid in increasing the risk of
IHD onset (Imazu et al. 2002). Although the incidence of smoking has decreased
in Japanese men, it has risen significantly in women in their 20s from 12.7 % in
1975 to 23.6 % in 1999. The risk for embolic events in women who smoke more
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than 25 cigarettes per day while using the pill is 39 times greater than in women
who neither smoke nor take the pill (Roy 1999; Gregory et al. 2011). There also
exist other risk factors for embolic events such as physical factors (noise, cold,
heat), hazardous chemical factors, human relationships, and working hours. These
factors have been suggested to be more likely to cause the onset and aggravation
of hypertension, diabetes, angina, myocardial infarction, and stroke in women
than in men.

3.7 Summary

Women have a longer average life expectancy than men, and sex hormones, espe-
cially estrogen, are closely related to geriatric diseases and aging. Disease structure
changes as people age, with cardiovascular disease increasing dramatically in late
elderly (older than 75 years.) females and arteriosclerotic diseases surpassing malig-
nancies as the leading cause of death. The prevalence of cardiovascular disease in
late elderly women is thus equal to that of men of the same age. Although hormone
replacement therapy for all postmenopausal women as one same dose of agents
failed to prevent cardiovascular disease in elderly female, recent advance of basic
and clinical gender-specific medical research made clear the molecular mechanism
on the gender differences in cardiovascular diseases as well as on the gender differ-
ences of coronary risk factors such as dyslipidemia, hypertension, and even environ-
mental factors. Cardiovascular disease is a typical geriatric disease, and pathological
aging contributes to estrogen action and sex differences in atherosclerosis, which
form the main etiology of cardiovascular disease. These gender-dependent differ-
ences in risk are important for an individualized strategy to prevent atherosclerotic
disease.
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Abstract

Understanding heritability of cardiovascular risk is a key issue in preventive
medicine and of particular importance for the development of cost-efficient strat-
egies to preserve cardiovascular health. Recent progress in genotyping technolo-
gies enabled detailed insight into human genetic variability. Linkage analysis
and genome-wide association screens have complemented candidate gene stud-
ies to uncover a large array of genetic variations associated with cardiovascular
pathologies. For the majority of identified gene polymorphisms, the clinical
impact is as yet unclear and the available information is still of limited value for
cardiovascular risk prediction. However, genetic discoveries have greatly
improved our understanding of pathophysiological principles. The identification
of novel molecular players and target structures contributed significantly to ther-
apeutic progress. In this chapter we aim to present an overview on polymor-
phisms in genes with proven or at least convincingly suggested causal relation to
secondary risk factors and/or cardiovascular phenotypes. Special attention will
be paid to functional consequences of genetic variations. Many of the
polymorphisms that are causally involved in the pathogenesis of cardiovascular
dysfunction impair cellular signaling processes and may in turn affect regulatory
genetic networks. Unraveling of molecular mechanisms that link genetic vari-
ability to pathological phenotypes is still at a rather early stage. We will present
here a selection of these mechanisms and discuss their clinical significance.
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4.1 Introduction

Cardiovascular events represent highly complex pathological phenotypes that are for a
large part determined by genetic predisposition. The availability of large-scale geno-
typing technologies has enabled genome-wide association studies (GWAS) that gener-
ated a large body of information on the genomics of cardiovascular disease. This
allowed the identification of single-nucleotide polymorphisms (SNPs) in novel gene
loci associated with cardiovascular diseases and phenotypes. Thus, GWAS approaches
have considerably expanded our knowledge on the molecular players in cardiovascular
pathophysiology. Albeit most of the unraveled associations reside outside of coding
regions and/or in genomic regions lacking annotated genes, some of the polymor-
phisms have been demonstrated to cause defined impairment of cellular signaling pro-
cesses. There is currently a substantial demand in elucidating the mechanisms by which
certain genetic variants govern pathogenesis of cardiovascular events. It is expected
that the efforts to identify genetic markers for diagnosis, risk prediction, and individual
therapy will further improve our understanding of pathomechanisms. Causative SNPs
are considered to determine disease susceptibility, onset and progression of the disor-
der, as well as therapeutic prognosis by modifying specific pathways of cellular com-
munication. Hence, a distorted function or expression of signaling molecules and
impairment of signaling pathways may be assigned to causative genetic variants.

Molecular (patho)physiology has uncovered an array of disease-relevant signaling

pathways and corresponding candidate genes, which have been extensively tested for

their role in inheritance of diseases. The candidate genes and gene products that have
been identified can be assigned to different functional groups.

* Genetic variants that may promote disease by interfering with certain cell/tissue
functions thereby generating a risk situation corresponding to the phenotypes
listed as secondary risk factors in Part II of this book.

e Polymorphisms in relevant genes can cause perturbations of cellular homeosta-
sis, of cell-cell communication, as well as of tissue and organ functions. The
associated states of cellular dysfunction may represent the key trigger for several
cardiovascular risk scenarios and phenotypes.

* A certain set of dysfunctional states may represent joint determinants of the patho-
genesis of a risk phenotype (secondary risk factor). As an example, genes that
impact on the development of atherosclerotic lesions can be assigned to biochemi-
cally and pathophysiologically rather well-defined states such as oxidative stress,
endothelial dysfunction, hypercoagulability, dyslipidemia, and inflammation. On
the basis of this stratification concept, we discuss here a selection of prominent
molecular mechanisms that link gene polymorphisms to cellular dysfunctions. In
this chapter we will focus on the genetic basis of defects that promote vascular
dysfunction, atherosclerosis, and thrombosis.
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4.1.1 Single Nucleotide Polymorphisms (SNPs)

SNPs are frequent variations of single base pairs in the genome occurring with >1 %
prevalence in a given population. Several million SNPs are expected to exist in our
genome. They are responsible for about 90 % of the genetic heterogeneity. The vari-
ations are not evenly distributed over the genome but occur frequently in cytosine-
rich regions. SNPs can lead to changes of an amino acid (nonsynonymous SNPs),
but often the mutations do not alter the coding sequence and the amino acid (synony-
mous SNPs). Nonsynonymous SNPs can have functional effects, but frequently
these are relatively small. Depending on their location, SNPs can influence the regu-
lation of gene transcription (regulatory SNPs), splicing, or RNA processing and
consequently affect the protein concentration. Often, SNPs are considered as suc-
cessful mutations because they prevailed in a population. The scientific importance
of SNPs is based on their high prevalence and their simple detectability.

4.1.2 SNPs and Cardiovascular Diseases

Today, atherosclerosis and arterial thrombosis — with their clinical manifestations
myocardial infarction (MI), stroke, and peripheral arterial disease — and venous
thromboembolism (VTE), e.g., pulmonary embolism and deep vein thrombosis of
the lower limbs, are major causes of morbidity and mortality. Age, sex, systolic
blood pressure, hypertension, total and high-density lipoprotein cholesterol levels,
smoking, and diabetes as well as newer factors such as N-terminal fragment of pro-
hormone B-type natriuretic peptide levels, von Willebrand factor antigen levels,
fibrinogen levels, chronic kidney disease, leukocyte count, C-reactive protein levels,
homocysteine levels, uric acid levels, coronary artery calcium (CAC) scores, carotid
intima-media thickness, peripheral arterial disease, and pulse wave velocity have
been reported as risk predictors for vascular diseases.

A recent meta-analysis interrogated 136 different biomarkers for their relevance
in stroke. Three biomarkers (C-reactive protein, P-selectin, and homocysteine)
could differentiate between ischemic stroke and healthy control subjects. High lev-
els of admission glucose and high fibrinogen levels were strong predictors of poor
prognosis after ischemic stroke and symptomatic intracerebral hemorrhage post-
thrombolysis, glutamate was found to be an indicator of progressive stroke, and
D-dimer predicted in-hospital death. The study concluded that only few biomarkers
that are currently tested have meaningful clinical value (Hasan et al. 2012). The
topic “biomarkers” is addressed in more detail in Chap. 15.

Apparently, many established risk factors do not fully capture the overall risk of
the diseases. Occlusive coronary thrombus formation superimposed on an athero-
sclerotic plaque is the ultimate event leading to myocardial infarction (MI). Thus, it
was to be expected that the hemostatic system and hemostatic proteins are important
players in the pathogenesis of stroke as well as myocardial infarction. The relation-
ship of hemostasis and thrombosis with atherothrombotic cardiovascular disease
has been extensively studied in the past decades. Elevated levels of hemostatic
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factors, such as fibrinogen, plasminogen activator inhibitor (PAI-1), von Willebrand
factor (vWF), tissue plasminogen activator (tPA), factor VII (FVII), and D-dimer,
were found linked to the development of atherothrombosis and are risk markers for
coronary heart disease (CHD), stroke, and other cardiovascular disease (CVD)
events (Yang et al. 2007a). Genetic association studies have been able to identify
gene variants associated with acute coronary syndrome (ACS), peripheral arterial
disease (PAD), ischemic stroke (IS), and VTE.

During the last 20 years, the identification of polymorphisms and the elucidation
of their role in arterial and venous thromboses became an important area of research.
Recently, next-generation DNA sequencing was introduced for genetic association
studies in complex diseases. However, the application of the technique to common
diseases is still limited by the high costs and considerable computational burden
associated with the analysis of large numbers of samples. Sequencing of a few hun-
dred genes or genomic loci is less expensive, suitable for the analysis of areas of the
genome that are deemed to have particular relevance in the pathophysiology of a
given disease, and a good alternative to whole-genome (or exome) sequencing.
Many SNP variations across an individual’s entire genome can be extrapolated from
a single microarray experiment.

In a recent study, a weighted genetic risk score (GRS) for MI was calculated for
SNPs in genes of the coagulation system. Evidence for association with MI was
found for 35 SNPs located in 12 genes: factor V (F5), protein S (PROS1), factor XI
(F11), integrin alpha 2 (ITGAZ2, platelet glycoprotein Ia), factor XII (F12), factor
XIIA (F13A1), plasminogen activator inhibitor-1 (SERPINEI), tissue plasmino-
gen activator (PLAT), von Willebrand factor (VWF), thrombomodulin (THBD),
endothelial protein C receptor (PROCR), and factor IX (F9). The GRS differed
significantly between cases and controls, and subjects in the highest quintile had a
2.69-fold increased risk for MI compared with those in the lowest quintile (Guella
etal. 2011). Already in 2007 Knowles et al. had tested 21 SNPs in coagulation fac-
tor and platelet glycoprotein genes and evaluated their association with MI in the
ADVANCE study population (Knowles et al. 2007). They had selected SNPs in
platelet glycoprotein Ia/Ila (ITGA2), glycoprotein Iba. (GP1BA), glycoprotein IIb
(ITGA2B), glycoprotein IIIa (ITGB3), glycoprotein IIIb/platelet glycoprotein IV
(CD36), plasminogen activator inhibitor-1 (PAI-1), thrombomodulin (THBD),
coagulation factor III/tissue factor (F3), and tissue plasminogen activator (PLAT).
In contrast to the recent study, they did not find significant associations of the cho-
sen polymorphisms with acute MI. However, they had evaluated different SNPs and
they did not test, e.g., the 4G/5G polymorphism in PAI-1 (rs1799889), which had
previously been associated with MI.

In patients with DVT, a molecular-barcode-based technique for sample multi-
plexing was used on next-generation DNA sequencing platforms to sequence the
coding areas of 186 hemostatic/proinflammatory genes (Lotta et al. 2012). Known
disease-associated variants as well as novel potentially deleterious variants in dis-
ease-associated genes were identified. Interestingly, an increased burden of rare
missense mutations in anticoagulant genes was found. Furthermore, the association
of DVT with the rs6050 SNP (312Thr>Ala) in the fibrinogen alpha gene (FGA) was
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observed. The rs6050 SNP had been described before and is now one of the most
widely replicated variants in DVT, even though no association of FGA rs6050 with
plasmatic fibrinogen activity has been seen. The discovery of rare missense muta-
tions in anticoagulant genes and the association of rs6050 with idiopathic DVT
indicates that “unrecognized” anticoagulant deficiencies and mutations to which
currently used biochemical assays are not sensitive can represent the cause of
DVT.

Regarding the role of SNPs, in stroke the analyses of six cohorts gave inconsis-
tent results. No single locus of significance (approximately p<107) could be
identified (Lanktree et al. 2010). This is in contrast to a recent meta-analysis which
reported that three biomarkers (C-reactive protein, P-selectin, and homocysteine)
could differentiate between ischemic stroke and healthy control subjects. Intelligent,
appropriately powered, multidisciplinary studies incorporating knowledge from
clinical medicine, epidemiology, genetics, and molecular biology will be required
to fully characterize the genomic contributors to vascular diseases.

4.2  Hypertension and Vascular Dysfunction

Elevated blood pressure (BP) is an important risk factor for stroke and ischemic heart
disease and contributes significantly to the global risk for cardiovascular disease.
Hypertension has a substantial heritability. Several genes with large effects have been
identified in familial forms of hypertension, including salt sensitivity genes (Vehaskari
2009). However, in spite of these findings, research on the genetics of hypertension
in general has been disappointing. The huge efforts made in recruiting and genotyp-
ing tens of thousands of individuals and meta-analyzing dozens of cross-sectional,
population-based studies on systolic and diastolic BP showed that hypertension is
influenced by environmental and lifestyle factors as well as by many genetic loci,
each of which has only a small effect on blood pressure regulation. Their interaction
indicates a polygenic regulation of blood pressure throughout different periods of life
(Kunes and Zicha 2009). In a follow-up investigation in 59,349 individuals of SNPs
that had previously been described to be associated with BP, polymorphisms in the
following genes could be replicated: LSP1 (lymphocyte-specific protein 1), TNNT3
(troponin type 3), MTHFR (methylene tetrahydrofolate reductase), NPPB (natri-
uretic peptide B), AGT (angiotensinogen), and ATP2B1 (ATPase). The results pro-
vide candidates for further studies to identify mechanisms affecting BP and highlight
the utility of studying SNPs. Previously, higher plasma homocysteine levels were
observed in individuals with the Val/Val (677TT) genotype in the MTHFR gene,
typically found in approximately 10 % of Western populations, and this polymor-
phism was identified as the main genetic determinant of elevated homocysteine con-
centration. The association between elevated levels of homocysteine and CAD had
been evaluated in many studies. However, the results were conflicting and the ques-
tion of whether mild hyperhomocysteinemia is a risk factor for coronary artery dis-
ease (CAD) is still unclear. Besides the MTHFR 677C>T polymorphism, folate,
riboflavin, cobalamin, and vitamin B6 are independent predictors of homocysteine.
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Table 4.1 Prominent susceptibility genes in hypertension

Functional
Gene SNP Variants consequence References
MTHFR 677C>T Homocysteine ~ Wilson et al.
mediated (2011), Johnson
et al. (2011b)
ACE rs4646994 Increased ACE Ned et al. (2012)
activity
AGT rs11206510 M235T LDL mediated Feng et al. (2011)
T174M
1166A>C
SCNN1A/ENaC T493A Altered Na* Hsieh et al. (2005)
absorption?
SCNN1G rs13331086 Altered Na*/K* Biisst et al. (2011),
plasma levels?  Morris (2011)
PAI-1 rs1799768  4G74G Unknown Martinez-
Calatrava et al.
(2007)
LR/lepr C538T microsatellite Unknown Akhter et al.
polymorphisms in the 3’ (2012)
UTR
NOS3 rs3918226 —-690C>T Reduced NO  Zhang et al.
151800779 -922A>G generation? (2012)

1s3918226 —-690C>T
rs1799983  Glu298Asp G>T

According to more recent data, MTHFR 677TT appears to be independently associ-
ated with hypertension. Riboflavin is required as a cofactor by MTHFR and may
have a role in modulating blood pressure, specifically in individuals with the homozy-
gous MTHEFR 677TT genotype. However, some observational studies found little or
no BP response to riboflavin despite decreases in homocysteine, but some of these
studies have not considered the MTHFR 677C>T polymorphism, which could be
important. If prospective trials can confirm that the MTHFR mutation conveys a
predisposition to hypertension which can be corrected by low-dose riboflavin, the
findings could have important implications for the management of hypertension
(Wang et al. 2010a, b; Johnson et al. 2011b).

In a Japanese association study, selected candidate gene variants were evaluated
for genetic associations with systolic BP (SBP)/diastolic BP (DBP) in 19,426 indi-
viduals. Associations with ACE (angiotensin-converting enzyme), ADDI1 (alpha-
adducin-1), ADRB2 (adrenergic beta-2 receptor), AGT, CYP11B2 (cytochrome P450
11B2), GNB3 (guanine nucleotide-binding protein 3), and NOS3 were tested. BP trait
associations at two loci (AGT rs699 and CYP11B2 rs1799998) were replicated. The
most significant association was found for CYP11B2 rs1799998. This study provides
evidence for two variants in genes with clinical and physiological relevance that are
likely to account for a portion of BP variance in the general population and are worth
following up via a target gene approach (Takeuchi et al. 2012) (Table 4.1).
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4.2.1 Angiotensinogen- and Angiotensin-Converting Enzyme (ACE)

The renin-angiotensin system (RAS) is classically known for its role in the regu-
lation of blood pressure as well as of fluid and electrolyte balance. RAS is
involved in the homeostasis of fluid balance and blood pressure via effects on
aldosterone secretion by the adrenal cortex and direct vasoconstriction. In the RA
system, angiotensinogen (AGT), the precursor of all angiotensin peptides, under-
goes two enzymatic cleavages by renin and angiotensin-converting enzyme
(ACE) to produce angiotensin I (Ang I) and angiotensin II (Ang II), respectively.
Today, there is convincing evidence that angiotensin II and its metabolites play
also an important role in the central nervous system and RAS has been implicated
in aspects such as cognition, dementia, depression, anxiety, and epilepsy. RAS
adversely affects stroke and cardiovascular disease. Polymorphisms in AGT, par-
ticularly the M235T and the T174M amino acid exchange, and the 1166A>C
polymorphism in angiotensin II type 1 receptor have been reported as candidate
risk factors for vascular disease, and the polymorphic variants M235T and T174M
of the AGT gene were associated with hypertension (Mohana et al. 2012).
Recently, genome-wide association data and resequencing data were reevaluated
regarding the effect of AGT variants on BP using sib-pair information. It was
shown that the use of sib-pair information can increase the power over using only
unrelated samples by more than 40 %. These results indicate that family data are
extremely informative when searching for variants underlying complex traits
(Feng et al. 2011).

The insertion/deletion (I/D) variant (rs4646994) of the angiotensin I-converting
enzyme (ACE) gene is one of the most studied polymorphisms in relation to blood
pressure and essential hypertension in humans. However, the results are conflicting.
The ACE gene contains a polymorphism characterized by either insertion (I) or
deletion (D). The deletion allele occurs in approximately 55 % of the population
and is associated with increased activity of the ACE enzyme. Previous research
has shown that the insertion/deletion (I/D) polymorphism is a major determinant
of plasma ACE activity. The polymorphism itself is thought to be a marker for a
closely linked but yet unidentified sequence variant that modulates the expression
of the ACE gene. It has been suggested that persons with the DD genotype (those
who express, on average, the highest levels of circulating ACE) have an increased
risk for myocardial infarction and coronary artery disease, particularly if they are
otherwise at low risk. The evaluation of the DD allele in relation to hypertension
and type 2 diabetes mellitus (T2DM) gave contradictory results. The variability of
the results may be due to ethnic and geographical variations. Apparently, the
effect of the polymorphism is stronger in some ethnicities. For instance, in Japan,
there is good evidence that the DD genotype of ACE is a genetic risk factor for
cerebro- and cardiovascular disease, especially cardiovascular events, in hyper-
tensive patients.

A representative cohort of the United States comprising non-Hispanic white,
non-Hispanic black, and Mexican Americans showed that the frequency of the I/D
variant differed significantly by race/ethnicity. The D allele was associated with
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increased SBP but only among non-Hispanic blacks; no other significant associations
were observed in any race/ethnic group (Ned et al. 2012). The reasons for these
ethnic differences have yet to be elucidated.

4.2.2 Sodium Channels

Epidemiological and animal studies implicate that amiloride-sensitive epithelial
sodium channels (ENaC, SCNN1) are responsible for the rate-limiting step of
sodium reabsorption in the distal nephron and are important candidates in the devel-
opment of hypertension. ENaC is a constitutively open channel, and factors control-
ling the number of active channels at the cell surface are likely to have profound
effects on Na* absorption and the amount of Na* that is excreted in the final urine.
The channel is composed of subunits which are encoded by different genes. Hsieh
et al. (2005) evaluated the association of two common single-nucleotide polymor-
phisms (SNP) in the a-subunit of the ENac (aEnaC, SCNN1A) with ischemic cere-
brovascular events (ICE). 493 Arg carriers exhibited an increased adjusted odds for
ICE compared to Trp/Trp carriers. Interaction analysis revealed that the relative risk
was highest in women in the lowest age tertile. The effect was independent of tradi-
tional vascular risk factors. Several other genetic studies demonstrate the impor-
tance of the regulation of Na* absorption for the maintenance of the extracellular
fluid volume and blood pressure. A number of membrane-bound kinases have been
identified that increase ENaC activity at the cell surface. Recently, de-ubiquitylating
enzymes have been shown to increase ENaC activity in heterologous expression
systems. Currently, in vivo physiological studies constitute a major challenge for the
understanding of the regulation of ENaC to maintain the Na* balance (Schild
2010).

Recently, Harrap and colleagues (Biisst et al. 2011) reported six SNPsin SCNNIG
associated with systolic BP (SBP). The effect of the minor (G) allele of the SNP
(rs13331086) was most important and remained significant after meta-analysis. The
overall effect on SBP was 1.01 mmHg (P=0.002) and on DBP was 0.52 mmHg
(P=0.011), after adjustment for age, sex, and body mass index. Interestingly, the
rs13331086 minor allele was associated with urinary potassium excretion but not
urinary sodium excretion, urinary sodium/potassium ratio, plasma sodium or potas-
sium, or urinary aldosterone excretion (Biisst et al. 2011; Morris 2011).

4.2.3 Hypertension and the Hemostatic System

Interestingly, an association between a common SNP in the plasminogen activator
inhibitor-1 gene and hypertension has been reported. The PAI-1 4G/4G (rs1799768)
genotype conferred an elevated relative risk for arterial hypertension, regardless of
PAI-1 levels and other hypertension-related factors. The biological and molecular
mechanisms are still unresolved (Martinez-Calatrava et al. 2007). Central pressures
were higher in women carrying the PAI-1 4G/4G genotype compared to females
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with the 5G/5G genotype. The association remained after adjustment for potentially
confounding factors related to hypertension. No association of the PAI-1 genotype
with blood pressure was found in men (Bjorck et al. 2011).

4.2.4 Hypertension and Leptin

Leptin is a hormone, mainly synthesized in adipocytes, that regulates food intake
and energy expenditure of the body (see also Sect. 4.3). Rare mutations in the leptin
gene cause obesity. Common polymorphisms of the leptin gene have been associ-
ated with obesity; however, recently a strong association of a microsatellite poly-
morphism in the 3’ untranslated region of the leptin gene with essential hypertension
was found in subjects with a high BMI. The association was low in individuals
with a normal BMI. Linear regression analysis showed an independent correla-
tion of leptinemia with BMI, and a notable correlation was found between serum
leptin concentration and angiotensin II. Currently, the underlying mechanism
remains unknown. This association underlines the complex interactions between
(patho)physiological systems (Akhter et al. 2012).

4.2.5 Nitric Oxide Synthase 3 (eNOS, NOS3)

Nitric oxide synthase 3 (NOS3) catalyzes production of NO in the endothelium and
seems to play arole in cardiovascular disease (CVD). NOS3 variants were significantly
associated with CHD and heart failure, and significant pharmacogenetic effects were
identified for stroke and all of them cause mortality. The hazard ratio (HR) for CHD
was higher in minor allele carriers at NOS3 —690C>T (rs3918226); for NOS3
—922A>G (rs1800779), a higher HR for heart failure was found in minor allele carri-
ers. In contrast, the risk for stroke was lower in —690C>T (rs3918226) and Glu298Asp
G>T (rs1799983) minor allele carriers when treated with amlodipine versus lisino-
pril. Data suggest that NOS3 variants may potentially provide useful clinical infor-
mation with respect to treatment decisions in the future (Zhang et al. 2012).

4.3  Obesity and Type 2 Diabetes

Abnormalities designated as “secondary risk factors™ for cardiovascular events as
described in detail in Part II of this book generally show a strong genetic back-
ground and typically share susceptibility genes. Consequently, signaling molecules
introduced above will be of importance for additional risk situations. One example
is NOS3, which is a potential determinant of the severity of diabetic complications.
A paradigm for tight overlap in genetic background of secondary risk factors is type
2 diabetes (T2DM) and obesity. The reader will note a significant degree of overlap
in genetic risk factors and causative gene variants between the separately discussed
disease states. Thus, it is important to emphasize that mutations in susceptibility
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Table 4.2 Prominent susceptibility genes in obesity

Gene SNP Variants Functional consequence References
ADRB3 Trp64Arg Gjesing et al. (2008)
Arg64Trp Increased BMI Allison et al. (1998)
Arg64Trp Increased BMI Fujisawa et al. (1998)
Arg64Trp Increased BMI Kurokawa et al. (2001)
Arg64Trp Increased BMI Kurokawa et al. (2008)
BDNF Val66Met Higher BMI Shugart et al. (2009)
MC4R V1031 Reduced risk of obesity Zobel et al. (2009)
Vall03Ile Reduced risk of obesity
Vall03Ile Reduced risk of obesity
Vall03Ile Reduced risk of obesity
NPY2R 1512649641 Reduced risk of obesity Heid et al. (2005), Geller
et al. (2004), Young et al.
(2007), Stutzmann et al.
(2007)
PCSK1 N221D Increased risk of obesity Torekov et al. (2006)
PPARGCIB Ala203Pro Reduced risk of obesity Benzinou et al. (2008)
FTO r$s9939609 Andersen et al. (2005)
rs9930506
rs991121980

genes, although causing defined cellular dysfunctions, can give rise to multiple risk
phenotypes (secondary risk factors). This overlap in genetic basis of disease can
create combined phenotypes representing a malign constellation of multiple “car-
diometabolic” risk factors specifically regarding the “metabolic syndrome” (Reaven
1988; Mottillo et al. 2010, see also Chap. 12). Focusing on the genetic background
of T2DM and obesity, a list of prominent susceptibility genes that can be considered
as causative based on available knowledge of gene product functions is provided in
Table 4.2.

Common forms of obesity are polygenic disorders and represent a risk for a
majority of chronic diseases. Consequently, obesity is considered as a trait of promi-
nent impact on morbidity and mortality. The tight causative relation between obe-
sity, T2DM, and cardiovascular dysfunctions is well established, and pathogenesis
involves a complex interplay of genetic and environmental factors (Temelkova-
Kurktschiev and Stefanov 2012). Genetic susceptibility appears to determine the
individual risk to develop obesity by more than 40 % and probably even up to 70 %
(Maes et al. 1997). The search for genetic variations, which, combined with envi-
ronmental factors, give rise to pathologically relevant BMI levels, was initially
hypothesis driven. Candidate gene studies revealed a small number of relevant genes
and causative gene variants, which are robustly associated with obesity and provide
the basis of severe but rare, monogenic forms of the disease such as variants of the
melanocortin 4 receptor (MC4R), prohormone convertase 1/3 (PCSK1), or brain-
derived nerve growth factor (BDNF) as listed in Table 4.2. These studies advanced
our understanding of the molecular mechanism involved in obesogenesis but shed
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little light onto common obesity susceptibility. Nonetheless, with the R64Y muta-
tion of ADRB3, one of the first genetic variation associated with both obesity and
T2DM in a most likely causative manner was identified (Eisenach and Wittwer
2010), and for MC4R (Masuzaki et al. 2009), polymorphisms were found that not
only give rise to rare monogenic forms of obesity but determine obesity risk also in
a polygenic manner as the V1031 mutation is negatively associated with BMI
(Hinney and Hebebrand 2008).

4.3.1 Fat Mass and Obesity-Associated (FTO)

With the advent of large-scale GWAS, a series of common obesity-associated gene
loci were identified including FTO (fat mass and obesity associated) as a repeat-
edly confirmed susceptibility gene with profound relevance for common obesity
(Scuteri et al. 2007; Frayling et al. 2007). FTO was found associated with T2DM
and subsequently uncovered as a strong determinant of BMI (Scuteri et al. 2007,
Frayling et al. 2007). The FTO gene product is an about 60 kD 2-oxoglutarate-
dependent nucleic acid demethylase. Despite the strong impact of FTO polymor-
phisms on obesity risk, the underlying molecular mechanism is still not understood.
Nonetheless, a strong association was found for potentially functional SNPs in FTO
and early-onset, severe obesity (Frayling et al. 2007). Recent attempts to unravel
the functional coupling of FTO to cellular signaling pathways revealed a potential
linkage to neuronal plasticity by interference with the NTRK2/BDNF pathway via
interaction with the transcription factor C/EBPb (Rask-Andersen et al. 2011). So
far, this neuronal mechanism is rather speculative and needs confirmation by further
functional studies. FTO has been suggested a common risk determinant for both
obesity and T2DM, and linkage of FTO expression to insulin resistance has been
reported (Perry and Frayling 2008). Another interesting aspect is the dependency of
the impact of FTO risk alleles on physical activity. Physical activity may specifically
attenuate obesity risk in risk A-allele carriers of the FTO rs9939609 genotype
(Andreasen et al. 2008).

4.3.2 Leptin and Leptin Receptors

For some prominent candidate genes, GWAS has rather excluded a role in common
obesity. One example are the leptin receptors, which play a pivotal role in neuroen-
docrine signaling for the control of energy balance and adiposity (Miinzberg and
Myers 2005; Bender et al. 2011). Leptin is formed in adipose tissue and communi-
cates the requirements for food intake and energy expenditure to the central nervous
system. Leptin signaling impacts on glucose metabolism by determining insulin
sensitivity in a way independent of energy balance control. Thus, leptin is consid-
ered a crucial determinant of susceptibility for obesity, T2DM, and cardiovascular
risk. Common obesity is associated with disturbances in leptin signaling, most
prominently involving impaired leptin sensitivity.
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Leptin resistance may originate not only from defects in the leptin receptor but
also from impaired downstream signal transduction or availability of the hormone
at its target sites within the central nervous system. Importantly, the blood—brain
barrier represents the main anatomical structure that controls the traffic of adipose
tissue-derived hormone(s) to its target receptors and might therefore be involved in
leptin resistance (Miinzberg et al. 2005). Moreover, leptin sensitivity may be
impaired by defects in signaling elements downstream of the hormone/cytokine
receptor. Downregulation of leptin sensitivity is considered as a physiological pro-
cess in response to altered environmental conditions (Penas-Steinhardt et al. 2011),
and this adaptive process involves the protein tyrosine phosphatase 1B (PTP1B) and
the suppressor of cytokine signaling (SOCS3). Specifically SOCS appear(s) to play
a crucial role in both leptin and insulin resistance. The involvement and relevance of
genetic factors in leptin resistance, associated with common obesity, is still unclear.
Recently, common variants in the gene encoding for the downstream leptin effector
JAK?2 (Table 4.2), a janus-type protein kinase, were found associated with suscepti-
bility for metabolic syndrome, suggesting a causative role of this polymorphisms in
leptin and/or insulin resistance (Penas-Steinhardt et al. 2011).

4.3.3 Peroxisome Proliferator-Activated Receptor y (PPARY)

Another gene of which variants have been found to determine the risk for both obe-
sity and T2DM is PPARG, which encodes a ligand-regulated transcription factor of
the nuclear hormone receptor family (PPARY) that is pivotal for adipogenesis, glu-
cose homeostasis, and insulin resistance (Altshuler et al. 2000). Disturbances in
PPARY signaling and alterations in PPARy-dependent gene expression have been
identified as a hallmark of insulin resistance and T2DM, and a series of SNPs that
associate with obesity and/or T2DM have been documented (Jeninga et al. 2009).
PPARG harbors not only rare mutations potentially linked to T2DM in a causative
manner but also a common variation that is clearly associated with T2DM risk. The
common PPARy P12A polymorphism (rs1801282) has been suggested to exert a
profound impact on population risk while modestly affecting individual susceptibil-
ity. Interestingly, the less frequent 12A allele was found to confer a decreased risk
for the disease although the proline to alanine mutation within the proteins
N-terminus reduces transcriptional activity (Altshuler et al. 2000; Gouda et al.
2010). Consistently, another mutation in the N-terminal activation function-1 (AF-1)
domain of PPARYy, P113Q, confers enhanced transcriptional activity, which pro-
motes T2DM (Jeninga et al. 2009). This is interesting and unexpected, as impaired
PPARY function has repeatedly been demonstrated to promote insulin resistance due
to lack of expression of PPARY target genes required for insulin signaling. Moreover,
pharmacological activation of PPARYy by thiazolidinediones has become an estab-
lished strategy to increase insulin sensitivity in T2DM therapy. It may be speculated
that the 12A variant, which displays modestly reduced transcriptional activity, con-
fers a reduced T2DM risk due to a mildly suppressed function as regulator of adipo-
genesis. Hence, different functional modifications of PPARy can result in similar
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metabolic and cardiovascular outcomes. Recently, this phenomenon was addressed
and in part elucidated by resolving the crystal structure of PPARY associated with its
co-receptor RXRa and bound to DNA, ligands, and peptides (Chandra et al. 2008).
Several unexpected interactions between missense mutations and specific functional
domains were revealed. Furthermore, it is important to note that PPARy has been
recognized to govern also vascular remodeling and inflammatory processes, whereby
the transcription factor may impact via this mechanism on atherogenesis and vascu-
lar dysfunction (Schiffrin 2005).

4.3.4 Adiponectin (AdipoQ/Acrp30)

An adipose tissue-derived signaling molecule that plays a key role in metabolic and
cardiovascular pathophysiology has been identified in the mid-1990s. A 30-kDa adi-
pokine termed adipocyte complement-related protein (Acrp30) or adiponectin
(AdiopQ) represents an endogenous regulator of insulin sensitivity and glucose and
lipid metabolism. Adiponectin levels are inversely correlated not only with insulin
resistance and hyperlipidemia but also with the risk to develop inflammatory diseases
and certain types of cancer (Ziemke and Mantzoros 2010). Thus, adiponectin signal-
ing has emerged as a factor involved in obesity-related malignancies. The adiponectin
gene is located on chromosome 3q27, within a region that determines susceptibility to
T2DM. Production and secretion of the antidiabetic adipokine is governed by PPARy
and is clearly upregulated by thiazolidinediones (Combs et al. 2002). Circulating adi-
ponectin levels are typically low in obese humans (Arita et al. 1999) and are depend-
ing on nutrition and exercise. Cellular actions of adiponectin are mediated by two
different G-protein-coupled receptors (GPCRs; AdiopR1/R2) and transduced into dif-
ferent signaling cascades including the mTOR, JNK, and STAT3 pathways (Ziemke
and Mantzoros 2010). The adipokine was reported to exert cardiovascular protection
via enhanced phosphorylation of AMP-activated protein kinase, resulting in phospho-
rylation and increased activity of NOS3 (eNOS, see Sect. 4.2.5; Morandi et al. 2010).
Interestingly, AdipoR1-mediated activation of Ca** entry and Ca*/calmodulin-
dependent kinase 3 has recently been suggested as a prominent mechanism by which
the adipokine governs mitochondrial functions as well as insulin sensitivity (Iwabu
et al. 2010). The adiponectin/AdipoR system may be seen as a critical signaling hub
that integrates genetic and environmental/lifestyle factors into cardiovascular risk.
Common as well as rare polymorphisms in the adiponectin gene have been found
associated with the risk for obesity and T2DM development. Missense mutations as
well as a silent mutation that is associated with decreased adiponectin levels were
found to increase the risk for obesity and insulin resistance (Stumvoll et al. 2002;
Yang et al. 2007b). Interestingly, a SNP (11391 G/A; rs17300539), which is associ-
ated with increased levels of the adipokine, apparently not only lacked protection
against obesity-associated metabolic disturbances but even increased the risk for
childhood obesity and insulin resistance (Morandi et al. 2010). Consequently,
enhanced adiponectin levels may be excluded as the basis of the recently documented
metabolically healthy state in humans (Karelis et al. 2004).
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4.3.5 Calpain 10 and Transcription Factor 7-Like 2 (TCF7L2)

Besides PPARG two other genes were identified as potential basis of polygenic T2DM.
These are calpain 10 (CAPN10) encoding for a cysteine protease (Evans et al. 2001)
and TCF7L2, which encodes for a high mobility, box-containing transcription factor
implicated in the control of glucose homeostasis and vascular functions. TCF7L2 was
suggested to affect susceptibility to T2DM (Grant et al. 2006). This is most likely based
on its role in regulation of the insulinotropic hormone glucagon like peptide-1 (GLP-1)
as one of the TCF7L2 target genes. TCF7L2 functions as a nuclear receptor for
[-catenin, which transduces upstream signals from the canonical Wnt pathway to tran-
scriptional control (Prunier et al. 2004). Wnt signaling has been suggested essential for
pancreatic 3 cell proliferation (Papadopoulou and Edlund 2005; Rulifson et al. 2007)
and is linked to a variety of other transcriptional regulators (Mulholland et al. 2005).
Interestingly, calpain has been proposed as a determinant of B-catenin activity, indicat-
ing potential convergence of the mechanisms by which mutations in CAPN10 and
TCF7L2 determine insulin secretion and T2DM risk (Benetti et al. 2005). It is impor-
tant to emphasize that among the currently identified susceptibility genes for T2DM,
the majority impacts on {3 cell function rather than insulin sensitivity.

4.3.6 Inwardly Rectifying Potassium Channel Kir6.2 (KCNJ11)
and the Sulfonylurea Receptor 1 SUR1 (ABCC8)

Two functionally well-understood gene products involved in glucose sensing and
regulation of pancreatic insulin secretion are the ion channel subunits comprising the
B cell ATP-sensitive K* channel. KCNJ11 which encodes a 390 aa, two membrane
spanning, pore forming channel subunit that combines with the ABC protein SUR1
to form a tetrameric K* channel that is inhibited by intracellular ATP. This protein
complex represents a paradigm metabolic sensor (Olson and Terzic 2010). Cellular
ATP generation reports glucose supply of the pancreatic B cell and is translated by a
membrane potential change and modulation of voltage-gated Ca* entry into appro-
priate insulin secretion. Gain-of-function mutations in KCNJ11 promote cell hyper-
polarization and impair insulin secretion (Flanagan et al. 2009). Such gain-of-function
mutations are the basis of rare forms of diabetes in neonates, and a common gain-of-
function mutation E23K (rs5219) has been identified, which is associated with T2DM
(Gloyn et al. 2003; Nielsen et al. 2003). As expected for a common gene variant, the
functional consequence of this mutation on ATP sensitivity is moderate but leads to
impaired glucose homeostasis and enhanced T2DM susceptibility.

4.4 Dyslipidemia

Hyper- or dyslipidemia is a trait that represents a traditional (well-recognized) risk
factor for atherosclerosis and various forms of vascular disease. The causal relation
between low-density lipoprotein cholesterol (LDL-C) levels and progression of
atherosclerosis as well as risk for cardiovascular events is well established. It was
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Table 4.3 Prominent susceptibility genes in dyslipidemia

Gene SNP Variants Functional consequence References

CELSR2, PSCR1, 1rs599839 LDL mediated Schunkert et al. (2010)

SORT1 rs646776 LDL mediated Kathiresan et al. (2009)

PCSK9 rs11206510 LDL mediated Kathiresan et al. (2009)

MRAS rs9818870 Adhesion signaling Erdmann et al. (2009)

LPA, LPAL2 12048327 Promotes Trégouét et al. (2009)
atherothrombosis

CXCL12 rs501120 Neointima formation ~ Schunkert et al. (2010)
after arterial injury

CXCL12 rs1746048 Platelet activation in ~ Schunkert et al. (2010)
atherosclerotic lesions

LDL-R rs1122608 LDL mediated Kathiresan et al. (2009)

LPA rs3798220 1le4399Met Lp(a) mediated Luke et al. (2007)

initially substantiated by the pioneering work on the genetic basis of familial
hypercholesterinemia with the identification of genetic variations in the low-
density lipoprotein receptor (LDL-R) associated with elevated LDL-C and elevated
risk for coronary heart disease (Lehmann et al. 1995; Brown and Goldstein 1986).
Genes involved in lipid metabolism have long been considered as candidate genes
to explain heritability of atherosclerosis. Interestingly, a number of candidate
genes, which were identified as the basis of rare, monogenic forms of the disease,
were later on found to harbor common mutations representing potential polygenic
risk determinants. Recent identification of SNPs of increasing numbers of gene
loci associated with blood lipid levels (Kathiresan et al. 2009) has led to the con-
cept of complex cardiovascular disease being based on additive effects of common
gene variations. Genes associated with elevated LDL-C were also found associated
with cardiovascular risk specifically for myocardial infarction (Willer et al. 2008).
The most prominent candidate genes with crucial impact on blood lipid levels
encode for apolipoproteins and lipoprotein receptors as well as lipoprotein recep-
tor-associated proteins such as lipoprotein receptor-related protein 6 (LRP6;
Tomaszewski et al. 2009). The function and relevance of these signaling molecules
are comprehensively discussed in Chap. 13. The GWAS approach for blood lipids
revealed a plethora of gene loci for which a causative link to hyperlipidemia is
entirely elusive and rediscovered genes with well-known functions in lipid metab-
olism. Moreover, this hypothesis-generating approach has indeed uncovered a
series of novel players in lipid metabolism. We will discuss a few examples of
established susceptibility genes and gene polymorphisms that have been suggested
as potential basis of heritability of cardiovascular risk (Table 4.3).

4.4.1 Apolipoprotein E (ApoE)

This member of the apolipoprotein family is a 299aa (34 kDa) protein that is for a
large part produced in hepatocytes.
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The three major human isoforms apoE2/3/4 differ in aa positions 112 and 158 by
polymorphisms resulting in C/C (apoE2), C/R (apoE3), or R/R (apoE4) containing
proteins encoded by the APOEe2/3/4 allele. This polymorphism of APOE exhibits
clear ethnic population dependence (Corbo and Scacchi 1999) with a higher fre-
quency of the €4 allele in Native Americans, Pygmies, and Papuans, while €3 is
prominent in societies of long agricultural history. Structural apoE diversity can be
related to function and pathophysiology as the aa residues in positions 112 and 158
determine the interaction of apoE with lipoprotein particles and LDL receptors,
thereby affecting blood cholesterol levels. ApoE2 confers an approximately 50-fold
reduction in binding to LDL-R as compared to apoE3 and apoE4 (Raffai et al. 2001).
Besides the impact on lipid homeostasis, APOE polymorphisms have been clearly
demonstrated to affect signaling pathways involved in immune reactions and
inflammatory responses (see Zhang et al. 2011). Polymorphism governs the ability
of ApoE to modulate/suppress cytokine secretion such as TNF-o and IL-1p with E2
conferring highest and E4 lowest effectiveness. Consistently, APOE polymorphisms
were found to affect mortality infectious diseases (Zhang et al. 2011). Moreover
APOE genotype strongly impacts on endothelial function and signaling, and apoE4-
VLDL has been shown to counteract the antiapoptotic activity of HDL in the
endothelium by suppressing PI3K/Akt pathway via a mechanism involving interac-
tion with LDL-R (DeKroon et al. 2006). Genetic variations of APOE are robustly
associated with the risk for a variety of diseases that determine longevity, including
not only atherosclerosis and cardiovascular events but also infections as well as
neurodegenerative disorders such as Alzheimer’s disease (Kim et al. 2009). It is
important to note that the role of apoE as a modulator of immune responses is cer-
tainly relevant for its significance in cardiovascular disease.

4.4.2 Sortilin 1 (SORT1)

An example for a novel gene and molecular player in lipid homeostasis more
recently identified via GWAS is sortilin 1. A genome-wide screen in patients with
coronary artery disease identified 1p13.3 as locus associated with both elevated
LDL-C levels and cardiovascular events. Among several SNPs within this locus, all
residing in a noncoding region, rs12740374, an intronic SNP in CELSR?2 (cadherin,
EGF LAG-seven-pass G-type receptor), was found to generate a C/EBP transcrip-
tion factor interaction site and was therefore considered a causative variation
(Musunuru et al. 2010). The SNP results in enhanced expression of sortilin 1 in the
liver. Sortilin 1 is a multi-ligand receptor and a member of the VSP10P domain
receptor family also known as neurotensin receptor 3, which is capable of interac-
tion with apolipoproteins, lipoprotein lipase, and LDL-R-associated protein (RAP).
Cellular localization of sortilin 1 includes both the cell surface and intracellular
compartments, and a role of the multi-ligand receptor in endocytosis and protein
trafficking has been reported (Nielsen et al. 2001). Sortilin 1 is likely to interfere
with hepatic secretion of apolipoproteins (Kjolby et al. 2010) and has been demon-
strated to interfere with LDL uptake into cells (Linsel-Nitschke et al. 2010).
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However, diverging results have been obtained in various experimental models
studying the effects of genetic manipulation of sortilin 1 expression on plasma cho-
lesterol levels (Musunuru et al. 2010; Linsel-Nitschke et al. 2010). Thus, the mecha-
nism linking hepatic expression of this novel player in lipid homeostasis and
cardiovascular risk needs further investigations.

4.4.3 Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9)

PCSKO9 represents a typical example for a gene harboring both SNPs causing rare,
severe mutations resulting in profound changes in LDL-C levels (>100 md/dl) but
also more common variants (frequency 19 %) with mild effects (3 mg/dl) (Willer
et al. 2008). Proprotein convertase subtilisin/kexin type 9 controls LDL-C plasma
levels and influences the cellular fate of LDL-Rs. Representing a secreted protei-
nase, PCSKO9 binds to LDL-Rs and targets the receptors to the lysosome promoting
its degradation (Horton et al. 2007, 2009). Consistently, rare gain-of-function muta-
tions are associated with hypercholesterinemia (Abifadel et al. 2003) and clearly
increase the risk for cardiovascular events. Protective loss-of-function mutations are
more common and reduce LDL-C levels. One example is the nonsynonymous R46L.
polymorphism (rs11591147, frequency about 3 %) which results in moderate reduc-
tions in plasma cholesterol (13 mg/dl) (Sanna et al. 2011) and a strong reduction in
cardiovascular risk, which appears not sufficiently explained by the change in
LDL-C (Benn et al. 2010). This discrepancy may be taken as an indication for an
additional protective mechanism of the R46L mutation besides lowering plasma
cholesterol (Benn et al. 2010). However, so far animal models have clearly demon-
strated the impact of PCSK9 on lipid metabolism (Frank-Kamenetsky et al. 2008)
while lipid-independent effects potentially related to cardioprotection are specula-
tion. Importantly, PCSK9 has recently been demonstrated as a highly attractive tar-
get for pharmacological intervention. For example, a monoclonal antibody against
PCSKO9 has been tested which produces significant reductions of LDL-C in patients
with familial hypercholesterinemia (Stein et al. 2012).

4.4.4 Lipoprotein Lp(a) and Apolipoprotein Apo(a)

Epidemiology has identified plasma Lp(a) levels as a predictor of cardiovascular
risk (De la Pefia-Diaz et al. 2000; Kamstrup 2010). Lp(a) contains the glycoprotein
apo(a), which is linked by a disulfide bond to ApoB-100 (Guevara et al. 1993, see
also Chap. 13). Apo(a) is structurally related to a family of serine proteases, dis-
playing a high degree of similarity with plasminogen. The apoA gene is localized in
close proximity to the plasminogen gene on chromosome 6, and its expression is
strongly determined by polymorphisms in the 5'-flanking region of the gene (Suzuki
et al. 1997). Moreover, structural polymorphism in apo(a) leading to isoforms with
size differences has been recognized as basis of variability in Lp(a) plasma levels.
The apo(a) size variation arises from the presence of a variable number of repetitive
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domains, which are homologous to the plasminogen kringle-4 (K4). The structural
similarity to plasminogen combined with a lack of fibrinolytic protease function
results in a substantial antifibrinolytic potential based on competitive interference
with the plasminogen-fibrin interaction (Loscalzo et al. 1990). Apo(a) polymor-
phism affects both Lp(a) plasma levels and antifibrinolytic activity and thereby car-
diovascular risk. Size polymorphism based on a copy number variant has been
reported as a basis of variation of plasma Lp(a) levels among ethnic groups (Kraft
etal. 1996a, b), and a common nonsense mutation in the K4-2 domain was identified,
which results in low Lp(a) levels (Parson et al. 2004). More recently, a nonsynony-
mous SNP (rs3798220) encoding an Ile>Met exchange in the pseudoprotease
domain was found associated with elevated circulating Lp(a) and cardiovascular
risk (Luke et al. 2007). Notably, apo(a) polymorphism represents an established
paradigm for overlap in the genetic basis of disturbances in lipid metabolism and
hemostasis, specifically affecting the fibrinolytic system.

4.5  Arrhythmias: Structural and Electrical Remodeling

With respect to their genetic background, arrhythmias and structural diseases of the
heart are positioned at some point between rare genetic variants, typically associ-
ated with high severity levels, and common forms, characterized by a rather small
increment of risk. As several examples indicate, a single pathological phenotype
may be linked to different genetic determinants of predisposition and may be either
based on rare genetic modifications and Mendelian traits or associated with com-
mon polymorphisms combined with a significant dependency on environmental
factors.

A classical structural disease of the heart is represented by primary dilated car-
diomyopathy (DCM) that affects either the left or both heart ventricles showing
reduced contractility and dilatation without changes in cardiac wall thickness. While
secondary dilated cardiomyopathy is induced by infection, toxins, autoimmune dis-
eases, or disorders of the endocrine system, most cases of primary dilated cardio-
myopathy are due to the idiopathic form of the disease that has a clear monogenetic
origin. In addition to many HCM-related gene products, dystrophin and desmin
(Arbustini et al. 2000; Li et al. 1999; Taylor et al. 2007) have been identified as
affected proteins, as well as actin, 8-sarcoglycan, titin, laminin, and phospholamban
(Herman et al. 2012; Takeda 2003; van der Zwaag et al. 2012). In addition to rare
monogenetic forms, several common gene variants were shown to affect the risk for
DCM. A GWAS study genotyping 664 DCM cases in Germany identified heat
shock protein B7 (HSPB7, SNP rs1739843), a protein involved in cardiac stress
response, to be associated with DCM risk (Stark et al. 2010). Variations in this gene
have also been found associated with sporadic and advanced heart failure (Cappola
et al. 2010; Matkovich et al. 2010). Polymorphisms of presenilin-1 (SNP rs177415),
a protein involved in cell apoptosis and cardiac development, were found associated
with the susceptibility for DCM (Li et al. 2011). A recent GWAS study (Villard
et al. 2011) identified SNP rs2234962 located within the sequence encoding for
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BAG family molecular chaperone regulator 3 (BAG3), a finding that is supported by
a study indicating that this gene may also be affected in rare forms of DCM (Norton
etal. 2011).

Cardiomyopathies as well as heart failure are typically associated with arrhyth-
mogenesis and a certain level of electrical remodeling. Nonetheless, genetic risk for
arrhythmias has largely been identified in terms of polymorphisms in genes encod-
ing for ion channels that determine cardiac excitability and electrical properties,
thus representing classical “channelopathies.” Sudden cardiac death (SCD) is a
pathological phenotype responsible for 50 % of cardiovascular mortality (Kolder
et al. 2012). The primary functional cause, a ventricular fibrillation (VF), may be
induced by rare genetic variations associated with a clear familial heritability pat-
tern, based on channelopathies. These forms of SCD typically occur in younger
individuals. However, the majority of cases occurs in individuals above the age of
40 years and is based on VF as a consequence of coronary artery disease (Zipes and
Wellens 1998). Genome-wide association studies helped to identify a number of
frequent gene variants linked to these common forms of SCD. However, for many
genes found in these studies, a direct causal contribution of their encoded proteins
in pathophysiological pathways is not immediately evident. These genes and gene
products may rather affect expression of other genes. To determine common causal
molecular targets of genetic variability linked to SCD, recent studies have been
investigating intermediate phenotypes of SCD risk, i.e., the effect of frequent genetic
variants on specific mechanisms and processes that have a clear causal connection
to SCD (Kolder et al. 2012). Some loci identified by these studies affect proteins
already known to be associated with Mendelian disorders like long QT syndrome
and short QT syndrome, including potassium channels. It is of note that in addition
to mutations in genes encoding for ion channels, polymorphisms of nitric synthase
1 neuronal adaptor protein (NOS1AP) (Arking et al. 2006), Na/Ka ATPase 31 sub-
unit (ATP1B1) (Lingrel 2010), and phospholamban (PLN) (Periasamy et al. 2008),
key elements of myocardial function, were also found associated with VF risk.

A cardiac disorder that receives increasing attention due to its high prevalence and
association with substantial health-care costs is atrial fibrillation (AF). Representing
the most common form of arrhythmia with a clear familial clustering and a wide
array of established, general risk factors for cardiovascular diseases such as age,
gender, diabetes, and hypertension, AF has been intensively investigated in terms of
its genetic basis (Rienstra et al. 2012). AF represents a paradigm for a vicious feed-
forward pathogenetic process that involves structural and electrical remodeling of the
atrium. Recent studies have revealed a number of common genetic variations with
examples that give a hint to the molecular pathophysiology of this disorder.

4.5.1 Human Ether-a-gogo Related Gene (HERG)

VF is closely related to changes in the structure and function of HERG (KCNQI,
KCNH2, KCNEI) and/or its regulatory subunits (Amin et al. 2012; Nishio et al.
2009; Sinner et al. 2008). A polymorphism of KCNH?2 (SNP rs1805123) associated
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with VF leads to the substitution of lysine 897 by threonine in the delayed rectifier
potassium channel. The exact effect of the genetic variant on channel function is still
a matter of controversy (Bezzina et al. 2003; Minnikko et al. 2010; Paavonen et al.
2003). However, a rather rare SNP (rs1805128) affecting KCNEI (D85N) has been
demonstrated to be associated with functional defects in delayed rectifiier potassium
channel (IKr, Nishio et al. 2009) and a large gene survey identified the KCNE1-D85N
as a possible modulator of drug-induced torsades de pointes (Kaéb et al. 2012).

4.,5.2 Voltage-Gated Sodium Channels (NaV)

Another intermediate phenotype involved in VF and SCD is represented by the
mechanisms responsible for PR interval and QRS duration. Here, voltage-gated
sodium channels (Navl.5, SCN5A) (Shinlapawittayatorn et al. 2011) have been
demonstrated to be affected by polymorphisms that are also targets of Mendelian
traits leading to cardiac conduction disease (Schott et al. 1999). SCN10A, encoding
Navl.8, is the gene affected by SNP rs6795970, a single-nucleotide polymorphism
responsible for changes in PR interval and QRS duration (Holm et al. 2010).

4.,5.3 Paired-Like Homeodomain Transcription Factor 2 (PITX2)

GWAS studies have identified a series of genetic loci that confer susceptibility to AF.
Among these loci in particular, 4925 near the developmental transcription factor
PITX2 has received particular attention (Liu et al. 2012). PITX2 is essential in
embryonic development and governs development of cardiac left-right asymmetry,
pulmonary myocardium, and the sleeve of cardiomyocytes that reaches into the pul-
monary vein, which represents a critical origin of triggered activities leading to AF.
PITX2 is a downstream target of Wnt/B-catenin signaling and, in the heart, a pivotal
player in developmental signaling pathways involving factors such as Nodal, Shox2,
and Tbx3 (Poelmann et al. 2008; Tessari et al. 2008; Christoffels et al. 2010).

PITX2 is the closest gene to common risk variants on chromosome 4q25 with the
first identified by Gudbjartsson et al. (2007) (rs2200733 and rs2220464; see
Table 4.4).

The gene is responsible for development and identity of atrial and ventricular
excitability properties as well as pulmonary myocardium. This key role has been
established by genetic mouse models demonstrating a potential role in AF (Wang
et al. 2010a). PITX2 is considered as an inhibitor of genetic programs essential for
pacemaker functions and to govern the potential for ectopic activity. Human atrium
displays expression of the PITX2c isoform which was found downregulated in AF
patients (Kirchhof et al. 2011). Moreover, PITX2c-deficient mice were shown to
display increased sensitivity to programmed stimulation-induced AF. Importantly,
lack of PITX2c was suggested to affect ion channel expression in the atrium
(Chinchilla et al. 2011), including KCNQ1 and may be also other K* channels
essential for atrial repolarization.
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Table 4.4 Prominent susceptibility genes linked to arrhythmias: structural and electrical

remodeling

Gene
Dystrophin

Desmin

Actin
5-Sarcoglycan
Titin

Laminin

HSPB7

Presenilin-1

BAG3

NOSIAP

ATP1B1
Phospholamban
PLN

KCNQI
KCNH2

KCNEI
KCNH2

KCNE1

SCNS5SA

SNP?
rs128627257

Variants

rs121913005
rs104894546
rs104893869

rs199469665
rs199469666
rs80356682
rs121913570
rs10927875

rs177415

1s2234962

rs12143842
rs2880058

rs10494366
rs12029454
rs4657178

rs16857031
rs10919071
rs12210810

112296050
rs2968863
rs1805128

rs1805123 Lys897Thre

rs1805128 D85N

rs12053903

rs2051211
rs41312391
rs2200733

Functional
consequence

Defective myocardial
force transmission

Defective myocardial
force transmission

Defective myocardial
force transmission

Defective myocardial
force transmission
Defective myocardial
force transmission

Defective myocardial
force transmission
Susceptibility for
DCM

Susceptibility for
DCM
Susceptibility for
DCM

VF risk

VF risk
VF risk

Susceptibility for
DCM

Associated with VF

Functional defects
inl

Drug-induced
torsades des pointes
Susceptibility for
DCM

AF risk

SCD risk

References

Arbustini et al. (2000),
Li et al. (1999)

Taylor et al. (2007)
Takeda (2003)
Takeda (2003)

Herman et al. (2012)

Takeda (2003)

Stark et al. (2010),
Cappola et al. (2010),
Matkovich et al. (2010)

Lietal. (2011)

Villard et al. (2011),
Norton et al. (2011)

Arking et al. (2006)

Lingrel (2010)
Periasamy et al. (2008)

van der Zwaag et al.
(2012)

Amin et al. (2012)
Nishio et al. (2009)
Sinner et al. (2008)

Bezzina et al. (2003),
Minnikko et al. (2010),
Paavonen et al. (2003)

Nishio et al. (2009)
Kéib et al. (2012)
Shinlapawittayatorn

etal. (2011)
Schott et al. (1999)

(continued)
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Table 4.4 (continued)

Functional
Gene SNP* Variants consequence References
SCN10A rs6795970 Changes in PR Holm et al. (2010)
interval and QRS
duration
PITX2 rs2200733 Common risk Gudbjartsson et al.
1s2220464 variants on chromo-  (2007)
some 4925
KCNN3 rs133763339 Associated with lone  Ellinor et al. (2012)
AF

“SNP-numbers not necessarily mentioned in given references

454 Small Conductance Ca?**-Regulated Potassium Channel (KCNN3)

Cardiac electrophysiologists have for a long time ignored the presence and/or
significance of small-/intermediate-type Ca?*-activated K* channels. Only recently
these channels got into the spotlight of cardiology since expression in human hearts
(Xu et al. 2003) specifically in atrium has been demonstrated. Ellinor et al. (2012)
recently identified a polymorphism (rs133763339) on chromosome 1q21 that is
associated with lone AF. This common variation affects a member of the intermedi-
ate/small conductance Ca**-activated K* channel family that appears of importance
for atrial action potential morphology (KCNN3). In fact, pharmacological experi-
ments suggest that inhibition of KCNN3 prolongs atrial action potential duration
and is able to terminate AF (Diness et al. 2010). Thus, KCNN3 has emerged as an
attractive target for AF therapy. It is important to note that AF is of pivotal impor-
tance as a cardiovascular risk factor promoting heart failure and stroke due to dis-
turbances in cardiac mechanics, hemodynamics, and hemostasis.

4.6 Hemostatic Dysfunctions

In the following chapter, proteins and SNPs important for hemostatic balance will
be discussed regarding their contribution to the risk of vascular diseases.

The coagulation system is essential to prevent excessive bleeding and to enable
wound healing after trauma. Thus, an active coagulation system is needed. However,
coagulation has to be carefully balanced to avoid bleeding as well as thrombosis.
This balance is guaranteed by the well-tuned interaction of the pro- and the antico-
agulatory system and fibrinolysis. In case of increased or decreased concentrations,
hyperactivity, or subnormal function of any one of the participating components, the
fine-tuning is disturbed resulting in clinical phenotypes. During the last two decades,
great effort has been made to understand the molecular genetic mechanism of the
hemostatic system. The DNA sequences of all known coagulation factors have been
elucidated, and many genetic alterations affecting the function of coagulation fac-
tors have been identified (Table 4.5).
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Fig. 4.1 Coagulation cascade (Endler et al. 2003)

In vitro, coagulation can be initiated via two pathways: the intrinsic system com-
prising factor XII, prekallikrein, high-molecular-weight kininogen, and factors XI,
IX, and VIII at negatively charged surfaces and the extrinsic pathway via activation
of factor VII in the presence of tissue factor. Both pathways converge at a common
stage involving factors X, V, and II. As a result thrombin is formed, which then
converts fibrinogen (factor I) to fibrin. The cross-linking of fibrin filaments by acti-
vated factor XIII increases clot stability and its resistance to fibrinolysis. Today, we
know that the intrinsic and extrinsic coagulation systems are intertwined and the
in vivo activation of the coagulation cascade is complex (Fig. 4.1).

4.6.1 Coagulation Factors, Gene Polymorphisms, and Thrombotic
Disease

Thrombotic events in coronary arteries are central for the development of MI. Twin
and sibling studies have shown that inherited risk factors contribute significantly to
the development of coronary artery disease (CAD) and ischemic stroke (Brass
et al. 1996, 1992). The formation of blood clots that occlude major arteries repre-
sents the leading complication of arteriosclerosis. In the 1990s it became evident
that besides mutations in coding regions of genes, polymorphisms in regulatory
elements of coagulation factor genes, particularly in the promoter regions, have an
important impact on blood coagulation because of their effect on the concentration
of the proteins (Franco and Reitsma 2001; Blake et al. 2001). For some coagulation
factors, reproducible data exist regarding the contribution of various SNPs to the
variability of plasma concentration and consequently an effect on the clinical
phenotype.
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4.6.2 Fibrinogen (Factor I), Factor Xlll, and Fibrinolysis

Fibrinogen is a 340-kDa glycoprotein consisting of three nonidentical polypeptide
chains (o, B, and y) linked by disulfide bridges. The three genes encoding fibrinogen
BB (FGB), Aa. (FGA), and y (FGG) are clustered in a region of ~50 kilobases (kb)
on human chromosome 4. Each gene is separately transcribed and translated to
produce the nascent Ao, BB, and y-polypeptides, which assemble to form fibrinogen.
Fibrinogen levels are subject to biological variation. They are upregulated during
acute phase reactions via the activation of the IL-6 responsive elements in the pro-
moter region of all three fibrinogen chains. High levels of fibrinogen have been
associated with the development of arterial thrombosis. Prospective studies such as
the Northwick Park Heart Study, the Gothenburg study, and the PROCAM study
have related elevated fibrinogen levels to MI and stroke (Heinrich et al. 1994;
Wilhelmsen et al. 1984). Fibrinogen levels cluster with other cardiovascular risk
factors including hypertension, diabetes, smoking, and peripheral arterial disease
(Lee et al. 1993; Endler and Mannhalter 2003).

Genetic factors contribute to the variability of fibrinogen plasma levels. The
two most frequently studied polymorphisms are the —455G>A (rs1800790) poly-
morphism located in the promoter region of the fibrinogen beta chain (FGB) and
the 312Thr>Ala (rs6050) polymorphism in the fibrinogen alpha chain (FGA).
—455G>A is in complete linkage disequilibrium with the —148C>T polymorphism
in the IL-6 responsive element and leads to increased plasma fibrinogen levels,
while 312Thr>Ala is associated with modestly lower plasma fibrinogen levels.
The FGA rs6050 single-nucleotide polymorphism (SNP) indicates a decreased
risk, whereas the FGB —455G>A SNP seems to increase the risk of stroke. The
risk of myocardial infarction does not seem to be altered by either SNP (Siegerink
et al. 2009). Interestingly, an association between poststroke mortality and the
312Thr>Ala polymorphism in patients with atrial fibrillation had been observed
by Carter et al. (1999). Thus, although the general risk for MI or stroke apparently
is not significantly affected by fibrinogen polymorphisms, they may play a role in
subgroups of patients.

Currently, the role of fibrinogen polymorphisms in thrombotic disease has still
not been definitely proven. The available results suggest that plasma fibrinogen lev-
els could be more important as risk factors for ischemic stroke than for myocardial
infarction.

Fibrinogen is cleaved by thrombin leading to the generation of fibrin monomers
which have to polymerize and be cross-linked by factor XIII. This cross-linking
of the fibrin polymers is essential for clot stability and its resistance to fibrinolysis
(Siebenlist et al. 2001). Fibrin structure and stability have been linked to throm-
botic diseases. Biochemical studies of fibrinogens have examined the interactions
that mediate the conversion of soluble fibrinogen to the insoluble fibrin network.
These studies show that fibrin structure modulates the enzymatic lysis of the
fibrin network. Thus, the molecular mechanisms that control structure also con-
trol stability. FXIII which catalyzes the formation of covalent g(y-glutamyl)-lysyl
bonds between the y and a chains of fibrin plays an important role in this process.
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Factor XIII circulates in plasma as a heterotetramer consisting of two catalytic
A-subunits and two carrier protein B-subunits (A2B2). Monocytes and megakaryo-
cytes synthesize FXIII, and it has also been identified in platelets. In the F13 gene,
a common G>T polymorphism at nt163 (rs5985, c.103G>T), leading to a valine
(Val) to leucine (Leu) substitution at amino acid position 35 (nomenclature accord-
ing to HGVS, three amino acids away from the thrombin activation site in exon
2 of the FXIII A-subunit gene), was described (Mikkola et al. 1994). Due to the
close proximity of the thrombin activation site, this polymorphism is thought to
impair FXIII activation and contribute to the pathogenesis of thrombotic disorders
(Kohler and Grant 1999). The Val35Leu polymorphism leads to faster activation
of FXIIIL. In vitro, the 35Leu allele confers an increased catalytic activity to FXIII
but decreases clot stability and resistance to fibrinolysis by alterations of the clot
structure (Ariens et al. 2000). A lower prevalence of the 35Leu allele has been
found in subjects with MI or deep vein thrombosis compared to healthy controls
(Corral et al. 2000; Bereczky and Muszbek 2011). In spite of some positive reports,
the importance of the FXIII 35Leu genetic variant for premature coronary artery
disease (CAD) and thrombotic events remains controversial. The evaluation of its
effect on long-term clinical outcome defined as a composite of cardiovascular death,
recurrent MI, and revascularization indicated no association of FXIII 35Leu with
premature CAD or clinical outcome. However, carriage of factor XIII 35Leu leads
to a stepwise decrease in the rate of fibrinolysis with a significant gene dose effect in
patients (Silvain et al. 2011). The role of the FXIII Val35Leu polymorphism in isch-
emic stroke is still unclear. Our group found no differences in genotype distribution
between patients with ischemic stroke and healthy controls. This suggests that an
association of the FXIII Val35Leu polymorphism with a decreased risk of ischemic
stroke or an increased risk of intracerebral hemorrhage is unlikely (Endler et al.
2003). The results were recently confirmed by Shemirani et al. (2010) who also
found no association between the risk of acute ischemic stroke and FXIIIA 35Leu
carriership in either gender. Thus, while there is increasing evidence that the 35Leu
allele protects from MI, its role in the development of stroke needs to be clarified.

In mammalian blood the fibrinolytic system is essential for the dissolution of
blood clots and the maintenance of a patent vascular system. Abnormalities in the
fibrinolytic system have been implicated in the pathogenesis of atherosclerotic dis-
eases such as myocardial infarction and stroke (Babu et al. 2012). Fibrinolysis is
initiated by specific interactions between its main components, the inactive proen-
zyme plasminogen, which is converted to the active enzyme plasmin, which degrades
fibrin. Two plasminogen activators exist in blood: tissue-type plasminogen activator
(tPA) and urokinase. Activation of plasminogen by tPA is enhanced in the presence
of fibrin or at the endothelial cell surface. Inhibition of fibrinolysis occurs either at
the level of plasminogen activation by a plasminogen activator inhibitor or at the
level of plasmin by o -antiplasmin.

Plasminogen activator inhibitor (PAI)-1 is the key regulator of the fibrinolytic sys-
tem and has the greatest inhibitory effect. It plays a crucial role in various physiologi-
cal processes including fibrinolysis, tissue repair, blood coagulation, thrombolysis,
ovulation, embryogenesis, angiogenesis, and cell adhesion and migration (Fig. 4.2).
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Fig. 4.2 Plasminogen activator inhibitor 1 (PAI-1)

A delicate interplay between tissue plasminogen activator (tPA) and its inhibitor
PAI-1 regulates the propagation of thrombi. PAI-1 is synthesized locally in the vas-
cular wall (in endothelial and smooth muscle cells). High levels of tPA and PAI-1
have been reported in patients with a history of stroke (Carter et al. 1998; Macko
et al. 1999). Genetic variants of PAI-1 affect PAI-1 levels, and gene polymorphisms
have been associated with myocardial infarction and stroke (Jood et al. 2005). The
promoter region of the PAI-1 gene contains a common single guanine nucleotide
insertion/deletion polymorphism (4G/5G) situated 675 bp from the transcription
start site. The 5G allele contains a repressor site and binds both an enhancer and a
repressor, while the 4G site binds only an enhancer. This leads to a lower transcrip-
tion of PAI-1 in carriers of the 5G genotype (Erikson et al. 1995). A recently pub-
lished meta-analysis comprising 41 studies including 12,461 cases and 14,993
controls identified the PAI-1 4G allele as weak risk factor for MI in Caucasian,
Asian, or African populations. The MI risk for the 4G/4G genotype was increased
compared to 5G/5G genotype and the 5G allele, with an odds ratio at 1.16 (Gong
et al. 2012). Data on the association of PAI-1 and tPA levels with stroke as a func-
tion of PAI-1 4G/5G genotype is controversial. Elevation in PAI-1 and reduction in
tPA levels were observed in stroke patients. Nevertheless, in some studies including
ours, the 4G/4G genotype conferred a reduced risk of stroke, possibly due to a more
stable clot and less likelihood of embolic events (Endler et al. 2000). In a study by
Saidi et al. (2007), regression analysis demonstrated that 4G homozygosity was an
independent predictor of a protective effect. The authors speculate that this may
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possibly be mediated through a mechanism not related to fibrinolysis. In contrast to
these results, a nested case—control study in two independent Swedish cohorts
reported an association of the 4G allele with an increased risk of future ischemic
stroke (Wiklund et al. 2005).

The PAI-1 4G/5G polymorphism has also been associated with hypertension.
Indeed, in 815 unrelated Spanish individuals, the 4G/4G PAI-1 genotype conferred an
elevated relative risk of developing arterial hypertension, regardless of PAI-1 levels
and other hypertension-related factors (Martinez-Calatrava et al. 2007). Recently, it
was reported that central pressures were higher in women carrying the PAI-1 4G/4G
genotype compared to females with the 5G/5G genotype (Bjorck et al. 2011). Thus,
even though there are many studies that suggest a contribution of PAI-1 to the risk of
vascular events, the exact mechanisms as well as the disease entity are unclear.

4.6.3 SNPsin Other Coagulation Factors: Factor XII, Factor VII,
Factor V, Factor I, Factor VIIl, and von Willebrand Factor

In vitro, clot formation is initiated by the contact of FXII with negatively charged
surfaces. This leads to proteolytic cleavage of the FXII molecule and activation to
FXIlIa, which induces activation of factor XI. FXII also participates in the conver-
sion of plasminogen to plasmin. Zito et al. showed that FXII and FXIla levels are
highly variable in the population (Zito et al. 2000). Even though it is known that
FXII levels are influenced by hypertriglyceridemia, smoking, or estrogens, his data
indicated that the FXII variability is also genetically determined. A common variant
in the factor XII (F12) gene (46C>T, —4C>T, rs 1801020) resulting in decreased
plasma levels was identified by Kanaji et al. (1998). The polymorphism destroys a
Kozak consensus sequence, resulting in lower translation efficiency and a decrease
in FXII plasma levels. There is general agreement that FXII and FXIla levels are
significantly lower in carriers of the T allele, e.g., 132 U/dl FXII in —4CC, 87 U/
dl FXII in —4CT, and 53 U/dl FXII in —4TT carriers p<0.001. This polymorphism
is frequent in Orientals and may explain the lower plasma FXII activity found in
this population. The role of the polymorphism for the development and progression
of coronary artery disease has been debated for more than 10 years. In Viennese
patients the homozygous F12 —4TT genotype was less frequent in patients with
an acute coronary syndrome (ACS) than in patients with stable CAD (Endler et al.
2001). However, data of a large retrospective study performed in Vienna indicated
gradually increased hazard ratios for vascular mortality with decreasing FXII levels
(from 1.0 in the >100 % FXII to 1.5 in the 80-90 % to —4.7 in the 10-20 % FXII
group). No significant increase in all-cause mortality was observed in FXII-deficient
subjects (0—10 % FXII) (Endler et al. 2007). Bach et al. (2008) found no association
of the FXII genotype with any clinical phenotype but could confirm the association
of FXII levels with coronary risk. To shed light into the long discussion of an associ-
ation between low factor XII levels or F12 gene variants and thrombotic outcomes,
a recent review and meta-analysis searched MEDLINE, EMBASE, and HuGE
Navigator for an association between F12 —4C>T and venous thromboembolism
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as well as myocardial infarction. Sixteen candidate gene studies (4,386 cases,
40,089 controls) were analyzed. None of the investigated effects reached statistical
significance at p<0.05, apart from a very weak association with myocardial infarc-
tion for the TT + CT versus CC genotype (odds ratio 1.13). Overall, the evidence for
an association between F12 —4C>T and venous thromboembolism and myocardial
infarction was weak (Johnson et al. 2011a). The F12 —4C>T polymorphism appar-
ently does not play a role in the development of ischemic stroke, except probably
in patients with atherothrombotic stroke (Oguchi et al. 2000). However, according
to a recent genome-wide linkage screen, the factor 12 gene seems to contribute
to the susceptibility to venous thrombosis. The effect was only partly due to the
F12 —4C>T polymorphism, and still unknown polymorphisms within the F12 gene
appear to contribute (Endler and Mannhalter 2003). Thus, further studies regarding
the role of SNPs in the F12 gene will be necessary before a final conclusion can be
drawn.

The extrinsic coagulation pathway is initiated by activation of factor VIIL.
Coagulation factor VII (FVII) is a vitamin K-dependent coagulation factor circulat-
ing in the blood as inactive zymogen. In the Northwick Park Heart Study, elevated
FVII coagulant activity has been associated with fatal ischemic heart disease. These
results could only partly be confirmed in the prospective PROCAM study (Meade
etal. 1993; Heinrich et al. 1994). FVII was elevated in patients with coronary events;
however, in a multivariate logistic regression model, it did not remain an indepen-
dent risk factor. FVII activity and plasma triglyceride concentrations are closely
linked which may in part explain the association between hypertriglyceridemia and
arterial thrombotic disease (Grant and Humphries 1999). The gene for FVII con-
tains five polymorphic sites, which account for ~30 % of the variation in FVII
plasma levels (Bernardi et al. 1996; Campo et al. 2006). The contribution of the
polymorphisms in the FVII gene to the development of arterial thrombosis is sup-
ported by several publications. Already in 1998 Iacoviello et al. reported a protec-
tive effect of the FVII 353Q allele (rs 6046) for the development of MI (Iacoviello
et al. 1998). Girelli et al. (2000) described similar results for the 353R>Q polymor-
phism and the decanucleotide polymorphism at nt(—323). In 2006, Campo et al.
published that FVII and TF antigen levels measured at admission, which partly cor-
respond to polymorphisms in the respective gene, are independent predictors of
mortality and reinfarction in patients with acute MI (Campo et al. 2006). In 2012,
an investigation on the transcriptional regulation of F7 by epigenetic features indi-
cated that the epigenetic regulation of the F7 promoter through methylation affects
FVIIa plasma concentrations and is associated with coronary artery disease (Friso
et al. 2012). Our group presented evidence that the FVII —402A allele in the pro-
moter region which confers increased transcriptional activity resulting in higher
FVIIa increases the risk of early ischemic cerebrovascular events, whereas the
353R>Q, the —401G>T, and the —323ins/del sequence variations, which are in
close-linkage disequilibrium and have been associated with lower FVII activity,
have no affect (Funk et al. 2006). Indications that individuals with the —323ins allele
have an increased risk of primary intracerebral hemorrhage (PICH) could not be
confirmed by Greisenegger et al. (2007).



82 C. Mannhalter et al.

The intrinsic and the extrinsic coagulation system converge at a common stage
involving factors X, V, and II. Coagulation factor V (FV) acts as cofactor of FXa
and plays an important role in the regulation of the coagulation process. It circu-
lates in plasma as inactive pro-factor. FV is also found in the a-granules of plate-
lets. To develop its procoagulatory activity, FV has to be activated either by
thrombin or FXa by limited proteolysis of several peptide bonds (Monkovic and
Tracy 1990). Activated FV (FVa) has to be inactivated by proteolytic cleavage at
Arg506, Arg306, and Arg679 by activated protein C (APC) to maintain the hemo-
static balance. In 1993 Dahlbick et al. reported a family with poor anticoagulant
response due to resistance to activated protein C (Dahlbéck et al. 1993). The resis-
tance was shown to be caused by a point mutation in the F5 gene at nt1691, leading
to an Arg>Gln amino acid exchange at amino acid position 506 (FV R506Q, FV
Leiden, rs6025) (Bertina et al. 1994). The mutation is frequent in the Caucasian
population (~5 %) and represents one of the most important risk factors for inher-
ited venous thrombosis. Large meta-analyses investigated the role of the FV R506Q
mutation in myocardial infarction and reported an odds ratio of ~1.3 for carriers of
the FV 506Q allele (Juul et al. 2002). However, only in one study did the associa-
tion reach statistical significance, probably due to the larger sample size. In a meta-
analysis published by Wu and Tsongalis (2001) in unselected patients with CAD,
no association with factor V Leiden was found. From these results, it can be con-
cluded that screening for the FV R506Q polymorphism in unselected patients at
risk for MI is not indicated. However, according to the literature, it still cannot be
excluded that the FV 506Q mutation has arole in selected patient groups. Rosendaal
etal. (1997) observed that the FV R506Q mutation represents a risk factor in young
women with MI before the age of 45 years. In addition, a high prevalence of the FV
506Q allele in patients with MI without signs of coronary atheromatosis was
reported (Van de Water et al. 2000). In this selected group of patients, vasospasms
followed by coronary thrombosis seemed to trigger the development of MI. The
analysis of the FV R506Q genotype could help with risk assessment in this patient
subgroup. The contribution of this mutation to the risk for ischemic stroke in adults
is still unclear. Wu and Tsongalis (2001) found an increased risk for cerebrovascu-
lar disease for carriers of the FV 506Q allele in their meta-analysis. In contrast,
Juul et al. (2002) saw no association between FV R506Q and adult ischemic stroke
in patients from the Copenhagen City Heart Study and from meta-analysis of avail-
able data. However, the statistical power of the meta-analysis was too low to rule
out a 20 % risk increase. As reported by Lalouschek et al., FV Leiden confers a
statistically significantly increased risk for stroke in female smokers (OR 8.8;
P=0.004). No interaction between the mutation, smoking, and risk of stroke was
observed in men (Lalouschek et al. 2005). While there is very good evidence for an
increased risk of venous thrombosis in carriers of the FV Leiden mutation due to
the impaired inactivation by activated protein C, a general role of this mutation in
patients with cardiovascular or cerebrovascular thrombosis has not yet been proven.
It appears that the mutation is only relevant in selected patient populations, e.g.,
those with vasospasms and patients with MI or stroke at young age (<55 years old)
or without significant coronary stenosis.
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Another important and well-studied procoagulant protein is prothrombin (FII). It
is a vitamin K-dependent glycoprotein of about 70 kDa and represents the proen-
zyme of thrombin. Defects in the prothrombin gene can lead to inherited prothrom-
bin deficiencies, which are associated with an increased bleeding tendency. In 1996,
Poort et al. (1996) identified a single-nucleotide exchange (G>A transition) in the
3'-untranslated region of the prothrombin gene at position 20210, (rs1799963)
which is associated with ~25 % increase in plasma thrombin activity (Franco and
Reitsma 2001; Ceelie et al. 2004). The mutation, located 20 nt downstream of the
poly A signal, increases the posttranslational 3" end processing efficiency and leads
to a higher transcription rate (Gehring et al. 2001). In many studies, an association
between the 20210A allele and the risk for venous thrombosis was described. In
contrast, the data on the effect of this variant on the development of arterial throm-
bosis and MI are contradictory. A meta-analysis performed by Franco et al. (1999)
revealed a statistically significant association of the prothrombin 20210A variant
with the development of MI (OR 2.5). A more recent meta-analysis testing the asso-
ciation of factor V Leiden, the prothrombin 20210G>A, and the MTHFR 677C>T
(TT genotype) mutations with myocardial infarction, ischemic stroke, and periph-
eral vascular disease (Endler and Mannhalter 2003) showed a modest association of
the factor V Leiden mutation (OR 1.21), the PT 20210G>A mutation (OR 1.32), and
MTHFR TT mutation (OR 1.20) with arterial ischemic events. Subgroup analyses
of younger patients (<55 years old) and of women revealed slightly stronger asso-
ciations (Kim and Becker 2003). We investigated the prevalence of the prothrombin
mutation in 468 patients with acute stroke or transient ischemic attack (TIA) before
the age of 60 years. We found that the frequency of the F2 20210G>A mutation was
significantly higher in male patients compared with controls (6 % versus 1 %;
adjusted OR 6.1). Our data indicate an increased risk of stroke/TTA at young age in
men who have the F2 20210G>A mutation (Lalouschek et al. 2005). The benefit of
testing patients with arterial thrombotic diseases for factor V Leiden (FV) 1691G>A
and/or F2 20210G>A polymorphisms is still disputed. However, recent data sug-
gests that the F2 20210G>A polymorphism might be considered an important risk
factor for acute myocardial infarction in aged patients (55—-80 years old). The muta-
tion seems to be involved as risk factor for MI in about 5 % of old subjects, justify-
ing the opportunity of a genetic screening and an eventual preventive treatment,
especially in old subjects in which other major risk factors, such as hypertension
and atherosclerosis, are present (Forte et al. 2011).

For an efficient initiation and activation of the hemostatic system, von Willebrand
factor and factor VIII are highly important. FVIII is a large glycoprotein which is
synthesized in the liver. It is elevated in acute phase conditions like stress and
inflammation. The F8 gene is located on the X chromosome, and mutations within
the gene cause hemophilia A. In plasma, FVIII is bound to von Willebrand factor,
a large plasma glycoprotein synthesized in endothelial cells and megakaryocytes.
vWF mediates platelet adhesion to damaged vascular subendothelium and subse-
quent platelet aggregation. It is particularly important under conditions of high
shear stress, where platelet adhesion and primary hemostasis are fully dependent on
vWF (Savage et al. 1996; Alevriadou et al. 1993). vWF acts as stabilizer of FVIII in
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the circulation. Reduced levels of vWF are frequently accompanied by reduced lev-
els of FVIIL. Elevated plasma levels of FVIII and vWF have been associated with an
increased risk for MI and stroke (Saito et al. 2000). In the prospective ARIC study,
Folsom et al. (1999) reported that individuals within the fourth quartile of FVIII
levels (median: 171 %) have an almost twofold increased risk to suffer from isch-
emic stroke. Until now, the causes for elevated FVIII remain unclear, but there is no
doubt that high FVIII levels are not merely a consequence of inflammation but are
partly genetically determined. Plasma VWF levels are, to a large extent, genetically
determined. Numerous association studies have been performed to assess the effect
of genetic variants in the VWF gene (VWF) on VWF antigen and activity levels and
on the risk of arterial thrombosis (Kamphuisen et al. 1998). From currently avail-
able data, it is evident that sequence variations within the FVIII gene or the vWF
gene explain a portion of the concentration variability. The SNP 92714C>G
(rs1800291), a nonsynonymous SNP encoding the B-domain substitution D1241E
(Asp1260Glu), is associated with FVIII levels (Viel et al. 2007). Furthermore, poly-
morphisms within the ABO blood group locus have been demonstrated to contrib-
ute to the wide population variability. Individuals who are carriers of blood group 0
have significantly lower vVWF and FVIII levels than carriers of blood groups A, B,
or AB (Souto et al. 2000; Ay et al. 2010). Recently an association of SNPs in
STXBPS, STX2, TC2N, and CLEC4M genes with vWF levels and of SCARAS and
STAB2 genes with FVIII levels has been reported. Collectively, these genes explain
~10 % of the variability of vWF and FVIII levels (Antoni et al. 2011). Genetic
variations in other regulators of VWF, including ADAMTS-13, thrombospondin-1,
and SNARE protein genes, have also been investigated. A review of the current lit-
erature regarding associations between genetic variations in the VWF gene and the
risk of arterial thrombosis has been performed. According to the results, vVWF can-
not yet be excluded as causal mediator of arterial thrombotic events, and further
research into the relationship between VWF and arterial thrombosis is necessary
and justified (van Schie et al. 2011).

4.6.4 Platelet Glycoproteins

The role of platelets in thrombotic complications of eroded or disrupted plaques is
well defined (Davi and Patrono 2007). Occlusive thrombi are almost exclusively
initiated by plaque rupture and adhesion of platelets to subendothelial surface.
Collagen, one of the major proteins of subendothelial vasculature, gets exposed fol-
lowing endothelium denudement. Recent advances in the understanding of colla-
gen-mediated platelet adhesion and aggregation have led to the identification of two
prominent receptors: glycoprotein Ia/Ila (GPIa/lla or integrin alpha(2)beta(1)) and
glycoprotein VI (GPVI). Other important platelet receptors are glycoprotein (GP)
Ib-alpha, GPIa/lla (a231), and GPIIb/Illa (alIbB3). GPIa/lla is the major collagen
receptor and mediates adhesion of platelets to the exposed injured vessel wall. Tests
with monoclonal and polyclonal antibodies, peptide inhibitors, knockout models,
and collagen mimetics have revealed that the collagen receptor is an attractive target
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for new drugs to prevent intravascular thrombosis. Several studies have suggested
that genetic variants affecting platelet receptors are involved in platelet adhesion
and activation and may influence platelet reactivity and/or their interaction with
endothelium, collagen, leukocytes, and platelets. The genetic variability of platelet
receptors has been associated with the risk of arterial thrombosis (Nurden 1995).
A polymorphism in the GPIa gene (ITGA2) at nt 807C>T (rs 1801106, Glu534Lys)
has been related to expression density and the activity of GPIa. The 807T allele was
found associated with a higher receptor surface expression density and is augment-
ing platelet deposition onto collagen under shear stress (Kunicki 2002). The study
showed that a fourfold change in the concentration of GPIa/Ila resulted in significant
differences in platelet adhesion to collagen. Some investigations suggested a corre-
lation between the 807T allele and the risk of thrombotic events, but others did not
(Lewandowski et al. 2005). Different frequencies of the GPIa 807C>T polymor-
phism among various ethnic groups may explain the contradictory results. In the
Chinese Han ethnic population, the prevalence of carriers of the 807T allele was
markedly higher in patients with unstable angina pectoris (UAP) (Zhao et al. 2011).
In this population, the lag time to achieve a 30 % platelet aggregation was significantly
longer in CC genotype than in TC genotype carriers, although there was no
significant difference in maximal platelet aggregation among healthy subjects with
either genotype. Possibly, the platelet membrane GPIa 807T allele confers a rapid
initiation of collagen-induced platelet aggregation.

In diabetic patients a higher prevalence of the 807T allele appears to support the
generation of more reactive platelets which presumably cause a persistently
increased release of pro-atherogenic TGF-beta and platelet-derived growth factor
that could accelerate the atherothrombotic disease (Pellitero et al. 2010). Previously,
a study on young female patients revealed an association between the GPIa 807C>T
polymorphism and ischemic stroke (Lopaciuk et al. 2001), indicating the possibility
of gene-sex hormone interactions. A contribution of GPIa 807C>T to stroke risk in
patient subgroups cannot be ruled out, even though a meta-analysis evaluating can-
didate genes for ischemic stroke did not consider the modest association between
GPIa 807C>T and ischemic stroke as positive result because the existence of a pub-
lication bias was suspected (Xin et al. 2009).

In conclusion, although there is no doubt that genetic factors contribute
significantly to the prothrombotic state, the data on mutations and polymorphisms
in candidate genes are still inconclusive. We face the paradox that certain laboratory
parameters correlate consistently with diseases (e.g., fibrinogen levels with MI),
and polymorphisms in certain genes correlate with plasma levels of the respective
proteins (e.g., fibrinogen —455G>A polymorphism with plasma fibrinogen levels),
yet positive correlations between genotype and disease phenotype can frequently
not be established. By and large, the intensive search for coagulation factor poly-
morphisms predisposing to arterial thrombosis has yielded disappointing results.
This is not surprising as the pathogenesis of arterial thrombosis is a complex pro-
cess in which environmental and genetic factors interact. The clinical manifestation
of MI or stroke represents the common endpoint of a myriad of different processes
(Reiner et al. 2008), and a single gene polymorphism contributes only a small
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percentage to the total risk and does not fully reflect the complex processes.
Homogenous subgroups of patients may share a common “pathogenetic” genotype.
For example, in the patient subgroup with MI caused by vasospastic angina with
subsequent coronary thrombosis, the FV 506R>Q mutation is a highly significant
risk factor (OR 2.9-4.7), while the contribution of the FV 506R>Q mutation to the
overall risk for MI in unselected patients is modest (OR 1.30; 95 % CI: 1.08-1.39)
(Endler and Mannhalter 2003). A suitable approach to identify genetic risk profiles
for thrombosis may be the simultaneous testing for numerous polymorphisms or a
genome-wide association analysis (Wang et al. 2009). Currently available statistical
methods are still unable to identify combined risk genotypes unless very large
patient collectives (>10,000 cases) are tested. An appropriate analysis algorithm of
the data produced by new genotyping technologies needs to be developed, and this
remains a demanding task for the years to come.

4.7 Conclusion and Perspectives

Although our knowledge is still far from being complete, it is important to ask how
genetic findings can be translated to clinical practice. The data from candidate gene
studies to genome-wide association studies and recent sequencing experiments have
to be dissected to identify candidates for therapeutic approaches. There are good
reasons to believe that in the future, new drugs will increasingly be developed based
on genetic data. Even though a larger body of evidence is still lacking, well-designed
studies are under way.
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Diet and Nutrition to Prevent and Treat 5
Cardiovascular Diseases

Hiroshi Masuda

Abstract

In this chapter, the effects of nutrients on the human cardiovascular system and the
molecular mechanisms of their protective effects are summarized. The etiology and
pathomechanisms of cardiovascular diseases (CVD) are complex with numerous of
gene-environment interaction. Importantly, coronary heart disease (CHD) is the
most prevalent cause; about 60 % is attributed to dietary patterns. Numerous epide-
miologic studies demonstrated the necessity to reduce total calories, the consump-
tion of high glycemic index (GI) foods, sodium, saturated fats, and trans-fats and to
increase the consumption of dietary fiber, complex carbohydrates, fruits, and vege-
tables. Major cardioprotective mechanisms of nutrients are classified as follows: (1)
activating sirtuins (caloric restriction), (2) ameliorating serum lipid profiles (MUFA,
n-3 PUFA, carotenoids, dietary fiber), (3) decreasing insulin resistances (MUFA,
low GI diet), (4) anti-inflammatory effects (n-3 PUFA, n-6 PUFA, niacin, vitamin
D, low GI diet), (5) antioxidants (niacin, vitamin C, vitamin E, carotenoids, low GI
diet), (6) antithrombogenic actions (MUFA, n-3 PUFA, niacin, vitamin D, vitamin
E), (7) improving vascular functions (n-3 PUFA, n-6 PUFA, vitamin C, vitamin D,
vitamin E), (8) antiarrhythmic actions (n-3 PUFA), and (9) lowering homocysteine
levels (B vitamins). Although changes in the quality of food is as important as
restricting calorie intake, more information is needed to clarify the relation between
the intake of defined nutrients and the risk of heart diseases.
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5.1 Introduction

Cardiovascular disease (CVD) is important as a lifestyle-related disease, although the
inherited character to CVD has been documented. Among many lifestyle factors in CVD,
diet factor has been a major focus of health research for almost half a century. Although
epidemiological studies and randomized controlled trials (RCTs) demonstrate protective
or hazardous effects of various nutrients for cardiovascular system, little information is
actually available on how these effects are mediated at the molecular level. This chapter
focuses on health research between diet and CVD and attempts to highlight the molecular
targets of natural compounds of food in the cardiovascular system.

5.2 Caloric Restriction

Since the initial rodent study of 1935 (MaCay et al. 1935), hundreds of reports dem-
onstrated that caloric restriction (CR) with adequate nutrition slows aging and
extends lifespan in various species. CR has been also shown to delay the onset of
age-related cardiac changes and ameliorate all known CVD risk factors in experi-
mental animals (Kemi et al. 2000). In humans, several studies found that CR has a
protective effect against atherosclerosis and cardiac dysfunction (Fontana et al.
2004; Meyer et al. 2000).

The sirtuin family (SIRT1-7) consists of proteins found within numerous
compartments which are NAD* (nicotinamide adenine dinucleotide, oxidized
form)-dependent class III histone deacetylase and adenosine diphosphate (ADP)-
ribosyltransferases in mammals. The levels of SIRT1, the most extensively stud-
ied of the seven mammalian sirtuins, have been reported to increase in rodent and
human tissues in response to CR (Cohen et al. 2004; Nisoli et al. 2005; Civitarese
et al. 2007). The enzymatic activity of most sirtuins has been shown to be depen-
dent on shifts in the redox potential that modulate the cellular NAD*/NADH (NAD,
reduced form) ratio. Increases in the NAD*/NADH ratio have been shown to stimu-
late sirtuin activity (Lin et al. 2004). As CR decreases intracellular NADH levels,
CR may activate sirtuins by increasing the NAD*/NADH ratio.

Hence, sirtuins have been suggested as mediators of beneficial aspects of CR
including the decreased incidence of age-related disorders such as CVD in genetic
and transcriptional regulation (Bordone and Guarente 2005). Furthermore, the
potential benefits of sirtuin activity on cardiovascular health lie not only in their
direct actions on cells of the cardiovascular system but in the favorable metabolic
profile created through their actions on non-cardiovascular tissues.

The function of many important proteins involved in metabolism is regulated by
sirtuins, including peroxisome proliferator-activated receptor y (PPARy), PPARy
coactivator 1o (PGC-1a), nuclear receptor corepressor (NCoR), silencing mediator
of retinoid and thyroid hormone receptor (SMRT), nuclear factor kB (NFkB), liver
X receptor o (LXRa), forkhead box O1 (FoxO1), protein tyrosine phosphatase 1B
(PTB1B), uncoupling protein 2 (UCP2), glutamate dehydrogenase (GDH), p53,
angiotensin II type 1 receptor (AT R), and endothelial nitric oxide synthase (eNOS).
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Fig.5.1 Proposed roles and targets of SIRTS in cardioprotection

Many of these molecules have been found to play a direct or indirect role in cardio-
protection. For example, at the cellular level, cardioprotection by CR is mediated by
various mechanisms, among which attenuation of oxidative stress, mitochondrial
dysfunction and inflammation, and a favorable modulation of apoptosis and autophagy
are prominent contributors (Marzetti et al. 2009; Borradaile and Pickering 2009).

The proposed roles and targets of SIRTSs in cardioprotective effects of CR are
summarized in Fig. 5.1.

5.3  Dietary Sodium

Sodium, primarily consumed as salt (sodium chloride), is an essential nutrient
because sodium and chloride are required to maintain extracellular fluid volume and
plasma osmolality. The role of dietary sodium in health and disease has been a topic
of great interest and debate for many years.

Experimental, epidemiological, and intervention studies have shown a positive
relation of habitual dietary sodium intake and blood pressure (Elliott et al. 1996;
Sacks et al. 2001). Equally well established is the association of increasing blood
pressure and CVD morbidity and mortality (Gordon and Kannel 1982). However,
findings from previous studies, independently from blood pressure, evaluating the
direct relationship between sodium intake and cardiovascular events, have been
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conflicting. For example, although some have reported a positive association between
sodium intake and cardiovascular outcomes (Strazzullo et al. 2009; Umesawa et al.
2008; Cook et al. 2007a), others have not (Geleijnse et al. 2007; Yang et al. 2011),
and some have reported an inverse association (Cohen et al. 2006; Stolarz-Skrzypek
et al. 2011). A meta-analysis (Cochrane review) of seven RCTs evaluating reduced
sodium intake with follow-up of at least 6 months did not detect a significant reduc-
tion in CVD mortality or morbidity (Taylor et al. 2011). Furthermore, salt restriction
increased the risk of all-cause mortality in those with heart failure. Recent observa-
tional analyses of participants in two hypertension treatment trials revealed a
“J-shaped” relation of sodium intake to cardiovascular outcomes (O’Donnell et al.
2011). CVD was lowest between 4.0 and 5.9 g/day, with continuous increases in risk
with sodium levels above and below that range. The authors concluded that CVD risk
increases meaningfully when daily sodium intake falls below 3 g or rises to above
6 g/day (Alderman and Cohen 2012). The mechanisms responsible for an increased
CVD associated with low sodium intake cannot be established by previous studies.
A number of the possible mechanisms are proposed: increases in sympathetic nerve
activity, plasma renin activity and aldosterone, serum cholesterol and triglyceride
levels, insulin resistance, and adrenaline secretion have all been confirmed by mul-
tiple RCTs (Graudal et al. 2012; Petrie et al. 1998; Grassi et al. 2002). These biologi-
cal explanations for harm at low sodium intake need further explication.

While blood pressure in the population is only modestly responsive to alterations
in sodium intake, some individuals manifest large blood pressure changes in
response to acute or chronic salt depletion or repletion and are termed “salt sensi-
tive”. Weinberger et al. (1986) demonstrated that salt sensitivity existed not only in
hypertensive persons but also in normotensive persons. In addition, Weinberger
et al. (2001) reported that salt sensitivity in both normotensive and hypertensive
persons has been associated with increased CVD morbidity and total mortality,
which were independent of alterations of blood pressure. A number of recent stud-
ies, using modern molecular genetic techniques, indicate that blood pressure salt
sensitivity is under the control of many genes each of which has only relatively mild
effects. Candidate genes that regulate the salt sensitivity have implicated aberrations
in ion channels, ion channel regulation, aldosterone signaling, vasoconstriction, and
inflammation (Sanada et al. 2011; Kanbay et al. 2011; see Table 5.1). Even people
with normal blood pressure as well as hypertension that are salt sensitive need to
take steps to reduce their salt intake in order to prevent salt-induced blood vessel
stiffness, hypertension, and CVD.

5.4  Saturated Fatty Acids (SFA)

Saturated fatty acids (SFA) are long-chain carboxylic acids that usually have
between 12 and 24 carbon atoms and have no double bonds. The most prevailing
SFA in the diet are lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), and
stearic acid (18:0). SFA are present in a type of single-bond animal or vegetable fat,
as that found in butter, meat, egg yolks, and coconut or palm oil.



5 Diet and Nutrition to Prevent and Treat Cardiovascular Diseases 107

Table 5.1 Candidate genes involved in salt sensitivity

—_

. Genes of the renin-angiotensin system
Angiotensin-converting enzyme
Angiotensinogen
Angiotensin type | receptor
2. Genes related to aldosterone and other mineralocorticoids
Aldosterone synthase
Serum-/glucocorticoid-regulated kinase 1
11-B-hydroxysteroid dehydrogenase
3. Genes of the sympathetic nervous system
Amiloride-sensitive epithelial sodium channel
-3 Subunit of G-protein (GNB3)
Renal chloride channels
4. Genes expressing proteins that normally do not decrease renal sodium transport
a-Adducin
5. Genes expressing proteins that normally decrease renal sodium transport
Adrenomedullin
Dopamine, dopamine receptors, and GRK4
Endothelial nitric oxide synthase
Eicosanoids
Kallikrein-kinin system
Natriuretic peptide precursor A/B
6. Genes of the vasculature
Endothelin
Endothelial nitric oxide synthase (eNOS)
Transforming growth factor-f3 (TGF-B)

Ecological data from the Seven Countries Study showed a strong positive asso-
ciation (r=0.73) between SFA intake and coronary heart disease (CHD) incidence
(Keys and Aravanis 1980). Dietary saturated fat intake has been shown to increase
low-density lipoprotein (LDL) cholesterol and therefore to be associated with
increased risk of CVD. SFA inhibit the activity of the LDL receptor in liver. Thus,
LDL cholesterol and total cholesterol in the blood are increased by SFA. In addition,
high intake of dietary SFA is positively associated with the development of insulin
resistance. Dietary SFA upregulated the mRNA levels of resistin, downregulated
adiponectin and glucose transporter 4 (GLUT4), and upregulated lipoprotein lipase
(LPL) (Saravanan et al. 2005). These findings suggest that dietary SFA alter the
expression of different genes associated with insulin sensitivity in adipose tissue.

5.5 Monounsaturated Fatty Acids (MUFA)

MUFA are distinguished from the other fatty acid classes on the basis of having
only one double bond. MUFA are not nutritionally essential as they can be synthe-
sized from other (saturated) fatty acids and from carbohydrates. Common sources
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of MUFA are olive oil (contains about 79 % MUFA), canola oil (contains about
54 % MUFA), avocadoes, and nuts.

The typical diet of populations living in Mediterranean countries is high in olive
oil, which provides 14—40 % of calories, and consequently is high in MUFA (16—
29 % of calories) (Kris-Etherton 1999). Evidence suggesting the beneficial health
effects of the “Mediterranean diet” has emerged from the classic studies of Keys
and Aravanis (1980), which indicate that the consumption of diets enriched in
MUFA reduced incidence of CVD (Keys and Aravanis 1980; Martinez-Gonzalez
et al. 2002; Knoops et al. 2004). These cardioprotective effects can be explained by
several mechanisms. Foods containing high MUFA reduce total and LDL choles-
terol while did not alter high-density lipoprotein (HDL) cholesterol and triglycerides
(TG) (Kris-Etherton 1999). High-MUFA diet significantly improved fasting glu-
cose and insulin sensitivity and increased plasma glucagon-like peptide-1 (GLP-1)
levels but has no effect on insulin secretion (Vessby et al. 2001). Several data sug-
gest that MUFA may decrease platelet aggregation (Sirtori et al. 1986), increase
bleeding time (McDonald et al. 1989), and increase fibrinolysis (Lopez-Segura et al.
1996), thereby protecting against thrombogenesis.

Two recent studies have reported interactions between genetic variants and
MUFA for obesity (Warodomwichit et al. 2009; Lai et al. 2009). Variants of the
adipocyte-derived protein adiponectin have been previously linked to obesity and
insulin resistance, but association studies among different ethnic groups have not
been consistent. In a population of 1,083 White Americans, the A allele of the adi-
ponectin 11,391 G>A variant was protective against obesity independently of
dietary intake and also under conditions of high MUFA intake, but this relationship
was reversed in subjects with low intake of MUFA (Warodomwichit et al. 2009).
MUFA can affect gene expression patterns of various proteins and accordingly may
regulate pathways related to CVD pathophysiology.

5.6 N-3 Polyunsaturated Fatty Acids (n-3 PUFA)

Animals and humans cannot synthesize PUFA of the n-3 series, which contain dou-
ble bonds at C-3, from the methyl end of the molecule. N-3 PUFA include the plant-
derived a-linolenic acid (ALA, 18:3n-3) and the fish-oil-derived eicosapentaenoic
acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). PUFA represent
the fundamental components of phospholipids in cellular membranes where they
maintain homeostasis for correct membrane protein function and influence mem-
brane fluidity, thus regulating cell signaling processes, cellular functions, and gene
expression (Das 2006).

In the 1970s, Dyerberg et al. (1978) reported that the rate of ischemic heart
disease was markedly lower in Greenland Inuits, a population consuming a high-
fat diet but rich in n-3 PUFA, than in age-matched population of Denmark. Inuits
have high levels of EPA and low levels of AA, and they also have a tendency to
bleed. It is possible that dietary enrichment with EPA will protect against
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thrombosis. The following prospective observational studies and adequately
powered RCTs from many countries have shown that consumption of fish oil or
n-3 PUFA decreases the risk of major cardiovascular events, such as myocardial
infarction, sudden cardiac death, coronary heart disease (CHD), atrial fibrillation,
and death in patients with heart failure (Lee et al. 2008b; Kromhout et al. 1985;
Albert et al. 1998; Jialal et al. 1999; Yokoyama et al. 2007; Tavazzi et al. 2008).

N-3 PUFA regulate a wide variety of biological functions, depending on the
location of the last double bond, which range from blood pressure and blood clot-
ting to the correct development and functioning of the brain and nervous system.
These include prevention of arrhythmias as well as lowering resting heart rate
and blood pressure, decreasing platelet aggregation, and lowering triglyceride
levels and might also include ameliorating myocardial efficiency and improving
vascular function (Reiffel and McDonald 2006; O’Keefe et al. 2006; Harris et al.
2008).

N-3 PUFA affect a myriad of molecular pathways, including alteration of
physical and chemical properties of cellular membranes, direct interaction with
and modulation of membrane channels and proteins, regulation of gene expres-
sion via nuclear receptors and transcription factors, changes in eicosanoid profiles,
and conversion of n-3 PUFA to bioactive metabolites. In addition, lipid mediators
generated from long-chain PUFA (AA) in the n-6 series and EPA and DHA in the
n-3 series have important roles in immune regulation and inflammation (Calder
2009a). Classically, eicosanoids derived from n-6 PUFA (AA) are pro-
inflammatory, while eicosanoids derived from n-3 PUFA (EPA and DHA) are
anti-inflammatory. Thus, high intake of n-6 PUFA, along with low intakes of n-3
PUFA, shifts the physiological state to one that is pro-inflammatory and
prothrombotic.

Latest research has shown that by increasing the ratio of n-3 to n-6 fatty acids
in the diet, and consequently favoring the production of EPA in the body, or by
increasing the dietary intake of EPA and DHA through consumption of fatty fish
or fish-oil supplements, reductions may be achieved in the incidence of many
chronic diseases that involve inflammatory processes including CVD (Wall
et al. 2010).

Recent years have seen the discovery of a new class of inflammation-dampening
and resolution-promoting n-3 PUFA-derived lipid mediators called resolvins and
protectins that are generated within resolving exudates during resolution of acute
inflammation. These compounds are hydroxylated derivatives of the parent n-3
PUFA, EPA for the E-resolvins, and DHA for the D-resolvins and protectin D1
(Serhan 2007). Resolvin El and protectin D1 promote phagocyte removal during
acute inflammation, via regulating leukocyte infiltration, increasing macrophage
ingestion of apoptotic polymorphonuclear leukocyte in vivo and in vitro, and
enhancing the appearance of phagocytes carrying engulfed zymosan in lymph nodes
and spleen.

The role of n-3 PUFA in the prevention of CVD and their biological actions are
summarized in Table 5.2.



110 H. Masuda

Table 5.2 Possible mechanisms of favorable effects of n-3 PUFA on cardiovascular health
1. Retard growth of atherosclerotic plaque
Reduce adhesion molecule expression (such as VCAM-1, E-selection, and ICAM-1)
Reduce platelet-derived growth factor
Anti-inflammatory

Suppress production of pro-inflammatory cytokines (such as TNF-alpha and interleukin-
Ibeta and IL-6)

Produce endogenous chemical mediators (such as resolvins and protectins)
Suppress AA cascade
2. Improve vascular function
Promote nitric oxide-induced endothelial relaxation
Increase arterial compliance
3. Mildly hypotensive
4. Lower plasma triglyceride levels
Reduce hepatic synthesis of triglycerides
Increase hepatic fatty acid beta-oxidation
5. Antiarrhythmic
Reduce susceptibility of the heart to arrhythmia
Inhibit fast, voltage-dependent sodium channels
Inhibit L-type calcium channels
Delay rectifier potassium channel
Reduce resting heart rate
6. Prevent heart failure
Increase left ventricular filling capacity
Activate peroxisome proliferator-activator receptor (PPAR)-alpha and PPAR-gamma
7. Antithrombogenic
Decrease platelet aggregation
May enhance fibrinolysis

[ee]

. Upregulate adiponectin synthesis

N=J

. Reduce collagen deposition

5.7  N-6 Polyunsaturated Fatty Acids (n-6 PUFA)

Polyunsaturated fatty acids (PUFA) have two or more double bonds. N-6 PUFA is a
family of unsaturated fatty acids that have in common a final carbon-carbon double
bond in the n-6 position that is the sixth bond from the methyl end. N-6 PUFA is
taken in mainly as linoleic acid (LA, 18:2, n-6), the shortest-chained n-6 PUFA,
cannot be synthesized by the body, and is therefore an essential fatty acid. The main
dietary sources of LA include plant oils such as sunflower, safflower, and corn oils.
LA can be desaturated and elongated to form other n-6 PUFA such as y-linolenic
and dihomo-y-linolenic acids. The latter is converted by the body to the metaboli-
cally important n-6 PUFA, arachidonic acid (AA, 20:4). Cyclooxygenases (COX)
and lipoxygenases (LOX) can convert AA to the 2-series of prostaglandins (PGE,,
PGL,, PGD,, PGFM), the 2-series of thromboxanes (TXA , TXB,), and the 4-series
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of leukotrienes (LTA,, LTB,, LTC,, LTD,, LTE). These are very important eico-
sanoids that are involved in various pathological processes mediating pro-
inflammatory and prothrombotic conditions such as atherosclerosis (Das 2006). In
general, as above, AA-derived eicosanoids are pro-inflammatory, but they have
important homeostatic functions in regulating both the promotion and resolution of
inflammation in the immune response (Ricciotti and Fitzgerald 2011). Latest stud-
ies identified AA-derived eicosanoids to have several beneficial effects including
vasodilation, platelet aggregation inhibition, and anti-inflammatory effects (Calder
2009b; Oltman et al. 1998). In contrast, it is known that the n-3 PUFA and their LC
derivatives mostly promote anti-inflammatory activities (Tai and Ding 2010). On
the other hand, recently, classes of autacoids as lipoxins derived from n-6 PUFA
have been identified as specialized mediators that elicit distinct anti-inflammatory
and proresolution bioactions and have cytoprotective properties (McMahon and
Godson 2004).

Observational studies generally suggest an overall modest benefit of n-6 PUFA
intake on CHD risk. In a meta-analysis of 25 case-control studies evaluating blood/
tissue n-6 PUFA content and CHD events, LA content was inversely associated with
CHD risk, whereas AA was unrelated to CHD risk (Harris et al. 2007).

In the modern Western diet, the n-6:n-3 ratio has increased to be within the
range of 10:1-20:1 (Olivier et al. 2011). This increase in the ratio of n-6:n-3
appears to be involved in chronic inflammatory diseases such as CVD, nonalco-
holic fatty liver disease, obesity, inflammatory bowel disease, rheumatoid arthri-
tis, and Alzheimer’s disease. Diets for appropriate n-6:n-3 ratios should be around
1-4:1.

The role of n-6 PUFA in CVD is much more complex than the role of n-3 PUFA,
and the relationship between n-3 and n-6 PUFA is complex, and they are not always
in opposition. Pro- and anti-inflammatory effects of n-6 and n-3 PUFA-derived
eicosanoids are summarized in Fig. 5.2 (Patterson et al. 2012).

5.8 Trans-Fatty Acids (TFA)

Trans-fatty acids (TFA) are unsaturated fatty acids with at least one carbon-carbon
double bond in the trans, rather than the typical cis, configuration. Dietary TFA have
two sources: they are formed during the natural bacterial hydrogenation of unsatu-
rated fatty acids in small amounts in the fats of ruminants such as cows, sheep, and
goats, or they come from the industrial hydrogenation of unsaturated vegetable oils
such as margarines, margarine-based products, shortenings, and fats used for frying
in much larger amounts.

Numerous epidemiologic studies and randomized trials have identified higher
intake of TFA as an important modifiable risk factor in the development of CVD
(Oomen et al. 2001; Lemaitre et al. 2006; Sun et al. 2007). This relation can be
explained by several mechanisms. TFA have a wide range of physiologic effect,
including both lipid and non-lipid effects. Metabolic studies showed lipid effects
of TFA. TFA intakes above the population range of consumption raise LDL
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Fig. 5.2 Pro- and anti-inflammatory effects of n-6 and n-3 PUFA-derived eicosanoids.
Abbreviations: LA linoleic acid, GLA y-linolenic acid, DGLA dihomo-y-linolenic acid, AA arachi-
donic acid, ALA a-linolenic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid. Symbols:
* pro-inflammatory; +¢ anti-inflammatory; ¥ proarrythmic; © antiarrhythmic; # accelerate platelet
aggregation, ¢ inhibit platelet aggregation; ® vasoconstriction; o vasodilation; A enhance vascular
permeability, A normalize vascular permeability; ¥ increase oxidative stress; V decrease oxidative
stress; # release inflammatory cytokines; 1l decrease inflammatory cytokines; m enhance leucocyte
chemotaxis; ® antiapoptotic

cholesterol, lipoprotein (a), and TG levels and reduce HDL cholesterol and LDL
particle size (Mozaffarian and Clarke 2009; Mozaffarian et al. 2006). On the other
hand, dietary TFA consumption leads to non-lipid risk factors, including systemic
inflammation, endothelial dysfunction, and possibly insulin resistance, diabetes,
and adiposity.

Recent evidence indicates that TFA intake could also affect biomarkers of
inflammation and endothelial dysfunction including C-reactive protein (CRP),
interleukin-6 (IL-6), soluble tumor necrosis factor receptor 2 (STNFR-2), E-selectin,
and soluble cell adhesion molecules (SICAM-1 and sVCAM-1) (Mozaffarian et al.
2004; Lopez-Garcia et al. 2005) . In another trial, consumption of TFA impaired
endothelial function, as reflected by a reduction in brachial artery flow-mediated
vasodilatation (de Roos et al. 2001). RCT in green monkeys indicated that con-
sumption of TFA increased body weight, mainly due to increased deposition of
intra-abdominal fat (Kavanagh et al. 2007). In adipocyte, TFA alter the expression
of genes for PPAR-y, resistin, and LPL (Saravanan et al. 2005).

Dietary Guidelines for Americans recommend limiting the amount of TFA to
less than 1 % of total daily calories (less than 2 g/day) (Dietary Guidelines Advisory
Committee 2005).
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5.9 B Vitamins

The water-soluble vitamins of the B class include thiamine (vitamin B1), riboflavin
(vitamin B2), niacin (vitamin B3), pantothenic acid (vitamin B5), pyridoxine (vita-
min B6), biotin (vitamin B7), folic acid (vitamin B9), and the cobalamins (vitamin
B12). B vitamins play a major role in the activities of enzymes, proteins that regu-
late biochemical reactions in the body, which are important in turning food into
energy and other needed substances.

Drug treatment with high-dosed nicotinic acid (vitamin B3, niacin) improves the
lipid profile and has been associated with reduction in morbidity and mortality from
CVD. These may be due to several beneficial actions of this drug, such as anti-
thrombotic, anti-inflammatory, and antioxidant effects. However, as a side effect,
treatment with high-dose nicotinic acid also causes impaired glucose tolerance and
elevations in uric acid and homocysteine levels in the blood, which is associated
with an increased risk of CVD (Florentin et al. 2011).

The most recognized cardioprotective effects of B vitamins have been esti-
mated with the lowering blood levels of the sulfur-containing amino acid, homo-
cysteine. Several epidemiological studies demonstrated association between
dietary intake or concentrations of B vitamins (folic acid, vitamin B6, and vitamin
B12), homocysteine, and CVD (Rimm et al. 1998; Ishihara et al. 2008). Elevated
homocysteine concentrations have been related to increased oxidant stress,
impaired endothelial function, and increased thrombogenicity (Wierzbicki 2007).
Each 5 pmol/l of homocysteine has been associated with an approximately 20 %
increase in the risk of CHD events, independent of traditional CHD risk factors
(Humphrey et al. 2008). Unfortunately, long-term RCTs have not documented
benefits of folic acid with or without vitamin B6 and vitamin B12 on CVD out-
comes (Bazzano et al. 2006). In some trials, supplemental folic acid was associ-
ated with increased risk of CVD (Miller et al. 2010). B vitamins have been shown
to play a role in lowering blood levels of homocysteine, but it is not clear whether
the lowering levels of homocysteine will reduce risk of heart disease. Further
investigation is needed about this discrepancy in effects of B vitamins from epi-
demiologic studies and clinical trials.

5.10 VitaminC

Vitamin C (ascorbic acid), a water-soluble vitamin, is widely distributed in fresh
fruits and vegetables. Because humans different to rats do not have the ability to
biosynthesize their own vitamin C, it must be obtained through their diet. Its
deficiency has long been known to cause scurvy that is a lethal condition unless
appropriately treated. Vitamin C is available in reduced form (L-ascorbic acid, bio-
logically active form) and oxidized form (L-dehydroascorbic acid).

Results of previous studies on whether vitamin C is helpful for preventing CVD
are mixed. But some evidence suggests that it may help protect against atheroscle-
rosis by acting as an antioxidant (Losonczy et al. 1996; Knekt et al. 2004).
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Unfortunately, results from most clinical intervention trials have failed to show a
beneficial effect of vitamin C supplementation on primary or secondary prevention
of CVD (Cook et al. 2007b; Sesso et al. 2008).

Several mechanisms could explain a connection between vitamin C and heart
disease. Vitamin C is known to be a powerful antioxidant in the body because, by
donating its electrons, it prevents other compounds from being oxidized. As an
antioxidant, vitamin C may protect lipids, particularly LDL, from peroxidation, and
it keeps LDL ability to bind to LDL receptors (Sakuma et al. 2001). Oxidized LDL
can play a key role in the pathogenesis of atherosclerosis, the underlying disorder
leading to CVD. Vitamin C in vitro also can recycle vitamin E, which can donate
electrons to prevent LDL oxidation in vitro. As the lipid-phase vitamin E is oxi-
dized, it can be regenerated by aqueous vitamin C. Other possibilities are that vita-
min C could improve vasodilatation and vascular reactivity, perhaps by decreasing
the interactions of nitric oxide (NO) with oxidants (Vita et al. 1998). Pharmacological
doses of vitamin C produce vasodilatation in the coronary arteries (Levine et al.
1996). In healthy subjects, vitamin C administration restored endothelium-dependent
vasodilatation that was impaired by acute hyperglycemia (Beckman et al. 2001).
Thus, vitamin C may have favorable effects on vascular dilatation, possibly through
its antioxidant effects on NO (Jackson et al. 1998). Recent results have shown that
endothelial cells recycle and accumulate (May and Qu 2005) and release (Davis
et al. 2006) vitamin C by glutathione-dependent mechanisms. These regulation of
vitamin C uptake, accumulation, and release by the endothelial cells may maintain
the optimal antioxidant capacity of the plasma and the neighboring extracellular
space to increase local NO bioavailability and prevent formation of the cytotoxic
peroxynitrite (ONOO").

5.11 VitaminD

Vitamin D is a fat-soluble vitamin that plays a hormonelike action. Two major
forms of vitamin D are vitamin D2 (ergocalciferol) and D3 (cholecalciferol).
1,25-dihydroxyvitamin D [1,25(OH)2D] is the most active vitamin D metabolite,
and its receptor (VDR) generates biological responses in the cardiovascular sys-
tem. Expression of the VDR and vitamin D-metabolizing enzymes in the cardio-
vascular system including vascular smooth muscle cells, endothelial cells, and
cardiomyocytes suggests an important role for vitamin D in the cardiovascular
system.

Low-level vitamin D status is a common problem in the general population. The
Third National Health and Nutrition Examination Survey (NHANES III) reported
the prevalence of vitamin D deficiency in US adults to be 25-57 % (Looker et al.
2002). Risk factors for vitamin D deficiency include advanced age, dark skin color,
homebound status, increased distance from the equator, winter season, clothing, the
use of sunscreen, air pollution, smoking, obesity, malabsorption, renal disease, liver
disease, and different medications (Lee et al. 2008a). Among CVD patients, vitamin
D deficiency is a common problem. Vitamin D suppresses the progression of heart
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failure, hypertension, and myocardial hypertrophy and decreases prevalence of car-
diovascular risk factors and related morbidity and mortality.

Several prospective studies indicated that individuals with low level of serum
25-hydroxyvitamin D were at increased risk for CVD (Wang et al. 2008;
Giovannucci et al. 2008). Recent meta-analysis of epidemiological studies sum-
marized that high vitamin D concentrations were associated with lower preva-
lence of CVD (Parker et al. 2010). Although the observational studies were
suggestive of increased CVD risks associated with low levels of serum
25-hydroxyvitamin D, recent systematic reviews show that the evidence was
inconsistent and insufficient to prove a cause and effect relationship between vita-
min D supplementation and prevention of cardiovascular events (Shapses and
Manson 2011; Wang et al. 2010).

Vitamin D has a wide variety of the cardioprotective mechanisms including the
inhibition of vascular smooth muscle proliferation, the suppression of vascular
calcification, the downregulation of pro-inflammatory cytokines, the upregulation of
anti-inflammatory cytokines, the suppressive effect on platelet aggregability, the
improvement of insulin secretion and sensitivity, and the decreases of renin, angio-
tensin levels, atrial natriuretic peptide, brain natriuretic peptide, plasminogen activator
inhibitor-1, and vascular endothelial growth factor (Zittermann et al. 2005; Darabian
et al. 2012; Rammos et al. 2008; Deluca et al. 2001; Gysemans et al. 2005).

5.12 VitaminE

Vitamin E, a fat-soluble vitamin, is an essential micronutrient. Of the eight naturally
occurring forms of vitamin E, only alpha-tocopherol, and to a minor extent gamma-
tocopherol, is carried in human blood and is considered to be the active form.
Numerous foods provide vitamin E. Nuts, seeds, and vegetable oils are among the
best sources of alpha-tocopherol, and significant amounts are available in green
leafy vegetables and fortified cereals.

Several prospective cohort studies have associated lower rates of CHD with
higher vitamin E consumption or supplementation (Rimm et al. 1993; Stampfer
et al. 1993; Knekt et al. 1994). On the other hand, RCTs have failed to show reduc-
tions in CVD events with supplemental vitamin E, and two meta-analyses suggest
that high-dose vitamin E supplements may increase total mortality (Bjelakovic et al.
2007; Miller et al. 2005). More evidence is needed to determine if there are benefits
of vitamin E supplementation.

The cardioprotective effects of vitamin E are attributed to its antioxidant proper-
ties that stop the production of reactive oxygen species (ROS) formed when fat
undergoes oxidation. Of the antioxidant vitamins, vitamin E may be the most potent
inhibitor of lipid oxidation because it is fat-soluble and constitutes part of the LDL
molecule (Pryor 2000). It is thought to exert its primary protective effects via the
protection of LDL from oxidation. This effect has been demonstrated in laboratory
animals in vivo (Keaney and Frei 1994), isolated tissues ex vivo, and in human
populations (Pryor 2000).
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Vitamin E may affect the pathogenesis of atherosclerotic vascular disease beyond
its direct effects on lipids. Vitamin E could affect CVD morbidity and mortality by
reducing platelet adhesion, inhibiting vitamin-K-dependent clotting factors, or
stimulating nitric oxide formation by the endothelial cell (Pryor 2000).

5.13 Carotenoids

Carotenoids are a class of more than 600 compounds that are responsible for the red,
yellow, and orange fat-soluble pigments found principally in plants. Fruits and veg-
etables are the main source of carotenoids in the human diet. The most common
carotenoids in the human diet are a-carotene, -carotene, B-cryptoxanthin, lyco-
pene, lutein, zeaxanthin, and astaxanthin.

A number of retrospective and prospective longitudinal studies have identified an
inverse association between carotenoid intake or serum concentrations of total or
individual carotenoids and CVD risk (Osganian et al. 2003; Sesso et al. 2005; Evans
et al. 1998; Buijsse et al. 2008), although the results of these studies are somewhat
conflicting.

Known primarily as precursors to vitamin A, carotenoids are also important
free radical quenchers and act as potent antioxidants. Two major hypotheses have
been proposed to explain the cardioprotective activities of carotenoids, antioxida-
tive and non-antioxidative mechanisms. The facts that LDL is a major transporter
of B-carotene and lycopene in the circulation and that these carotenoids have the
capacity to trap peroxyl radicals and quench singlet oxygen support the hypothe-
sis that the carotenoids may have a protective role to oxidative stress. Recent stud-
ies are also showing that carotenoids may mediate their effects via other
mechanisms such as gap junction communication, cell growth regulation, modu-
lating gene expression, immune response, and the action as a hypocholesterolemic
agent by inhibiting 3-hydroxy-methylglutaryl-coenzyme A (HMG-CoA) reductase
(Paiva and Russell 1999; Bertram 1999; Fuhramn et al. 1997). Unfortunately,
RCTs of B-carotene supplements document no benefit in the general population,
and in fact, they may even cause an increase in heart disease and total mortality
(Bjelakovic et al. 2007).

At the moment, no evidence exists to recommend carotenoids in pharmaceuti-
cal form for the treatment or prevention of CHD. Long-term and well-designed
future studies to evaluate the role of carotenoids in prevention of CHD are
needed.

5.14 Carbohydrates

Carbohydrates (CHO) are an ideal source of energy for the body and are naturally
occurring compounds that consist of carbon, hydrogen, and oxygen. CHO encom-
pass a broad range of sugars, starches, and fiber (see Sect. 5.15). CHO that contain
only one sugar unit (monosaccharides) or two sugar units (disaccharides) are



5 Diet and Nutrition to Prevent and Treat Cardiovascular Diseases 17

referred to as simple sugars. Two of the most common monosaccharides are glucose
and fructose. Starches are complex CHO without taste or odor. Complex CHO are
long chains of simple sugar units bonded together.

It is clear that several aspects of CHO quality influence cardiometabolic health.
The glycemic index (GI) is a kinetic parameter that reflects the ability of CHO con-
tained in consumed foods to raise blood glucose in vivo (Jenkins et al. 1981). GI is
defined as the incremental area under the blood glucose response curve (AUC area
under the blood concentration time curve) within a 2-h period elicited by a portion of
food containing 50 g of available CHO, relative to the AUC elicited by 50 g glucose.
A related metric, glycemic load (GL), is defined as GIxw/100, where w is the grams
of available CHO contained in the amount of food consumed (Salmerén et al. 1997).

A recent meta-analysis showed borderline significant associations of increased
GI with coronary heart disease (relative risk, 1.25; 95 % CI, 1.00, 1.56) (Barclay
et al. 2008). RCTs have shown that low GI/GL diets affect plasma concentrations of
LDL cholesterol, HDL cholesterol, total cholesterol, triglycerides, and markers of
inflammation and thrombosis, as well as insulin resistance, in ways that would be
expected to reduce CVD risk (Rizkalla et al. 2004; McMillan-Price et al. 2006;
Maki et al. 2007; Pereira et al. 2004a; Ebbeling et al. 2005; Dickinson et al. 2008).
Exaggerated postprandial glycemic spikes generate excess free radicals that can
trigger a biochemical cascade resulting in inflammation, endothelial dysfunction,
hypercoagulability, and sympathetic hyperactivity (O’Keefe et al. 2008; Weissman
et al. 2006). These postprandial changes when repeated multiple times daily eventu-
ally lead to atherosclerotic risk factors and CVD. Even hyperglycemic spikes
induced artificially using intravenous glucose infusions in lean nondiabetic indi-
viduals have been shown to markedly increase free radical generation (Brownlee
and Hirsch 2006). At only 80 mg/dl plasma glucose, the cardiovascular risk of post-
prandial glycemia begins to increase; by 140 mg/dl, the point at which we tradition-
ally only begin to classify patients as glucose intolerant, the risk is already increased
by 58 % (Sasso et al. 2004; Mellen et al. 2000).

Additionally, transient hyperglycemia induces long-lasting activating epigenetic
changes in the promoter of the nuclear factor kB (NFxB) subunit p65 in aortic
endothelial cells both in vitro and in nondiabetic mice. NFkB-induced increases in
monocyte chemoattractant protein 1 and vascular cell adhesion molecule 1 expres-
sion accelerate progression of atherosclerosis (El-Osta et al. 2008).

5.15 Dietary Fiber

Dietary fibers (DF) are highly complex substances described as nondigestible carbo-
hydrates and lignins resistant to digestion by human digestive enzyme and absorption
in the small intestine with fermentation in the large intestine. DF is abundant in whole-
grain foods, vegetables, fruits, legumes, and nuts. DF have been classified according
to solubility in water into two groups: water-soluble fiber (pectin, beta-glucans, inulin,
fructans, oligosaccharides, some hemicelluloses, guar, and gums, which were previ-
ously classified as viscous fiber) and water-insoluble fiber (hemicellulose, cellulose,
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Fig. 5.3 Potential mechanisms of DF in prevention of CVD. Abbreviations: DF dietary fiber,
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resistant starch, and lignin, which were previously classified as nonviscous fiber).
Food sources rich in soluble DF include legumes, vegetables, fruits, oat bran, and
psyllium seeds. The main source of insoluble DF is whole grain.

Experimental data from both animals and humans, epidemiological studies and
feeding trials with supplements support the inverse relationship between dietary
fiber and the reduction in developing CVD and major cardiovascular risk factors,
such as hypertension, diabetes, obesity, and dyslipidemia (Liu et al. 1999; Liu 2002;
Mozaffarian et al. 2003; Rimm et al. 1996; Todd et al. 1999).

A meta-analysis of seven prospective cohort studies including >150,000 persons
suggested a 29 % reduction in the risk of CHD on comparing individuals in the
highest and lowest quintiles of intake of dietary fiber (Anderson 2003). Recent stud-
ies observed that CHD mortality was decreased for every additional 10 g of DF per
day by 17-35 % (Pereira et al. 2004b; Streppel et al. 2008).

Although the cardioprotective physiological mechanisms of DF on metabolic
health are not fully established, it is speculated to be a result of changes in chewing,
plasma lipid profiles, gastric emptying, nutrient absorption, satiety, postprandial
glycemic response, insulin sensitivity, blood pressure, production of gut hormones
and short-chain fatty acids (SCFAs), gut flora, inflammation, and body weight
(Lattimer and Haub 2010). Proposed mechanisms in cardioprotective effects of DF
are summarized in Fig. 5.3.
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5.16 Summary and Perspectives

Cardiovascular disease can be influenced by lifestyle changes, especially including
dietary styles. RCTs of cardiometabolic risk factors and prospective cohort studies
of CVD end points provide concordant evidence for cardiovascular effects of sev-
eral nutrients. Mechanistic studies help to determine the possible molecular and
cellular mechanisms and pathways involved in biological functions of nutrients.
The major cardioprotective mechanisms of nutrients are classified as follows: (1)
activating sirtuins, (2) ameliorating serum lipid profiles, (3) decreasing insulin
resistances, (4) anti-inflammatory effects, (5) antioxidants, (6) antithrombogenic
actions, (7) improving vascular functions, (8) antiarrhythmic actions, and (9) low-
ering homocysteine levels. Often, individual nutrients for which epidemiologic
studies suggest benefit and mechanistic studies show effects fail to do so in large
RCTs. Because many mechanistic studies are done by animal models or in vitro,
this does not mean that nutrients will necessarily reduce CVD in people. On the
other hand, we cannot forget that the reactivity of a cardiovascular system to food
is racially or genetically different. For these reasons, further work is needed to bet-
ter understand the molecular effects of natural dietary compounds in cardiovascular
system.
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Abstract

Following the publication of the landmark study of Morris and colleagues, a
plethora of evidences confirmed the inverse and independent relationship between
physical activity and cardiovascular as well as overall mortality. It has been
established that regular physical activity elicits its beneficial health effects by
reducing especially those cardiovascular risk factors which are associated with
metabolic disorders, e.g., hyperlipidemia, glucose intolerance, or systemic
hypertension, but physical activity has also been shown directly to inhibit the
development of atherosclerosis and associated cardiovascular diseases, e.g., by
preventing or correcting endothelial dysfunction or due to cardiovascular remod-
eling. Nowadays, fascinating experimental studies more and more discover cel-
lular and molecular mechanisms as primary risk factors and explain how physical
activity fights the development of cardiovascular diseases. Oxidative stress, low
NO bioavailability, and inflammation are considered as primary targets for
modification of risk factors by regular exercise training. All these factors are
closely interrelated and may play important roles in the development of
atherosclerosis.
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6.1 Introduction

Survival of our earliest ancestors was largely dependent on the availability of food
and food supply was closely related to physical fitness and activity. Because food
was not constantly available, their genes were adapted to store fuel for periods of
hunger and maintain aerobic capacity during moderate caloric restriction. Whereas
the human genetic constitutions remained almost constant since the appearance of
Homo sapiens about 40,000 years ago, lifestyle changed dramatically within a short
evolutionary period of time. Consequently, the human genome has not adapted ade-
quately to the sedentary lifestyle and constant food availability in today’s developed
countries (Eaton and Konner 1985; Szostak and Laurant 2011) likely resulting in
increased food storages associated with their insufficient utilization. Metabolic dis-
orders and the increasing prevalence of cardiovascular diseases are considered as
direct consequences of this imbalance between food surplus and physical activity
(Wallace 2005). About six decades ago the landmark study of Morris and colleagues
convincingly demonstrated reduced mortality rates in a large cohort of civil servants
with physically demanding occupations when compared to desk clerks (Morris et al.
1953). Subsequently, a plethora of evidences confirmed the inverse and independent
relationship between physical activity and cardiovascular as well as overall mortality
(Paffenbarger and Hale 1975; Paffenbarger et al. 1986; Blair et al. 1989, 1995; Myers
et al. 2002; Kokkinos et al. 2011). It has been established that regular physical activ-
ity elicits its beneficial health effects by reducing especially those cardiovascular risk
factors which are associated with metabolic disorders, e.g., hyperlipidemia, glucose
intolerance, or systemic hypertension (Stamler et al. 1993; Wei et al. 1999; Thompson
et al. 2003). On the other hand physical activity has been shown directly to inhibit the
development of atherosclerosis and associated cardiovascular diseases, e.g., by pre-
venting or correcting endothelial dysfunction or due to cardiovascular remodeling
(Ellison et al. 2012). Nowadays, fascinating experimental studies more and more
discover cellular and molecular mechanisms as primary risk factors and explaining
how physical activity fights the development of cardiovascular diseases (CVD). The
control of mitochondrial biogenesis and the capacity of oxidative phosphorylation
(OXPHOS) emerge as integrative elements of health and disease not only in skeletal
and cardiac muscle but also in other tissues, particularly the brain.

6.2 The Dynamics of Degenerative Diseases

Dysfunction and disease are a consequence of damaged or defective structures
which fail to support corresponding functions. From an evolutionary and dynamic
perspective, however, any complex system requires energetically coupled processes
to build and maintain structures, and loss of function is then a cause rather than
consequence of structural degeneration. Deficient structure results from dysfunc-
tion, and disease is the inability to counteract spontaneous or enforced decay. Cause
and effect cannot be separated in complex systems where structure and function are
embedded in a network of circular loops developing over time.
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In the extreme, the static or deterministic perspective presents structure without
time scale. At the strike of a mutation, the molecular function of the originally
encoded enzyme is lost, which then provides the definite cause of a disease, like a
bullet shot through the heart. Aging and degenerative diseases are phenomena which
are dominated by the time scale, where the dynamics of stochastic and chaotic pat-
terns eliminates the theoretical basis for distinguishing cause and consequence, and
effects turn instantaneously into cause. Deterministic concepts fail in most instances
to understand and treat degenerative diseases. When feedback loops are disturbed,
stabilizing feedback may turn into feedforward control as the basis of a self-ampli-
fying vicious circle, marking the transition from latent to manifest, from aging to
aged, from proinflammatory to disease. Simple “static” interventions, such as vari-
ous antioxidant treatments, may elicit no or paradoxical results. Lifestyle interven-
tions are as complex as the organismic system itself and thus remain partly or largely
elusive to simple factorial analysis. These rather abstract considerations provide the
basis of a working hypothesis that dynamic intervention on an integrated system’s
level is necessary to combat degradation over time. Degradation is the sum of pro-
cesses that put the aging organism at risk of degeneration, including CVD. Integrative
dynamic intervention imposes periodic perturbations at different hierarchical levels
simultaneously. An accessible and economic intervention of this kind is exercise.

Mitochondria are the evolutionary ancient symbionts in our cells which provide
most of the vital energy by burning carbohydrate and lipid to produce ATP and
heat. Lifestyle sets the cellular and mitochondrial environment in terms of energy,
food, and metabolites. Lifestyle in turn sets the relative value of energy and time in
terms of velocity, metabolic flows, power, and efficiency (Gnaiger 1993). Striking
changes of our cellular environment were brought about by the industrial revolu-
tion. The shift from energy limitation to time limitation increased power and the
“speed of life.” For the first time in human history, the distance of transport and
velocity of locomotion became dissociated completely from physical exercise,
muscular power, and cellular metabolism. External energy flows and artificial
structures (heat engines) replaced the cellular metabolic machinery. As a conse-
quence, industrial societies generated a lifestyle with food supply topping meta-
bolic demands. This energy imbalance disturbs the cellular and mitochondrial
environment, causes metabolic shifts, and manifests itself as an increasing body
mass index (BMI). Although average life span increased, the sedentary overfed
lifestyle reduces the quality of life and induces a proinflammatory state with an
increasing risk of acquiring degenerative age-associated diseases including various
forms of cancer (Wallace 2005).

6.3  Physical Activity and Longevity

The unique work by Morris and colleagues (1953) initiated numerous large studies
investigating the association between physical activity and longevity. Paffenbarger
and coworkers (1986, 1993) demonstrated a strong negative association between
physical activity and morbidity and mortality from cardiovascular and other causes.
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Lee and Skerrett (2001) reviewed 44 observational studies from 1966 to 2000 again
convincingly confirming the negative relationship between physical activity and all-
cause mortality. More recent studies started to assess the individual fitness level as
an objective measure of physical activity consistently showing a linear dose-
response relation between the fitness level and mortality. Kokkinos and colleagues
(2008) demonstrated an approximately 20 % lower mortality risk for subjects with
an exercise capacity of 5-7 metabolic equivalents (METs; 1 MET=1 ml O, - min™'
- kg™!) compared to those achieving below 5 METs. This risk was reduced by 50 %
with an exercise capacity of 7-10 METs and even by 70 % in those achieving more
than 10 METs. The observed mortality reduction was similar in subjects with and
without cardiovascular disease. Exercise capacity turned out to be a more powerful
predictor of mortality than well-established risk factors like systemic hypertension,
dyslipidemia, diabetes, or smoking (Myers et al. 2002; Kokkinos et al. 2008). Many
other studies confirmed these results. Generally, the reduction of the mortality risk
ranges between 10 and 25 % for each MET increase in exercise capacity (Kokkinos
etal. 2011).

6.4 Type and Dose of Physical Activity

Many of the aforementioned studies assessed the amount of physical activity as
energy expenditure related to such activities. Paffenbarger and colleagues (1986)
found a 25-33 % lower mortality risk in subjects with a weekly energy expenditure
of 2,000 kcal or more from leisure time activities compared to those below
2,000 kcal. Noteworthy the mortality risk tended to increase when the activity
related energy expenditure exceeded 3,500 kcal/week. On the other hand the mor-
tality rates still decreased when the individual exercise capacity exceeded 10 METs.
When various types of exercise (walking, stair climbing, sports playing) were com-
pared a threshold exercise intensity of about 5-6 METs was found with only mini-
mal additional benefits when performing at higher intensities (Paffenbarger et al.
1986). Regarding exercise effects on the risk factor profile, several clinical trials
report greater improvements after vigorous (>6 METs) than moderate intensity
exercise for diastolic blood pressure, glucose control, and aerobic capacity. However,
these studies did not see such intensity effects on systolic blood pressure, lipid
profile, or body fat loss (Swain and Franklin 2006). Our studies on risk factors for
sudden cardiac death during mountain sport activities indicate that sport-specific
training intensities help best to prevent cardiac deaths (Burtscher and Ponchia 2010).
Mitochondrial biogenesis in skeletal muscle is induced by both strength and endur-
ance training (Pesta et al. 2011), but in cardiac tissue only high-intensity interval
training increases citrate synthase (CS) activity and OXPHOS capacity per unit CS
activity (Hafstad et al. 2011). Taken together, exercise at a vigorous intensity elicits
greater cardioprotective benefits than exercise of a moderate intensity provided that
total energy expenditure of exercise is held constant. General training prescriptions
for patients with CVD recommend endurance exercise at a minimum of 3 times a
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week for at least 30 min, including 5 min of warm-up and cool-down calisthenics
and at least 20 min of exercise at an intensity requiring 70-85 % of the predeter-
mined peak heart rate (Thompson 2005).

6.5 Physical Activity as a Modifier of Risk Factors

There is ample evidence that physical activity is an independent and important fac-
tor for the assessment of the CVD risk and that increasing levels of physical fitness
protect against elevations in most risk factors in subjects with and without CVD.
Despite these facts physical activity is often ignored in large epidemiologic studies
(Burtscher 2012).

Regular physical activity may be considered the most important condition coun-
teracting metabolic and cardiovascular diseases (Szostak and Laurant 2011).
Pedersen (2009) suggested that physical inactivity leads to accumulation of visceral
fat which subsequently activates several inflammatory pathways. Consequences
include insulin resistance and atherosclerosis. The resulting cluster of diseases has
been termed “diseasome” (Pedersen 2009). When rats were selected to be low- or
high-capacity runners, a connection between endurance capacity and the develop-
ment of risk factors for metabolic and cardiovascular diseases has been demon-
strated (Kiveld et al. 2010; Szostak and Laurant 2011). In these rats 239 genes in
skeletal muscle were differently expressed between low- and high-capacity runners
indicating phenotypic differences (Kiveld et al. 2010).

Nowadays it is well established that physical activity elicits its beneficial effects
by modifying classical risk factors for CVD and direct effects on the cardiovascular
system. Regular physical activity reduces all traditional risk factors, i.e., systemic
arterial hypertension, elevated low-density (LDL) and reduced high-density lipo-
proteins (HDL), increased triglyceride levels, insulin resistance, and glucose intol-
erance (Thompson et al. 2003). As mentioned above the modification of risk factors
depends at least partly on the type, the duration, and the intensity of exercise.

6.5.1 Hypercholesterolemia

Hypercholesterolemia (total cholesterol level >200 mg/dl) is part of the traditional
risk factor set for CVD. Whereas higher levels of HDL cholesterol are associated
with a reduced risk for cardiovascular events, elevated LDL cholesterol and triglyc-
erides are considered to be detrimental with regard to cardiovascular outcomes
(Stapleton et al. 2010). Hypercholesterolemia leads to endothelial dysfunction and
is very likely related to the reduced nitric oxide (NO) bioavailability, elevated oxi-
dative stress, and the development of proinflammatory conditions (Goodwill et al.
2008; Stapleton et al. 2010). Of course, hypercholesterolemia is often associated
with certain genetic risk factors, and pharmacological treatments focus on lowering
of cholesterol levels by preventing its formation in the liver or its absorption in the
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intestine (Stapleton et al. 2010). Exercise training is well established to increase
HDL cholesterol levels and improving cardiovascular function. In addition, regular
physical activity decreases oxidative stress and chronic systemic inflammation and
increases NO bioactivity thus improving hypercholesterolemia-related endothelial
dysfunction (Goto et al. 2003; Szostak and Laurant 2011).

6.5.2 Hypertension

As hyperlipidemia systemic hypertension is part of the set of traditional risk fac-
tors for CVD. Blood pressure values below 120 mmHg systolic and 80 mmHg dia-
stolic are considered optimal and values above 140 mmHg systolic and 90 mmHg
indicate hypertension. Hypertension has been termed as a “silent killer” because it
may be responsible for 13.5 % of all deaths worldwide (Arima et al. 2011). Fifty-
four percent of strokes and 47 % of coronary heart diseases are attributed to ele-
vated blood pressure values (Arima et al. 2011). Beneficial effects of regular
exercise on hypertension have been repeatedly demonstrated (Arakawa 1996).
Besides improvements in sympathetic regulation and volume-depleting actions,
the expression of endothelial NO synthase (eNOS) and NO bioactivity contribute
to the antihypertensive effects of exercise (Arakawa 1996; Ohta et al. 2005).
However, increased NO production is not necessarily associated with improvement
of physiological function likely due to the fact that NO is highly reactive with
superoxide resulting in powerful oxidant products (Ohta et al. 2005). Thus, the
ratio between NO and the amount of superoxide determines NO bioavailability.
Longtime exercise training is suggested to increase NO and antioxidant defense
thereby enhancing NO bioavailability and favorable effects on systemic blood
pressure (Suzuki et al. 2000).

6.5.3 Type 2 Diabetes

The worldwide increase in the prevalence of type 2 diabetes mellitus (T2DM) poses
an enormous health burden in both developed and developing countries (Burtscher
et al. 2009). The importance of the healthcare problem of T2DM results not just
from the disease itself but also from its association with obesity and cardiovascular
risk factors, particularly dyslipidemia and hypertension (Zimmet et al. 2001).
Epidemiologic data suggest that lifestyle changes especially involving increased
regular physical activity would prevent T2DM to a large degree (Tuomilehto et al.
2001). Exercise training has been demonstrated to increase whole-body insulin-
mediated glucose disposal in T2DM patients due to an increase in glucose trans-
porters type 4 (GLUT4) protein and independent of changes in the insulin-signaling
cascade (O’Gorman et al. 2006). Additionally, sufficient levels of NO are essential
for normal skeletal muscle and endothelial function, but they are also necessary for
optimal insulin secretion from pancreatic 3-cells thereby counteracting the develop-
ment of T2DM (Newsholme et al. 2010). As discussed above, low levels of oxida-
tive stress will enhance NO bioavailability and the related beneficial metabolic
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effects (Ohta et al. 2005). Besides, exercise activates AMP-activated protein kinase
(AMPK). AMPK then stimulates energy-generating processes like the oxidation of
fatty acids and glucose (Richter and Ruderman 2009) and contributes to mecha-
nisms leading to improved insulin secretion and actions resulting in improved meta-
bolic function (Newsholme et al. 2010). Finally, increasing anti-inflammatory
effects by regular exercise training, at least partly mediated by skeletal muscle
derived interleukin-6 (IL-6), have also been suggested to exert positive effects on
metabolic disorders as T2DM (Pedersen and Steensberg 2002).

6.5.4 Low Mitochondrial Power: Link from Obesity
to Cardiovascular Risk

BMI is an integrator of energy balance in active versus sedentary lifestyles. Since
energetically coupled processes are required for physiological function and mainte-
nance of structure and physical exercise is a major sink for food-derived energy, it
is reasonable to focus on the energetically dominating metabolic pathway in the liv-
ing cell, which is oxidative phosphorylation (OXPHOS, Fig. 6.1). An abnormal
expression of genes regulating oxidative phosphorylation in skeletal muscle has
been shown in patients suffering from T2DM (Mootha et al. 2003). OXPHOS capac-
ity of vastus lateralis in overweight and T2DM patients is low (Boushel et al. 2007,
Larsen et al. 2009; Rabgl et al. 2009), and exercise training increases insulin sensi-
tivity and OXPHOS capacity in obese patients (BMI of 30-33 kg/m?) with and with-
out T2DM (Hey-Mogensen et al. 2010; Phielix et al. 2010). Comparable to humans
(Gnaiger 2009), OXPHOS capacity in skeletal muscle declines in obese horses and
increases by about 2.5-fold from untrained to competitive race horses (Votion et al.
2012). Functional OXPHOS analysis in various tissues of mice suggests that obesity
alters mitochondrial density and respiratory performance according to tissue-
specific control mechanisms (Holmstrom et al. 2012).

As physical activity is diminished despite sufficient energy supply, the electron
transport system becomes more reduced (2[H]), the electrical potential across the
inner mitochondrial membrane is increased, and electron leak to oxygen increases
the generation of reactive oxygen species (ROS; Fig. 6.1). Under these conditions
of diminished energy utilization, reduction of mitochondrial density may be consid-
ered adaptive (Fig. 6.2). At low mitochondrial density and tissue mass-specific
OXPHOS capacity, the work to be done per mitochondrial unit in the tissue is
increased, keeping hyperpolarization in check. Simultaneously, the density is
decreased of mitochondrial ROS production sites (Complexes I and III). The respi-
ratory LEAK/OXPHOS flux control ratio is diminished in untrained healthy and
obese subjects (Pesta et al. 2011; Hey-Mogensen et al. 2010), thus increasing the
proton leak and maintaining the proton-motive force lower at rest (Fig. 6.1).
Importantly, however, healthy mitochondria act not only as ROS producers but also
as ROS scavengers (particularly CoQ and cytochrome c); mitochondria are impor-
tant redox regulators, and these cell-signaling functions are progressively lost as
mitochondrial density declines. Below a threshold level of low mitochondrial den-
sity, the adaptive range for downregulation of mitochondrial biogenesis is exceeded.
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Fig.6.1 Dynamics of energy transformation in coupled flows, I, and forces, F, of aerobic metabo-
lism and energy utilization. 2[H] indicates the reduced hydrogen equivalents of carbon substrates
with electron transfer to molecular oxygen. F, is the Gibbs force or molar Gibbs energy of oxygen
consumption (typically =450 kJ/mol O,). H*, to H* | is the process of proton translocation across
the inner mitochondrial membrane, generating a proton motive force, FH*=Ap which has a chemi-
cal and electrical component (proton gradient and membrane potential). A short circuit (H* leak)
dissipates the energy of the translocated protons, which otherwise is used to phosphorylate ADP to
ATP, with an output force of 52—66 kJ/mol ATP under intracellular conditions (Gnaiger 1993). The
efficiency of coupling is diminished by potential proton slips of the proton-energy conserving
pumps (Complexes CI, CIII, and CIV) and the proton-slip of proton-energy utilizing pump (ATP
synthase or CV). Production of reactive oxygen species (ROS) is another component reducing the
coupling between oxygen flux and ATP turnover. ATPase activity may short-circuit the ATP cycle
and dissipate the energy stored in ATP, which otherwise is used to drive various output flows, from
biosynthetic pathways, ion pumping to muscle contraction

This is the transition to a proinflammatory state (“mitochondrial fever”), putting the
cell at risk of further degeneration and apoptosis, with all sequelae of age-related
diseases.

In rats artificially selected for low aerobic capacity, impaired regulation of oxida-
tive pathways (PGC-1a; Fig. 6.2) in skeletal muscle precedes the increase in body
weight and is linked to a high incidence of cardiovascular disease (Wislgff et al.
2005). In this model of the metabolic syndrome, high-intensity exercise training is
superior to moderate-intensity exercise for ameliorating cardiovascular risks (Haram
etal. 2009). Selective breeding for high running capacity, in turn, increases OXPHOS
capacity and enhances ROS production, whereas oxidative DNA damage is decreased
due to a compensatory increase in antioxidant capacity (Tweedie et al. 2011). A high-
fat diet increases mitochondrial H,O, production and decreases redox-buffering
capacity (Anderson et al. 2009). While mitochondrial oxidative stress mediates heart
failure (Dai et al. 2011), endurance exercise increases antioxidant enzyme activity in
cardiac mitochondria, attenuates ROS-induced cytochrome c release, and reduces the
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Fig.6.2 Central role of peroxisome proliferator-activated receptor y coactivator-la (PGC-1¢) in
the control of tissue OXPHOS capacity and mitochondrial (mf) biogenesis. Calcineurin (Lin et al.
2002), eNOS (Nisoli et al. 2007), and AMP-activated protein kinase (AMPK) (Canté et al. 2009)
increase PGC-1a expression, which in turn increases coordinated expression of nuclear DNA and
mtDNA through downstream transcription factors, nuclear respiratory factor 1 (NRF-1), and mt
transcription factor A (TFAM). PGC-1a expression is inhibited by the proinflammatory cytokine
tumor necrosis factor oo (TNF-o) and high levels of leptin. At a given mt volume density as a net
result of mt biogenesis and mt degradation, NO exerts an additional role on OXPHOS and muscu-
lar repair by elongation of tubular mitochondria through a reduction of fission by inhibition of
dynamin-related protein (Drpl) (De Palma et al. 2010). In normal-weight animals, moderate

caloric restriction enhances OXPHOS capacity by increasing eNOS expression (Nisoli et al.
2005)

threshold for ROS-induced apoptosis (Kavazis et al. 2008). Chronic heart failure
(CHF) in humans is associated with a decreased OXPHOS capacity particularly for
fatty acid oxidation (Lemieux et al. 2011). In vastus lateralis of CHF patients,
OXPHOS capacity (with glutamate+malate as substrates) and the positive response
to training are preserved with respect to sedentary controls (Zoll et al. 2003; Garnier
et al. 2005). Stimulation of mitochondrial biogenesis entails beneficial effects on
various levels, including impaired carcinogenesis (Wang and Moraes 2011).

6.6  Direct Effects of Physical Activity on the Cardiovascular
System

Whereas several decades ago physicians recommended prolonged rest for patients
with heart diseases, nowadays regular physical activity or even vigorous exercise is
an evidence-based part of the prevention and therapy of various heart diseases



136 M. Burtscher and E. Gnaiger

(Shephard and Balady 1999). “To date, the only practical and sustainable
countermeasure capable of promoting cardioprotection is regular bouts of endur-
ance exercise” (Kavazis et al. 2008), reducing the risk of death due to ischemia-
reperfusion in humans (Ignarro et al. 2007) and animal models (Powers et al. 2002).
The favorable effects of exercise are partly due to the modification of cardiovascular
risk factors but also to direct effects on the heart, i.e., cellular and molecular remod-
eling (Ellison et al. 2012). Exercise-induced cardiac hypertrophy, a balanced
increase of left ventricular mass accompanied by neoangiogenesis, represents the
most widely known structural adaptation of the heart to regular endurance exercise
(Weiner and Baggish 2012). In contrast to the old paradigm that the heart represents
a post-mitotic organ without regenerative capacity (Ellison et al. 2012), it has
recently been demonstrated that 50 % of cardiomyocytes are exchanged during a
normal human life (Bergmann et al. 2009). Waring et al. (2010) reported an elevated
proliferation, number, and cardiogenic differentiation of endogenous cardiac stem
and progenitor cells following controlled endurance training. Animal studies indi-
cated that exercise-induced cardiomyocyte hypertrophy and renewal depended on a
reduced expression of the transcription factor C/EBPb and an increase in the expres-
sion of CBP/p300-interacting transactivator (Bostrom et al. 2010). Also functional
benefits like improved contractility have been shown in unloaded cardiomyocytes
after endurance training, probably due to a modification of intracellular handling of
Ca?* (Ellison et al. 2012). Additionally, regular endurance exercise increases the
number and size of coronary vessels, endothelial function, coronary blood flow,
oxygen transport capacity, and oxygen extraction (Duncker and Bache 2008; Ellison
et al. 2012). These adaptations are triggered by signals including hemodynamic
forces like flow and stretch, tissue ischemia, and growth factors like vascular
endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2) (Ellison
et al. 2012). Exercise is also an important regulator of eNOS-mediated vascular
release of NO (Balligand et al. 2009) which is closely associated with cardiovascu-
lar remodeling, improved Ca?* handling and endothelial function, and mitochon-
drial biogenesis (Fig. 6.2).

6.6.1 Endothelial Dysfunction

Blunted endothelium-dependent vasodilatation is an early sign in patients with risk
factors for CVD (McVeigh et al. 1992). This dysfunction of the endothelium is typi-
cally caused by a reduction of NO bioactivity. NO inactivation is caused by exces-
sive ROS production and has been demonstrated in patients with risk factors for
CVD (Cai and Harrison 2000). There are several lines of evidence supporting the
potential of regular physical activity to prevent or reverse endothelial dysfunction,
e.g., in patients with coronary artery disease or T2DM (Szostak and Laurant 2011).
This becomes evident since exercise training represents one of the most important
regulators of eNOS-mediated release of NO from the endothelium (Indolfi et al.
2002). NO release results at least partly from the increased vascular shear stress
during exercise (Tuteja et al. 2004). Elevated NO production not only favors



6 Physical Activity and Cardiovascular Diseases Epidemiology 137

vasorelaxation but also reduces platelet adhesion and aggregation thereby eliciting
its beneficial effects in patients with coronary artery disease (Tuteja et al. 2004).
Exercise training represents an antioxidant therapy thereby increasing NO bio-
availability and improving endothelial function (Di Francescomarino et al. 2009).
Both reduced NO bioactivity and oxidative stress seem to contribute to chronic
systemic inflammation and endothelial dysfunction (Szostak and Laurant 2011;
Rizvi 2009) which seems to be improved by regular exercise training (Petersen and
Pedersen 2005).

6.7  Primary Preventive and Therapeutic Targets of Physical
Activity

Oxidative stress, low NO bioavailability, and inflammation are considered as pri-
mary targets for modification of risk factors by regular exercise training. All these
factors are closely interrelated and may play important roles in the development of
traditional risk factors and atherosclerosis.

ROS inactivate NO resulting in endothelial dysfunction, promote LDL oxida-
tion, and the progression of atherosclerosis (Davignon and Ganz 2004). During
acute exercise the mitochondrial electron transfer system contributes to an elevation
of ROS production (Bloomer 2008). Concomitantly, there is an increase of the pro-
oxidant enzymes which is associated with ROS markers like F2-isoprostanes
(Brennan et al. 2003). NADPH oxidase activity is closely related to ROS generation
and has been shown to be associated to physical inactivity (Szostak and Laurant
2011). During regular and chronic exercise training, antioxidant enzymes increase,
e.g., superoxide dismutase (SOD) and glutathione peroxidase, resulting in a more
powerful oxidant handling (Stapleton et al. 2010). Consequently, oxidative stress
markers like F2-isoprostane decrease (Seals et al. 2008).

Whereas NO production by vasoactive agonists is related to the increase of cal-
cium concentration in endothelial cells, fluid shear stress during exercise activates
eNOS by phosphorylation of the serine/threonine protein kinase Akt/protein kinase
B in a phosphoinositide 3-kinase-dependent manner (Wyatt et al. 2004). Oxidative
stress, caused by an imbalance between oxidant and anti-oxidant enzymes, inacti-
vates NO and favors low NO bioavailability (Szostak and Laurant 2011). The con-
sequences of decreased NO bioavailability include upregulation of endothelin-1
(ET-1) and activation of platelets and coagulation pathways and thus endothelial
dysfunction. On the other hand, regular exercise increases NO bioavailability
directly by eNOS activation and indirectly by diminishing oxidative stress thereby
improving endothelial function (Goto et al. 2003; Szostak and Laurant 2011).

Thus, exercise increases antiatherogenic markers like eNOS and SODs and decreases
the expression of ET-1, adhesion molecules like VCAM-1, and ROS as markers of a
proatherogenic endothelial cell phenotype (Laughlin et al. 2008) (Fig. 6.3).

Both elevated ROS production and decreased NO bioactivity seem to be causally
linked to chronic inflammation representing a pathogenic feature of atherosclerosis
(Ross 1999). For example, ROS and ROS products activate the nuclear factor kB
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(NFxB) which contributes to the regulation of proinflammatory genes. NFxB seems
to be activated during healthy and diseased conditions. It seems reasonable that the
severity and the frequency of stress determine whether responses are favorable or,
with inadequate recovery, rather detrimental. Thus, regular exercise with sufficient
recovery will promote positive adaptations making the organism more resistant to
future perturbations (Kramer and Goodyear 2007) (Fig. 6.4).

NFkB has also been suggested to be involved in alterations of fuel metabolism
during and following exercise by increasing transcription of the IL-6 gene (Kramer
and Goodyear 2007). IL-6 is produced by the contracting skeletal muscle and favors
glucose transport and lipid oxidation (Pedersen and Steensberg 2002) and stimu-
lates satellite cell proliferation (Toth et al. 2011). On the other hand IL-6 diminishes
tumor necrosis factor-alpha (TNF-a.) release. TNF-a. is known to promote vascular
inflammation, oxidative stress, and reduced NO bioactivity resulting in endothelial
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Fig. 6.5 Interleukin-6 (IL-6) is produced by the contracting skeletal muscle and favors glucose
transport and lipid oxidation. Regular physical activity is also associated with decreasing concen-

trations of proinflammatory markers like tumor necrosis factor-alpha (TNF-¢) and improved insu-
lin sensitivity thereby inhibiting atherogenesis (Pedersen et al. 2007)

dysfunction (Szostak and Laurant 2011) and arrest of mitochondrial biosynthesis
(Fig. 6.2). TNF-a also contributes to insulin resistance by increasing lipolysis and
the related release of nonesterified fatty acid (NEFA, Plomgaard et al. 2005). Regular
physical activity, however, is associated with decreasing concentrations of
proinflammatory markers like TNF-o. and improved insulin sensitivity thereby
inhibiting atherogenesis (Pedersen et al. 2007) (Fig. 6.5).

6.8 Summary and Perspectives

In recent years, many studies have focused on the pathophysiological pathways
associated with the involvement of oxidative stress and inflammation in the devel-
opment of metabolic disorders and cardiovascular diseases and the preventive
impact of regular exercise training. Ample evidence has been provided that regular
exercise increases anti-inflammatory environment, improves anti-oxidant defense,
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and reduces oxidative stress thereby counteracting the development of atherosclero-
sis. Nevertheless, much more research is required to provide a deeper insight in
cellular and molecular mechanisms explaining the effects of exercise on oxidative
stress effects and inflammatory pathways. Findings from this research will help to
establish optimal training recommendations in order to maximize the benefits of
exercise training for healthy as well as diseased subjects on an individual basis.
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Alcohol

Ichiro Wakabayashi

Abstract

Alcohol drinking is a general modifiable risk factor for various diseases includ-
ing cardiovascular disease. A J-shaped relationship is known to exist between
alcohol intake and risk of cardiovascular disease as well as between alcohol
intake and total mortality. Risks of ischemic arterial diseases, such as coronary
artery disease, ischemic stroke, and peripheral arterial disease, are lower in light-
to-moderate drinkers (not more than one drink per day for women and not more
than two drinks per day for men) than in abstainers. Beneficial effects of alcohol
drinking on the risks of ischemic arterial diseases are mainly explained by the
actions of alcohol on cholesterol metabolism and the blood coagulation-
fibrinolysis system. Light-to-moderate alcohol consumption has also been shown
to be associated with decrease in production of proinflammatory cytokines and
increase in insulin sensitivity. Additional benefits for cardiovascular protection
are expected in polyphenols, contained in red wine, which exert cardiovascular
protective actions represented by antioxidative action. On the other hand, heavy
drinking and binge drinking increase the risks of hemorrhagic types of stroke,
such as cerebral hemorrhage and subarachnoid hemorrhage; cardiomyopathy;
and cardiac arrhythmia, particularly atrial fibrillation. The association between
alcohol and hemorrhagic stroke is speculated to be due to alcohol-induced hyper-
tension in combination with impaired blood coagulation-fibrinolysis balance.
Drinking alcohol beverages, particularly beer, causes increase in blood uric acid
level, an independent risk factor for cardiovascular disease. A variety of molecu-
lar pathophysiological mechanisms, e.g., oxidative stress, protein phosphoryla-
tion, and alterations in Ca** homeostasis and gene expression, explained in this
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chapter are involved in the beneficial and detrimental effects of alcohol on car-
diovascular disease and its risk factors. Furthermore, the relationships between
alcohol intake and cardiovascular risk may be modified by individual genetic
backgrounds represented by polymorphisms of alcohol-metabolizing enzymes.
Although light-to-moderate drinking is associated with reduced risk of cardio-
vascular disease, the use of alcohol as a strategy for cardiovascular protection is
not recommended for abstainers because of the lack of randomized outcome data
and the future possibility of alcohol abuse.

Keywords
Alcohol ¢ Arrhythmia ¢ Cardiomyopathy ¢ Cholesterol ¢ Coagulation-fibrinolysis
balance ¢ Hypertension ¢ Inflammation  Insulin sensitivity ® Polyphenol ¢ Uric acid

7.1 Introduction

Alcohol drinking, a common habit, often influences individual health. According to
a meta-analysis study, consumption of one drink (corresponding to 12 g ethanol)
daily for women and one or two drinks daily for men was associated with a reduc-
tion of total mortality by 18 %, but more alcohol consumption was associated dose
dependently with increased mortality, thus showing a J-shaped relationship between
alcohol and total mortality (Di Castelnuovo et al. 2006). A J-shaped relationship has
also been demonstrated between alcohol consumption and the risk of cardiovascular
disease. There are inverse associations between light-to-moderate alcohol consump-
tion and risks for coronary artery disease (Corrao et al. 2000), ischemic stroke
(Reynolds et al. 2003), and peripheral arterial disease (Camargo et al. 1997), while
alcohol consumption, particularly heavy drinking and binge drinking, is associated
with increased risks for hemorrhagic types of stroke such as cerebral hemorrhage
and subarachnoid hemorrhage (Reynolds et al. 2003).

Beneficial effects of alcohol on the risk for ischemic arterial disease are mainly
explained by alcohol-induced increase in HDL cholesterol and decrease in blood
coagulability through inhibiting platelet aggregation and blood coagulation and
augmenting blood fibrinolysis (Rimm et al. 1999). A linear positive association
between hemorrhagic stroke and alcohol consumption has been revealed by a sys-
temic review (Mazzaglia et al. 2001). Chronic alcohol consumption is a risk factor
for hypertension (Klatsky 1996). Therefore, the association between alcohol and
hemorrhagic stroke is speculated to be due to alcohol-induced hypertension in com-
bination with impaired blood coagulation-fibrinolysis balance, which weakens the
small deep cerebral arteries (Puddey and Beilin 2006). Heavy alcohol drinking is
also associated with several cardiovascular adverse effects on cardiomyopathy
(Urbano-Marquez et al. 1989) and cardiac arrhythmia, particularly atrial fibrillation
(Balbao et al. 2009). Beneficial and detrimental effects of alcohol drinking on car-
diovascular risk factors and cardiovascular events are summarized in Fig. 7.1.
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Among alcoholic beverages, additional benefits for cardiovascular protection
are expected in red wine because it contains polyphenols, which exert cardiovascu-
lar protective actions represented by antioxidative action (Rodrigo et al. 2011).
However, whether red wine is superior to other alcoholic drinks or not is still debat-
able because there is a possibility of confounding by socioeconomic factors such as
a healthier lifestyle of wine drinkers compared to that of beer and spirit drinkers
(van de Wiel and de Lange 2008). Incidental heavy or binge drinking (generally
defined as five or more drinks on an occasion) is known to increase cardiovascular
events, and thus the pattern of drinking is suggested to be more important than the
kind of alcoholic beverage (van de Wiel and de Lange 2008). Wine consumption
with a meal has been shown to suppress blood level of postprandial lipid hydroper-
oxides (Ursini et al. 1998), and alcohol intake with a meal may have beneficial
effects on metabolism of alcohol by its retarded absorption. Therefore, regular
light-to-moderate drinking (no more than one drink per day for women and two
drinks per day for men) with a meal is the way to go for drinkers. On the other
hand, the use of alcohol as a cardioprotective strategy is not recommended for
abstainers because of no proof of causality and no way to predict individual pos-
sibility of alcohol abuse in the future.
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7.2  Alcohol and Blood Lipids

An abnormal blood cholesterol profile, such as high LDL cholesterol and low HDL
cholesterol, is the most important risk factor for coronary arterial disease. Habitual
alcohol drinking results in elevation of HDL cholesterol and reduction of LDL cho-
lesterol (Castelli et al. 1977; Langer et al. 1992; Gaziano et al. 1993). About half of
the protection against coronary heart disease afforded by moderate alcohol con-
sumption has been reported to be mediated by an increase in HDL cholesterol, and
an additional 18 % of this protection has been shown to be attributable to a decrease
in LDL cholesterol (Langer et al. 1992). Alcohol induces elevation of HDL choles-
terol, especially its subfractions of HDL2 and HDL3 (Gaziano et al. 1993). In fact,
HDL2 sampled from heavy drinkers has been demonstrated to enhance cholesterol
efflux from cultured macrophages in vitro (Mikeli et al. 2008). Non-HDL choles-
terol, calculated as the difference between total cholesterol and HDL cholesterol,
contains particles of all atherogenic apolipoprotein B-containing lipoproteins,
including very-low-density lipoprotein (VLDL), intermediate-density lipoprotein
(IDL), LDL, and lipoprotein(a), and has been reported to be superior to LDL cho-
lesterol in predicting cardiovascular events (Cui et al. 2001). Non-HDL cholesterol
has also been shown to be lower in drinkers than in nondrinkers (Wakabayashi and
Groschner 2009).

As mechanisms for the effects of alcohol on lipid metabolism, habitual alcohol
drinking has been shown to increase lipoprotein lipase (LPL) activity and decrease
cholesteryl ester transfer protein (CETP) activity, resulting in elevation of HDL
cholesterol and reduction of LDL cholesterol (Savolainen et al. 1990; Hannuksela
et al. 2004). CETP mediates transfer of cholesteryl esters from HDL to LDL and
VLDL particles. Alcohol itself or its metabolite, acetaldehyde, has been suggested
to cause defective sialylation and inhibit glycosylation of CETP, which is neces-
sary for binding of CETP to lipoproteins, in alcohol drinkers (Liinamaa et al.
20006). Polymorphism of the CETP gene (TaqIB) is known to influence HDL cho-
lesterol level and risk of coronary artery disease (Boekholdt et al. 2005). The
TaqIB SNP has been reported to modulate effects of alcohol on level of HDL cho-
lesterol and risk of coronary artery disease: Individuals carrying the TaqIB2 allele
showed stronger associations of alcohol intake with elevation of HDL cholesterol
and reduction of the risk of coronary artery disease than did individuals carrying
the TaqIB1 allele (Fumeron et al. 1995). Regarding polymorphism of LPL, S447X
polymorphism has been reported to modulate the association between alcohol
drinking and plasma HDL cholesterol level in women (Lee et al. 2004).

A meta-analysis study using 35 data records has shown that triglyceride concen-
trations increased by 0.19 mg/dl/g of alcohol consumed a day and that this associa-
tion was stronger in men than in women and slightly stronger in beer drinkers than
in wine drinkers (Rimm et al. 1999). Excessive alcohol drinking causes hypertrig-
lyceridemia in both postprandial and fasting states, which may be mainly due to an
increase in the synthesis of large VLDL particles in the liver, and an acute inhibi-
tory effect of alcohol on LPL activity is also involved in postprandial hypertriglyc-
eridemia in drinkers (Van de Wiel 2012). On the other hand, a well-controlled
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intervention study has demonstrated that consumption of alcohol (15 and 30 g/day)
dose dependently reduced triglyceride levels in healthy postmenopausal women
(Davies et al. 2002). Therefore, the relationship between alcohol and triglycerides
may be greatly modified by diet and other lifestyle factors.

7.3  Alcohol and Blood Coagulation-Fibrinolysis Balance

Thrombus formation on the arterial wall is an important etiology for progression of
atherosclerosis. Therefore, a disorder of blood coagulation-fibrinolysis balance
determined by activities of platelets, coagulation factors, and fibrinolysis factors is
a major risk factor for atherosclerotic disease. Inhibitory effects of alcohol on plate-
let function and blood coagulation factors and augmenting effects of alcohol on the
blood fibrinolysis pathway partly explain the inverse association between light-to-
moderate alcohol consumption and the risk for ischemic types of atherosclerotic
diseases such as ischemic heart disease, cerebral infarction, and peripheral arterial
disease. On the other hand, hemorrhagic stroke is induced by heavy drinking through
potentiation of fibrinolytic function by alcohol.

Alcohol inhibits platelet activation in vivo and in vitro in response to diverse
agonists such as collagen, adenosine diphosphate (ADP), thrombin, and platelet-
activating factor (PAF). Ethanol inhibits the formation of arachidonic acid and
thromboxane A , while free arachidonic acid-induced platelet aggregation was not
affected by ethanol (Rubin 1999). Direct inhibition of membrane-associated phos-
pholipase A, by ethanol was also demonstrated (Stubbs and Rubin 1992). Therefore,
the major inhibitory focus of ethanol is thought to be phospholipase A,. A physio-
logical agonist, such as thrombin, induces platelet aggregation via phospholipase
C-mediated phosphoinositide turnover, resulting in production of inositol trisphos-
phate and diacylglycerol. The former induces release of Ca** from its intraplatelet
storage pools and triggers transmembraneous Ca** entry, called capacitative Ca?*
entry (CCE) or store-operated Ca** entry (SOCE), in which canonical transient
receptor potential channel (TRPC) 1/4/5 is involved. The latter product induces
transmembraneous Ca?* entry through activating TRPC 3/6/7. Ethanol has been
demonstrated to inhibit agonist-independent CCE induced by a Ca?*-ATPase inhibi-
tor, thapsigargin (Wakabayashi and Marumo 2002), while Ca?* entry induced by a
diacylglycerol mimic, 1-oleoyl-2-acetyl-sn-glycerol (OAG), was not inhibited by
ethanol (Marumo and Wakabayashi 2010). Therefore, ethanol is thought to selec-
tively inhibit TRPC 1/4/5. As another inhibitory focus of ethanol, ADP- and throm-
bin-induced p-selectin expression in platelets has been shown to be attenuated by
ethanol, and this inhibitory effect of ethanol is suggested to be independent of the
effect of ethanol on arachidonate metabolism, because aspirin treatment did not
attenuate this effect (Nguyen et al. 1998; Mukamal et al. 2005).

Elevated fibrinogen level in blood is known to be an independent cardiovascular
risk factor, although it is still under debate whether fibrinogen is just a marker of
cardiovascular risk or whether lowering circulating levels of fibrinogen will result
in a significant decrease in clinically relevant endpoints (Kakafika et al. 2007).
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An inverse association between alcohol consumption and fibrinogen level has been
shown in many epidemiological studies. A 0.78 % decrease in fibrinogen concentra-
tion with each 10 g/day increase in alcohol intake has been indicated by results of a
prospective study (Meade et al. 1987). An experimental study demonstrated that
blood fibrinogen concentration was lowered by daily ethanol administration in rats
(5 % ethanol v/v in drinking water for 4 weeks) and that fibrinogen production and
mRNA expression of fibrinogen in lined hepatoma cells were diminished by expo-
sure of the cells to ethanol at 10 and 20 mM (Wang et al. 1999). In addition to
fibrinogen level, levels of von Willebrand factor and factor VII have been shown to
be lower in light-to-moderate alcohol drinkers than in nondrinkers (Mukamal et al.
2001).

The results of previous epidemiological studies concerning relationships of alco-
hol drinking with fibrinolytic factors are controversial. Positive associations of alco-
hol intake with tissue plasminogen activator (tPA) antigen and activity and with
urine plasminogen activator (uPA) activity were demonstrated (Sumi et al. 1988;
Ridker et al. 1994; Mukamal et al. 2001), while plasminogen activator inhibitor-1
(PAI-1) antigen and activity were reportedly increased by acute alcohol drinking
(Mukamal et al. 2001; van de Wiel et al. 2001). There were reports showing no
relationships of regular alcohol drinking with tPA antigen and activity levels and
PAI-1 antigen and activity levels (van Golde et al. 2002; Volpato et al. 2004). In
cultured human monocytes, fibrinolytic activity and mRNA expression of tPA and
uPA were increased by incubation with ethanol (0.1 % v/v) (Tabengwa et al. 2002).
Ethanol in vitro also increased tPA and uPA antigen and their mRNA expression in
cultured human vascular endothelial cells, while PAI-1 antigen and its mRNA
expression were decreased by ethanol in vitro (Booyse et al. 1999).

7.4  Alcohol-Induced Hypertension

Since the 1970s, many longitudinal and cross-sectional studies have demonstrated
that chronic alcohol consumption is a risk factor for hypertension independent of
the type of alcoholic beverage, adiposity, education, smoking, salt intake, and sev-
eral other traits (Klatsky 1996). A study analyzing WHO Global Burden of Disease
has shown that 16 % of all hypertensive diseases were attributed to alcohol (Rehm
et al. 2003). A variety of mechanisms for the relationship between alcohol and blood
pressure have been suggested by previous studies using acute and chronic experi-
ments. The mechanisms include increased levels of catecholamines, renin, and cor-
tisol; sympathetic nervous system effect; increased peripheral vascular muscle tone;
abnormality in calcium transport; erythrocyte membrane changes; insulin resis-
tance; and magnesium depletion (Klatsky 2004). However, no convincing conclu-
sion with respect to the exact mechanism for alcohol-induced hypertension has been
obtained. According to a systemic review on the relationship between alcohol and
blood pressure including studies using ambulatory or home blood pressure monitor-
ing, alcohol shows two opposite effects, an early effect (in the hours after drinking)
leading to a reduction of blood pressure and a later effect (next day) leading to an
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elevation of blood pressure (McFadden et al. 2005). Because habitual drinkers expe-
rience repeated alcohol withdrawal, adrenergic discharge following withdrawal
from alcohol intake has been suggested to be an important mechanism for alcohol-
induced hypertension (Potter et al. 1983; Kawano 2010). As the mechanism for the
acute depressing effect of alcohol on blood pressure, several actions of acetalde-
hyde, such as direct vasodilating action (Altura and Altura 1982), release of prosta-
cyclin (Guivernau et al. 1987), and activation of glandular kallikreins (Hatake et al.
1990), have been proposed. Since changes in average 24-h blood pressure after
drinking alcohol are smaller than alcohol-induced changes in blood pressure at
casual office- or clinic-based measurements, a possibility of overestimation of the
hypertensive effect of alcohol has been pointed out (Kawano 2010).

7.5 Alcohol and Cardiac Arrhythmias

High risk for cardiac rhythm disorders, particularly atrial fibrillation, by heavy
alcohol drinking on weekends or holidays is known as the “holiday heart syn-
drome” (Ettinger et al. 1978). Meta-analysis studies have demonstrated a dose-
dependent relationship between alcohol drinking and risk of atrial fibrillation: The
risk was estimated to be increasing 1.5-fold by the highest alcohol intake compared
to that by the lowest alcohol intake or no alcohol intake, while there may be no
difference in the risk between abstainers and moderate drinkers (Samokhvalov
et al. 2010; Kodama et al. 2011). Decrease in calcium currents and shortening of
action potential duration by alcohol were demonstrated in in vitro studies but were
not reproduced in studies using intact animal models, and results regarding electro-
physiological effects of alcohol in humans were controversial (Balbao et al. 2009).
Therefore, at present, alcohol seems not to exert direct myocardial toxicity induc-
ing atrial fibrillation and is speculated to cause susceptibility to induction of atrial
fibrillation through increasing levels of circulating catecholamines, inducing oxi-
dative stress, and releasing plasma free fatty acids in individuals with structural
heart diseases or in long-term alcohol drinkers with subclinical cardiac abnormali-
ties (Balbao et al. 2009).

Heavy drinking is also associated with increased risk of ventricular tachyarrhyth-
mias and sudden cardiac death (SCD). Potential mechanisms that could account for
these associations are related to multiple physiological aberrancies in chronic alco-
hol abuse, including increased QT interval leading to ventricular tachyarrhythmias,
proarrhythmic electrolyte abnormalities such as hypomagnesemia and hypokalemia,
sympathoadrenal stimulation, and reduced baroreflex sensitivity (Lucas et al. 2005;
George and Figueredo 2010). In contrast, a prospective study has shown reduced
risk of SCD in light alcohol drinkers (two to six drinks per week) compared with
that in subjects who rarely or never drank alcohol and compared with heavy drink-
ers (six or more drinks per day) and binge drinkers (Albert et al. 1999). This inverse
association between modest alcohol consumption and risk of SCD may be attribut-
able to reduced risk of coronary artery disease in light-to-moderate alcohol
drinkers.
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7.6  Alcohol and Cardiomyopathy

Alcoholic cardiomyopathy, an important etiology of mortality in chronic alcoholics,
is observed in those excessively consuming alcohol such as greater than 100 and
80 g of ethanol per day in men and women, respectively, for longer than 10 years in
the absence of coronary artery disease and nutritional disorders (Urbano-Marquez
et al. 1989). Thus, women are more sensitive to toxic effects of alcohol on the myo-
cardium than are men. There may also be a genetic involvement in vulnerability to
alcoholic cardiomyopathy: Alcoholics with DD polymorphism of angiotensin-
converting enzyme (ACE) showed a 16-fold higher risk of cardiomyopathy than did
those with other ACE genotypes (Ferndndez-Sola et al. 2002). Left ventricular dia-
stolic dysfunction has been proposed to be the earliest sign of subclinical alcoholic
cardiomyopathy. After subclinical alcoholic cardiomyopathy, patients continuing to
drink alcohol heavily suffer from congestive heart failure and have a higher inci-
dence of arrhythmias and sudden death.

Macro- and microscopic findings of alcoholic cardiomyopathy are indistinguish-
able from those of other dilated cardiomyopathy. In vitro and ex vivo experiments
revealed that long-term alcohol consumption induced histological and cellular
abnormalities such as myocyte loss, intracellular organelle dysfunction, reduction
of contractile proteins, and impairment of calcium homeostasis (Laonigro et al.
2009). Alcohol has been shown to have apoptotic effects on cardiac myocytes and
increase expression of pro-apoptotic proteins such as Bax and Bcl-2 with degrees
similar to the effects of long-standing hypertension (Ferndndez-Sola et al. 2006).
Increase in myocardial lipid peroxidation and protein oxidation and decrease in glu-
tathione content have been demonstrated in alcohol-intoxicated animal models, and
thus reactive oxygen species (ROS), which are produced from ethanol through cyto-
chrome P450 2E1 after heavy drinking, play an important role in alcohol-induced
cardiomyopathy. The renin-angiotensin system (RAS) is activated by prolonged
alcohol consumption (Wright et al. 1986). Alcoholic cardiomyopathy has also been
proposed to be caused by alcohol-generated nitrative stress through activation of
protein kinase C (PKC)-B1-dependent expression of NOX (nicotinamide adenine
dinucleotide phosphate oxidase) by interaction of stimulation of angiotensin II with
its type 1 receptor (Tan et al. 2012). A mass spectrometry-based proteomic analysis
demonstrated that chronic ethanol administration caused reduction of myofibrillar,
sarcoplasmic, membrane-associated, and mitochondrial proteins due to fundamen-
tal alteration of cardiac muscle (Fogle et al. 2010). Chronic alcohol consumption
has been shown to impair myocardial protein synthesis through RNA translation
following reduction of active eIF4E (eukaryotic translation initiation factor 4E) and
p70 ribosomal S6 phosphorylation (Vary et al. 2001). Ethanol is known to impair
cardiac excitation-contraction coupling, and abnormalities in calcium homeostasis,
such as impairment of cytosolic Ca** transients, decrease in myofilament Ca* sen-
sitivity, and upregulation of L-type Ca** channels, have been demonstrated in alco-
hol-intoxicated rat hearts (Laonigro et al. 2009). The above-proposed mechanisms
for alcohol-induced cardiomyopathy are summarized in Fig. 7.2.
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7.7  Alcohol and Hyperuricemia

In addition to relations to established cardiovascular risk factors such as gender,
age, obesity, and blood pressure, elevated serum uric acid level is an independent
risk factor for cardiovascular disease (Feig et al. 2008). However, it has not yet been
determined whether lowering uric acid levels would be of clinical benefit for the
prevention of cardiovascular disease (Feig et al. 2008). In vivo and in vitro findings
suggest that uric acid contributes to endothelial dysfunction and has proinflammatory
and proliferative effects on vascular smooth muscle cells (Kanellis and Kang 2005).
In a US prospective study (NHANES III), serum uric acid level tended to increase
with an increase in frequency of drinking and was highest in habitual beer drinkers
among various alcohol beverage drinkers, while there was an inverse relationship
between drinking frequency and serum uric acid level in habitual wine drinkers
(Choi and Curhan 2004). In addition to intake of purine body contained in alcohol
beverages, particularly in beer, alcohol drinking increases uric acid level by reduc-
ing renal excretion of uric acid due to elevation of blood lactate and by increasing
uric acid production due to enhanced turnover of adenine nucleotides following
consumption of ATP in the liver (Yamamoto et al. 2005). On the other hand, acute
elevation of uric acid has recently been reported to increase antioxidant capacity
and to be a protective factor when drinking red wine (Modun et al. 2008).
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7.8 Red Wine Polyphenols and Cardiovascular Disease

Polyphenols are mainly responsible for reduced risk of cardiovascular diseases by
red wine, which is known as French paradox and Mediterranean diet. Polyphenols
in red wine, most of which are derived from the skin and seeds of grapes, possess
antioxidant and free radical-scavenging properties and show beneficial effects
through acting on signaling pathways of platelets and vascular cells such as endothe-
lial and smooth muscle cells. In addition, lipid- and lipoprotein-lowering actions of
polyphenols are also involved in reduction of cardiovascular disease risk by red
wine and its polyphenol constituents. Major wine-containing polyphenols are stil-
benes, flavan-3-ols, flavonols, anthocyanins, hydroxybenzoic acid, procyanidins,
and hydroxycinnamic acids, and they are largely grouped as flavonoids and
nonflavonoids (Smirnoff 2005). Well-known flavonoids in red wine are flavonols
(e.g., quercetin) and flavan-3-ols (e.g., tannins and catechin), while resveratrol is the
best known nonflavonoid.

Phenolic compounds in red wine, but not its alcohol component, have antioxida-
tive characteristics including scavenging of free radicals, chelation of metals, spar-
ing of vitamin E and carotenoids, and increasing serum paraoxonase activity
(Fuhrman and Aviram 2001). Increase in blood antioxidant activity following red
wine consumption reduces LDL sensitivity to peroxidation and thereby suppresses
foam cell formation and early atherosclerotic plaque development. Figure 7.3 shows
various mechanisms explained below for suppression of atherosclerosis by poly-
phenols in alcohol beverages.

Red wine has been demonstrated to inhibit agonist-induced platelet aggregation
and thromboxane A, formation by in vitro and ex vivo experiments (Pace-Asciak et al.
1996). Raising levels of cAMP and cGMP in platelets due to decreased activities of
cAMP and cGMP phosphodiesterases and subsequent decrease in cytosolic calcium
levels have been shown to be responsible for polyphenol-induced inhibition of plate-
let function (Soleas et al. 1997). Red wine polyphenols also decreased platelet pro-
duction of hydrogen peroxide and inhibited the phospholipase C pathway (Pignatelli
et al. 2000). Nitric oxide (NO) inhibits platelet aggregation through augmenting
c¢GMP guanylate cyclase, resulting in an increase in cGMP level in platelets. Grape
juice has been shown to attenuate platelet aggregation, increase platelet-derived NO
release, and decrease superoxide production in platelets (Freedman et al. 2001).

The vascular endothelium plays obligatory roles in preserving blood flow and
keeping a good coagulation-fibrinolysis balance. For these purposes, NO is a key
substance produced in and released from endothelial cells. Red wine polyphenols
are known to enhance endothelial NO production and NO-mediated vasodilation
(Fitzpatrick et al. 1993). Oxidative stress reduces vascular bioavailability of NO,
causing an increase in vascular tone. Polyphenols have been shown to reduce vascu-
lar oxidative stress through reducing expression and activity of NADPH oxidase
and increasing antioxidant enzymes such as catalase (Ying et al. 2003). Several
mechanisms for enhancement of endothelial NO synthase (eNOS) by polyphenols
have been proposed: Src-dependent activation of the PI3-kinase pathways in
endothelial cells is induced by prooxidant response to polyphenols, resulting in Akt
phosphorylation, which increases activity of eNOS via phosphorylation of Ser1177,
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Fig. 7.3 Proposed mechanisms for suppression of atherosclerosis by polyphenols contained in
alcohol beverages. ATF-1 activating transcription factor-1, CREB cAMP-responsive element-
binding protein, eNOS endothelial nitric oxide synthase, EDHF endothelium-derived hyperpolar-
izing factor, MCP-1 monocyte chemotactic protein-1, NFxB nuclear factor kB, NO nitric oxide,
PDE phosphodiesterase, PDGF platelet-derived growth factor, p-PDGFR phosphorylated platelet-
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an activator site of eNOS, while Thr495, an inhibitor site of eNOS, is dephosphory-
lated by red wine polyphenols (Ndiaye et al. 2005; Anselm et al. 2007). Estrogen
receptor o has been suggested to be a pivotal receptor of red wine polyphenols,
particularly delphinidin, involved in Src-dependent activation of eNOS expression
(Chalopin et al. 2010). As other mechanisms for the vasodilating activity of red
wine polyphenols, inhibition of endothelin-1 synthesis (Corder et al. 2001) and
induction of EDHF (endothelium-derived hyperpolarizing factor)-mediated vasore-
laxation (Ndiaye et al. 2003) have been reported in several vessels.

Endothelial expression of an adhesion molecule, VCAM-1 (vascular cell adhesion
molecule-1), which is activated through the NFkB (nuclear factor kB) pathway, is
increased at atherosclerotic lesions. Red wine inhibits NF«kB activation, resulting in
downregulation of VCAM-1 (Carluccio et al. 2003). Red wine also inhibits endothe-
lial expression of MCP-1 (monocyte chemotactic protein-1), resulting in attenuated
monocyte migration into the subendothelial lesion (Feng et al. 1999).

Vascular smooth muscle cell proliferation and migration, which are important com-
ponents of atherogenesis, are inhibited by polyphenols. Several mechanisms for the
antiproliferative action of red wine have been proposed: Gene expression of cyclin A,
a cell-cycle regulator functioning at two stages of the cell cycle, at the G1-S transition
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and again at the G2-M transition, is downregulated by polyphenols through decreasing
transcription factors such as AFT-1 (activating transcription factor-1) and CREB
(cAMP-responsive element-binding protein) (Ilijima et al. 2000). Platelet-derived
growth factor (PDGF)-BB, released from platelets, endothelial cells, and smooth mus-
cle cells, is a potent chemoattractant for smooth muscle cells and induces smooth
muscle cell migration and proliferation through phosphorylation of PDGF receptor
(PDGFR) and subsequent activation of the signal transduction cascade including
PI3-K and p38 MAPK (mitogen-activated protein kinase) pathways (Heldin et al.
1998). Red wine polyphenols have been shown to inhibit PDGF-BB binding to
BPDGFR, PDGF-BB-induced PI3-K and p38 MAPK activation, and subsequent
migration of vascular smooth muscle cells (Rosenkranz et al. 2002; Iijima et al. 2002).
Moreover, resveratrol binds to cellular DNA, forms a complex with Cu(Il), and reduces
it to Cu(I), causing redox oxygen species and producing ROS to cleave DNA strands
and inhibit proliferation of vascular smooth muscle cells (Ahmad et al. 2000).

7.9  Polymorphisms of Alcohol-Metabolizing Enzymes
and Cardiovascular Risk Factors

Ethanol is absorbed by the small intestine and later metabolized mainly in the liver.
Alcohol dehydrogenases (ADHs) are cytosolic, dimeric, zinc-containing NAD-
dependent enzymes that oxidize ethanol into acetaldehyde. When alcohol consump-
tion is high, cytochrome P450 2E1 (CYP2E1, a member of the cytochrome P450
superfamily) can also catalyze ethanol into acetaldehyde while producing reactive
oxygen species (ROS). Subsequently, acetaldehyde is converted into acetate by
aldehyde dehydrogenases (ALDHs). Although there are multiple forms of ALDH in
the liver, the enzyme encoded by mitochondrial ALDH2 on chromosome 12 has a
very low Michaelis constant for acetaldehyde (about 1 pumol/l) and is thought to
oxidize most of the acetaldehyde generated during alcohol metabolism.

Functional relevant polymorphism is known in the genes encoding ADHI1
(ADHI1B, Arg48His; ADH1C, Arg272Gln and Ile350Val) and ALDH2 (Glu504Lys).
Exchange of amino acid in each polymorphism introduced here is based on the
information obtained from the Single Nucleotide Polymorphism Database (dbSNP,
http://www.ncbi.nlm.nih.gov/snp/) (build 137). The ADHIB 48Arg and homozy-
gous ADHIC 350Val have been shown to be associated with slow metabolism of
ethanol (Osier et al. 1999). ALDH?2 504Lys is an inactive variant that is common
among Asians but nearby absent among white populations and protects against
alcoholism. Homozygous 504Lys persons are unable to metabolize acetaldehyde
and drink considerably less alcohol than do homozygous 504Glu persons due to
Oriental flushing syndrome characterized by facial flushing, palpitation, nausea,
and headache (Brooks et al. 2009). Persons with heterozygous ALDH2 drink inter-
mediate amounts of alcohol. The ALDH1B1 gene also shows polymorphism at two
different residues of Ala86Val and Argl07Leu, though functional relevance of this
polymorphism is unknown (Sherman et al. 1993). Polymorphisms of ADH1 and
ALDH?2 are related to outcomes of various diseases including cancer both in Asians
and white populations (Seitz and Meier 2007).
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Since amount of alcohol consumption is strongly related to ALDH2 polymor-
phism in Asians and habitual alcohol drinking is an important risk factor for hyper-
tension, it is understandable that blood pressure is associated with ALDH2
polymorphism in Asians. According to a recent meta-analysis study including ten
studies using Asian subjects, overall odds ratios for hypertension in the wild-type
homozygotes and the heterozygotes vs. the null variant have been reported to be 2.42
and 1.72, respectively, and systolic blood pressure levels were 7.44 and 4.24 mmHg
greater in the wild-type homozygotes and in the heterozygotes, respectively, than in
the null variant (Chen et al. 2008). ADH1B variant and ALDH1B1 variant (Ala86Val)
were reportedly associated with systolic blood pressure in Japanese (Hashimoto et al.
2002) and with diastolic blood pressure in Danish (Husemoen et al. 2008), respec-
tively, though there have been only a limited number of studies on the relationships
between these polymorphisms and blood pressure. In addition, a fast-metabolizing
variant of ADHI1B has also been shown to be associated with high triglycerides and
high uric acid (Hashimoto et al. 2002). On the other hand, it has been shown that
there were no significant relationships of the ADHIB variant with LDL and HDL
cholesterols (Hashimoto et al. 2002; Whitfield et al. 2003). Amount of alcohol con-
sumption was not significantly different in the three ADHI1B variant groups
(Hashimoto et al. 2002), and the above ADH1B-related increases in prevalence of
cardiovascular risk factors might be caused by high velocity of alcohol oxidation,
resulting in accelerated production of ROS. ADHI1C (rs1693482) fast-metabolizing
variant has been shown to be associated with an increased risk of impaired glucose
tolerance/diabetes, though no clear dose-response relationship between the risk and
ADHI1C polymorphism was observed (Husemoen et al. 2010).

As aforementioned, flushing is a typical symptom of high sensitivity to alcohol
drinking often found in Asians due to accumulation of acetaldehyde resulting from
low activity of ALDH. Persons with high sensitivity to alcohol evaluated by the
symptom of flushing showed a stronger association between alcohol intake and
increased risk for hypertension in Japanese (Itoh et al. 1997; Wakabayashi 2005)
and Chinese (Zhang et al. 2009). Thus, there is an interaction between alcohol and
flushing with respect to blood pressure, suggesting that ALDH2 variant (rs671) is a
risk factor for hypertension in drinkers. Similarly, HDL cholesterol and insulin
resistance have been shown to be more prone to be affected by alcohol in flushers
than in non-flushers by Japanese and Korean groups (Wakabayashi and Masuda
2006; Jung et al. 2010). However, a recent study has shown the opposite finding that
systolic and diastolic blood pressure in Japanese heavy drinkers was higher in drink-
ers with the active variant of ALDH2 rs671 than in drinkers with its inactive variant
(Tsuchihashi-Makaya et al. 2009). This discrepancy might be due to differences
in the amount of alcohol consumption between subjects with active and inactive
variants of ALDH?2 rs671 in each drinker subgroup. Moderate drinkers with the
homozygote of slow-oxidizing ADHI1C allele reportedly had higher HDL choles-
terol levels and a substantially decreased risk of myocardial infarction, suggesting
a significant interaction regarding HDL cholesterol and myocardial infarction
between alcohol and ADHI1C (Hines et al. 2001). Interaction between alcohol and
ADHIC (rs698) has also been shown regarding adiposity indices such as body mass
index and waist circumference in men (Latella et al. 2009). Significant interactions
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Table 7.1 Major polymorphisms of alcohol-metabolizing enzymes related to cardiovascular risk
factors

Cardiovascular risk

Chromosomal Exchange of  factors possibly
dbSNP location amino acid or  influenced by
Gene number (GRCh37/hgl19) Alleles nucleotide polymorphism
ADHI1B rs1229984  4q23 A/G p-His48Arg Blood pressure,
(100239319) triglycerides, uric acid
ADHIC rs1693482  4q23 C/IT p-Arg272GIn  Glucose tolerance
(100263965)
rs698 4q23 A/G/T  p.lle350Val/ HDL chol, adiposity
(100260789) p-Ile350Phe
ALDHIBI 152228093 9pl13.2 C/T p-Ala86Val Blood pressure
(38396002)
152073478  9pl13.2 G/T p-Argl0O7Leu  Unknown
(38396065)
ALDH?2 rs671 12q24.12 A/G p-Glu504Lys  Blood pressure, HDL
(112241766) chol, insulin resistance
rs886205  12q24.12 C/T p-Glu457Lys  Glucose tolerance
(112204427) c.-96-264A>G

The information on each gene and its polymorphism was obtained from the Single Nucleotide
Polymorphism Database (dbSNP, http://www.ncbi.nlm.nih.gov/snp/) (build 137). Chol cholesterol

have been reported between alcohol and ADHIB (rs1229984) with respect to LDL
cholesterol and between alcohol and ALDH?2 (rs886205) with respect to glucose
tolerance (Husemoen et al. 2010).

Table 7.1 summarizes major polymorphisms obtained by web search (http://
www.ncbi.nlm.nih.gov/snp/) of alcohol-metabolizing enzymes related to cardiovas-
cular disease and its risk factors. Polymorphisms of alcohol-metabolizing enzymes
such as ADH1B, ADH1C, ALDH1BI1, and ALDH?2 are associated with cardiovas-
cular risk factors including blood pressure, blood lipids, blood uric acid, and glu-
cose tolerance. However, some of the results of previous studies are inconsistent,
and there are clear ethnic differences in frequencies of the polymorphisms. There
has been limited knowledge on the relationships among alcohol, cardiovascular
risks, and polymorphism of CYP2E!: Results of previous studies using human and
animal models suggested no contribution of CYP2EI and its polymorphism to alco-
hol-induced blood pressure elevation (Yamada et al. 2002; Cowpland et al. 2006).
Further studies using larger populations as well as longitudinal studies are needed
to clarify the relationships among alcohol, polymorphisms of its metabolizing
enzymes, and cardiovascular risks.

7.10 Alcohol and Inflammation

Inflammatory mechanisms couple dyslipidemia to atheroma formation and pro-
mote thrombosis, a late and dreaded complication of atherosclerosis responsible
for cardiovascular events such as myocardial infarctions and most strokes
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(Libby 2002). In addition to a role as an immunosuppressant (Nelson and Kolls
2002), alcohol shows anti-inflammatory actions, which are mediated through
changing cytokine profiles. Moderate alcohol intake has been shown to reduce
LPS-stimulated early production of proinflammatory cytokines, such as TNF-a
and IL-1, through inhibiting NFkB activation and to augment late production of
IL-10, an anti-inflammatory cytokine in monocytes (Mandrekar et al. 2006). An
in vitro study using human monocytes has also revealed that alcohol inhibited
NFxB translocation by decreasing IkB kinase activity and subsequent p65 phos-
phorylation as well as by promoting proteolytic degradation of IxBa. (Mandrekar
et al. 2007). Ethanol has been suggested to inhibit LPS-induced STAT1 activation
and subsequent overproduction of NO through the inducible NO synthase path-
way in a murine RAW 264.7 monocyte/macrophage line (Wakabayashi and
Negoro 2002). Moderate alcohol consumption has been shown to be inversely
associated with inflammatory markers, such as TNF, IL-6, and CRP, in men and
women (Pai et al. 2006).

7.11  Alcohol and Insulin Sensitivity

Meta-analysis studies have shown a 30 % decreased risk of type 2 diabetes in mod-
erate alcohol drinkers (Koppes et al. 2005; Carlsson et al. 2005), although further
investigations are needed to determine if the risk is increased by high alcohol con-
sumption. Decreased risk of diabetes in moderate drinkers may be due to increased
insulin sensitivity by alcohol (Hulthe and Fagerberg 2005). Alcohol consumption
is thought to promote insulin sensitivity independent of body weight and body fat
(Hong et al. 2009; Paulson et al. 2010). Since the association between chronic
alcohol intake and insulin sensitivity is supported mainly by cross-sectional stud-
ies, further large-scale longitudinal studies as well as intervention studies are
needed.

Adiponectin promotes insulin sensitivity and possesses anti-inflammatory prop-
erties (Aldhahi and Hamdy 2003). A consistent significant increase in blood adi-
ponectin levels after alcohol consumption has been shown by a meta-analysis study
(Brien et al. 2011), and alcohol-induced increase in adiponectin is attributable, at
least in part, to transcriptional alterations in adipose tissue (Joosten et al. 2008).
Leptin, another adipocyte-secreted hormone, increases glucose catabolism and
insulin sensitivity (Mantzoros et al. 2011). By a gene array analysis using mouse
white adipose tissue, mRNA expression of leptin and anti-inflammatory factors,
such as IL-10 and adrenergic B receptor kinase 1 (Adbk1), as well as mRNA expres-
sion of adiponectin, has been demonstrated to be increased by chronic alcohol
administration (Paulson et al. 2010). There is also a hypothesis to explain the inverse
association between alcohol and insulin sensitivity: Metabolism of acetate in
peripheral tissues generates sufficient levels of AMP to temporarily stimulate the
AMP-activated protein kinase, which in turn induces the synthesis of certain long-
lived proteins that act to boost insulin sensitivity and possibly aid the efficiency of
fat oxidation as well (McCarty 2001).
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7.12 Summary

Alcohol has both beneficial and detrimental effects on the risk of cardiovascular
disease. The former is thought to be mediated by alcohol actions such as improve-
ment of cholesterol profile, inhibition of blood coagulation, and promotion of insulin
sensitivity, while the latter is explained by alcohol-induced hypertension, hyperurice-
mia, and hypertriglyceridemia. In addition, contents other than ethanol in alcoholic
beverage, particularly polyphenols in red wine, work preventively for cardiovascular
disease mainly through their antioxidative actions. In general, no more than one drink
per day for women and two drinks per day for men are recommended. The relation-
ships between alcohol consumption and risks of cardiovascular disease are modified
by alcohol-metabolizing enzymes such as ADH and ALDH, and there may also be
other individual factors, e.g., smoking and medication, influencing the relationships.
The positive and inverse associations of alcohol intake with blood pressure and LDL
cholesterol, respectively, have been shown to be stronger in smokers than in non-
smokers (Wakabayashi 2011). Alcohol intake has been shown to be associated with
blood pressure and pulse pressure in older men not receiving therapy for hyperten-
sion but not in those receiving antihypertensive therapy (Wakabayashi 2010), indi-
cating a possibility that alcohol drinking does not have a substantial impact on blood
pressure among treated hypertensive patients. Therefore, in order to determine the
precise limit of the amount of alcohol consumption for each person, individual back-
grounds, including age, gender, smoking, medication, body composition, and genetic
polymorphism of alcohol-metabolizing enzymes, should be further taken into account
(Fig. 7.4). Knowledge of the relation of alcohol to cardiovascular disease has been
strengthened by a numerous epidemiological studies. However, its causality has not

Hypertensmn
Age, gender, genetics, Cerebro- and
Alcohol .
L <: smoking, body weight, cardiovascular
drinking . :
therapy, other diseases diseases
Dyslipidemia

(low HDL-chol, high LDL-chol)
—» Increase

— Decrease
—> Association
=) Modification

Fig. 7.4 Modification of relationships between alcohol drinking and atherosclerotic risk factors,
such as hypertension and dyslipidemia, particularly low HDL cholesterolemia and high LDL cho-
lesterolemia, by various modifiable and destined factors. Chol cholesterol
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been established, and subcellular mechanisms of various alcohol actions remain
unknown. Therefore, fundamental in vitro and in vivo studies on the effects of alco-
hol on the cardiovascular system are needed in the future.
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Abstract

Overwhelming epidemiological and pathophysiological evidence has shown that
smokers are at significantly increased risk of developing acute coronary syn-
dromes, while those with established cardiovascular disease have lower odds of
survival. This chapter discusses the impact of firsthand, secondhand, and thirdhand
exposure to tobacco smoke, as well as smokeless tobacco, on the development and
progression of cardiovascular disease. Citing numerous examples, we demonstrate
the extent of the cardiovascular damage caused not only to smokers themselves but
to those around them and the processes by which these changes happen. Smoking
is the leading preventable cause of cardiovascular mortality worldwide, making
this a crucial issue to address. Strategies to reduce the global burden of tobacco are
examined, including smoking cessation and, more controversially, reduction, on
both an individual and population level. Biological pathways are reviewed, includ-
ing atherosclerosis, endothelial dysfunction, and inflammatory processes, and
methodological issues in the literature are addressed.

Keywords
Smoking ¢ Cardiovascular disease ® Secondhand exposure ® Thirdhand exposure
* Smoking cessation * Smoking reduction * Mortality

V. Myers, MSc
Sackler Faculty of Medicine, Department of Epidemiology
and Preventive Medicine, Tel Aviv University, Tel Aviv, Israel

L. Rosen, PhD
Sackler Faculty of Medicine, Department of Health Promotion,
Tel Aviv University, Tel Aviv, Israel

Y. Gerber, PhD (2)

Sackler Faculty of Medicine, Department of Epidemiology

and Preventive Medicine, School of Public Health, Tel Aviv University,
Ramat Aviv, Tel Aviv 69978, Israel

e-mail: yarivg@post.tau.ac.il

1. Wakabayashi, K. Groschner (eds.), Interdisciplinary Concepts in Cardiovascular Health,
DOI 10.1007/978-3-7091-1334-9_8, © Springer-Verlag Wien 2013

167



168 V. Myers et al.

8.1 Introduction

Smoking is the leading preventable cause of mortality, accounting for 18 % of all
US deaths (Mokdad et al. 2004; USDHHS 2010). Overwhelming evidence has
shown that smoking is a risk factor for premature mortality and a causal factor in the
development of a multitude of terminal diseases, including coronary heart disease
(CHD) (Doll et al. 2004; USDHHS 2004; Wilhelmsson et al. 1975). Despite these
catastrophic consequences, according to the WHO, 1.3 billion people smoke world-
wide, comprising approximately a third of the world population aged 15 and over
(Thun and Luiza da Costa e Silva 2003). While smoking is most commonly dis-
cussed in the public arena in the context of cancer, the adverse effects of tobacco
smoke on cardiovascular disease (CVD) make sobering reading, and far more smok-
ers die of cardiovascular causes than of lung cancer. This chapter will examine the
epidemiological evidence concerning the link between exposure to tobacco smoke
and CVD and the pathways through which these changes are effected in both the
short and long term. We will look at four types of exposure: firsthand or active
smoking, secondhand or passive smoking, thirdhand or environmental exposure,
and smokeless tobacco. We will then examine the effects of smoking cessation and
reduction on the cardiovascular system and finally the challenges and limitations
present in smoking research.

8.2 Effects of Tobacco on CVD: Firsthand, Secondhand,
Thirdhand, and Smokeless

8.2.1 Effects of Firsthand Exposure to Tobacco Smoke on CVD

Tobacco smoke contains over 4,000 chemicals which adversely affect every system
in the human body, including the cardiovascular system (USDHHS 1983). Of the
five million annual smoking-attributable deaths, 35 % are estimated to be due to
cardiovascular causes, compared to 17.5 % from lung cancer and 20 % from chronic
obstructive pulmonary disease (Ezzati and Lopez 2003). Eleven percent of total
global cardiovascular deaths were attributable to smoking in the year 2000 (Ezzati
et al. 2005). Among these 1.6 million smoking-attributable CV deaths, 54 % were
estimated to be due to ischemic heart disease and 25 % to cerebrovascular disease.

The link between smoking and CVD has been known for decades, as detailed in
successive US Surgeon General’s reports, based on comprehensive epidemiologi-
cal, clinical, and experimental evidence. While the early Surgeon General’s reports
focused on respiratory diseases and lung cancer, already in 1967 a probable link
between smoking and coronary artery disease mortality was reported (USDHHS
1967). As far back as 1962, the Framingham study reported excess mortality in
heavy smokers, mostly due to cardiovascular causes (Doyle et al. 1962). Later
reports presented evidence for the effects of smoking on cerebrovascular disease
and atherosclerosis, and by 1979 sufficient evidence was available to categorically
define smoking as a causal factor in coronary heart disease (CHD). The US Surgeon
General’s report of 1983 cited cigarette smoking as the most important known
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modifiable risk factor for coronary heart disease in the United States, specifying that
smoking is responsible for approximately 30 % of all CHD deaths (USDHHS 1983).
Since CHD is much more prevalent than cancer, this means that smoking-attribut-
able deaths caused by CHD are far more numerous than those caused by cancer.
According to the 1983 report, smokers have a 70 % greater risk of CHD mortality
than nonsmokers. In addition to cardiac mortality, smokers have increased risk of
suffering a coronary or cerebrovascular event. A dose-response curve is evident;
however, in recent years this has been shown to be nonlinear with a sharp increase
in cardiovascular risk at low levels of smoking (USDHHS 2010).

Risk charts illustrating the dangers of tobacco exposure show that smoking
increases CV risk at all ages, for example, a 35-year-old smoker has a sevenfold
chance of developing heart disease compared to a never smoker (Woloshin et al.
2008). While the risk of heart disease increases steeply at a young age, stroke risk
increases for smokers later in life, with a fivefold increase in stroke risk at age 50.

8.2.1.1 Myocardial Infarction

Smokers have higher odds of suffering a myocardial infarction (MI) than their non-
smoking counterparts, a fact evidenced in numerous studies showing overrepresen-
tation of smokers among MI patients. An Israeli cohort study of first MI survivors
aged 65 or less showed 53 % to be smokers, while smoking prevalence in the gen-
eral population was a more modest 35 % (Gerber et al. 2009). A large-scale case—
control study including MI patients from over 50 countries reported current smokers
as having a threefold risk of nonfatal MI compared to never smokers (Teo et al.
2006). Risk increased with the number of cigarettes smoked (Fig. 8.1). The authors
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further estimated that each additional daily cigarette increased risk of MI by 5 %.
This finding was replicated in a large cohort study, part of the WHO MONICA
project, which reported increased risk of nonfatal MI in young smokers (Mé@hénen
et al. 2004). Between the ages of 35 and 39, the risk of nonfatal MI was five times
greater in smokers than in nonsmokers.

Furthermore, smokers who suffer MI are significantly younger than nonsmoking
patients with the same condition. A retrospective analysis found that age of onset of
first MI was directly related to the amount smoked, with heavy smokers suffering
their first MI on average 8.7 years earlier than nonsmokers (Gottlieb et al. 1994).
This effect has been suggested to be greater in women than men (Grundtvig et al.
2009). Figure 8.1 shows that while smoking intensity increases the risk of MI
significantly, this effect is strongest at a younger age, for example, smoking more
than 20 cigarettes per day is associated with a sevenfold increase in risk at age <40,
while at age >70 the associated risk is approximately twofold (Teo et al. 2006).

Smoking not only increases the risk of developing CHD but also accelerates its
development. Smokers who have already developed CHD have greater odds of mor-
tality than their nonsmoking counterparts, for example, Grundtvig and colleagues
(2011) reported 30 % greater post-MI mortality in smokers compared to nonsmok-
ers. In a cohort of 1,521 first MI patients followed up for 13 years, persistent smok-
ers had twice the odds of dying compared to both never smokers and those who had
quit prior to MI, after controlling for clinical and socioeconomic characteristics and
traditional risk factors (Gerber et al. 2009). Those who quit after MI also earned a
survival benefit, reducing their risk substantially.

8.2.1.2 Stroke

Tobacco smoke is also an important cause of stroke. The Framingham study fol-
lowed a cohort of over 4,000 people for 26 years and reported a significant increase
in stroke risk in smokers compared to nonsmokers (Wolf et al. 1988). Additionally,
a dose—response curve was evident, with heavy smokers at much greater risk com-
pared to light smokers. Excess stroke risk reduced to nonsmoker levels 5 years after
quitting smoking. A meta-analysis of 32 studies investigating the risk of stroke
associated with cigarette smoke reported a relative risk of 1.5 (Shinton and Beevers
1989). Stroke risk in smokers is greater during middle age, with a risk of 2.9 under
55 years compared to 1.1 for smokers over 75, when stroke incidence is much higher
in the general population. A recent review of studies conducted around the world
put the excess risk of stroke in smokers at two to four times that of nonsmokers or
those who had quit 10 years previously (Shah and Cole 2010).

8.2.1.3 Sudden Cardiac Death

The Framingham Heart Study reported an increase in sudden cardiac death for
smokers compared to nonsmokers with a relative risk of 2.5 over 26 years of fol-
low-up (Kannel et al. 1975). Other studies reported similar associations, for exam-
ple, an odds ratio of 1.8 for sudden cardiac death in current smokers in the National
Mortality Followback Survey (Escobedo and Caspersen 1997). Sudden cardiac
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Fig.8.2 Risk of AMI with increasing number of cigarettes smoked compared with never smokers
(Reprinted from Teo et al. (2006), with permission from Elsevier, Licence no 2905480461542)

death may or may not be preceded by diagnosis of CHD, and it may be the first sign
of underlying heart disease. Two-thirds of sudden cardiac deaths due to acute coro-
nary thrombosis occur in cigarette smokers.

8.2.1.4 Dose-Response

It is generally accepted that a dose—response relationship exists between tobacco
smoke and adverse cardiovascular outcomes (Fig. 8.2). Indeed, this is one of the
features that allowed demonstration of a causal relationship. However, some studies
do not support a linear relationship, and there is some evidence of a large effect
from a small exposure. A meta-analysis of epidemiological studies found the risk of
ischemic heart disease for smoking one cigarette per day to be approximately half
that associated with a 20-a-day habit, but still 30 % more than unexposed nonsmok-
ers (Law et al. 1997). Environmental exposure of individuals living with a smoker
was similarly associated with a 30 % increased risk of heart disease, although the
amount of smoke ingested is around 100 times less than that of an active smoker.
This scale of effect from secondhand exposure was calculated as increasing the risk
of CHD death in British nonsmoking men aged 60-69 from 5 to 6 % (Law et al.
1997). A prospective study conducted in Norway assessed the risks associated with
smoking one to four cigarettes per day and reported that compared to never smok-
ers, light smokers had a surprisingly high relative risk of 2.74 of ischemic heart
disease mortality (Bjartveit and Tverdal 2005).
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8.2.1.5 The lllusion of “Light” Cigarettes

In recent years, and due to the indisputable evidence concerning the adverse health
effects of cigarettes, low tar or “light” brands have been increasingly marketed as
less harmful than ordinary cigarettes. There is some debate however as to the true
nature of this harm reduction strategy. A large prospective study found modest
reductions in coronary heart disease mortality associated with a 15 mg reduction in
tar (Tang et al. 1995). However, a review of research undertaken in this area con-
cluded that only a minority of studies examining cardiovascular endpoints had evi-
dence to support reduced risk associated with low tar cigarettes and that the reduction
was at best modest, cited as approximately 10 % (Kabat 2003). Furthermore, in a
case—control study of MI patients, no reduction in MI risk was seen in smokers of
low-yield cigarettes (Negri et al. 1993). While reductions in cancer risk may be
greater due to reduced tar content, cigarette components other than tar, such as nico-
tine and carbon monoxide, are largely responsible for the increased CV risk seen in
smokers. It has additionally been proposed that laboratory smoking machines which
test tar yields do not accurately portray the way that cigarettes are smoked and that
smokers may compensate when smoking “light” cigarettes by smoking more
intensively.

8.2.2 Effects of Secondhand Exposure to Tobacco Smoke on CVD

Secondhand exposure to tobacco smoke, or passive smoking, is known to have
severe adverse health outcomes, via the same mechanisms as active smoking.
A study of the burden of disease resulting from secondhand smoke in 192 countries
estimated that 40 % of children and 34 % of adult nonsmokers are exposed to
tobacco smoke worldwide, causing an estimated 379,000 annual deaths from isch-
emic heart disease (Oberg et al. 2011). Furthermore, almost three million disability-
adjusted life years were attributed to CHD caused by passive smoking. Passive
smoking is estimated to increase the risk of CHD by approximately 25-30 %
(Barnoya and Glantz 2005; He et al. 1999), while the increased risk of an acute
cardiovascular event associated with regular exposure to secondhand smoke (SHS)
has been reported to be as high as 90 % (Panagiotakos et al. 2002). Even occasional
exposure was associated with a 26 % increased risk in the same study. Indeed, acute
effects of SHS have been demonstrated within hours of exposure including endothe-
lial dysfunction, reduced heart rate variability, and increased arrhythmia (Kato et al.
2006; Chen et al. 2008). Further studies have shown impaired endothelial function
and oxidative stress resulting from exposure to as little as 30 min of SHS (Kato et al.
2006; Raupach et al. 2006; Otsuka et al. 2001; Heiss et al. 2008). It has been esti-
mated that passive smoking causes between 21,000 and 75,000 CHD deaths and up
to 128,000 MIs per year in the USA alone, entailing a yearly health bill of $2-6 bil-
lion (Lightwood et al. 2009).

A systematic review of the literature reported that the adverse effects of passive
smoking can already be seen in children, with exposed children — measured by
serum cotinine — showing unfavorable blood lipid profiles and decreased vascular
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function, predisposing them to develop CVD (Metsios et al. 2010). Randomized
controlled trials specifically found impaired endothelial function and aortic elastic-
ity in children exposed to secondhand smoke (Kallio et al. 2007). Inflammatory
markers have also been shown to be increased in passive smokers. A British study
found that healthy adults with high levels of cotinine from secondhand exposure
had higher risk of all-cause and cardiovascular deaths, with around half of the ele-
vated risk explained by higher levels of C-reactive protein (Hamer et al. 2010);
while a parallel study found elevated fibrinogen and homocysteine levels associated
with passive exposure (Venn and Britton 2007).

Many studies assessing the risks of passive exposure to tobacco smoke involve
nonsmokers who live with smokers and are therefore exposed on a daily basis.
Research has shown significant increases in both total and cardiovascular death
rates in this population (Svendsen et al. 1987; Helsing et al. 1988; Sandler et al.
1989; Garland et al. 1985). Indeed, a review by Wells suggested that “ischemic heart
disease appears to be by far the major mortality risk from passive smoking” (Wells
1994). A review of the literature reported the effects of SHS to be almost as large as
that of active smoking (Barnoya and Glantz 2005), somewhat contradicting the
dose-response theory. While smokers receive about 100 times more smoke than do
those affected by secondhand smoke, the risks do not increase in a comparative
fashion, for example, relative risks of developing CHD according to a meta-analysis
were 1.8 for smokers compared to 1.3 for nonsmokers who live with smokers (Law
etal. 1997). A large-scale study of nonsmokers living with smokers followed up for
12 years found a death rate of 1.2 compared to non-exposed individuals, a rate com-
parative to that of ex-smokers and light smokers and about half the rate of heavy
smokers (Sandler et al. 1989). The risk of cardiovascular death was even higher,
reported as 1.3 in exposed men and 1.2 in exposed women (Helsing et al. 1988).
Multiple investigations have shown a greater risk of SHS exposure at a younger age
(Helsing et al. 1988; Sandler et al. 1989).

There are several limitations inherent to research on SHS. Exposed individuals
(i.e., living with a smoker) are frequently compared to unexposed individuals (i.e.,
those not living with a smoker); however, this dichotomy is rather crude, since peo-
ple may be exposed to SHS in other places such as their place of work. Later studies
used biomarkers such as cotinine (metabolized nicotine in the blood) to assess expo-
sure to smoke, with levels in a multicity study indicating that even the “non-ex-
posed” control group had some level of SHS exposure (Whincup et al. 2004).
Exposure to passive smoking was reported to be associated with between 68 and
86 % of the risk of light smoking, defined as smoking less than ten cigarettes per
day.

8.2.3 Effects of Thirdhand Exposure to Tobacco Smoke on CVD
Recent evidence has accumulated concerning the dangers of thirdhand or environ-

mental tobacco smoke, residual toxic compounds which remain on surfaces and in
dust after a cigarette has been smoked. These are then reemitted into the air and



174 V. Myers et al.

react with other compounds, yielding secondary pollutants (Matt et al. 2011). An
early study of this issue found household dust to contain modest amounts of nico-
tine (Hein et al. 1991). Thirdhand smoke is thought to particularly affect children
living with smokers, where high levels of smoke pollution can be found on house-
hold materials. In a study of households with infants, levels of environmental smoke
were five to seven times higher in smoking compared to nonsmoking households
even when smokers actively tried to protect their children by smoking outdoors
(Matt et al. 2004). Levels in households where smoking was permitted indoors were
substantially higher. The health impact of thirdhand smoke remains controversial
and requires further investigation.

8.2.4 Effects of Smokeless Tobacco on CVD

Around the world, tobacco habits vary, and in some countries, smokeless tobacco —
which includes wet and dry snuff and chewing tobacco — is very common. Since the
adverse effects of smoking have come to light and received so much negative press,
tobacco companies are seeking new products to sell, including smokeless tobacco,
which is marketed as a healthier option. The worldwide Interheart study examined
the risk of MI in different types of tobacco users and found that tobacco chewers
had more than double the odds of suffering an MI compared to non-tobacco users
(Teo et al. 2006). The Atherosclerosis Risk in Communities study also found
increased cardiovascular risk in users of smokeless tobacco (Yatsuya and Folsom
2010). The AHA released a statement in 2010 affirming that while smokeless
tobacco is less harmful than cigarettes, long-term use is associated with increased
risk of fatal MI and stroke, as well as reducing post-MI survival odds (Piano et al.
2010).

8.3  Changes in Smoking: Cessation and Reduction

8.3.1 Effects of Smoking Cessation on the Individual and the
Community

Overwhelming evidence has accumulated demonstrating that quitting smoking
significantly reduces risks of both cardiovascular mortality and morbidity (USDHHS
1990). Short-term effects of cessation include reduced blood pressure and heart rate
(Minami et al. 1999), while in the long term, former smokers can expect to reduce
their risk of developing and dying from CVD.

The good news is that even individuals who have smoked for many years can
benefit and add years to their life expectancy by quitting smoking at almost any age
(Fig. 8.3). After 1 year of abstinence, ex-smokers reduce their excess risk of CHD
mortality by half, and after 15 years, the risk returns to that of never smokers
(USDHHS 1990). Similar improvements are seen for stroke risk. The Nurses’
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Fig. 8.3 Relative risk of CVD among ex-smokers. Zero years represent current smokers. The esti-
mates at 40 years represent cessation of more than 35 years in the subjects. Data are from ACS
CPS-II 1998 follow-up (Reproduced from WHO (2004), permission ID: 101036)

Health Study followed 100,000 women for 20 years and reported that compared to
continuous smokers, those who quit smoking reduced their risk of death from CHD
and cerebrovascular disease by 60 % (Kenfield et al. 2010). This survival benefit
increased with time elapsed from cessation. Furthermore, survival benefit is seen
even at older ages and in those with established CVD, with reduced risk of reinfarc-
tion and mortality, for example, healthy adults aged 60-64 reduced their mortality
risk by 10 % after quitting, and post-MI patients with an average age of 54 who quit
smoking after MI reduced their mortality risk by 40 % compared to persistent smok-
ers (Gerber et al. 2009). A meta-analysis of 12 cohort studies investigating smoking
cessation after MI reported a mortality odds ratio of 0.54 associated with quitting
and a relative risk reduction of between 15 and 61 % for mortality (Wilson et al.
2000).

While the health effects of tobacco smoke are largely cumulative, reports show
evidence of acute effects too. Reduced admissions for acute coronary events have
been consistently reported following implementation of smoking bans (Sargent
et al. 2004; Sims et al. 2010; Callinan et al. 2010). In 2011, 55 countries had imple-
mented some kind of smoke-free legislation, as part of the WHO’s tobacco control
convention framework. Countrywide or statewide studies have been conducted
where smoking bans have been enforced, in order to detect differences in mortality
and hospitalizations associated with changes in smoking behavior and exposure.
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Several meta-analyses have reported significant and seemingly immediate effects of
smoking legislation consistently across various countries and cultures, with effect
sizes ranging from 10 to 20 % reduction in acute cardiac events. Glantz reviewed
eight studies published between 2004 and 2008 in different countries and found a
reduction of 19 % in hospital admissions for acute MI associated with smoking
legislation (Glantz 2008). Reductions in secondhand smoke exposure resulting
from smoking legislation were even higher, averaging between 64 and 84 %. The
benefits of smoke-free legislation seem to accrue with time; for instance, after
12 months, the rate of acute cardiac hospitalization had reduced by 15 % and after
3 years by 36 % (Lightwood and Glantz 2009). Another meta-analysis that reviewed
17 studies reported a pooled estimate of a 10 % reduction in acute coronary syn-
dromes following smoking bans, improving by 6 % each year (Mackay et al. 2010).
A third review of 11 international studies reported an overall decrease of 17 % in
MI risk, emphasizing greater risk in younger people (Meyers et al. 2009). While
some problems are inherent in these types of studies, including limited exposure
assessment and short-term follow-up, results consistently show reduced cardiac risk
following the introduction of legislation protecting people from exposure to tobacco
smoke.

8.3.2 Smoking Reduction

Smoking cessation is the best way to reduce cardiovascular risk for smokers.
However, since quit rates are low and many smokers are either unable or unwilling
to quit, several studies have investigated whether a reduction in smoking intensity is
associated with significantly reduced cardiovascular risk. While this issue remains
controversial — indeed, the latest US Surgeon General’s report does not advocate
smoking reduction for CVD risk reduction (USDHHS 2010) — there is some evi-
dence to support this theory. Several studies have demonstrated short-term benefits
of reduction with regard to cardiovascular risk factors such as lipids and blood pres-
sure (Pisinger and Godtfredsen 2007). A reduction of daily cigarette intake in MI
survivors was related to decreased mortality risk; each reduction of five cigarettes
per day was associated with an 18 % decline in mortality risk (Gerber et al. 2009).
Furthermore, in a cohort of working men followed up for 40 years, a reduction in
smoking intensity was associated with increased odds of reaching age 80 and a
15 % reduction in mortality, with the largest benefit for cardiovascular survival
(Gerber et al. 2012). Despite this evidence, several large-scale studies found no
significant survival benefit, or reduced risk of MI, due to smoking reduction (Tverdal
and Bjartveit 2006; Godtfredsen et al. 2003). It has been hypothesized that a reduc-
tion in the number of cigarettes may not always equate to a reduction in the intake
of nicotine or other components, due to compensatory smoking, whereby smokers
smoke each cigarette more intensely and for longer (Godtfredsen et al. 2006). This
issue requires further investigation before the benefits of smoking reduction can be
dismissed.
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8.4 Mechanisms

Tobacco smoke has both acute and chronic effects, being associated with vascular
inflammation and autonomic dysfunction (Wells 1994). The components of tobacco
smoke which increase the risk of developing CVD are oxidizing chemicals, nico-
tine, carbon monoxide, and particulate matter which together produce a chronic
inflammatory state (USDHHS 2010). Short-term effects include decreased platelet
sensitivity leading to increased platelet aggregation and decreased oxygen supply to
the heart (Wells 1994). Platelet aggregation and blood viscosity affect the blood
lipid profile in the long term, increasing triglycerides and lowering high-density
lipoprotein cholesterol (Blache et al. 1992), all factors which contribute to the devel-
opment of CHD. Of the many toxic components of tobacco smoke, nicotine seems
to be largely responsible for the change in platelets and increased heart rate and
blood pressure (Davis et al. 1985), while the reduction in the blood’s ability to sup-
ply oxygen is due to a buildup of carbon monoxide (Wells 1994). Indeed, men who
lived with smokers were found to have raised levels of expired carbon monoxide
compared to controls (Svendsen et al. 1987). Longer-term effects of smoking begin
from damage to the arterial endothelium and involve a buildup of plaque leading to
atherosclerosis, increasing the risk of thrombosis, often detected via carotid artery
wall thickness, and an imbalance of blood lipids.

The key pathways through which tobacco smoke causes and exacerbates CVD
are atherosclerosis and endothelial injury (USDHHS 2004). Atheroma, the under-
lying pathological process preceding most coronary and cerebrovascular events,
develops over years or decades. Atherosclerosis underlies CHD and involves a
hardening of the arteries due to fat deposition and thickening of arterial walls,
which cause a narrowing of the lumen and consequently reduced blood flow.
A thrombus or clot can then form and break off, causing an infarct or stroke. The
toxic components of tobacco smoke affect these processes. The 2004 Surgeon
General’s report found sufficient evidence to infer a causal relationship between
smoking and subclinical atherosclerosis, the early development of atherosclero-
sis before clinical symptoms manifest (USDHHS 2004). The effects of smoking
can be seen in the carotid and popliteal arteries, with greater presence of athero-
sclerosis. While earlier studies examined the correlation between smoking and
cardiac endpoints such as MI or cardiac death, more recent research has investi-
gated earlier effects which begin the cascade of events and go further in explain-
ing the pathogenic pathways. Carotid intima medial thickness is often used as a
marker of atherosclerosis since it is a subclinical sign yet is related to both CHD
and stroke. Coronary calcium can also be measured to assess the presence of
atherosclerosis. The Atherosclerosis Risk in Communities study followed up
healthy participants for 3 years and found that smoking was strongly related to
carotid atherosclerosis after controlling for age, with smokers showing greater
intima medial thickness and incidence of CHD events (Sharrett et al. 1999).
Studies have shown that atherosclerosis is already present at a young age, for
example, an autopsy study of young people aged 15-34 showed atherosclerotic
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lesions in the carotid artery of the majority, increasing with age (Strong et al.
1999). Lesions have been shown to progress more rapidly in smokers compared
to nonsmokers.

8.4.1 Endothelial Dysfunction

The endothelium, the upper layer of the arterial bed in contact with blood flow, con-
trols vasodilation and constriction. Endothelial damage caused by tobacco smoke
can impair the vessels’ ability to dilate, at the same time increasing inflammation
and cell proliferation, which contribute to the development and progression of ath-
erosclerosis (Barnoya and Glantz 2005). Evidence from umbilical arteries and from
the uterine arteries of pregnant smokers showed changes in the endothelium includ-
ing intracellular holes and widening of intercellular junctions. Further studies in
smokers showed elevated levels of circulating endothelial cells after smoking two
cigarettes (Davis et al. 1985). Markers of endothelial damage such as von Willebrand
factor have been shown to be increased minutes after smoking (Blann et al. 1998).
Oxidizing chemicals and nicotine are thought to be responsible for endothelial dys-
function (USDHHS 2010). Once the endothelium is damaged, platelets rapidly stick
to it and to each other, thereby increasing the risk of thrombosis (Meade 1994).

8.4.2 Inflammation

Exposure to tobacco smoke causes elevations in inflammatory markers. Cigarette
smoking produces a chronic inflammatory state that contributes to the atherogenic
disease processes. C-reactive protein is elevated in smokers, even years after quitting
(Tracy et al. 1997). The same inflammatory marker has been show to predict CHD
events. Fibrinogen, which is elevated in CVD, is strongly linked to smoking, with
smokers displaying much higher levels than nonsmokers (Kannel et al. 1987; Miller
et al. 1998). The level of fibrinogen increases with the amount smoked. Fibrinogen
levels increase on starting smoking and decrease on cessation but remain somewhat
elevated in ex-smokers for 5-10 years (Meade 1994; Rothwell et al. 1991).

8.4.3 Lipids

Widespread evidence, including meta-analyses, has demonstrated that smoking is
associated with adverse lipid profiles (Craig et al. 1989), particularly high concentra-
tions of low-density lipoprotein cholesterol (LDL) and reduced high-density lipopro-
tein cholesterol (HDL). Furthermore, HDL levels — which are essential in preventing
atherosclerosis — were shown to decrease after starting smoking and to increase after
quitting (Fortmann et al. 1986). Cigarette smoking produces an atherogenic lipid
profile, primarily due to an increase in triglycerides and a decrease in HDL (USDHHS
2010). SHS has been shown to have the same effect, causing reduced HDL following
both chronic (Mizoue et al. 1999) and acute exposure (Moffatt et al. 2004).
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8.4.4 Cortisol/HPA Axis

Tobacco smoke causes an increase in cortisol secretion (Direk et al. 2011) and
blunted cortisol response to stress (Rohleder and Kirschbaum 2006). Cortisol,
produced by the hypothalamic—pituitary—adrenal (HPA) axis, is related to stress and
to numerous chronic illnesses. Inhibition of cortisol response may be responsible
for the increase in atherosclerosis seen in smokers. Chronic exposure to nicotine
increases the activity of the HPA axis which, being involved in inflammatory path-
ways, may lead to increased inflammation and thereby contribute to CV morbidity
(Rohleder and Kirschbaum 2006).

8.4.5 Blood Pressure

Blood pressure increases almost immediately during smoking, with the elevation
largely caused by nicotine (Omvik 1996). Numerous studies have demonstrated
short-term effects of tobacco, for example, Barutcu showed increased blood pres-
sure and heart rate after smoking a single cigarette (Barutcu et al. 2004); and a study
of the short-term effects of smoking cessation found blood pressure to be decreased
during 1 week of abstinence compared to usual smoking behavior (Salonen et al.
1981). While epidemiological studies have not demonstrated chronically elevated
blood pressure in smokers or have reported only weak associations (Bowman et al.
2007), results in an animal model demonstrated significant hypertension resulting
from prolonged exposure to cigarette smoke (Talukder et al. 2011).

8.4.6 Platelet Aggregation

Studies of environmental exposure to tobacco smoke have shown a relationship
with platelet aggregation, seen immediately after exposure and even at low doses
(Law et al. 1997). Twenty minutes of exposure to SHS was associated with an
increase in platelet aggregation related to a 34 % increased relative risk of CHD.
SHS has been shown to activate blood platelets thereby increasing the risk of throm-
bosis (Barnoya and Glantz 2005). Further evidence of this causal pathway is the
increased fibrinogen detected in passive smokers (Iso et al. 1996), since fibrinogen
is a mediator of platelet activation, as well as an inflammatory marker.

8.4.7 Thrombosis

Arterial plaque is present in many people; however, smokers are more likely to have
thromboses on their arterial walls (Spagnoli et al. 1994). Once the endothelium is
damaged, circulating plasma coagulation factors are exposed to prothrombotic arte-
rial and plaque tissue, and the interface between blood components and vessel walls
may be disturbed. Tobacco smoke increases plasma concentration of clotting factors
such as B-thromboglobulin and platelet factor (Davis et al. 1986).
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8.4.8 Oxygen Demand

Tobacco smoke causes a rise in catecholamines such as adrenaline which lead to
increased heart rate (USDHHS 2010). Nicotine causes blood pressure to increase in
the short term, although this has not been demonstrated chronically. These factors
combined increase the oxygen demand of the heart. In contrast, the effect of tobacco
smoke, not least of carbon monoxide, is to reduce the blood oxygen supply. This
oxidative stress puts a strain on the heart over time and eventually leads to ischemia
(Ambrose and Barua 2004).

8.5 Limitations of Smoking Research

Due to the ethical obstacles of randomly assigning subjects to smoking, research in
this field is largely based on observational studies, including case—control and cohort
studies. Despite the limitations inherent in these types of research, including inabil-
ity to control for all confounding factors, the sheer number of studies and weight of
evidence have shown beyond a doubt that smokers have greatly increased risk of
both developing and dying from CVD. Furthermore, the relationship between smok-
ing and CVD fulfills many of the Bradford Hill criteria necessary to establish a
causal relationship, including the consistently demonstrated strength of the relation-
ship in numerous settings, countries, age groups, and ethnicities; a clear dose—
response association; temporality, demonstrated by prospective investigations; and
biological plausibility (Hill 1965).

Smoking status and intensity are most often self-reported, allowing for the intro-
duction of bias and misclassification error. Although biomarkers of smoking are
available, most commonly cotinine, these are not always verified. While some stud-
ies found that patients are usually truthful about their smoking status in a clinical
context (Attebring et al. 2001), a systematic review reported that self-report often
underestimates smoking prevalence (Gorber et al. 2009). Many studies of smoking
cessation only assess 3—6 month outcomes — in light of the high recidivism rate, it
seems presumptuous to assume that someone who has quit for 3 months will remain
abstinent. Long-term follow-ups are therefore preferable. Studies of second- or
thirdhand exposure encounter further problems associated with exposure assess-
ment, for example, measurement of household exposure misses exposure at the
workplace, entertainment venues, or other public areas.

Measurement accuracy has also been questioned with regard to smoking-
attributable mortality estimates, which often fail to consider inaccuracies in death
certificates, variation in diagnostic standards, and confounding factors (Lee 1996).
Malarcher et al. compared estimates using data from the American Cancer Society’s
Cancer Prevention Study II and from the National Mortality Followback Survey and
found a discrepancy of 19 % between smoking-attributable mortality for the most
common smoking-related diseases including CHD and cerebrovascular disease
(Malarcher et al. 2000). However, a report by Thun et al. (2000), which added
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multivariable adjustment for socioeconomic factors, alcohol consumption, and
dietary factors to the surgeon general’s estimates of smoking-attributable mortality,
found the overall mortality estimate to be reduced by just 1 % (Thun et al. 2000).
While certain limitations are involved in the estimation of the overall health burden
of tobacco, published figures give an indication of the severity and scale of smok-
ing-related diseases.

8.6 Summary and Perspectives

Exposure to tobacco, in all its forms, is undoubtedly a precursor to development and
progression of CVD. Both smokers themselves and those in their immediate envi-
ronment are continually exposed to a toxic cocktail which acts on the cardiovascu-
lar system in multiple ways, puts a strain on the heart, boosts atherosclerosis, and
leads to MI and stroke at a relatively young age. Nationwide and worldwide research
has shown time and again that smokers are at significantly increased risk of devel-
oping acute coronary syndromes and that those with already established CHD have
lower odds of survival. Smoking cessation, particularly by the age of 30, greatly
reduces cardiovascular risk in the long term, and smoking reduction has shown
promising evidence although these benefits require additional investigation. As
smoking rates decrease in developed countries, they continue to rise in many devel-
oping countries. Tobacco companies seek to fill the void left by falling rates of
smoking in developed countries by promoting smoking in developing countries,
marketing to women in traditional societies where smoking is regarded as a primar-
ily male activity, developing new tobacco products for existing markets with prom-
ises of reduced harm, and finding ways to introduce the wide range of tobacco
products found around the world into new markets. While forms of tobacco other
than cigarettes are not well studied, the little research that exists shows that real risk
is involved. Despite limitations in smoking research, the accumulation of epidemio-
logical and pathophysiological evidence highlights increased cardiovascular trends
in smokers and biologically plausible pathways for these processes. While there are
numerous risk factors for CVD, all prevalent in modern western lifestyle, smoking
is the most significant, preventable contributing factor, shaving years off smokers’
lives.
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Abstract

Extensive epidemiological evidence has demonstrated the socioeconomic
gradient in cardiovascular health, with the most disadvantaged individuals at
greatest risk of developing and dying from cardiovascular disease (CVD). Large-
scale studies, beginning in the 1960s, reported significant associations between
coronary mortality and occupation grade, income, and education. Individuals
with low socioeconomic status (SES) additionally have a poorer prognosis post-
myocardial infarction. Explanatory mechanisms explored here include differen-
tial access to medical care, differences in risk factor profiles, health literacy, and
psychological and environmental factors. The influence of neighborhood SES is
examined, beyond individual socioeconomic profile, as well as SES trajectory
throughout life, and the relative importance of childhood versus adult SES in the
development of CVD. Finally methodological factors are considered, examining
the limitations of SES research, measurement issues, and risk prediction. It is
proposed that SES should be considered in cardiovascular risk assessment, and
that policy changes have the potential to minimize socioeconomic inequalities in
cardiovascular health.
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9.1 Introduction

Decades of research have consistently shown that socioeconomic status (SES) is
intimately intertwined with health, be it through behavioral, psychosocial, or
pathophysiological pathways, via education and knowledge, financial resources,
environmental characteristics or access to health services, healthy food, and sports
facilities. Where we live and work; who we socialize with; what we eat, drink, and
breathe; and how we spend our free time all impact on our cardiovascular health.

Cardiovascular disease (CVD) is a leading cause of death and disability world-
wide; however, it does not strike indiscriminately. The social gradient in health
means that those at the lower end of the socioeconomic scale are more likely to
develop CVD, contrary to the stereotypical image of the wealthy but stressed execu-
tive who dies of a heart attack. Among those who already have the disease, individu-
als with low SES are more likely to die. Interestingly, the linear relationship between
SES and health does not apply only to the extremes of deprivation and wealth, but
can be seen within relatively similar western populations (Macintyre 1994). Many
factors are at play in this relationship, including individual, community, and envi-
ronmental factors, and we will here examine socioeconomic factors related to