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ABSTRACT

It is now well recognized that in vascular discase patients, coronary artery
disease and peripheral artery disease often coexist. Due to polygenic inheritance
pattern, many genetic and environmental effects have cumulative effects in a
particular vascular disease phenotype. The aims of the present studies were to
delineate all the genes, and the variants in homocysteine pathway, that associate with
the peripheral artery disease and coronary artery disease respectively. Despite the fact
that both are subtypes of cardiovascular disease yet the underlying genetic and
environmental effects are different and result in varying phenotypes.

The first part of the study was carried out at Mayo Clinic Rochester
Minnesota, USA and focused on insight into the genetics of peripheral artery disease.
Whole transcript microarray technology was employed for the genetic analysis in two
different groups of peripheral artery disease cases and controls without disease. In the
first group nine cases and nine control subjects, whereas in the second group ten cases
and nine control subjects were studied. This study reports for the first time the use of
peripheral blood mononuclear cells for the expression profiling in peripheral artery
disease. The RNA was extracted from mononuclear cells and was hybridized to
Affymelrix expression arrays. The analysis of results, following stringent statistical
analysis, revealed a grouping of thirty differentially regulated gene transcripts in both
patient groups. Out of the thirty differentially regulated transcripts, twenty two
transcripts were upregulated, seven transcripts were downregulated and one transcript
was unannotated, respectively. Excluding the gene transcripts  with known
associations, this study provides with a novel set of fourteen upregulated genes and
six downregulated genes with no previous known association with the peripheral
artery disease. The modulated pathways and the disease pathology mediated by the
implicated genes include; immunity and inflammation, gene transeription, cell
growth, cellular metabolism and signalling. and cell death/apoptosis. The highlighted
genes and the pathways modulated by these genes may enhance the understanding of
disease causation and serve as targets for carly disease stratification in high risk
individuals.

The second part of the study examined association of homocysteine pathway
gene variants with coronary artery discase through the use of tetra primer ARMS~
PCR genotyping. Elevated blood homocysteine levels is a known coronary artery

ix




disease risk factor, and polymorphisms in homocysteine genes result in elevated
homocysteine levels and high risk of vascular disease. The study was performed in the
Physiology laboratory, Department of Biological Sciences Quaid-i-Azam University,
Islamabad. Five single nucleotide polymorphisms, in four homocysteine pathway
genes and one polymorphism in ACE gene were studied because of their prior,
known. association with CAD in world populations. A total of 230 participants were
recruited from the tertiary care hospitals in Rawalpindi and Islamabad. These included
129 participants with coronary artery disease and 101 subjects without disease.
Peripheral blood was obtained for DNA isolation and for analyses of serum
parameters. Tetra primer ARMS-PCR was used for allelic discrimination as it is a
relatively new, rapid, reliable method and is more time, effort and cost effective allele
discrimination method as compared to conventional approaches. The results of the
study revealed that two out of five single nucleotide polymorphisms in homocysteine
~ pathway genes and the variant in ACE gene were associated with risk of coronary
artery disease in the Pakistani population. Another significant finding was that gene-
gene interaction networks, in the studied polymorphisms, were additional modulators
of coronary artery disease. This study is the first to report the use of tetra primer
ARMS-PCR for allele discrimination in homocysteine pathway genes, and to report
the importance of these genes as risk factors for coronary artery disease in local
population,

The peripheral artery disease associated genes and implicated pathways, and
the allelic variants in homocysteine pathway may provide with insights into the
progression of cardiovascular disease, add to the diagnostic tools and aid in designing

management strategies.
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CHAPTER ! GENERAL INTRODUCTION

GENERAL INTRODUCTION

The human genome sequencing project was completed in February 2001 and
reported 31,000 genes in human genome (Lander et al., 2001; Venter et al,, 2001).
The revision of the human genome has brought the number of genes down to between
20-25.000 (International Human Genome Sequencing Consortium, 2004). A
complete knowledge of the genes bears significance for discase management. The
Mendelian genetic disorders and polygenic disorders are both subdivisions of genetic
diseases. In simple Mendelian or monogenic disorders a single gene aberration is
associated with a particular disease, whereas in ‘complex’ polygenic disorders a
myriad of genetic as well as environmental effects associate with a particular
phenotype (Givelber et al. 1998; Kumar, 2008; Tayo et al, 2009). Recent
technological advancements have aided comprehensive analyses of the human
genome, the transcriptome (RNA), and the proteome (translated proteins). Genome
alterations may lead to changes in the iranscribed and translated products; the RNA
and proteins in turn can determine the frequency and manner in which genes are
transcribed and translated (Nibbe et al., 20 10).

Cardiovascular disease (CVD) and coronary artery disease (CAD) are
chronic “complex” diseases. Although lifestyles in the developed and developing
countries are much diverse, yet these and genetic components augment each other to
produce similar disease frequencies (Yusuf et al., 200]a; Santos et al., 2008). Number
of individuals affected with CVD is increasing, and because of increasing number of
CVD cases presenting in health care centers, CVD is projected to be the leading cause
of death in future (Mathers and Loncar, 2006).

The vascular disease is caused by atherosclerosis, the process that results
from alteration in the immune system and inflammation (Mandal et al., 2004; Touyz,
2004; Segel et al., 2011; Touyz and Briones, 2011). Worldwide, cardiovascular
disease is one of the leading causes of morbidity and mortality with a greater
predominance in South Asian countries (Yusuf et al., 2002; Joshi et al., 2007; Jafar et
al.. 2008), yet compared to developed nations, the genetic studies carried out in this
region are sparse. Little is therefore known about the genetic diversity related to CAD

in Pakistani population. In developed nations, specialized genetic studies are
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CHAPTER ! GENERAL INTRODUCTION

performed for vascular phenotypes, such as peripheral artery disease (Evans et al,
2008: Fu et al., 2008), while these phenotypes are rarely examined in South Asian
countries. Extensive efforts are underway to determine and validate the genetic causes
of CVD in general and in particular the CAD and peripheral artery disease (PAD)
(Wyler von Ballmoos et al., 2006; Dahl et al., 2007; Evans et al., 2008; Fu et al,,
2008). Consequently the proteins, enzymes, and the genes associated with initiation,
progression, and development of immune responses and vascular disease arc main

targets for cardiovascular risk stratification and disease management.

1.1 Cardiovascular system

Cardiovascular system comprises the integrated complex of heart, blood
vessels, and blood itself. Virtually each and every cell of the body is supplied by the
blood vessels. Being itself a vital organ, the heart receives its nutrition through the
coronary blood vessels. Under normal physiologic conditions, blood vessels maintain
homeostasis whereas disease states affecting the vessel walls disrupt homeostasis and
result in pathological consequences. The atherosclerotic, inflammatory, and occlusive
involvement of the blood vessels manifests clinically as specific cardiovascular

disease such as CAD, cerebrovascular disease, or PAD (Krishnaswamy, 2010).

1.1.1  Blood vasculature and transport through the vessel wall

Blood vessels do not serve merely as conduits of blood but are highly
organized and comprise continuous array of living cells. The blood vessels carry
nutrients to the body tissues and carry the toxins and wastes to the excretory organs.
Additionally, being part of the immune system of the body, they carry the
inflammatory cells, biomolecules, and antibodies as well (Mandal et al., 2004;
Hansson, 2005; Roodink et al., 2005).

1.1.2  Components of vessel wall

Blood vessels have three main layers; the tunica intima, tunica media, and
tunica adventitia. In normal blood vessels, the tunica intima is comprised of simple
squamous endothelial cells, the subendothelial connective tissue with collagen fibers
and proteoglycans, while the internal elastic membrane separates the intima from the
media. Tunica media consists of elastin fibers, collagen, the connective tissue, and the
concentrically arranged smooth muscle cells. The external elastic lamina separates
tunica media from tunica adventitia. The adventitia consists of collagen, elastic fibers,
the macrophages, and the connective tissue fibers which blend with the surrounding

e ——
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connective tissue. The intimal and sub-endothelial retention of low density
lipoproteins, during vascular disease, is the initial step for atherosclerotic plaques
development (Skalen et al., 2002).

1.1.3 Selectin mediated homing of immune cells

Atherosclerosis results from uncontrolled and enhanced activation of normal
immune mechanisms in the body. The immune cells, the inflammatory and the
metabolic responses all play an active role in vascular disease progression (Hansson,
2005). The activated immune cells favor an enhanced expression of adhesion
molecules from the inflamed endothelium and this in turn favors migration of greater
number of inflammatory cells to the developing atherosclerotic plaque.

As a first step for atherosclerosis, the circulating immune cells must be
loosely tethered to and roll over the intimal endothelial cells (EC), a process mediated
by adhesion molecules called “selectins” (McEver and Cummings, 1997; Huo and
Xia, 2009). Selectins are adhesion molecules and include E selectin (endothelial
cells), P selectin (platelets and endothelial cells), and L selectin  (leukocyte
neutrophils) (McEver and Cummings, 1997; Huo and Xia, 2009). The most distinctive
selectin ligand is P selectin glycoprotein ligand 1 (PSGL~1) and is expressed on
virtually all the leukocytes. Leukocytes, activated endothelial cells, and platelets
express the respective selectins and/or the specific selectin ligands. The selectins and
PGSL-1 interactions modulate the tethering and rolling of inflammatory cells over
endothelium which is the first phase for cellular adhesion and migration (McEver and
Cummings, 1997; Huo and Xia, 2009). E selectin and P selectin mediate acquired
immunity as they favor type 1 helper T cells (Thi) recruitment; as Thi migration
through the endothelium is shown 10 be inhibited by E and P selectin specific
antibodies (Austrup et al., 1997). L selectins are present on neutrophils and facilitate
their tethering and therefore migration to the inflamed vascular tissues. These
prospective migrating neutrophils then shed the L selectin and replace them with
integrins which subsequently facilitate neutrophil migration by binding with
endothelial E selectin, thereby initiating diapedesis of neutrophils (Delves and Roitt,
2000).

1.1.4 Diapedesis / migration of cells across endothelial cells

The endothelial cell immunoglobulin (Ig) family of cell adhesion molecules

(CAMs) such as inter-cellular adhesion molecule 1 (ICAMI), vascular cell adhesion

/
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molecule 1 (VCAMI), platelet cell adhesion molecule 1 (PCAMI), and platelet
endothelial-cellular adhesion molecule 1 (PECAMI), are necessary for transmigration
of the immune cells across the endothelial cell barrier. The immune cells of vascular
intima release several cytokines such as interferon gamma (IFNy), tumor necrosis
factor alpha (TNFa) and interleukin-1 (IL-1). The cytokines then stimulate
endothelial cells to release selectins, as well as the ICAMI and VCAMI
(Blankenberg et al., 2003). The leukocyte cell integrins act as ligands for CAMs and
include the leukocyte function associated molecule 1 (LFA-1) and very late antigen 4
(VLA-4) that bind with endothelial ICAM] and VCAMI respectively (Blankenberg
et al., 2003). PECAMI is expressed not only by the circulating platelets but also by
endothelial cells, monocytes, neutrophils and a subset of activated T cells; the various
isoforms of PECAMI modulate transmigration (Wang and Sheibani, 2002). The
PECAMI1-PECAMI interactions among adjacent cells and immune-endothelial cells
results in elevated integrin expression and leukocyte transmigration/diapedesis. The
leukocytes become static and firmly adhere to the endothelial cells after leukocytes
bind to ICAM and VCAM. The bound immune cells take either the ‘paracellular
transmigration’ or ‘transcellular transmigration® pathway. The very same route is
utilized by the immune cells migrating to the atherosclerotic lesions. As vascular
disease progresses, more and more of the transmigrated immune cells move to the
atherosclerotic plaque and participate in and amplify the inflammatory response
(Carman and Springer, 2004; Wittchen, 2009). The schematics of adhesion molecules

and atherosclerosis are shown in Fig. 1.1.

1.2 The risk factors and inflammatory basis of disease

Atherosclerosis is an inflammatory disease characterized by the enhanced
accumulation of lipids, immune cells, and also by apoptosis and fibrosis. The earliest
atherosclerotic lesion is a fatty streak and consists of lipid rich macrophages called
“foam cells”. Fatty streaks develop early in life and cither resolve spontaneously or
undergo pathophysiologic transformation to form atherosclerotic plaques. (Hansson,
2005). Atherosclerotic plaque is the main lesion in atherosclerosis and denotes
asymmetrical focal thickening of the arterial intima. The plaques are rich in vascular
smooth muscle cells, endothelial cells, the lipids, the mononuclear monocytes and the
“T* lymphocytes (Jonasson et al., 1986). The affected blood vessels exhibit narrowing

of vascular lumen and diminished blood flow through the affected vessels.
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Fig. 1.1. Oxidized LDL stimulates endothelial cells to express selectins and
adhesion molecules. Monocytes and T cells enter into the vascular intima
and produce inflammatory cytokines to recruit and to activate more cells
and cause plague formation. (Lusis, 2000).

The athetrosclerotic plaques, due to restricted perfusion in the coronary,
cerebral and peripheral vasculature, can result in coronary ischemia, transient
ischemic attacks (TIA) or intermittent claudication (IC) (Tsang et al, 2003).
Alternately, plagues rupture and thrombosis in the coronary ariery causes myocardial
infarction (MI) or acute coronary syndrome (ACS), while in cerebral vessels it causes
stroke. In the aorta, vascular thrombosis or rupture leads to the abdominal aortic
aneurysm or dissection of aorta while in the limb vasculature, it leads to critical limb
ischemia. The occluding thrombus is formed either on the plaque surface (following
endothelial denudation) or within the intima and in vascular lumen after the blood
enters the ruptured atherosclerotic plaques. Either way there is vascular occlusion,
disruption of blood flow to the target tissues and resultant tissue infarction (Davies,
1996).

1.2.1 Cholesterol theory for atherosclerosis

The cholesterol theory of atherosclerosis was first established by the classical
experiments of Ignatowsky in 1908, Starokadomski in 1909, and of Anitschkow and
Chalatow in 1913 (cited by Anitschkow and Chalatow, 1983). Ignatowsky and
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Starokadomski demonstrated massive aortic lesions, fatty infiltration, and intimal
thickening in rabbits fed with egg yolk. Anitschkow and Chalatow (1983) fed rabbits
and guinea pigs pure cholesterol and observed similar results. These findings clearly
indicated that ‘cholesterol” holds the key for progression of vascular disease.
Subsequently, with the use of mutant technology, apolipoprotein E deficient (apoE™)
and low density lipoprotein receplor negative (Ldlr") mice lines were created. These
animals developed hypercholesterolemia, elevated LDL, and atherosclerotic plagues
after they were fed high cholesterol diet (Plump et al., 1992: Ishibashi et al., 1994).
These set of experiments provided evidence that cholesterol was an integral
component for vascular lesions. Although there is unequivocal and overwhelming
evidence in favor of cholesterol and LDL as major players, a substantial number of
coronary events oceur in individuals with normal cholesterol and normal LDL levels
(Sniderman et al., 1980; Braunwald, 1997). The importance of cholesterol as a risk
factor is also diminished in ischemic stroke (Shahar et al., 2003), suggesting that
elevated cholesterol level by iself cannot explain the complex etiology of

cardiovascular disease.

122  Inflammatory theory for atherosclerosis

Atherosclerosis is a complex inflammatory process characterized by an
unchecked build up of immune cells and alteration in normal immune mechanisms of
the body. The process involves the leukocytes that are activated in lieu of tissue injury
for which the stimulus might be elevated cholesterol, excess toxic radicals, or
oxidative damage (Libby and Aikawa, 2002: Hansson, 2005). Fatty streaks and foam
cells are the hallmark of atherosclerotic lesions (Hansson, 2005). For initiation of
atherosclerosis, macrophage uptake of apoB rich low density lipoproteins (LDL) and
very low density lipoproteins (VLDL) is the basic step of a prolonged, complicated,
and highly integrated process (Hurt et al., 1990; Costandi et al., 2011).

123  LDL, formation and significance of modified LDL

Hypercholesterolemia leads to excessive subendothelial retention of LDL
molecules. The interaction between LDL and chondroitin rich proteoglycans in the
subendothelial layer causes a conformational change in the LDL molecules: these
modified LDL molecules are preferentially uptaken by human monocyte derived
macrophages (HMDM) transforming them into foam cells (Hurt et al., 1990). LDL

and proteoglycan interaction is a vital requirement for atherosclerosis, as animal
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models with defective proteoglycan biding sites on LDL molecules, characteristically
show greatly decreased atherosclerosis (Williams and Tabas, 1995; Skalen et al.,
2002). The LDL molecules can also be readily oxidized by reactive oxygen species
(ROS) produced by many cell types such as smooth muscle cells, endothelial cells,
and macrophages, as well as by food products, by smoking, and by homocysteine
(Perna et al., 2003; Niki, 2004). Furthermore, ROS can oxidize LDL to vield oxidized
LDL (ox-LDL). Ox-LDL has the capacity to activate endothelial cells to release
leukocyte adhesion molecules. The formation of foam cells brings into motion a
highly integrated set of events that ultimately lead to plaque rupture and thrombosis
(Steinberg, 2002; Perna et al., 2003; Niki, 2004; Hansson, 2005).

1.2.4  Macrophages, foam cells, and innate immunity

Monocytes in the blood stream interact with endothelial selectins and are
tethered to and roll over the endothelium. The monocytes then firmly adhere to the
endothelium through ICAM1 and VCAMI and thereafter enter subendothelial space.
Vascular smooth muscle cells and endothelial cells release molecules such as
monocyte colony stimulating factor (M-CSF) that activate monocytes and T cells as
well. The release of M-CSF dictates the binding, migration and differentiation of
monocytes and their conversion to macrophages, a necessary prerequisite for
atherosclerosis (Rajavashisth et al., 1990; Smith et al., 1995). The macrophages in the
atherosclerotic plague influence and enhance the processes which are a necessary for
the plaque buildup. The activated macrophages express different pattern recognition
receptors (PRRs); the scavenger receptors and toll-like receptors (TLRs), these are of
extreme importance for initiation and progression of different aspects of normal
innate immunity and for the pathogenesis of atherosclerosis as well (Martin-Fuentes
etal., 2007).

1.2.5  Toll like receptors

The toll-like receptors (TLRs) are expressed by macrophages, dendritic
cells, mast cells, and endothelial cells. They control both the innate and adaptive
immune responses. TLR expressing cells can directly induce inflammatory responses
(Janeway and Medzhitov, 2002). The TLR-ligand binding activates innate immunity;
the activated macrophages directly enhance atherosclerosis by releasing inflammatory
cytokines, toxic radicals, and proteases. The twll receptors additionally mediate
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adaptive immune responses for they are also present on macrophages that act as
antigen presenting cells (APCs).

The ligands for TLRs include human heat shock protein 60 (HSP60) and ox-
LDL, highlighting the importance of these receptors and their expressing cells in
modulation of atherosclerosis (Ohashi et al., 2000; Miller et al., 2003). TLRs also
suggest role of microbes in CAD as they recognize unmethylated CpG motifs in
bacterial DNA, as well as the pathogen associated molecular patterns (PAMP)
including the microbial lipopolysaccharides, the peptidoglycans, and the lipotechoic
acids (Medzhitov, 2001). In atherosclerotic lesions the macrophages and endothelial
cells exhibit enhanced expression of numerous TLRs. The toll receptors colocalize
with nuclear factor kappa light chain enhancer of activated B cells (NF-xB), the NF-
kB not only induces TLR production but also induces downstream effectors and
inflammatory genes of TLR activated cells (Edfeldt et al., 2002; Janeway and
Medzhitov, 2002), The APCs with major histocompatibility complex (MHC) class I
are activated by ox-LDL or PAMP; these activated APCs then present the processed
antigen to T cells, specifically to the Thl cells. This innate immunity mediated
activation of acquired immune response has been shown to be dependent on toll

mediated signaling and is necessary for the plague buildup (Schnare et al., 2001).

1.2.6 Scavanger receptors

Scavenger receptors (SR) are cell surface protein receplors present on
macrophages and dendritic cells. The macrophage SR include SRA, SRB-1, CD36,
CD68, CXCL-16, and lectin type oxidized low density lipoprotein receptor | (LOX-
1) (Steinberg, 1997, Pluddemann et al., 2007). SRs are also important mediators of
atherosclerosis and vascular disease. With hypercholesterolemia, it is not the native
LDL but the modified/oxidized LDL that is taken up by the macrophages expressing
the SRs (Steinberg, 1997). SRs are also known to bind heat shock proteins released in
response to stressful stimuli (Pluddemann et al, 2007). SRs mediate first the
internalization, and later the lysosomal degradation of ox-LDL, PAMP, fragments of
malarial parasite, and apoptotic bodies (Peiser et al., 2002). The macrophages are then
converted to the prototype cells of atherosclerosis, the foam cells. Though the foam
cells act as antigen presenting cells, yet they do not directly release the inflammatory
cytokines, The foam cells and the dendritic cells (containing SR) degrade the
internalized molecules, process and transfer the antigenic epitopes through the MHC



CHAPTER 1 GENERAL INTRODUCTION

class T1 molecules to CD4” Thl cells; the activated foam cells facilitate linkage of
innate immunity and adaptive immune responses and result in progression of
atherosclerosis and vascular disease (Pearson, 1996; Nicoletti et al., 1999; Platt and
Gordon, 2001: Pluddemann et al., 2007).

1.27 T lymphocytes-Subtypes, activation, and acquired immunity

T lymphocytes are present in several varicties and include CD4" helper T
cells (activated by APC such as foam cells and dendritic cells), CD8" cytotoxic T cells
(activated by MHC class 1 containing APC), memory T cells, regulatory T (Tyeg) cells,
natural killer T (NKT) cells, and gamma delta T cells.

In atherosclerotic plaques, the T cells are mostly the CD4”™ T helper cells;
these “Th’ cells are activated after interaction with APCs that present antigens through
MHC class 11 (Hansson, 2005). The antigens presented by the APCs to “Th’ cells
include ox-LDL (Stemme et al., 1995), HSP60 (Xu, 2002; Benagiano et al., 2003),
and Chlamydia pneumonia. The C. pneumonia—HSP molecules and responsive T cells
have been isolated from atherosclerotic plaques (de Boer et al., 2000 Campbell and
Kuo, 2004). T cells interact through the T cell receptors (TCR) to the APC. Th cells
may differentiate into subtype 1 or 2 depending on activation signals. Th1 cells
activate macrophages and promote inflammatory Processes whereas Th2 cells

promote allergic reactions (Hansson, 2003).

128 Pro-inflammatory cells and responses for adaptive immunity

The Thi cell induction is dependent on IL-12, and the principal cytokine
produced by activated Thl cells is IFNy. Conversely Th2 cells are induced by IL-10,
and the activated Th2 cells in turn release [L-4. The human atherosclerotic lesions
reveal presence of the elevated levels of 1L-12 mRNA and protein, [FNy, IL-10, and
low levels of 1L-4 (Uyemura et al., 1996; Daugherty and Rateri, 2002). This indicates
that the atherosclerotic process is Th1 and not Th2 mediated process. In humans and
mice. the activated monocytes release excess mRNA and proteins for [L-12 with
elevated Thl release of pro-inflammatory cytokine IFNy, while IL-4 levels are
relatively less (Uyemura et al, 1996 Lee et al., 1999). IFNy activates the
macrophages, Thl cells, vascular smooth muscle cells, endothelial cells, enhances
release of adhesion molecules and proteins favoring atherosclerosis, and induces
production of potent pro-inflammatory eytokines IL-1 and TNFa (Huber et al, 2001;
Szabo et al., 2003; Hansson, 2005). The observation that atherosclerosis is dependent on

M
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Th! responses is reinforced by experiments in animal models that lack T-bet
(transcription factor inducing Thl cell differentiation) (Buono et al., 2005), 1L-12
(Davenport and Tipping, 2003), IFNy (Gupta et al., 1997), and the receptors for IFNy
(Buono et al., 2003).

Another pro-atherogenic system comprises of CD40 and its ligand (CD40L)
(Mach et al,, 1998). CD40 is a protein present on APC including macrophages,
dendritic cells (DC), as well as on the B cells, vascular smooth musele cells, and
endothelial cells. It was previously known that CD40L was expressed only by CD4"T
cells. but it is now known that macrophages, endothelial cells, as well as vascular
smooth muscle cells co-express the receptor as well as the ligand (CD40L). Thus
paracrine or autocrine CD40 and CD40L interactions activate adjacent inflammatory
cells to produce proatherogenic molecules and cytokines. This ligand receptor
complex favors disease progression as evidenced by experimental disruption of
CD40L or of CD40, with resulting diminished atherosclerotic lesions (Mach et al.,
1998).

Ongoing studies have added to the list of novel biomolecules, chemokines,
and the cytokines implicated with atherosclerosis, thrombosis, and vascular disorders.
These include homocysteine; C-reactive protein (CRP including the highly sensitive
variety: hsCRP); D—-dimer; fibrinogen; selectins; integrins; CAMs; serum amyloid-A;
TNFa; matrix metalloproteinases (MMPs); proteases; pro-inflammatory interleukins
(IL-1, 6, 8, 15, 18, and 33) and IFNy (Koenig et al., 2001; Perna et al,, 2003; Hansson,
2005; Empana et al,, 2008, Matsuda et al., 2011). All these risk factors and risk

markers are associated with cardiovascular disorders.

1.2.9 Anti-inflammatory adaptive T immune cells and cytokines

Atherosclerotic plagues display elevated levels of IL-10, a Th2 cell inducer
but not for 1L—4 (a marker of Th2 cellular response) (Uyemura et al., 1996; Lee et al,,
1999), this signifies that Th2 activation is not the characteristic feature of augmented
atherosclerotic lesions. In the atherosclerotic lesions, [L—4 does not colocalize with
activated macrophages, and additionally 1L-4 limits Th1 responses (Huber et al.,
2001). Animal models with higher Th2 responses exhibit decreased atherosclerotic
lesions (Huber et al., 2001), while in some other instances, 1L.—4 deficiency may result

in reduced atherosclerosis (Davenport and Tipping. 2003). These findings favor
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conflicting role of Th2 cells and IL-4 a5 inhibitors of inflammation and
atherosclerosis.

The regulatory T cells (Tiep). like Th2 cells are related to anti-inflammatory
responses. CD4'CD25"* Tregs are immunosuppressive, reduce adaptive and innate
immune responses, and reduce atherosclerosis as well as vascular inflammation (Yang
et al., 2008). Disruption of regulatory T cell axis leads to enhanced atherosclerosis,
providing strong evidence for the anti-inflammatory effects of Twg (Mallat et al.,
2007; Xiong et al,, 2009).

1.2.10 B cells and adaptive immune responses

The immune responses also include the B cells that modulate humoral arm of
adaptive immunity. The role of B cells in progression of atherosclerosis is conflicting.
The B cells (like T cells) are implicated at times with enhancing atherosclerosis
(Daugherty et al., 1997; Song et al., 2001). In contrast, in other instances, B cells and
the humoral immunity are known to decrease atherosclerotic lesions (Major et al.,
2002: Andersson et al, 2010). The B cells have atheroprotective role; as
spleenectomy in humans as well as in experimental animals (with resultant depletion
of B cell pool) enhanced atherosclerotic lesions (Robinette and Fraumeni, 1977,
Caligiuri et al., 2002;). Similarly, the transfer of B cells in non-spleenectomized as
well as in the spleenetomized apoE’” mice generates antibodies to oxidized LDL (ox-
LDL) and as a result reduced atherosclerosis (Caligiuri et al., 2002).

1.2.11 Pro-inflammatory cytokines and Anti-inflammatory cytokines

In the developing atherosclerotic plaques. activated macrophages and
vascular cells release 1L-12, 1L—18, and IFNy, all are potent Thl cell activators. Thl
cells induce TNFa, IFNy, and IL-1 and these in tum can further activate
macrophages, vascular smooth muscle cells, and endothelial cells creating amplified
immune responses. Macrophages and endothelial cells in the plague additionally
release 1L-8, monocyte chemoattractant protein (MCP), M-CSF, granulocyte colony
stimulating factor (G-CSF), and granulocyte macrophage colony stimulating factor
(GM-CSF) to induct, and activate more immune cells (Rajavashisth et al., 1990;
Frostegard et al., 1999). In plaques, another feature of IFNy is inhibition of vascular
smooth muscle cells proliferation (by inhibiting o-Actin), and the inhibition of
endothelial cells proliferation (Friesel et al, 1987; Hansson et al, 1989).

Simultaneously, TNFa induces transcription factor NF-xB with resultant transcription
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of proteolytic enzymes (that digest extracellular matrix), and the production of
nitrogen reactive species, reactive oxygen species (ROS), and tissue factor (pro-
thrombotic agent) (van Hinsbergh et al., 1990; Lee et al., 1996; Saren et al., 1996).
The inflamed vascular tissues and adipose tissues also release TNFa and 1L-6. These
cytokines act on hepatic tissue to promote secretion of fibrinogen, of serum amyloid-
A, and of CRP, and these compounds augment the inflammatory/immune responses
(Hansson, 2005).

The anti-inflammatory cellular component includes the Th2 cells, Teeg, and
the B cells. Th2 and Ty cells, like the Thi cells, require activation through antigen
presentation. The fact that pro-inflammatory molecules and processes mediate
atherosclerosis, indicate that the anti-inflammatory molecules may in fact lower the
progression of atherosclerosis and the development of vascular lesions. Few immune
cells in the plaques release IL—4, which helps differentiation of Th2 cells from CD4"
T cells. Th2 cells release anti-inflammatory cytokines 1L-4, IL-10, IL-5, and 1L-13
and through B cell activation additionally promote humoral immune responses
(Binder et al., 2002). Macrophages, endothelial cells, vascular smooth muscle cells,
platelets, Th2, and CD4'CD25"T cells are said to release IL-10 and transforming
growth factor beta (TGF). IL-10 and TGFp are two cytokines with consistent anti-
athrogenic effects. An excess of 1L-10 and TGFP strongly inhibit atherosclerosis and
plaque lesions (Grainger et al., 1995: Pinderski et al., 2002). TGFP diminishes
atherosclerotic complications and stabilizes the plaque by increasing collagen
production. Th2 cytokine IL-3 relates innate with adaptive immunity, it inhibits
atherosclerosis by activating B cells, and the deficiency of IL-5 enhances
atherosclerosis (Binder et al., 2004).

An alternate anti-inflammatory mechanism favoring the inhibition of
atherosclerotic disease progression is peroxisome proliferator activator receptor
system. Activation of peroxisome proliferator activator receptors ‘alpha’ and ‘gamma’
(PPARa and PPARY) diminishes innate immunity, acquired immunity, as well as
atherosclerosis progression. Ligands and agonists for PPAR (for example PPARa-~
activating acid derivatives, TZD) decrease activation of T cells and vascular smooth
muscle cells, and reduce proteins and mRNA for IFNy, TNFa, and 1L-2 (Marx et al.,
2002). Estrogen is an additional modulator of atherosclerotic processes as il decreases
LDL levels (and therefore decreases production of LDL oxidation products),
diminishes cellular adhesion, migration, and activation; increases HDL levels, and
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promotes vascular dilatation. All these processes serve to inhibit atherosclerosis
progression (Nathan and Chaudhuri, 1997; Nathan et al., 1999). At the same time,
aromatase dependent conversion of testosterone 0 estradiol, also inhibits
atherosclerotic process by inhibiting the adhesion molecules and cellular migration
(Mukherjee et al., 2002). The complex interplay of pro-atherogenic and anti-

atherogenic stimuli guides the disease progression and vascular complications.

1.2.12 Athero-thrombosis, vascular occlusion and tissue infarction

Normal coagulation processes are necessary 1o prevent blood loss when a
vessel is severed, but thrombosis in a major blood vessel following rupture of an
atherosclerotic plaque can result in grievous circumstances. The basic underlying
pathophysiology of the cardiovascular disorders, stroke cases, and peripheral artery
disease is atherosclerosis and athero-thrombosis. Fully developed atherosclerotic
plaques comprise of a ‘lipid rich core’ surrounded by a fibrous cap. The lipid rich core
comprises of foam cells, dendritic cells (DC), mast cells, B cells, and the T cells
(Lusis, 2000; Hansson, 2005). The surrounding ‘fibrous cap’ is formed by smooth
muscle cells, collagen, and extracellular matrix proteins derived from smooth muscle
cells. The initial perception that disproportionate smooth muscle cell growth narrows
and completely occludes the vascular lumen, and therefore causes tissue infarction,
has been revised (Hansson, 2003). In myocardial infarction/acute coronary syndrome
(MI/ACS), stroke, or critical limb ischemia, there is moderate stenosis whereas the
main lesion is thrombosis within the vascular lumen. Athero—thrombosis refers 1o
‘disruption’ of an unstable atherosclerotic plaque with platelet activation and
‘thrombus’ formation within the vessel lumen. Plaque rupture precedes vascular
thrombosis because in ACS, disruption of the plaques followed by formation of a
thrombus is evident in three fourths of the cases (Falk et al., 1995).

Normally the endothelial cells and the fibrous cap function as barriers
between blood and plague components and inhibit thrombosis. Proteolytic enzymes
and inflammatory molecules transform the plaques into ‘susceptible unsteady
structures’ that can rupture with ensuing thrombosis leading to vascular occlusion.
The interstitial collagen gives strength to the fibrous cap and stability to plaque.
Numerous mechanisms and molecular patterns destabilize the plaque and result in
plaque rupture. TGFp increases interstitial collagen whereas [FNy decreases

proliferation of vascular smooth muscle cells and destabilizes plaque architecture by
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decreasing the production of collagen by vascular smooth muscle cells (Amento et al.,
1991). Macrophages, vascular endothelial cells, vascular smooth muscle cells, and T
cells (with CD40/CD40L and TLRs) on activation, produce numerous proteolytic
enzymes, inflammatory mediators, and coagulants, Matrix metalloproteinases
(MMPs), released by endothelial cells and immune cells within plaques, in addition
weaken the plaques, aid in cellular migration, cause the digestion of collagen and
other matrix proteins and increase likelihood of plagque rupture (Galis et al.. 1994
Dollery and Libby, 2006). TLR4 modulates activation of NF-«xB which in turn
enhances release of TNFa, and MMPY, There is increased production of these plaque
destabilizers in ACS patients as compared to normal individuals, these pro-
inflammatory mechanisms also destabilize the plagues and lead to plaque ruptures
(Xie et al., 2010).

Mechanism of athero-thrombosis

Thrombosis is the formation of blood clot by the aggregated platelets and
fibrin meshwork at the site of vascular injury. When a vessel is cut, the resulting
clotting and thrombosis is beneficial as it prevents blood loss, whereas the clot
formation secondary to an atherosclerotic plaque rupture is detrimental for the tissue
perfused by the injured vessels. ‘Tissue factor’ (TF) is a highly pro-thrombotic
constituent and is central for the formation of blood clots and for the thrombotic
processes following plaque rupture. Macrophages in the plaques are known for long
to produce this highly pro-atherogenic factor (Libby and Aikawa, 2002). T cells
expressing CD40L can activate macrophages (rich in CD40) to release MMPs and
lissue factor to weaken the plaque and to increase the propensity for thrombosis
(Mach et al., 1997).

In vascular atherosclerotic disease, the coagulation proteins in the circulating
blood are kept isolated from their potent activators (such as tissue factor) by the
fibrous cap and intact endothelium, Following plaque disruptions, however, the blood
coagulation proteins come in contact with tissue factor and undergo differentiation
and activation. Tissue factor ultimately leads to the rate limiting step of coagulation
pathway: production of thrombin from pro-thrombin. Thrombin produced at the
inflamed vascular arca not only induces MMP production to destroy collagen and
cause plaque destabilization, but also augments the coagulation cascade and

thrombosis. Thrombin catalyzes conversion of inactive fibrinogen to its active
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proform *fibrin’; the fibrin deposition and platelet aggregation are the final steps in
thrombus formation (Galis et al., 1997).

Occluding thrombosis within the plaque itself and in the vessel lumen, can
results in acute coronary syndrome, stroke, or critical limb ischemia (Davies, 1996;
Lusis, 2000; Hansson, 2005). It is worth mentioning that not all thrombotic events
take place with plaque rupture; thrombi also form when vessels are severed (therefore
prevent blood loss), and few thrombi form on the surface of denuded plaques (Davies,
1996).

Patients with ACS show evidence of ‘multiple disrupted plaques’ but only
one ruptured plaque is the reason for acute coronary event, and also that complete
vessel occluding thrombosis cannot occur solely through plaque related TF (Cimmino
et al., 2011). Circulating blood holds the key, as many cells types in circulating blood
are known to express TF in its inactive as well as active forms. Circulating and
cellular sources of TF include the circulating monocytes; microparticles originating
from apoptotic macrophages, smooth muscle cells, and endothelial cells; platelets; and
circulating neutrophils (Maugeri et al., 2010; Cimmino et al., 2011). In CAD patients,
homocysteine is an additional source of circulatory TF, as higher plasma levels of
homocysteine result in higher plasma TF levels (Marcucci et al., 2000).

CRP is not just a novel cardiovascular biomarker but is also a potent inducer
of MMPs. MCP1, and TF mRNA/protein (Matsuda et al., 2011). In ACS patients,
there is also enhanced concentration of MMP?2 and MMP9, platelet factor—4, soluble
CDA40L, and phospholipase A2, all these are either markers of inflammation or are
sustained activators of platelet activation and aggregation (Gresele et al., 2011). The
finding that soluble form of CD40L (sCD40L), MMPs, TF, and soluble forms of
CAMs (sICAM1, sVCAMI) are present in circulating blood and are elevated in CAD,
provide additional mechanisms for the vascular disease progression (Blankenberg et
al.. 2003; Gresele et al., 2011). Therefore the old paradigm has been revised and
additional mechanisms are now known (o contribute to and lead to vascular

thrombosis and tissue infarction (Fig. 1.2).
1.3  The Risk Factors For Vascular Disease
1.3.1 Established metabolic and endocrine risk factors of vascular disease

Physiological as well as pathological risk factors are associated with
cardiovascular diseases in general, these include increasing age, male gender (females
16
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after menopause tend to have similar event rales as males). obesity, sedentary life
styles, African American population group, smoking status, oral contraceptive usage
(with and without tobacco usage) low socioeconomic status, positive family history,
and type A personality, Some pathological factors including high LDL levels,
hypertension, diabetes, and metabolic syndrome are also positively associated with
the progression and complications of vascular disorders (Akinkugbe, 1990; Kannel,
1990: Thorneycroft, 1990; Sebregts et al., 2000; Blum and Blum, 2009).
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Fig. 1.2. The plaques are destabilized by production of different matrix degradation
enzymes, plasminogen activators, and the Tissue factor (TF). The plaque
rupture is quickly followed by activation of coagulation cascade through TF
and occluding thrombus formation composed of activated platelets, red
cells, and fibrin mesh—-work. (Lusis, 2000).

1.3.2 The novel risk factors for atherosclerosis and vascular disease

Numerous studies for evaluation of novel risk factors have been carried out
and they result in an ever growing list of biomolecules and biomarkers. These
molecules are implicated as risk factors for hypertension, atherosclerosis, and vascular
disorders. Many of these proposed risk modulators serve important functions in the
body, vet errors of metabolisms in their involved pathways result in elevated levels
and associated pathological consequences. These novel risk factors include
homocysteine, CRP, fibrinogen, plasmin and tissue plasminogen activator (IPA),

lipoprotein A (Lp A), von Willebrand Factor (vWF), and red cell folate (RFC)
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(Maldonado et al., 2010; Wagner et al., 2010; Khandanpour et al., 2011). The proform
of adrenomedullin (MR—pro-ADM) (Chan and Ng, 2010), and natriuretic peptides are
such additional risk factors. The natriuretic peptides include brain natriuretic peptide
(BNP) and its precursors (such as the N terminal proform the ‘NT pro BNP’) (Zeng et
al.. 2010); atrial natriuretic peptide (ANP) and its precursors (the mid regional
proform the ‘MR pro ANP) (Chan and Ng, 2010); and C terminal pro-vasopressin
(Copeptin) (Chan and Ng, 2010).

Novel genetic studies aim at defining quantitative trait loci (QTLs), specific
candidate genes and the gene variants associated with genetic disorders. The genetic
risk factors are important in disease stratification, and quite a few genomic loci have
been identified by genome wide association studies (GWAS). Such GWAS relate
CVD to the ‘highly reproducible’ 9p21 genetic locus (Helgadottir et al., 2007; Samani
et al,, 2007; Welcome Trust Case Control Consortium, 2007; Helgadottir et al., 2008)
as well as to the 6q235, 2q36, 1p13, 1q4l, 10q11, and 15922 genetic loci (Samani et
al., 2007). In addition to genetic loci, the polymorphisms in adrenergic receptor and
receptor genes (B24R, ADRBI, ADRB2) (Pacanowski et al., 2008; Piscione et al.,
2008), in the endothelin gene (Petidis et al., 2008; Casey et al., 2010), as well as nitric
oxide (NO) and the polymorphisms in nitric oxide synthase enzymes (NOS) (Morray
et al. 2007: Ko et al., 2008; Dafhni et al., 2010) are also associated with CVD. Nitric
oxide is an effective vasodilator and diminished NO production by the vascular
endothelial cells, alongwith disproportionately high levels of angiotensin, endothelin—
I, and ROS causes endothelial dysfunction and favors atheromas (Verma and
Anderson, 2002). Vessel related risk factors assessment includes the carotid intima
media thickness (IMT) scoring, vascular (such as coronary vasculature) caleium
scoring, and the vascular angiography. The vascular ‘calcium load’ increases as
plaque develops, and although it is not certain, still the vessel calcium load may serve
o stabilize the plaque and decrease chances of plaque rupture (Prati et al., 2010).

1.4 Peripheral Artery Disease

Peripheral vascular disease (PVD) refers to the disease of vascular beds other
than the coronary and cerebral vessels. This may include pathology affecting the
carotid vessels, the mesenteric vessels, the renal vessels, and the upper and lower limb
vessels. The term peripheral artery discase (PAD) by convention is designated 1o

vascular phenotypes affecting the lower limbs only. Other names for peripheral artery
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disease include peripheral artery occlusive disease (PAOD), arteriosclerosis obliterans
(ASO-affecting abdominal aorta and lower limb vessels), lower extremity artery
disease, and lower extremity peripheral artery disease (Hennrikus et al., 2010; Lawall
et al., 2011; McDermott et al., 2011).

1.4.1 Peripheral artery/occlusive disease (PAD/PAOD) and classification

The earliest symptom of PAD is ‘intermittent claudication” (IC) and i
signifies the leg pain and discomfort that is aggravated by exercise and is relieved by
rest. In peripheral artery disease, fatty tissue and the plaque buildup affects the iliac,
femoral, and popliteal vessels and may lead to insufficient perfusion of lower limbs,
with critical limb ischemia, gangrene, and/or leg ulcerations. Thrombi form in limb
vessels (as in coronary vessels) and the late complications of limb thrombosis may
necessitate surgical intervention. Severe gangrenous leg may require amputation, and
the thrombi can release emboli, resulting in life threatening emergencies. PAD is
strongly associated with routine risk factors that aggravate atherosclerosis, including
tobacco use, elevated blood sugar levels, high blood pressure, and elevated
homocysteine levels (Hirsch et al.. 2006; Norgren et al., 2007). Although PAD can
coexist with CAD, it can however develop independent of the conventional
cardiovascular risk factors (independent of coronary artery calcium load and IL-6)
(Aboyans et al,, 2011). As PAD affects the quality of life, an early diagnosis and
prompt palliative measures can improve the quality of life and life expectancies in the
affected, high risk individuals.

PAD is classified into five stages or groups (based on guidelines by Leriche-
Fontaine), termed Fontaine’s classification (Hirsch et al., 2006; Castro-Sanchez et al.,
2009), and include: Stage | in which the plaque and obstruction produce no
symptoms; Stage 11 where IC is present, this stage is further divided into two sub-
stages (11a/11b) depending on whether IC is present after walking more than or less
than 150 meters; Stage 111 is where pain is present at rest; and Stage IV/V when
ulcers, limb necrosis and critical limb ischemia develop. Stage III, IV, and V
necessitate surgical management (Hirsch et al., 2006; Castro-Sanchez et al., 2009).

1.4.2 Diagnosis of PAD
The diagnosis of peripheral artery disease is dependant on the history of the
patients and symptoms, general physical examination, and the specific diagnostic

tesis.
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1.4.2.1 History/Symptoms

The most common and distinctive symptom of PAD is intermittent
claudication (IC) (Cunningham et al., 2010), symbolized by the history of leg pain,
discomfort or severe leg cramps (most noticeable in calf area). This symptom
increases in intensity with physical exertion and is relieved by rest. As discase
progresses the pain appears earlier with lesser exertion and takes longer to settle after
rest. A severe manifestation of disease is that the leg pain and intermittent
claudication may appear at rest. There is also history of accompanying disorders such
as hypertension, diabetes, and elevated lipid levels. The presence of IC in patients is
associated with generalized vascular abnormality and higher mortality rates due to
coupled stroke, and the CAD (Cunningham et al., 2010).

1.4.2.2 General physical examination

For the patients referred for PAD assessment and diagnosis, the best
approach is the examination of entire cardiovascular system because PAD is often
accompanied with generalized atherosclerotic disease. The general physical
examination in PAD includes examination of peripheral pulses (femoral, popliteal,
dorsalis pedis, carotid, brachial, and radial), their presence, volume
(absent/weak/normal), and their pattern (regular or irregular). The systolic and
diastolic blood pressure readings are recorded, any sores or ulcers present in the limbs
are examined; temperature differences between the limbs are monitored as
temperature difference between adjacent limbs is another indication for PAD (Hirsch
et al., 2006; Norgren et al., 2007),

1.4.2.3 Diagostic Tests

The diagnostic tests used for diagnosis of PAD can be grouped into two
major categories; non angiography based diagnostic tests and angiography based
diagnostic tests, the latter group absolutely requires tertiary care medical settings.

Ankle brachial index

The estimation of ankle brachial index (ABI) or ankle brachial pressure
index (ABPI) is the most common and routinely used non angiography based clinical
measure of PAD. ABI is measure of ratio of the systolic blood pressure at ankle to the
systolic blood pressure at arm (systolic dorsalis pedis or posterior tibial artery

pressure/systolic brachial pressure). Its range in healthy normal subjects is in between
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0.9 1o 1.3. ABPI measurements require a sphygmomanometer as well as a hand held
Doppler apparatus. ABPI can diagnose PAD in patients with more than 95 %
accuracy (Fowkes et al., 1988).

Segmental pressure measurement

The modification of ABPI, the ‘segmental pressure measurement’ can be
undertaken by placing the sphygmomanometer cuff at different locations in the limbs
to determine the exact site of vascular stenosis. ABPI > 1.3 denotes non—compressible
vessels; arterial calcification, and high risk of CVD, CAD, and PAD (Potier et al.,
2011). The ABPI measurement holds less accuracy in these cases; and toe brachial
pressure index (TBI or TBPI) should be measured in these individuals to reliably
detect PAD (Hirsch et al., 2006; Potier et al., 2011).

Post exercise ABI or treadmill ABI

Individuals with normal ABPI values often have lower levels after exercise
(Hirsch et al., 2006), therefore in individuals with borderline ABPI, both resting and
post exercise or treadmill measurements have greater accuracy for diagnosis. Post
exercise ABPI can be used to differentiate between intermittent claudication duc to
PAD, from pseudo-claudications (lower limb pain due to vertebral disorders,
osteoarthritis, muscular disorders, cysts, and tumors) (Hirsch et al., 2006; Norgren et
al., 2007).

Near infra red spectroscopy

Near infra red spectroscopy (NIRS) can be used to detect the peak oxygen
saturation in muscles and tissues, as the infra red light easily passes through body
membranes and skeletal tissues, and is retained in tissues depending on oxygen
content. The oxygen saturation gives different values before and after exercise (due to
different tissue oxygen content before and after exercise) (Comerota et al., 2003).
Tissue oxygen saturation (St0;) is significantly lower in PAD cases after exertion as
compared to the subjects without PAD, therefore NIRS can be used for vascular
disease identification (Comerota et al., 2003).

Duplex ultrasound
The highly specialized ‘imaging and angiography techniques’ for PAD
assessment have greater utility in diagnosing stenosis/obstruction in advanced PAD

conditions (grade 111 onwards) and are therefore of less importance in diagnosis of the
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asymptomatic PAD (Hirsch et al., 2006). Duplex ultrasound is a very sensitive
ultrasound procedure and can identify PAD with great accuracy although it is a highly
operator dependent procedure. It can accurately identify the site of stenosis as well as
determine the need for revascularization or surgery. With duplex ultrasound the most
reproducible endpoint measurement is peak systolic velocity (PSV) at the site of
vascular obstruction. A PSV value > 2 is most predictive and is concordant with > 50
Yo vascular obstruction (Sensier et al., 1996; Winter-Warnars et al., 1996). Duplex
ultrasound has significance as well to identify the sites for bypass and vascular

anastomosis procedures (Hirsch et al., 2006).

Computed tomography assisted angiography

Computed tomography assisted angiography (CTA) is a non-invasive,
highly informative test for PAD assessment. This test can be used to visualize the
arterial tree and the site or sites of stenosis (Hirsch et al., 2006). Technical
advancement of this technique is the multi-detector CTA (MD-CTA) with 64
channels and can take as many images simultaneously, MD-CTA is therefore a faster
test for PAD diagnosis, less toxic, and more economical. It can also be used safely in
individuals with cardiac pacemakers and defibrillators (Hirsch et al., 2006 Norgren et
al., 2007). The greatest disadvantage of CTA is that arterial calcification (either due to
diabetes or CRF) results in the ‘blooming artifact’ and can greatly diminish accurate
diagnosis of PAD (Norgren et al., 2007; Chan et al., 2010: Meyer et al., 2010).

Magnetic resonance angiography

The next technique ‘Magnetic resonance imaging assisted angiography (or
magnetic resonance angiography ‘MRA’) is a revolutionary technigue that allows
complete analysis of vascular tree and better visualization of occlusive vascular
pathology. MRA, in contrast to CTA can be used safely for analysis of calcified
plaques, but MRA is not suitable for patients with cardiac stents, defibrillators, and
pacemakers (Hirsch et al., 2006; Norgren et al., 2007). Another edge of MRA over
CTA and contrast angiography is the exclusion of ionizing radiation in MRA analysis.
The latest modification of MRA, the whole body MRA (WB-MRA) can analyze,
excepting coronary vessels, the blood vessels of the entire body. As PAD is associated
with atherosclerosis in other arterial beds, WB-MRA procedure can detect the entire
body atherosclerotic burden (Nielsen et al., 2009; Nielsen, 2010).

%
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X=ray contrast angiography

X-ray contrast angiography is a 2-D ‘invasive’ angiography technique and is
a “gold standard” diagnostic tool for lower limb PAD, Contrast angiography is most
useful in situations where patients have severe phenotypes and when there is
indication of revascularization, percutaneous or surgical management. Modified form
of contrast angiography, the digital subtraction angiography (DSA) has superior
imaging utility as compared to previous non—subtracted variant (Hirsch et al., 2006).
To increase the safety profile of this test, contrast mediums like CO; and gadolinium
(which is an MRA specific contrast) can be used instead of traditionally used (more
invasive, nephrotoxic) iodinated contrast medium (Norgren et al, 2007). The
numerous tests for PAD assessment gain their significance after their results are
compared with DSA, as DSA is still considered the benchmark and gold standard for
diagnosis of vascular disorders (Nielsen et al., 2009; Eiberg et al., 2010; Niclsen,
2010; Wang et al., 2010).

1.5  Genetics of Peripheral Artery Disease

An exhaustive list of quantitative trait (QTL) loci, various genes, and gene
clusters that associate with peripheral vascular disease moieties are now known. The
associations of these loci and genes have been correlated by various association
studies. Many of the tabulated disease variants and genetic determinants associated
with PAD represent findings in rare familial cases and need validation. The genetic

determinants along with genomic positions and MIM [Ds are provided in Table 1.1.

1.6 Homocysteine, Homocysteinemia and Vascular Disease

Homocysteine (Hcy) is a non—essential, non protein forming, sulphur ported amino
acid that is generated from the amino acid ‘methionine’, after methionine loses its
methyl group (to ultimately produces homocysteine). Homocysteine has gained
considerable importance as the new cardiovascular discase biomarker, as well as a
causative agent for various vascular disorders, cancers, neurclogic and metabolic

disorders (Hazra et al., 2009).

1.6.1 Homocysteine theory of atherosclerosis
Homocysteine was first discovered in 1932, when Butz and de Vigneaud
isolated, identified and named homocysteine (a di-sulfide compound), after
experimentation on methionine (Butz and de Vigneaud, 1932). Later, homocysteine
was termed the perpetrator responsible for the third alternate theory of atherosclerosis.
e —— e ———————————
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Table 1.1. The tentative list of the gene variants, proteins, and diseases (with MIM
ID) related to PAD.

MIM ID Gene map loci PAD related diseases/gene variants

107741 19q13.2 Apolipoprotein E (4POE)

107680 11g23 Apolipoprotein A

147720 2q14 Interleukin | beta (JL1B)

147760 2q14 Interleukin | alpha (IL14)

60030 9q32-q33 Toll like receptor 4 (TLR4)

603031 lgd1-g42 Toll like receptor 5 (TLRS)

192240 6pl2 Vascular endothelial growth factor A (VEGFA)

300386 Xp26 CD-40 Ligand (CD—40L)

600835 10q11.1 Chemokine CXC motif ligand 12 (CXCL12)

173610 1923-g25 Selectin P (SELP)

147570 12q14 Interferon gamma (IFNy)

190182 3q22 Transforming growth factor beta receptor 11

107269 | Ipter-p13 CD44 antigen (CD44)

186940 12pter-p12 CD4 Antigen (CD4)

131210 1q23-g25 Selectin E (SELE)

163731 12q24.2-q24.31 Nitric oxide synthase 1 (VOSI)

147545 2q36 Insulin receptor substrate | (fRS /)

601487 3q25 Peroxisome proliferator—activated receptor
gamma

606787 1p31 Peripheral arterial occlusive discase |

162200 17q11.2 Neurofibromatosis 1

232500 ipl2 Glycogen storage disease [V

205400 9g22—q31 Tangier discase

161200 9q34.1 Nail patella syndrome: NPS

211900 13q12, 12p13.3 Tumor calcinosis, hyperphosphatemic, familial

264800 17921.3422, 16p13.1 Psuedoxanthoma elasticum (PXE)

151660 1q21.2 Familial partial lipodystrophy type 2

208000 6q22-q23 Generalized arterial calcification of infancy |

Comd...
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MIM 1D Gene map loci PAD related diseases/gene variants

133100 19p13.3-p13.2 Familial erythrocytosis |

192430 22q11.2 Velocardiofacial Syndrome

245150 12pl3.1-p123 Keutel syndrome

269700 1gl3 Congenital generalized lipodystrophy 2 (CGL2)

277450 2p12 Vitamin K dependent clotting factors combined
deficiency | (FKCFDI)

227500 13934 Factor VII deficiency

130160 Tgql1.2 Elastin: ELN

05441 3q27 Adipose most abundant gene transcript |
(APMI)

173470 17q21.32 Integrin beta 3 (/ITGB3)

190198 9q34.3 Drosophila homologue of Notchl (NOTCH1)

6012 20p12 Jagged |

612052 15q25.1 Smoking as a quantitative trait locus 3 (SQTL3)

I88890  (9922.1,5p15.3,20q13.2- Susceptibility to tobacco addiction

q13.3,19q13.2)

158120 5q31.1 Monocyte differentiation antigen CD14

134830 428 Fibrinogen B beta polypeptide

165070 13qi2 FMS related tyrosine kinase 1 (FLT1)

602048 Not specified Ras related botulinum toxin substrate 1 (RACI1)

605747 1p36-p35 LDL receptor adaptor protein | (LDLRAPI)

600160 9p21 Cyclin dependent kinase inhibitor 2A
(CDKN24)

182138 Tqll.1ql2 Solute carrier family 6 member 4 (SLC6A44)

120180 2q31 Collagen type 11l alpha | (COL3AT)

147679 2q14.2 Interleukin | receptor antagonist

123260 1g21—g23 C reactive protein, pentraxin related; (CRP)

607093 1p36.3 5"10" methylenetetrahydrofolate reductase
(MTHFR)

236200 21q22.3 Homocystinuria

607314 - Homocysteinemia
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McCully (1969) reported two patients with extremely high homocysteine
levels; the affected individuals had arterial lesions in larger, medium, and minute
sized arteries, and the arterial lesions affected numerous arterial beds. One patient was
only two months old and other patient was cight years old, both patients had different
enzyme defects but the underlying causative molecule was homocysteine in both the
patients (McCully, 1969). The patient characteristics and the implicated causative
agent changed the previous concept, and homocysteine theory of atherosclerosis was
finally postulated.

In an experimental series, rabbits developed aortic and arterial plaques,
emboli, and tissue infarctions after they were injected or fed homocysteine and
methionine (McCully and Wilson, 1975). Homocysteine has been extensively applied
(o explain the pathophysiological aspects of atherosclerosis. The Hey theory gained
more support, after homocysteine and its derivatives were confirmed as autonomous
causative agents in large cohorts of coronary artery disease, stroke, and artery
disease patients (Wilcken and Wilcken, 1976: Refsum et al., 1998).

1.6.2  Homocysteine metabolism

Homocysteine is involved in two metabolic pathways, the reversible
transmethylation (remethylation) pathway and the irreversible transsulfuration
pathway. In the transmethylation pathway homocysteine flips over with methionine,
whereas in transsulfuration pathway homocysteine is irreversibly converted to
cystathionine (Welch and Loscalzo, 1998). Methionine can be obtained from diet,
from the body proteins, as well as from homocysteine and betaine (Finkelstein. 1998;
Welch and Loscalzo, 1998). In transmethylation pathway, homocysteine acquires a
methyl group from *N° methy! tetrahydrofolate’ and is converted to methionine,
through a reaction catalyzed by vitamin B12 dependent *methionine synthase’ (MTR)
enzyme. The methyl donor for the reaction; N° methyl tetrahydrofolate is formed
from N°, N'’ methylene tetrahydrofolate through another enzyme, ‘N°, N'* methylene
tetrahydrofolate reductase’ (MTHFR). The methionine in turn can lead either to
formation of body proteins, or it can be demethylated to form homocysteine through §
adenosyl methionine (SAM, also called AdoMet) and S adenosyl homocysteine
(SAH, also called AdoHcy) (Jakubowski, 2008; Trabetti, 2008). The only recognized
source of homocysteine in the human body is S adenosyl homocysteine (Trabetti,
2008).

&
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When methionine is in excess or when the body requires cysteine, then MTR
is inhibited and homocysteine turns to the transsulfuration pathway, where
homocysteine is irreversibly converted to cystathionine through vitamin B6 dependent
“cystathionine beta synthase” (CBS) enzyme (Welch and Loscalzo, 1998; Trabetti,
2008). Cystathionine is converted by another vitamin B6 dependant enzyme ¥
cystathionase (cystathionine y lyase) to form cysteine and a—ketobutyrate (Trabetti,
2008). Hey can also be obtained when ‘homocysteine thiolactone’ is converted to Hcy
through the thiolactinase action of the vital enzyme termed paraoxonase 1 (PONT)
(Perla-Kajan and Jakubowski, 2010). The cycles of homocysteine are shown in Fig.
13

1.6.3  Factors modulating homocysteine levels

Many factors, physiological as well as pathological, modulate the blood
homocysteine levels. Age, gender, and nutrition are some important physiologic
modalities that control the blood homocysteine levels. Normally, men have higher
homocysteine levels than women, and individuals have higher levels on empty
stomach as compared to the levels after meals. Normal homocysteine levels also
change with age, the average level is 10.8 pmol/L during middle age group (40-45
yrs), and the level increases to 12.8 pumol/L during old age (65-67 yrs) (Nurk et al.,
2001). Hyperhomocysteinemia, which is the elevated Hey levels beyond the cut off
range, is categorized into three subtypes depending on the blood homocysteine
concentration, these include: moderate hyperhomocysteinemia (between 12-30
pmol/L); intermediate (31-100 pmol/L); and severe (>100 pmol/L) (Weiss et al.,
2002). Most of the homocysteine in plasma is transported in a *protein bound’ form,
as disulfide of ‘homocysteine-cysteine’ or as ‘homocystine’ (disulfide of
homocysteine-homocysteine), the remaining minute amount is present as free or
reduced form (Beltowski, 2005).

1.6.4 Genetic causes/inborn metabolism errors

The case study reported by McCully (1969), was the classical example of the
inborn  errors  of homocysteine metabolism (severe hyperhomocysteinemia—
homocystinuria). One patient had CBS enzyme deficiency and the other patient
suffered from the MTR enzyme deficiency (McCully, 1969). Both the patients had
multivessel  disease, generalized endothelial dysfunction and generalized
atherosclerotic disease. In addition to the above mentioned enzyme defects,

“
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homocystinuria can result secondary to MTHFR enzyme deficiency as well (Kanwar
et al, 1976: Welch and Loscalzo, 1998). The inbomn errors of homocysteine
metabolism have autosomal recessive mode of inheritance, with affected individuals
having very high levels of plasma homocysteine (>100 umol/L) and detectable levels
in urine samples (Welch and Loscalzo, 1998).
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Fig. 1.3. The important molecules and enzymes in homocysteine pathway. THF

(tetra hydrofolate), CH~THF (N*, N1 Methylene-tetrahydrofolate), CHy~THF (N,
Methyl-tetrahydrofolate), Met (Methionine), Hey (Homocysteine), SAM (S Adenosyl
methionine), SAH (S Adenosyl homocysteine), Hey-thiol (homocysteine thiolactone).
The enzymes modulating the transmethylation homocysteine pathway include Vit. B2
dependant MTHFR (N°, N' Methylene tetrahydrofolate reductase), Vit. BI2
dependent MTR  (Methionine synthase), BHMT (Betaine homocysteine
methyltransferase) and SAM Methylase (including SAM methyltransferase and
nicotinamide N methyltransferase). The enzymes modulating transsulfuration
pathway includes Vit, Bé6 dependent CBS (Cystathionine B synthase) and
cystathionine y lyase. MTHFR converts CHy>THF to CH;~THF, Met converts to Hcey
through two intermediates, SAM and SAH. Conversion of Hey to Met is catalyzed by
MTR and BHMT, Formation of cystathionine and cysteine is catalyzed by Vit. B6
dependent enzymes CBS and cystathionine ¥ lyase.
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Severe hyperhomocysteinemia is associated with several systemic findings,
including the eye abnormalities (ectopia lentis or displaced optical lens), skeletal
abnormalities (deformity and/or osteoporosis), vascular disorders (premature athero—
thrombotic disease), and mental retardation. The homozygous mutations affecting
MTHFR and CBS enzymes are associated with severe hyperhomocysteinemia, with
adverse cardiovascular disease before individuals are 20 years of age and mortality
occurs in affected individuals by the age of 30 (Mudd et al., 1985; Welch and
Loscalzo, 1998).

The individuals with heterozygous enzyme deficiency and point mutations in
the homocysteine pathway genes exhibit less remarkable disease and mild to
intermediate  hyperhomocysteinemia. However these individuals still are at an
increased risk to develop cardiovascular disease and complications (Welch and
Loscalzo, 1998).

1.6.5 Significance of Vitamins

Several B vitamins act as cofactors for enzymes in the homocysteine
pathway, therefore the vitamin B category is of considerable importance in
hyperhomocysteinemia. As vitamin B6 is a necessary cofactor for CBS and
cystathionine v lyase, it is therefore required for activity of the enzymes in the
transsulfuration pathway. Reduced intake or deficiency of vitamin B6 are related to
higher homocysteine levels and enhanced risk of discases like CAD (Morris et al.,
2008).

Folate (or vitamin B9) is an integral constituent of homocysteine
remethylation pathway; diminished folate levels lead to inadequate formation of
methyltetrahydrofolate (the methyl donor for methionine formation). Inadequate
intake or deficiency of folate is related to hyperhomocysteinemia, especially in the
context of genetic abnormalities. High folate intake reduces the disease status and
reduces the homocysteine levels in affected individuals (MacMahon et al., 2000; de
Bree et al., 2001). Higher blood levels of folic acid and vitamin B6 or higher dietary
intake of folic acid and vitamin B6 diminish the homocysteine levels, and result in a
decrease in incidence of cardiovascular disorders (Selhub et al., 2000).

Vitamins B12 and B2 are the cofactors for MTR and MTHFR enzymes
respectively. Both vitamins catalyze different reactions of homocysteine

transmethylation cycle and modulate the ‘methylation’ of homocysteine to form
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methionine. Lower blood levels and lower dietary intake of folic acid, vitamins B2,
B6 and B12 individually, are associated with higher homocysteine levels (Chen et al,,
2005). Deficiency of vitamin B12 and folate synergistically elevate homocysteine,
whereas increased dietary intake of the B vitamins decreases the elevated
homocysteine concentration (MacMahon et al., 2000; Chen et al., 2003).

1.6.6  Hyperhomocysteinemia, Mechanism of Action and Atherosclerosis
1.6.6.1 Homocysteine and protein homocysteinylation

Hyperhomocysteinemia results cither due to high protein or methionine
intake. due to nutritional deficiency of essential vitamin cofactors, or due to genetic
abnormalities in the enzymes of homocysteine pathway. Excess homocysteine is toxic
to the body, and causes atherosclerosis and vascular disease, however there is ongoing
debate as to the mechanism of harmful effects. An important proposed mechanism is
the formation of Hey-thiolactone (Hey-thiol) and resultant protein N-
homocysteinylation (Beltowski, 2005; Jakubowski, 2006). In hyperhomocysteinemia,
homocysteine (instead of methionine) incorporates with Met-RS, during translation.
The Met-RS bound homoeysteine (homocysteinyl adenate) leads to formation of the
Hey-thiol. Hey-thiol reacts with amino groups of lysine residues in the proteins, and
results in N~homocysteinylation of the proteins through amide bonding (Jakubowski,
2006).

The N-homocysteinylated protein (N-Hey protein) results in damaging
consequences in a number of ways, N-Hcy proteins have aberrant protein folding
tendency. and undergo spontancous denaturation and aggregation ultimately leading
to cell death (Jakubowski, 2006; Jakubowski, 2008). Homocysteinylation can result in
protein inactivation; for example PON! is inactivated, with resultant elevated Hey-
thiol levels (and therefore amplification of protein homocysteinylation).
Homocysteinylation not only inactivates albumin and hemoglobin, but also increases
their destruction by oxidation. N-homocysteinylation of fibrinogen results in the
formation of blood clots with higher resistance to clot lysis. The homocysteinylation
of fibrin also involves those lysine residues where tissue plasminogen activator (tPA)
and plasmin bind, and this may explain resistant clots, and increased risk for CAD in
hyperhomocysteinemic individuals (Jakubowski, 2008). Protein homocysteinylation
also severely affects the body by autoimmune mechanism. Autoantibodies (of IgG
variety) directed against Hey—lysine epitopes accumulate in the body particularly in
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patients with CAD and cerebrovascular discase. The Hey-thiol mediated damage
therefore results in reduced cellular viability, activated proinflammatory processes,
autoimmune mechanisms as well as enhanced thrombosis (Jakubowski, 2006;
Jakubowski, 2008).

1.6.6.2 Homocysteine and clotting cascade

Homocysteine is associated with higher levels of circulating tissue factor and
it also induces tissue factor release from the endothelial cells (Fryer et al., 1993;
Marcucei et al., 2000). Tissue factor is a strong activator of coagulation factor VI
Activated factor VII then results in activation of the downstream factor X and along
with activated factor V, activation of factor Il (prothrombin) to thrombin.
Homocysteine also directly results in the activation of factor V through an endothelial
activator (Rodgers and Kane, 1986), favoring enhanced thrombin formation.
Thrombin also exerts positive feedback by enhancing activation of factors V and VIL.
Flevated thrombin levels result in the cleavage of fibrinogen to fibrin. Fibrin is the
most critical protein for formation of blood clots, thrombosis, and resultant tissue
infarction; hyperhomocysteinemia therefore activates coagulation proteins and favors
thrombogenesis (Rodgers and Kane, 1986: Masuda et al., 2008).

Homocysteine also favors thrombogenesis by inhibiting the antithrombotic
agents and by inhibiting fibrinolysis. Hyperhomocysteinemia reduces anticoagulation
by inhibiting potent anticoagulant, “antithrombin 111" (Palareti et al., 1986). Thrombin
normally activates fibrin and favors thrombosis and clotting. Interestingly however,
through an alternate mechanism, thrombin can modulate anticoagulation as well. This
alternate effect is accomplished via activation of thrombomodulin and protein C.
Thrombin on binding with thrombomodulin, leads to conversion of protein C to
activated protein C (APC) which inhibits coagulant protein V and VIII, thereby
disrupting the coagulation and clot formation (Rodgers and Conn, 1990; Lentz and
Sadler, 1991; Hayashi et al., 1992). Homocysteine favors thrombosis and clotting as it
also inhibits both thrombomodulin and APC (Rodgers and Conn, 1990; Lentz and
Sadler, 1991; Hayashi et al., 1992). The Hey-thiol modified fibrin clots are relatively
firm with reduced permeability, which decreases the prospect of fibrinolysis by
plasmin and such clots are also resistant to lysis by aspirin (Undas et al., 2006).
Plasminogen and tissue plasminogen activator bind to fibrinogen through its lysine

residues. and since Hey—thiol also targets lysine residues of fibrin; fibrinolysis is
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inhibited (Jakubowski, 2006). Furthermore, homocysteine reduces lipoprotein A (Lp
A), reduced Lp A has very high affinity for fibrin and therefore inhibits fibrinolysis
by competitive inhibition of fibrin and plasmin interaction (Harpel et al.. 1992). Hey-
thiol induced fibrinogen modification results in enhanced thrombosis and vascular
damage (Undas et al., 2006; Jakubowski, 2008).

1.6.6.3 Homocysteine and LDL

Hyperhomocysteinemia causes homocysteinylation of LDL to yield modified
‘Hey-LDL’, Homocysteine at the same time can undergo autooxidation resulting in
the production of enhanced ROS; including hydrogen peroxide and superoxide: lipid
oxidation, and formation of ‘ox-LDL'. Such meodified LDL molecules (Hey-
LDLfox-LDL) are readily incorporated into macrophages favoring formation of foam
cells (which marks the initiation and progression of atherosclerosis) (Perna et al.,
2003: Ferretti et al., 2004). In addition to ROS induced indirect damage, Hey-LDL
directly induces cell damage by peroxidation of lipids and through oxidation mediated
damage to endothelial cells (Welch and Loscalzo, 1998; Perna et al., 2003; Ferretti et
al.. 2004). Modified LDL molecules mediate direct and indirect damage resulting in
atherosclerosis, plaque destabilization, and the formation of foam cells. Homocysteine
is also a source of circulating tissue factor providing an additional mechanism for

plague instability (Marcucci et al., 2000).

1.6.6.4 Production and modulation of NO

One component of Hey mediated endothelial dysfunction is dependent on
nitric oxide (NO), a derivative of amino acid ‘L-arginine’. L-arginine administration
(oral or parentral) is linked to the vasodilatory responses and decline in endothelial
dysfunction in patients with hypercholesterolemia, hypertension, and patients with
atheromatous coronary vessels (Creager et al., 1992; Lekakis et al., 2002; Siasos et
al.. 2007). Three different enzymes are correlated with NO synthesis and are termed
NOS (the nitric oxide synthases). These are named according to the tissues that
express them as: neuronal NOS or nNOS (NOS1), inducible NOS or iNOS (NOS2),
and endothelial NOS or eNOS (NOS3). NOSI is expressed in the neuronal tissue,
NOS2 is induced in a wide array of cells and tissues, while NOS3 is expressed by the
endothelial cells (Alderton et al., 2001).

NOS enzymes have differences in their effects and in their downstream

effiectors. Cells rich in NOS can produce not only NO but also other nitrogen reactive

e —— e
32



CHAPTER | GENERAL INTRODUCTION

species such as nitroxyl compounds (NO/HNO) and peroxynitrite compounds
(ONOO/ONOOH) (Alderton et al.,, 2001). The stimulation of eNOS results in the
spontaneous production of NO and inhibition of atherosclerosis. In contrast, INOS on
stimulation releases peroxynitrite resulting into enhanced atherosclerosis (Alderton et
al.. 2001; Loscalzo, 2003). The atherogenic potential of iNOS activation and
expression is revealed by the fact that apoE/INOS™ animal models have attenuated
atherosclerosis (Loscalzo, 2003). nNOS/iNOS on activation support the production of
nitroxyl compounds (instead of NO), and the nNOS/INOS enzymes synthesize NO
only in the presence of another enzyme the superoxide dismutase (SOD). SOD
mediates rapid oxidation of the NO™ generated by NOS to NO, and it also removes the
‘superoxide’ that would otherwise convert the available NO to peroxynitrite. This
means that SOD inhibits the atherogenic tendencies of NOS (Murphy and Sies, 1991;
Hobbs et al., 1994; Schmidt et al., 1996). Hypercholesterolemia is associated with
increase in endogenous production of the enzyme ‘asymmetric dimethyl arginine’
(ADMA), which is a potent inhibitor of NOS and of NO production, providing an

additional mechanism for vascular disorders (Leiper and Vallance, 1999).

1.6.6.5 Homocysteine mediated NO metabolism and endothelial dysfunction

Homocysteine can directly activate NE-xB and can additionally induce
cytokine based activation of NF-xB. NF—kB in turn modulates clevated iNOS mRNA
level, and elevated iNOS enzyme production and activation. Elevated production of
iNOS by NF-xB results in oxidative trauma, severe inflammation and atherogenesis
(Welch et al., 1998). Hey also inactivates enzymes that have antioxidant properties
like SOD and glutathione peroxidase (Weiss et al., 2001), These reactions favor
formation of ROS and peroxynitrites, and cause endothelial dysfunction (Weiss et al.,
2001; Weiss, 2005). L-arginine is also a substrate for creatine production. Creatine is
formed after L-arginine catalyzed formation of guanidino—acetate, the latter
compound then amplifies homocysteine generation by catalyzing conversion of S
adenosyl methionine (SAM) to S adenosyl homocysteine (SAH) (Loscalzo, 2003).
This hypothesis is strengthened as |-arginine administration results in increased
production of creatine/guanidino-acetate/Hey, and in enhanced ‘Hcy mediated
release’ of ROS and markers of inflammation/vascular disease (Weiss et al., 2001;
Loscalzo, 2003).

H
33




CHAPTER ! GENERAL INTRODUCTION

eNOS-induced NO acts on endothelium and depresses cellular migration
(resulting in dampening of immune responses), whereas peroxynitrite results in
ancilliary cellular migration by altering the endothelial gap junctions (Goligorsky,
2000). Homocysteine, decreased intermediates of oxygen, and asymmetric dimethyl-
arginine (ADMA) are potent inhibitors of eNOS mediated NO production and favor
peroxynitrite generation from other NOS enzymes (Goligorsky, 2000). Homocysteine
also inhibits dimethyl-arginine dimethyl-aminohydrolase enzyme (DDAH), a potent
inhibitor of ADMA, Hcy mediated inhibition of DDAH results in higher ADMA
levels, and associated decreased production of NO and higher peroxynitrite
production (Stuhlinger et al., 2001). Hey-thiol by generating peroxynitrite results in
the modification of LDL molecules, in the peroxidation of lipids, and production of
the “ox-LDL’. Ox-LDL/modified LDL in tum inhibit the expression and activity of
¢NOS and stimulate extended production of detrimental superoxide and ROS by
eNOS itself (Rosenkranz-Weiss et al., 1994; Pritchard et al., 1995; Leeuwenburgh et
al.. 1997). All these mechanisms counter the protection and the anti atherogenic
effects mediated by NO, and shift to the situation where atherosclerosis, thrombosis
and endothelial dysfunction develop and result in vascular disease (Rosenkranz-Weiss
et al., 1994; Pritchard et al., 1995: Leeuwenburgh et al., 1997).

1.7  Homocysteine and its putative receptor

N-methyl-D-aspartate (NMDA) receptor is also implicated with mediation
of downstream effects of Hey. The Hey-NMDA receptor complex leads to ROS
mediated vascular damage, cell death, enhanced cellular calcium entry, and disrupted
endothelial function. Homocysteine causes vascular disease and plaque instability by
autoimmune and ox-LDL mediated mechanisms, and additionally by inhibiting
cellular ATP levels through the NMDA mediated calcium entry, loss of cellular
respiration, and resultant cellular apoptosis (McCully, 2009). Recent reports indicate
that homocysteine is the ligand for other receptors in addition to NMDA. These
include gamma amino butyric acid (GABA) and PPAR. Homocysteine acts on and
represses these receptors 1o result in disrupted endothelium and MMP-mediated
destruction of vascular matrix. The therapeutic agonists of the GABANMDA/PPAR
receptors reverse the adverse manifestations of elevated Hey levels, corroborating the
significance of these receptors in homocysteine driven cardiovascular disorder (Steed
and Tyagi, 2010).

#
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AIMS / HYPOTHESIS OF THE STUDY

Aims and objectives of the Study conducted in USA

The aim of the study was to isolate peripheral blood mononuclear celis for
determination of transcriptomic signatures, to ascertain the gene expression
differences and genetic variants associated with peripheral vessel disease, by

microarray technology.

Aims and objectives of the Study conducted in Pakistan
The aim of the study was to identify the allele variants in the homocysteine pathway
associated with CAD, and to determine gene-gene interactions or epistasis, using tetra

primer allele refractory mutation system (ARMS) polymerase chain reaction (PCR).
HYPOTHESIS OF THE STUDY

Hypothesis of Study conduected in USA

The hypothesis was that RNA isolated from PBMC can be employed for hybridization
to microarrays and can provide a list of differentially expressed genes between PAD
cases and controls. It was also hypothesized that the results can be validated by
subsequent microarray study and analogous gene variants can serve as biomarkers for
PAD diagnosis and discase association.

Hypothesis of Study conducted in Pakistan

The hypothesis for this study was that tetra primer ARMS PCR can effectively and
reliably detect the polymorphisms studied. Additional hypothesis was that a subset of
the polymorphisms might be positively associated with coronary artery disease and
might individually or through gene - gene interactions, predict risk for CAD.
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SUMMARY

Circulating mononuclear cells are in contact with the blood vessel wall and
can serve as reporters of vascular pathology. Gene expression analysis was carried out
in patients with peripheral arterial disease (PAD) and control subjects, through
peripheral blood mononuclear cells (PBMC). This was a two-step microarray study:
with a “discovery set” comprising of nine PAD patients and nine control subjects
(without PAD), and a “validation set” comprising of ten patients and nine subjects
without PAD. The diagnosis for PAD was based on an ankle brachial index (ABI),
individuals with ABI < 0.9 were diagnosed as cases while individuals with ABI > 1.0
were diagnosed as control subjects. PBMC were isolated from whole blood using the
density gradient centrifugation. Total RNA extracted from samples was hybridized to
Affymetrix HG U133 Plus 2.0 microarrays. Genes having a fold change >1.5 were
considered differentially expressed. The resultant gene list was subjected to unpaired
Mann-Whitney test (P<0.05) and further correction for multiple testing by Benjamini
Hochberg false discovery rate.

At fold change > 1.5, the differentially expressed genes, simultaneously in
both the sets consisted of a total of 30 genesftranscripts with 29 genes and one non
annotated transcript. Of total 29 genes, 22 genes had higher expression (were
upregulated) and 7 genes had lower expression (were downregulated) respectively, in
cases as compared to the controls. Functional analysis of the differentially expressed
genes, through gene ontology, revealed that these genes regulate a wide array of
important metabolic and molecular functions. The genes and their functions include
CSorf4l (modulation of gene transcription); FCAR (modulation of immunity);
CFLAR (cell death); KLF6, DUSPI, and ILS (activation of MAPK signalling cascade,
activation of cytokines, chemokines, and immune responses), NAMPT (insulin
metabolism and insulin sensitivity); TRAF3IP3 (cell growth); and CFH (modulation
of complement/coagulation cascade). Gene expression profiling of PBMC identified a
set of 30 differentially expressed genes/transcripts. These differentially expressed
genes modulate inflammatory pathways including gene transcription, immunity,
cellular signalling pathway, and cell death or apoptosis. The genes and pathways
highlighted by the present study may add to the insights into the genetic architecture,
and mechanisms associated with progression of PAD.
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INTRODUCTION

The studies that scrutinized microarray analysis of peripheral blood
mononuclear cells (PBMC) and peripheral blood cells in healthy asymptomatic individuals
revealed individual genetic variation, differential gene expression, and highlighted the use of
these cells for genetic analyses (Whitney et al., 2003; Eady et al., 2005). Previously,
circulating peripheral blood cells have been studied in relation to various
cardiovascular disorders. Microarray analysis of coronary and peripheral vessels, and
human coronary endothelial cells, has provided new insights into the genes and
pathways involved in coronary artery disease and peripheral artery disease (Blaschke
et al., 2004; Wyler von Ballmoos et al., 2006; Dahl et al., 2007; Evans et al., 2008; Fu
et al., 2008). The significance of PBMC is illustrated by the finding that PBMC have
been effectively used for differential genetic expression and pathway analysis in CVD
(Aziz et al., 2007), elevated blood pressure (Timofeeva et al., 2006), CAD (Wingrove
et al., 2008; Rosenberg et al., 2010) and ischemic stroke (Waehre et al., 2004; Patino
et al., 2005; Wingrove et al., 2008; Meier et al.. 2009; Stamova et al., 2010).

Peripheral artery disease (PAD) serves as a model of diffuse atherosclerotic
vascular disease as it is frequently concomitant with atherosclerosis of coronary and
cerebral vessels. Risk factors for atherosclerosis include increasing age, male gender,
physical inactivity, high BMI, high blood pressure, elevated cholesterol, diabetes, and
smoking, as well as novel risk factors such as elevated homocysteine levels
(hyperhomocysteinemia), C—reactive protein, and fibrinogen. Of the conventional risk
factors, diabetes and cigarette smoking are more strongly associated with PAD as
compared to coronary artery disease (CAD) (Hirsch et al,, 2006; Rosamond et al.,
2007). The phenotypes, findings, and progression of these multigenic distinct entities
are diverse, suggesting that differences exist in their causative pathways.

The genes and the transcript variants related to PAD and responsible for the
vascular disease phenotypes have been elusive and as yet are unidentified. It is
expected that PAD affects 8 - 12 million adults in United States, and is associated with
severe complications, morbidity, and mortality (Hirsch et al., 2001). With addition of
prevalence of PAD in European population, the combined disease prevalence rises to
as high as 27 million (Belch et al., 2003). Individuals with PAD are at increased risk

to develop MI and stroke, with the mortality factor increased two to three fold in PAD
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cases compared to those without the disease (Dormandy, 1995). PAD is the surrogate
for diffuse atherosclerosis and since the peripheral blood cells are in contact with
diseased tissue, these can be used for gaining insight into the mechanisms and
genetics of disease processes and disease progression (Hansson, 2005; Ardigo et al.,
2007).

21 Genetic Studies for identification of PAD

There is an enormous list of disease conditions, loci, and genes associated
with the peripheral artery disease (Table 1.1). Many of the designated loci and genes
have not been validated, Genomic studies can be designed to merit greater emphasis
on the validation of the associated loci, Two relatively new technical advances have
been added to genetic studies, the *gene expression analysis’ and ‘the genome wide
association studies’ (GWAS). These techniques can be reliably used for re-evaluation
of the tentative genetic information. GWAS has tremendous potential to discern the
QTL across the whole genome and the expression arrays can detect expression signal
differences between cases and controls, Both techniques gain utility as the data
generated have also been validated by RT-PCR or subsequent microarrays (Bull et
al., 2004; McPherson et al., 2007; Samani et al., 2007; Welcome Trust Case Control
Consortium, 2007; Kooperberg et al., 2010; Risbano et al., 2010).

2.1.1 Expression studies

The gene expression studies for PAD have mostly focused on transcriptome
analyses of the limb vessels and have identified genetic variants associated with the
peripheral arterial disease (Evans et al., 2008; Fu et al., 2008). The expression studies
indicate a number of genes to be associated with the carotid artery disease and
abdominal aortic aneurysm (Dahl et al., 2007: Rossi et al., 2010). The gene expression
studies have used circulating cells, not for the peripheral arterial occlusive disease, but
for analyses of alternate phenotypes such as CAD, Kawasaki disease, arterial and
pulmonary hypertension (Bull et al., 2004; Timofeeva et al., 2006; Furuno et al..
2007; Wingrove et al., 2008; Meier et al., 2009; Risbano et al., 2010),

2.1.2 Genome-wide association studies

The genome-wide association studies (GWAS) have been made feasible
through the discovery of millions of single nucleotide polymorphisms (SNPs)
following completion of the Human Genome Project (Lander et al., 2001; Venter et

ﬁ
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al., 2001). It is estimated that there exist 10 million SNPs in the human genome and
these constitute the individual variations in the human population (Lai, 2001; The
International HapMap Project, 2003). The estimation of linkage disequilibrium (LD)
of the human genome, through the HapMap Project (The International HapMap
Project, 2003; International HapMap Consortium, 2005), and the newer, cost
effective, human SNP genotyping microarrays and analytical programs have made
possible the analyses of causative loci and SNPs associated with the disease status
(International HapMap Consortium, 2003; Syvanen, 2005; Hu et al., 2006; Xiao et al.,
2007; Beaudet and Belmont, 2008).

The initial GWAS for PAD were undertaken in 2008 and two SNPs
rs10757278 (also associated with CAD, and intracranial aneurysm) and rs1051730
(also associated with smoking and lung cancer) were found associated with abdominal
aortic aneurysms/PAD (Helgadottir et al, 2008; Thorgeirsson et al., 2008). The
former SNP (rs10757278), at locus 9p21 highlighted gene variants CDKN2A and
CDKN2EB with PAD; whereas the latter SNP (rs1051730) at locus 15q24 associated
CHRNA3 gene with PAD (Helgadottir et al., 2008; Thorgeirsson et al., 2008). In a
GWAS for PAD in Japanese PAD cases four SNPs at chromosomal location 3p22.3
and involving OSBPLI10 gene were found strongly associated with PAD (Koriyama et
al., 2010). GWAS through “analysis of clectronic medical record” has recently been
applied for red blood cell (RBC) traits in PAD patients and has revealed four genomic
loci (including three previously associated loci) as strongly associated with these traits
(Kullo et al., 2010).

2.2 Microarray Based Gene Expression Platforms

Microarrays are latest genomic technologies that have the capacity to analyze
the entire human genome and gene expression simultaneously. Microarray
technologies have been applied for detection of the whole human genetic differences
between cases and controls; and for the detection of genetic differences in cells and
tissues in response to medications (Archacki and Wang, 2004; Bemmo et al., 2010;
Lu et al., 2010; Peng et al., 2010; Shack, 2011).

2.2.1 Affymetrix microarray system

The human expression analysis microarrays by  Affymetrix®
(hitp://www.affymetrix.com) include the “3" IVT (in vitro transcription) based
expression GeneChips™ and the “Whole Transcription Expression GeneChips”. The
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3'IVT expression arrays include the HG U133 series (HG U133 Plus 2.0, HG UI33A
2.0, HG U133 set-A/B arrays, and HG focus); and the HG U935 series (HG U95Av2,
HG U95B, HG U95C, HG U95D, and HG U95E). Of these HG U133 Plus 2.0
GeneChip® targets the maximum number of genes/transcripts. Affymetrix HG U133
Plus 2.0 arrays have 54675 probesets to cover the entire annotated and a subset of the
unannotated genes (http:/www.affymetrix.com), (Higo et al, 2006; Bjork and
Katadar, 2007). The annotations for HG_U133 Plus 2.0 microarrays are derived from
multiple sources, the NCBI resources include the: GeneBank  database
(http://www.ncbi.nlm.nih.gov/genbank); the  dbEST  NCBI database
(http://www.ncbi.nlm.nih.gov/projects/dbEST); UniGene Build 131 and Build 159,
(http://www.ncbi.nlm.nih.gov/unigene); and NCBI human genome assembly Build
31. The clusters thus obtained have been refined and confirmed by the two non NCBI
sources: the Washington University EST trace repository, and 2001 release of
University of California, Santa Cruz human genome database
(www.genome.ucsc.edw/cgi-bin‘hgGateway).

The whole transcription expression arrays include *Human Gene 1.0 ST
arrays’ and ‘Human Exon 1.0 ST arrays’. The Human Exon 1.0 ST arrays cover more
probes per exon, and more probes per gene as compared to the Human Gene 1.0 ST
arrays. It also targets more genes (annotated as well as un-annotated) as compared to
Gene 1.0 ST, has better and enhanced coverage of gene expression, and is therefore
considered highly sensitive for expression analysis of genes with alternately
inititiated, terminated, and spliced gene variants (http://www affymetrix.com),
(Bemmo et al., 2008; Ha et al., 2009). Human Gene 1.0 ST microarray has probes for
coverage of the entire length of the, specifically, well annotated genes (28,869 genes),
and like the Human Exon 1.0 ST arrays covers the alternate spliced transcripts of the
studied genes (hitp://www.affymetrix.com), (Ha et al., 2009; Kabakchiev et al., 2010).

The whole transcript expression arrays are used for gene expression analyses,
and to study the effects of various isoforms and alternate spliced gene variants on
discase status as well as on response to medication (Gardina et al., 2006; Kohli et al.,
2009; Wiederholt et al., 2009; Bemmo et al., 2010; Hindle et al., 2010; Kabakchiev et
al., 2010; Saghir et al., 2010). The 3'IVT expression arrays are used when association
of global gene expression (annotated as well as un—annotated genes), is required to be
ascertained with the disease status or with effects of medication (Zhang et al., 2004;
Cardinal et al., 2007; Lu et al., 2010; Schwientek et al., 2010; Yang et al,, 2010a; Lee
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et al., 2011). Despite the individual differences between the study designs, there are
highly comparable results of expression analysis between the HG U133 Plus 2.0
arrays with the whole transcript Human Gene 1.0 ST and Human Exon 1.0 ST arrays.
Highly analogous results between these arrays accentuate their utility for expression
analyses (Okoniewski et al,, 2007; Bemmo et al., 2008; Pradervand et al., 2008;
Linton et al., 2009).

2.2.2 Agilent microarray system

Agilent® provides a vast array of human gene expression microarrays and
human exon arrays. The Agilent human gene expression arrays include three array
types: (i) SurePrint G3 Human Gene Expression 8x60 K arrays; (ii)) Human Gene
Expression 4x44 K v2; and (iii) Whole Genome Microarrays 4x44 K. The SuperPrint
G3 arrays have 27,958 probesets for detection of Entrez genes and 7,419 probes for
detecting lincRNAs (long, interginic, non coding RNAs). Human Gene Expression
4x44 K arrays query 34,127 Entrez genes, and the Whole Genome 4x44 K
Microarrays ~ have  probesets  for  coverage of 43,376 genes
(http://www.genomics.agilent.com). The human exon arrays (for gene expression and
alternate spliced variants analyses) include two array subtypes: (i) SurePrint G3
Human Exon 2x400 K arrays; and (ii) SurePrint G3 Human Exon 4x180 K arrays.
The former microarrays target 27,696 genes and have additionally 233,164 probes for
exons, whereas the latter exon arrays have probesets targeting 20,411 genes and
174,458 probes for exonic sequences (http://www.genomics.agilent.com), for the
coverage of alternate spliced transcripts,

The Agilent arrays are single color as well as dual color arrays, whereas
Affymetrix and Illumina arrays are single color arrays. The control or patient samples
are alternately stained, with Cy3 or Cy5 (fluorescent water soluble cyanine dyes) and
vice versa. The Agilent expression microarrays have been extensively used for gene
expression analyses and for analyses of differentially regulated genes in context of the
disease status and response to medication (Verstraclen et al., 2009: Cai et al., 2010;
Gruber and Holtz, 2010; Muggerud et al., 2010; Riis et al., 2010; Khoo et al., 2011).

2.2.3 Tlumina microarray system

For the gene expression analysis, the Illumina genome scale Beadarrays®
synthesized by lllumina include the Sentry® HumanWG-6, HumanWG-6 vZ,
HumanWG-6 v3, HumanRef-8, HumanRef-8 v2, HumanRef-8 v3, HumanHt-12 v3,

h
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and HumanHt-12 v4. The numbers 6, 8, and 12 signify the number of samples that
can be assayed simultaneously by the individual Beadchip (http//www.illumina.com).
Each of the Beadchip has individual number of probesets for the gene expression:
Human-6  Expression Beadchips have in excess of 46,000 probes
(for each one of the 6 samples in a single Beadchip); Human-6 v2 Beadchip has
excess of 48,000 probes; HumanRef-8 Expression Beadchip has coverage for the
genome with more than 24,000 probes (for each of the 8 samples in the Beadarray);
HumanRef-8 v2 targets 22,000 probes for the genes and the alternate spliced gene
variants; HumanHt-12 v3 and v4 Beadchips can analyze 12 samples on a single
Beadchip with 48,000 and 47,000 probesets, respectively (http://www.illumina.com).
The HumanWG-6 v3, HumanRef-8 v3, HumanHt-12 v3, and HumanHt-12 v4 are
relatively new and up to date additions in the Illumina microarrays. HumanWG-6 v3
and HumanRef-8 v3 have been redesigned from their respective v2.0 counterparts
with additional sequences from UniGene database
(http://www.ncbi.nlm.nih.gov/unigene), as well as from the dbEST database
(http://www.ncbi.nlm.nih.gov/projects/dbEST) for more comprehensive genetic
coverage.

lllumina Beadarrays® have utility in global gene expression analysis,
delineating the genetic differences between cases and controls, and uncovering the
effects of medications on genetic expression (Rozanov et al., 2008; LaBonte et al.,
2009; Mhawech-Fauceglia et al., 2010; Niedoszytko et al,, 2011; Rudkowska et al.,
2011). The high concordance between the [llumina Beadarrays® and Affymetrix HG
Ul33 Plus 2.0 arrays bear significance to and highlight the comparable gene
expression analysis by these disparate microarray platforms (Bames et al,, 2005;
Pradervand et al., 2008; Du et al., 2009).

The first objective of the present study was to establish the feasibility of
using PBMC for the gene expression analysis in ‘PAD’. The second objective was to
ascertain the differentially expressed genetic variants in PAD cases and controls, for
better insights into the pathophysiological aspects of vascular disease of the lower

extremities.
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MATERIALS AND METHODS

2.3.1 Study design

The present is a dual step expression study, with the first group termed
“discovery set”, and the following group termed “validation set”, of the PAD cases
and controls. The genes were designated as differentially regulated or expressed if
they had fold change difference equal to or greater than specified cut off; genes were
present in both the seis (discovery set as well as validation set); and the
genes/transcripts  had  analogous expression profiling  (either upregulated or
downregulated in both studies, respectively), as shown in Fig. 2k

Genespring GX 1.0
Normalization method: RMA, Expression value2 20%, Fold change 2 1.5
Statistical test: Mann Whitney (unpaired), p<0.05
Multiple testing: Benjamini Hochberg FDR

ryrym——" s
“194' upregulated
‘56" downregulated

Mapping of 'commen’ Mapping of ‘common’
differentially regulated differentially regulated

Fig. 2.1. Study design for the ‘discovery” and ‘validation” set of expression analysis.

2.32 Participant recruitment and sample characteristics
The study, as part of the PhD training, was completed at Mayo Clinic
Rochester Minnesota USA, under the supervision of Prof. 1. J. Kullo. All participants

H
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were of non Hispanic white ethnicity. The studies were initiated after they were
approved by Mayo Institution Review Board. All participants provided written and
informed consents. The cases and controls for both the studies signed up and
participated in the study after presentation to the Mayo non-invasive vascular
laboratory. PAD cases were defined as - dividuals with an ABI < 0.9. Age and gender
matched participants that presented to the non-invasive vascular laboratory with
symptoms of leg pain but ABI > 1.0 (normal ABI) were recruited as controls. The
controls presented to the vascular lab for screening purposes. They had symptoms of
leg pain but their resting as well as post exercise ABI was normal. The measurement
of ABI was performed in both the lower limbs and the lower of the two readings was
recorded for PAD diagnosis (Kullo et al., 2003). Participants with aneurysms and non

compressible/poorly compressible vessels were removed from the study.

2.3.3 Isolation of PBMC and total RNA

The peripheral blood mononuclear cells were used for the isolation of RNA
and these were isolated using the differential density gradient centrifugation method
using Histopaque (Sigma-Aldrich, St. Louis, MO) (Ali et al., 1982; Bielecki et al.,
2009). PBMC include only the lymphocytes and monocytes/macrophages and are
exclusive of the red blood cells, platelets, and the polymorphs. Briefly, 18-20 ml
whole blood was mixed with equal volume of phosphate buffered saline ‘PBS’ (Bio-
Rad, Hercules, CA). To this mix were added 12 ml of Histopaque 1077 (Sigma-
Aldrich. St. Louis, MO) for the gradient based separation of cells. The PBMC layer
thus acquired was removed, washed and suspended in complete RPMI-10 medium.
The suspended cells were counted using the hemocytometer and the PBMC were
processed for isolation of the total RNA using the commercially available RNEasy
Plus Mini Kit (Qiagen, Valencia, CA). The PBMC, processed with the RNEasy kit,
were disrupted and homogenized by the preformed RLT buffer (supplied with
RNEasy kit, Qiagen, Valencia, CA). The kit has a specialized genomic DNA
eliminator (eDNA-¢liminator) spin column which removes the genomic DNA and
therefore allows isolation of purified RNA from the sample after downstream
processing. Ethanol was mixed with the flow through from the gDNA-eliminator
¢olumn and the sample was introduced to the RNEasy spin column. The RNEasy
‘RNA’ spin column because of the silica membrane based isolation, allows greatly

accurate and effective RNA separation and purification. RNA was eluted with sterile

M
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RNase free water. The quality and quantity of the total RNA isolated was assessed by
NanoDrop 1000 (Thermo Scientific, Wilminnton, DE) and sample stored at —80°C

until the microarray analysis.

2.3.4 Microarray analysis

The final assessment of RNA quantity and quality was performed through
the Agilent 2100 Bioanalyzer system (Agilent, Santa Clara, CA). The samples with
RNA integrity number (RIN) 2 9, were used for hybridization to the Affymetrix HG-
U133 _Plus 2.0 GeneChips. Affymetrix Two-cycle cDNA synthesis kit (Affymetrix,
Santa Clara, CA) was used; biotin labeled cRNA was generated from 100 ng of the
RNA sample. In vitro transcription based amplification of cRNA was done using the
MEGAscript T7 IVT kit (Applied Biosystems /| Ambion, Austin TX), for the first
cycle, After the second cycle cDNA synthesis, Affymetrix IVT labeling kit was used
to generate the biotin labeled ¢RNA. Final preparation of ¢cRNA prior to microarray
hybridization involved cleaning, quantification, fragmentation, and finally the
hybridization of processed ¢RNA sample to Affymetrix HG-U133_Plus2.0
GeneChip. The hybridized chips were stained with streptavidin phycoerythrin and
biotinylated antibody. The GeneChips were read on GeneChip scanner 3000
(Affymetrix, Santa Clara, CA), and washed at the Affymetrix Fluidics station 450.
The data were extracted from the scanned arrays through GeneChip scanner 3000
(Affymetrix, Santa Clara, CA). The Affymetrix® GeneChip operating software
(GCOS) was used to generate the raw data formats used for further analysis and gene

expression profiling.

2.3.5 Data processing and statistical analysis

GeneSpringGx 11.0 software (Agilent® Technologies) was used for the gene
expression analysis of microarray raw data. The discovery and validation sets were
read using the software and analyzed individually. The initial analysis involved data
normalization and summarization by the Robust Multichip Analysis (RMA)
normalization (Irizarry et al., 2003). For the individual analysis, the baseline level was
positioned at the median level for all samples, whereas the median log-transformed
values from each probe and for all samples were calculated and the values were then
deducted from all samples. The genes and transcripts with less than 20% expression
levels were removed from the analyses. The ‘fold change’ cut off value was set al
>1.5 for both the discovery and validation sets. The genes/transcripts that fulfilled the

#
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criteria underwent analysis by unpaired Mann Whitney test. The results were
corrected by the false discovery rate correction by the Benjamini Hochberg FDR
(Benjamini and Hochberg, 1995). The genes differentially expressed in both the
discovery and validation sets were clustered through K-means clustering algorithm,
and results were displayed through the Cluster 3.0 and Treeview 1.1.0 software (Eisen
et al., 1998; Henikoff et al., 2009),

2.3.6 Differentially regulated transcripts and their functional annotation

Gene ontology (GO) analysis was carried out for comprehension of the major
biological processes and molecular functions modulated by the identified genes. The
association of the differentially expressed genes and their mediated pathways were
analyzed by SubPathway Miner (Li et al,, 2009) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Kanehisa et al., 2010). Ingenuity Pathway Analysis
‘IPA’ (Ingenuity® Systems, Www.ingenuity.com), BioGPS (Wu et al,, 2009), and the
STRING database (Jensen el al., 2009) were additionally used for analysis of
functional pathways. The literature for the PAD genetic studies was collected through
Gene Related InFormation (GeneRIF) and Pubmed databases

{http:h’www.-.-,ncbi,nim.nih,gov].

237 Informatics based Pathway analysis

Bioinformatics based pathway analysis was used for the pathways and
networks involved in the differentially expressed genes in the discovery and
validation sets of experiments. The outpul of presumed complex of interactions was
acquired through Cytoscape (Shannon et al., 2003), after generation of expressed and
localized genetic data from GeneMania (Warde-Farley et al., 2010). The significant
GO terms, and associated genes were analyzed through ‘Database for Annotation,
Visualization and Integrated Discovery’ (DAVID) (Dennis et al., 2003: Huang da et
al., 2009), The existing GO terms and annotation data was set as background, and the
significant genes from the current study (upregulated and downregulated genes

separately), were used for analyzing the enrichment for the GO terms.
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RESULTS

Participant characteristics, the traditional and new risk factors investigated in
the cases and controls are shown in Table 2.1. The studied parameters including age,
gender, height weight, BMI, systolic BP, diastolic BP, and hypertension did not differ
markedly between cases and controls. The two significantly different factors between
PAD cases and controls were the smoking status (high in cases (p<0.046) and ABI
(low in cases p<0.0001). The present study, irrespective of individual genetic
differences, facilitated the recognition of common sel of genes associated with PAD.
The functional annotations associated with a set of 29 differentially regulated genes
demonstrated association with the immune, inflammatory, cell death and signaling

pathways.

2.4.1 Expression difference between cases and controls

The evaluation of differentially expressed genes between cases and controls
revealed 250 and 1795 transcripts in the ‘discovery set’ and the ‘validation set’
respectively. The upregulated genes in both the sets were 194, whereas the
downregulated genes in discovery and validation sets were 56 and 1588 respectively.
The differences in the number of downregulated genes between the discovery and
validation sets can be the result of sample variations within and between the sets,
differences in time of sampling for two studies, different microarray batches used, and
operator differences during hybridizations. A few transcripts identified in the dual sets
were not annotated in Affymetrix data, a query regarding these probes was submitted
to BioMart (Smedley et al., 2009) and GATExplorer (Risueno et al., 2010) for the
final mapping. Additionally UCSC genome browser database (Rhead et al., 2010) and
NCBI “Gene® database (http:/www.ncbi nlm.nih.gov/gene) were used for transcript
descriptions. The details regarding the genes/transcripts, their absolute fold change
values (FC), and the course of expression (upregulated or downregulated) is given in
Table 2.2 for both the ‘discovery set’ and the ‘validation set’ respectively. Three
genes in the genetic datasets ARHGEF7, MLL3, and PDS5B, were downregulated in
both sets but had different probe mappings in the microarrays. An additional
downregulated probe ‘241 §38 at’ was not annotated in the Affymetrix data. With the
use of Ensembl v58 (Fernandez-Suarez and Schuster, 2010), we could map this probe

/
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to RP1-167A14.2, a non coding transcript. Since this transcript had no annotation and
no functional description, this transcript was removed from further analysis. Figs. 2.2

~ 2.3 represent the cluster diagrams for the differentially regulated genes and the
participants.

2.4.2 IPA® based functional analysis

The differentially expressed genes from the two studies were analyzed by Ingenuity
Pathway Analysis® (http://wwhw.ingenuity.com), for categorization of the related
biological functions and canonical pathways. The three important biological
functional pathways, modulated by the differentially regulated genes in the current
study included: (i) Diseases and disorders, (ii) Molecular and cellular functions, and
(iii) Physiological system development and function. The important canonical
pathways modulated by the genes in the current study included the genetic disorders,
cancer, cellular death, cellular development, growth and proliferation, and connective
tissue development. The networks defined by [PA are shown in Figs. 2.4 - 2.6, while

the functions and pathways involved are given in Table 2.3.

2.43 Informatics based pathway analysis

The genetic data was generated from GeneMania (Warde-Farley et al,, 2010)
and the results of the genetic interactions were illustrated through Cytoscape
(Shannon et al., 2003), (Fig. 2.7)-

2.44 Gene ontology based gene enrichment study

The significant gene ontology (GO) terms were evaluated through Database
for Annotation, Visualization and Integrated Discovery (DAVID) (Dennis et al.,
2003: Huang da et al,, 2009). The significant genes from the current study were used
for analyzing the enrichment for the GO terms. The respective p-values represent the
particular GO term in comparison to all the GO terms in the data, For the upregulated
genes, GO analysis revealed two important processes, (i) the biological processes, and
(ii) the molecular function (P < 0.05). For the downregulated genes the significant GO
process was the biological processes (P = 0.05). As regards the upregulated genes the
significant GO terms linked with biological functions involved inflammatory
responses, like response 10 protein stimulus, response 10 organic substance, regulation
of cell proliferation, and apoptosis. The molecular functions included cytokines and
transcription regulation. The results are consistent with previous studies which signify

that the genetic component of PBMC in PAD is enriched with immune mechanisms,
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cytokines, inflammatory, and cell death mediated pathways. The GO results for
upregulated genes are shown in Table 2.4. GO terms for downregulated genes were
enriched for molecular functions and the responses related with apoptosis (Table 2.5).
Thus the CFH, FCAR, FFAR2, IL8, CFLAR, DUSP1, NAMPT (inflammation) and the
ATF3, G0S2, KLF6, PTP4Al, CFLAR, PDS3B (apoptosis) genes were found
differentially expressed and differentially regulated in PBMC of PAD patients as
compared to controls in the study.
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Table 2.1, Sample characteristics. Participants were of non Hispanic white ethnicity.

Paticiprts 9 : 10 9

Age, years 714102 69,6476 683485 65,0255
(ender 6 males (67%) | 6 males (67%) 7 males (10%) 7 males (78%)
Smoking Status B(8%%) 4 (4%) 9 (90%) 8(89%)
Height (o) 16994116 | 167628 172348 17139476
Weight (kg) 80,2418 36,64223 8134203 9234147
|BMIU§-M’) 715838 }1.446 294363 307453
SplolicBP(umHg) | 13788127 | 14284151 13294228 124 12182
| Disstolic BP (mm Hg) | 648469 1874142 7094116 7064126
HDL cholesterol (mg/d) | 4388103 [49.54158 4454 4642113
Hypertension 8 (89%) 8(89%) 9 (90%) 6(6™)
| Disbees oM 10w 3 60%) 363
Asti-hypertensve drugs | 8 (69%) B(59%) 9(50%) 6(67%)
Arti-disbetic medication | 1(11%) 1(11%) 3(30%) 2(2%)
Lipidlowerng drugs | 6(67%) 6 (67%) 7(10%) 7(78%)
Ankde-brachial ndex | 04 1] 03 11

Family history of THD | 4 (44%) 2(22%) 0 3(33%)
CRP (mg) 25429 07404 3187 43834
Fibrinogen (g/) 493587 | 376400 4604126 396 3168
Hormocysteine (umold) | 13200 9405 81 934058

Values are expressed as either ‘mean <+ standard deviation® or as ‘n (%)’

e —
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Table 2.2. Differentially expressed genes from the two-step gene expression
analysis. Arrows show upregulation and downregulation of genes,
respectively.

ATR3 200672 a 0013 M¥Nsa | 00M 1
Choftl | 155429 & 0038 e |00 !
COCNIA | 20284 5.8 0013 AN s |00 |
CoN 213548 5 & 0024 WBsa | 0.0M 1
VM6 | 0005
CFH 215388 5 2 0.038 2153885 a 0.021 1
DNAJBS 208811 s = 0.003 208311 s a 0.004 T
DUSPI | W04 xat 008 NMdlsa | 0009
201044 x at 0.004 1
FCAR AT6M 2 0012 2674 & 0007
211307 5 & 0.028 211307 5. a 0012 1
211816 % at 0033
FRAR | 2135 o2 |2iu5a 0012 !
€1, 21354 5 2 0012 Whsa | 003 f
HISTIHZBC | 214455 & 0.006 214455 & 0.045 !
) x| 008 W5 | 0012 !
iF; 211506, 5 & 008 NBHxat [ 0018
211506 s at 0.007 T
£LAS 28960 5 0,006 N%06052 | 0006
209961 s o 0.006 f

Contd......
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NAMPT | 4396t | 0007 243096 at 0.008
20738 at 001 1
271 5 o 003
1555167 5.2t | 0.008
NR4A oM sat | 002 2046222 at 0015
4622 x at | 0.038 216248 5 2 0.045 1
21648 5.2 | 0028
0S¥ 2ma | 003 230170 0.046 !
PIP4Al | 200730t | 0012 2007305t 0.004 T
SN | 156959 | 0.033 1569599 _a 003 !
SLCIA3 00497 g at | 0.003 200498 5 & 0.031 T
00438 s 2 | 0021
200499 5 & | 0.006
ol |zom0a | o0n 210190 0003 [
T’ WShsa | 004 WMsx | 0005 !
ARHOERT | 312 | 00U 296403t 0,004 |
Clor28 | 208635 | 0.006 238635 &t 0.004 |
CPLAR | 2%6ma | 003 239629 at 0.004 |
MLL} WU s | 000 24010 at 0012 |
0T W s | 0001 29240 2 0.001 |
PDSSB VM| 0017 215088 a 0,007 |
TRAFSE) | 240065 | 0033 240065 0.006 |

#
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DS -CONTROL -4
DS -CONTROL -5
DS -CONTROL -6
DS ~-CONTROL -7
DS -CONTROL -8
DS ~-CONTROL -9
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SLC2A14/SLC2A3
SLC2A14/SLC2A3
SLC2A3

SLC2A3

SLC2A3

STX11

TFR

ARHGEF7
CSorf28

CFLAR

MLL3

PDS5B
TRAF3IP3/L0OC100133233

Fig. 2.2. Cluster diagram FDR correcied K-means clustering of PAD cases and
controls in the ‘discovery’ set. At the top, from left to right, nine controls
and nine PAD cases are represented. The genes are represented to the right
of the figure. Red color represents upregulated genes, whereas green color
represents downregulated genes. A clear demarcation of the participants as
well as demarcation of the upregulated and downregulated genes is

noticeable.

ﬂ



CHAPTER2 GENE EXPRESSION ANALYSIS FOR FAD
e

r;iﬂﬁdu;!ﬂhﬂ-
L1

ATE3
CS5orf4l
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DUSP1
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FCAR
FFAR2
G0S2
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IL8
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NAMPT
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Fig. 2.3. Cluster diagram FDR corrected K-means clustering of PAD cases and
controls in the ‘validation’ set, At the top, from lefl to right, ten PAD cases
and nine control samples are represented. The genes are represented to the
right. Red color represents upregulated, whereas green color represents
downregulated genes. The figure shows clear demarcation of participants
as well as demarcation of the upregulated and downregulated genes.
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Fig. 2.4. The genes and the transcribed protein interactions in the IPA pathway: “Cell
Death, Dermatological Disease and Conditions, Genetic Disorder”. The
filled symbols represent the differentially regulated genes in the present
study.
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Fig., 2.5. The genes and the transcribed protein interactions in the IPA pathway:

“Gene Expression, Cellular Development, Hematological System

Development and Function™. The filled symbols represent the differentially
regulated genes in the present study.
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Fig. 2.6. The genes and the transcribed protein interactions in the IPA pathway:
“Behavior, Drug Metabolism, Inflammatory Disease”. The filled symbols
represent the differentially regulated genes in the present study.
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Table 2.3. IPA based Functional Pathway Analysis. 1* column represents the
functions and pathways; 2™ column represents the genes associated
with the functions/pathways and the third column represents P value.

1. Disease and Disorders
|
Gene dordes ARHGEF?, ATF3, CDKNIA, CFH, CFLAR DNAJB DUSPI, | 0006 |
IDI, IL8 KLF6, MLL3, NAMPT, NR442, OGT, 0SM, |
PDSSB, SAMSNY, SLC243, ST
| 1 Molecalar and Cellular Funcfions
[
CellDeath o blood cells ATF3, CDKNIA, CFLAR, FCAR, IL8, NAMPT, OSM 00009
' Cell Death of eukaryotc cells ATFS, CKNIA, CFH, CFLAR DUSPI, FCAR.GOS2, | 000003 |
IDI, IL8, KLFS, NAMPT, NR442, 05M ‘
|
Apoptosisof tumor cel lnes ATF3, CDKNIA, CFH, CFLAR DUSPI, GOS2,, IDI, I8, | 000005 |
KLF6, NR442, 0SM |
Cell growth and proliferation ATFS, COKNIA, CFLAR DUSPI, DI, IL3, KLF6, NAMPT, | 000004 |
OSM, PDSSB, PTP441, SAMSNI, TPR
Growth of eukaryotic cel ATF3, CDKNIA, DNAJBS, DUSPY, IL&, NR442, 0SM, TPR | 0.0001
Cell-CellSignalling and Interacions | CDKNI4, CFH, DUSPY, FCAR, FFARD IDI, L&, 0SM | 0.00003
(eakaryolc cells) E
| Cell-Cel Signalling and Interaction | CDAN14, CFH, DUSPI, FCAR. FFARD, L& OSM 00001
| |
Contd.....
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Cell-Cell Signalling and Interaction | CDKNIA, CFH, DUSPI, FCAR, IL8, OSM 0.0002
(leukocytes)

Celtular Development and ATF3, CDKNIA, DUSP], IDI, IL8, NAMPT, 0.003
Differentiation of Cells NR4A2, OSM

3. Physiological System

Development, Function

Growth of Fibroblasts ATF3, CDRNIA, DUSPI, OSM, TPR 0.000004
Hematological system (quantity of | ATF3, CDKNIA, CFH, CFLAR, IDI, ILS, OSM, 0.000002
lewkocytes) SAMSNI

Hematological system (quantityof | CDKNIA, CFLAR, ID1, IL8, OSM, SAMSN1 0.00004
mononuclear cells)

Hematological system (quantity of | CDENIA, CFLAR, [D1, OSM, SAMSNI 0.0003
Iymphocytes) .

Infilteration of leukocytes CFH, DUSPI, FCAR, IL8, OSM 0.0001
Infilteration of the granulocytes CFH, DUSPI, ILS, OSM 0.0001
Activation of leukocytes CDKN14, CFH, DUSP1, FCAR, ILS, OSM 0.0002
Activation of lymphocytes CDENIA, DUSPI, IL8, OSM 0.001
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Fig. 2.7. Network of putative interactions between the genes idcntiﬁaq from tpc
current study. These genes form interactive network associated with
disease.
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Table 2.4. Significantly enriched GO terms of upregulated genes. 1® column
represents the GO ID, GO term and the processes. 2™ column

represents the P value.

GO Category: Biological Process

GO:0051789 - response to protein stimulus 0.009
GO:0010033 - response 1o organic substance 0.016
GO:0008284 - positive regulation of cell proliferation 0.019
GO:0007049 - cell cycle 0.020
GO:0042127 - regulation of cell proliferation 0.021
GO:0006355 ~ regulation of transcription, DNA-dependent 0.029
GO:0010035 - response 1o inorganic substance 0.032
GO:0051252 - regulation of RNA metabolic process 0.033
GO:0010948 - negative regulation of cell cycle process 0.034
GO:0009991 - response to extracellular stimulus 0.037
GO:0045768 - positive regulation of anti-apoptosis 0.041
GO:0048584 - positive regulation of response to stimulus 0.042
GO Category: Molecular Function

GO:0005125 - cytokine activity 0.026
GO:0030528 - transcription regulator activity 0.039
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Table 2.5. Significantly enriched GO terms of downregulated genes. 1% column
represents the GO ID, GO term and the processes. 2™ column represents

the P value.

GO Category: Biological Process

GO:0008624 - induction of apoptosis by extracellular signals 0.024
GO:0006917 - induction of apoptosis 0.069
GO0:0012502 - induction of programmed cell death 0.069
GO:0043065 - positive regulation of apoptosis 0.092
GO:0043068 - positive regulation of programmed cell death 0.092
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2.4.5 Pathway Analysis using KEGG

SubPathwayMiner, the pathway analysis package based on BioConductor
(Gentleman et al., 2004) was additionally used for the significance analysis of the
pathways related with the significant genes. In 32 KEGG pathways, 13 genes from the
current study (out of 29) were robustly enriched. /L8 was directly involved in 13
pathways, and CDKNIA in 10 other pathways. The results of KEGG analysis suggest
that alterations in numerous cellular and signaling pathways are involved in the
development of PAD. Some important pathways and genes implicated in PAD are
shown in Table 2.6.
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Table 2.6. Result of KEGG pathway enrichment analysis. 1" column represents the
KEGG ID; 2™ column represents the involved disease pathways; 3"
column is for the associated genes; and the 4™ column is for the associated
P value. (KEGG path 05219 represents bladder cancer pathway and
includes CDKNIA and IL8 genes with significant p value = 0.001),

path:05219 | Bladder cancer CDKNIA, IL8 0.001
path:05150 | Staphylococcus aureus infection CFH, FCAR 0.002
path:05200 | Pathways in cancer CDKNIA, ILS, TPR | 0.005
path:05142 | Chagas disease CFLAR, IL§ 0.005
path:05160 | Hepatitis C CDKN14, IL8 0.009
path:00760 | Nicotinate and nicotinamide metabolism NAMPT 0.025
path:05216 | Thyroid cancer TPR 0.03

path:04060 | Cytokine-cytokine receptor interaction IL8, OSM 0.034
path:04130 | SNARE interactions in vesicular transport STX11 0.037
path:05144 | Malaria IL8 0.053
path:04621 | NOD-like receptor signaling pathway IL8 0.063
path:05131 | Shigellosis IL8 0.063
path:05214 | Glioma CDENIA 0.066
path:05120 | Epithelial cell signaling in H. Pylori infection | IL8 0.069
path:04113 | P53 signaling pathway CDKNIA 0.07

path:04610 | Complement and coagulation cascades CFH 0.07

path:05218 | Melanoma CDKNIA (.072
path:04622 | RIG-I-like receptor signaling pathway IL8 0.072
path:04350 | TGF-beta signaling pathway DI 0.086
path:04012 | ErbB signaling pathway CDKNIA 0.088
path:04210 | Apoptosis CFLAR 0.09

path:04620 | Toll-like receptor signaling pathway IL8 0.102
path:04062 | Chemokine signaling pathway IL8 0.183

M
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DISCUSSION

The current study reports, for the first time, the use of transcriptome for the
identification of genes differentially expressed in peripheral artery disease patients. A
non invasive test ‘ABI” was used for the stratification of participants into cases and
controls. Gene set enrichment analyses through GO, KEGG, and IPA provide better
understanding of the molecular and genetic mechanisms of PAD. The significant
finding was that the common upregulated genes in the two sets were linked with
vascular pathophysiology, for example: DNAJB6, DUSPI (atherosclerotic disease),
NAMPT (vascular inflammation), FCAR (M, IHD), NR4A2 (restenosis), ATF3, ILS
(vascular remodelling) and FFAR2, OSM. (lipid metabolism).

Presently, most of the differentially expressed genes between PAD cases and
control subjects are involved in the immune and inflammatory processes, chemotaxis
and apoptosis. The previous microarray based genetic studies of coronary vessels,
peripheral vessels, and human coronary endothelial cells have reported that the genes
that modulate immunity and inflammation are differentially expressed between
patients and normal subjects (Blaschke et al., 2004; Wyler von Ballmoos et al., 2006;
Dahl et al., 2007; Evans et al., 2008; Fu et al., 2008). The microarray based genetic
analysis of femoral arteries in a cohort of PAD patients revealed enrichment for
immune and inflammatory pathways (Fu et al,, 2008). In another microarray study by
Evans et al (2008), additional vessels (tibial, peroneal, and femoral vessels) were used
to categorize the involved genes in PAD cases. Whole genome expression analysis of
PBMC in CAD patients and controls, highlighted more than 500 genes at a fold
change > 1.3 (p<0.05). Subsequent real time PCR analysis of a subset of these genes
recognized 11 differentially regulated genes for CAD (Wingrove et al, 2008).
However, the differentially expressed genes isolated from PBMC and associated with
PAD in the present study did not overlap with CAD associated genes identified by
Wingrove et al. (2008). The reasons may be dissimilar methods of study, dissimilar
sample profiles and discrete atherosclerotic disease expression in CAD and PAD. The
relatively strict experimental design of the current study, validation experiment set to
confirm results of discovery experiment set, accounts for a relatively small number of

significant genes. Nevertheless, the study appears to be a significant step in
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elucidation of the genetic signatures of PAD. The differentially expressed genes in the
present study have diverse effects and are involved in modulation of vascular disease
and have positive associations with vascular disease phenotypes. The following
discussion considers the mechanisms of action, and downstream effects of the

differentially regulated genes.

The upregulated genes in the current study and vascular disease

The expression of “ATF3" was upregulated in both microarray sets in the
present study. The gene for activating transcription factor 3 (A7F3) is located at
chromosomal location 1q32.3. ATF3 was also upregulated in a previous microarray
study for PAD indicating strong association with PAD (Fu et al., 2008). ATF3 is an
endoplasmic reticulum (ER) stress marker, and is involved in apoptosis of vascular
endothelial cells as well as of macrophages ( Zhang et al., 2001; Seimon et al., 2010).
The release of ATF3 is induced by the proinflammatory cytokines, TNF-a, and ox—
LDL, enhanced ATF3 results in enhanced cell death and rapid progression of
atherosclerotic discase (Nawa et al,, 2002). Hypoxia induced vascular damage
mediated by endothelial cells is also dependent on high ATF3 expression levels (Chen
et al., 2008).

The next upregulated transcript, chromosome 5 open reading frame 41
(Clorf41) is located at chromosomal location 5¢35.1. Also known as luman/CREB3
recruiting factor (LRF), it has high affinity for the stress responsive nuclear protein
‘luman’. ATF3 and luman are components of ER stress related nuclear transcription
proteins and mediate lipid homeostasis, protein transcription, and apoptosis (Audas et
al., 2008; Puskas et al., 2010). Additionally, a recent GWAS study indicated linkage
of CSerft] with cardiac arrhythmia favoring the CVD modulation by this protein
(Pfeufer et al., 2010). The upregulation of C3orf4! through the protein—protein
interactions, lipid homeostasis, apoplotic pathways, and nuclear transcription can
result in vascular disease phenotypes.

The third upregulated gene in the current study, the cyclin-dependant kinase
inhibitor 1A (CDKNIA) is highly expressed in endothelial cells in atherosclerotic
lesions (Borradaile and Pickering, 2010). The strong association of this gene is
evidenced as previous microarray analysis of atherosclerotic endothelial cells and
earlier gene expression study for PAD reveal that CDKNIA has differential gene
expression and is upregulated in atherosclerotic vessels (Rodriguez et al., 2007; Fu et

e ———————————————————
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al., 2008; Borradaile and Pickering, 2010). The upregulation of CDKNIA and ATF3 in
previous expression study for PAD and in the current study highlight these variant as
potential biomarkers for the PAD.

The fourth upregulated gene, in the current PAD cases, ‘CDV3" is located at
chromosomal location 3g22.1. It was shown that CDV3 was robustly upregulated in
activated platelets (by the platelet activators thrombin, collagen, and more so by
arachidonic acid), conferring involvement of this protein in signal transduction and
platelet activation (Majek et al., 2010). It also regulates insulin transcription by
interacting with the insulin transcription activator ‘NEURODI (Zhang et al., 2009b).
As CDV3 was upregulated in both microarray sets, the present study stresses this gene
as an important regulator of atherosclerotic peripheral vascular disease.

The complementary factor H (CFH) was found upregulated in both
microarray sets, and like ATF3 and CDKNIA, its upregulation in a previous
microarray gene expression study for PAD has been observed (Fu et al., 2008). CFH
has strong interaction with novel cardiovascular biomarker, C-reactive protein (CRP)
(Jylhava et al.,, 2009; Ferreira et al., 2010). CFH is a member of complement system
and has significant role in the regulation of complement activation. The mutations and
polymorphisms in either CFH or CRP can result in uncontrolled complement
activation, enhanced atherosclerotic disease and severe phenotype of the vascular
disease (Jylhava et al., 2009; Ferreira et al., 2010).

The sixth upregulated gene in the current study, DNAJBG is encoded by the
gene at locus 7q36.3. It is involved in cell-cell interactions, adhesion, and protein
breakdown through its interaction with specific plasminogen activator receptor (De
Bock et al., 2010). Previously, known as MRJ, it maintains the mature T cells in
dormant stage, and enables activation of a subgroup of antigen specific T cells (Zhang
et al,, 2008b). Gargalovic et al (2006), in their study demonstrated that oxidized
phospholipids induce IL§ and DNAJB6, signifying the inflammatory and
atherosclerotic role of DNAJB6. As both the IL8 and DNAJB6, were upregulated in
the current study, this indicates that atherosclerosis mediated by oxidized
phospholipids may be the underlying mechanisms for the PAD.

The gene for dual specificity phosphatase 1 *‘DUSP!’, also called MAP
kinase phosphatase 1 (MKP/!) is located at chromosomal location 534, and was
upregulated in current study. In EC, DUSP! is induced by thrombin, epidermal
growth factor (EGF), and vascular endothelial growth factor (VEGF); it also activates
e —
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the transcription factors (such as JNK) and mediates endothelial cell migration
(Kinney et al., 2008; Chandrasekharan et al., 2010). DUSPI was also upregulated in a
previous microarray study for PAD (Fu et al., 2008). This protein has additionally
high cardiac expression in patients undergoing cardiac bypass surgery (Voisine et al.,
2004). In contrast 10 other proteins in the current study, this protein has known anti-
inflammatory role as well (Zakkar et al., 2008). Atrial natriuretic peptide ‘ANP’
enhances DUSP I expression through ROS mediated mechanisms, and therefore exerts
its antiinflammatory effects (Furst et al., 2005). High induction of DUSP! in response
to ANP and ROS, indicates that, although not a causative agent for vascular disease,
yet it can serve as a biomarker for vascular disease, particularly PAD.

The eighth upregulated gene, FCAR is a receptor protein and is highly
expressed by activated monocytes in autoimmune disease states (van der Heul-
Nieuwenhuijsen et al., 2010). FCAR is associated with increased risk of MI and CAD,
mediates immunoclogic response, and is involved in activation of monocytes and
macrophages in atherosclerotic lesions (lakoubova et al, 2006; van der Heul-
Nieuwenhuijsen et al., 2010). FCAR, therefore has proven contributory influence in
atherosclerosis progression and vascular diseases.

FFAR2 gene is also a receptor protein, encoded by the gene at chromosomal
location 19q13.1. It is activated by short chain free fatty acids, and is present in the
adipose tissue in addition to gut (Miyauchi et al, 2010), with involvement in
malignant transformation of gut carcinomas (Hatanaka et al., 2010). The upregulation
of FFAR2 and disease association, in the current study, is comparable to the previous
studies. It is associated with endothelial dysfunction, inflammation, modulation of
lipid and insulin levels and with metabolic syndrome indicating strong causative
influences in vascular disease (Hong et al., 2005; Lee et al., 2008b; Swaminath, 2008:
Miyauchi et al., 2010).

The tenth upregulated gene, GO/GI switch regulatory protein 2 ‘G082 is
located at chromosomal location 132.2. G0S2 is a mitochondrial protein and has
prominent role in apoptosis. The apoptotic effects of TNFu are mediated by NF-xB,
which in turn activates its downstream apoptotic effector G052 (Welch et al., 2009).
G0S2 (like FFAR2) is present in adipose tissue, controls lipid metabolism, and is
associated with vascular disease (Welch et al, 2009; Yang et al., 2010¢). The
upregulation of G0S2 in the current PAD study highlights that lipid metabolism and

apoptotic pathways are actively involved in peripheral vascular disease.
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The histone family member, HISTIH2BC had enhanced expression in the
current PAD study. Histone family members exert indirect effects in CVD, as in a
recent GWAS, histone gene polymorphisms were associated with the high serum
billirubin levels, and billirubin levels have influence on CVD risk (Djousse et al.,
2001; Johnson et al., 2009). The serum billirubin levels were not measured in the
current study, therefore the indirect modulation of CVD by HISTIH2BC (through
metabolism of billirubin), could not be ascertained.

Increased activity of the gene, ‘inhibitor of DNA binding 1” ID/, in the PAD
cases relative to subjects without PAD mirrored the strong atherogenic effects of this
protein. Its gene is located at chromosomal location 20qll. It modulates VSMC
proliferation and is associated with peripheral arterial hypertension (Yang et al.,
2010b). IDI (through NF-xB) enhances inflammation, endothelial cell migration,
angiogenesis, and inhibits apoptosis (Klein et al., 2002; Nishiyama et al., 2005; Chen
et al., 2010).

Interleukin 8 (/L8), also known as CXC motif ligand 8 (CXCLS) is a member
of CXC chemokine family cluster, and is located at chromosomal location 4q13—q21.
IL8 and DNAJB6, both were upregulated in the current study, and the enhanced
release of these two proteins during atherosclerosis, is dependent on oxidized
phospholipids, affirming the inflammatory and atherosclerotic role of /L8 (Gargalovic
et al., 2006). It is excreted by a variety of cells, is a strong chemoattractant for the
granulocytes and T cells, and is involved in apoptosis, vascular remodeling, vascular
disease and atherosclerosis (Li et al., 2003; Rajappa et al., 2009; Vogiatzi et al.,
2010). The presence of elevated /L8 in CAD and vascular stenosis also emphasize the
significance of this protein in relation to the CVD (Vogiatzi et al,, 2010). The
upregulation of IL§ in the current microarray PAD study highlights, that the
granulocytes and T cell involvement in apoptotic pathways and atherosclerosis are
necessary regulators of PAD.

The fourteenth upregulated gene in the present study, Kruppel-like factor 6
(KLF6) is a member of the Kruppel-like family of transcription factors and is located
at position 10pl5. It has diversified functions, it is a tumor suppressor gene and
regulates cellular proliferation and apoptosis, whereas its splice variant (KLF6-SVI)
is a strong oncogene (DiFeo et al., 2009; Andreoli et al., 2010). It is involved in
signaling reactions and regulates gene expression through interaction with c-Jun

(Andreoli et al., 2010). KLF6 regulates endothelial cell motility and induces MMP9
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secretion (Das et al., 2006; Atkins and Jain, 2007). The higher expression of KLF6 in
the PAD cases as compared to subjects without PAD, indicates that gene regulation
and matrix metalloproteinase mediated plaque destabilization arc associated with
PAD. KLF6 can therefore serve as an additional biomarker for PAD.

The next upregulated gene, adipocytokine ‘nicotinamide phosphoribosyl
transferase’ (NAMPT), also called visfatin or pre B cell colony enhancing factor 1, is
located at 7q22.3, NAMPT is released by adipose cells as well as by monocytes and
granulocytes (Laudes et al., 2010). It has a direct role in maturation of VSMC, it
inhibits neutrophil apoptosis, and is associated with insulin metabolism and
pathogenesis of diabetes (Romacho et al.. 2009; Kadoglou et al., 2010; Laudes et al.,
2010). NAMPT exerts its proatherosclerotic effect by activation of extracellular signal
regulated kinases | and 2 (ERK1/2), NF-xB and by enhanced inducible NOS (iNOS)
expression (Romacho et al., 2009). NAMPT additionally modulates cerebrovascular
disease, hypertensive disease, and IHD (Wang et al,, 2011). In a previous microarray
study for peripheral vascular disease, NAMPT was shown strongly associated with
atherosclerosis and enhanced the unstability of atherosclerotic plaques (Dahl et al.,
2007). The study by Dahl et al. (2007), and the current study both assert the
significant role of NAMPT in peripheral vascular disease.

The gene for nuclear receptor subfamily 4, group A member 2 ‘NR4A2 or
Nurrl® is located at chromosomal location 2g22-q23 and was upregulated in the
current study. It is also a receptor protein and mediates glucose and lipid metabolism,
T cell apoptosis and vascular disease (Pols et al., 2007; Zhao and Bruemmer, 2010).
Furthermore, it is associated with vascular stenosis and has elevated expression in the
human restenosis lesions (Bonta et al., 2010). The upregulation of NR4A2 in the
present study as well as in two previous microarray studies for PAD indicates that it
has strong association with the peripheral artery discase (Evans et al., 2008; Fu et al,,
2008), and can therefore serve as an important PAD biomarker.

The seventeenth upregulated gene, oncostatin M ‘OSM’ is a member of the
cytokine family. OSM induces production of VEGF in cultured human smooth muscle
cells and in atherosclerotic plaques. It is associated with atherosclerotic lesion in
coronary and peripheral vessels, and is involved in destabilizing atherosclerotic
plaques (Demyanets et al., 2011). It is also involved in the progression of plaques,
lowering the plasma triglycerides, thrombotic complications and rupture of
atherosclerotic plaques (Mirshahi et al., 2002; Demyanets et al., 2007; Zhou et al.,
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2007). In a previous microarray study for arterial hypertension, OSM was
downregulated, in cases as compared to controls (Timofeeva et al., 2006). The
differences in patient selection, and different genomic signatures and involved
pathways in PAD, as compared to arterial hypertension, may account for the disparate
results in the two studies.

The next upregulated gene, protein tyrosine phosphatase type IVA, member
1 *PTP4AI’, known as PRLI, is located at 6q12. It downregulates the expression of
p33, and effects development of tumors (Min et al,, 2009). It is associated with
cellular differentiation, and regulates reduction oxidation (redox) reactions as well
(Skinner et al., 2009). It additionally increases the expression of actin and modulates
the adhering, migrating and invasive potential of cells (Nakashima and Lazo, 2010),
thereby making this tyrosine phosphate a key molecule in cellular dysfunction and
disecase processes. The upregulation of this protein in PAD cases maintains that it is a
potential biomarker for PAD.

SAM domain SH3 domain nuclear localization signal 1 ‘SAMSNI’, or the
hematopoietic adaptor containing SH3 and SAM domains 1 (HACSI) is located at
chromosomal location 21q1 1. It is a cytoplasmic protein, mediates signal transduction
and is highly elevated in activated B cells. It effects activation and differentiation of
the B cells, and is involved in metabolic disorders as well (Claudio et al., 2001; Zhu et
al.. 2004). It also undergoes nuclear translocation, and controls gene expression by
interacting with HDAC! (Brandt et al., 2010). The upregulation of SAMSN/ in the
current study, its proatherosclerotic effects, and its upregulation in a previous PAD
microarray study strongly indicate that it is a strong modulator of PAD (Fu et al,
2008).

The high expression of the glucose transporter 3 gene ‘GLUT3’ also called
solute carrier family 2 member 3 ‘SLC243" in this PAD study indicates the
importance of glucose transport and metabolism in PAD. It is critical not only for
glucose transport but also for the removal of endogenous small organic cations and
toxins (Tregouet et al., 2009; Sallinen et al., 2010). It is highly expressed in the
adipose tissue, skeletal muscles and the peripheral blood Iymphocytes, and maintains
insulin sensitivity in the lymphocytes (Piatkiewicz et al., 2010). It is a downstream
mediator of steroid receptor RNA activator (SRA4), which increases biosynthesis of
steroids and of the muscular tissue, and modulates cellular division and apoptosis
(Foulds et al., 2010). This protein has high expression levels in the cardiac tissue of
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diabetic and non diabetic patients undergoing coronary artery bypass grafts (Voisine
et al.. 2004). In the microarray study by Fu et al (2008), this protein had higher
expression in PAD patients (as in the current study), giving strong association of this
glucose transporter with the peripheral vascular disease.

The upregulation of syntaxin 11 ‘STX//" gene in PAD cases in the current
study signifies that T cell mediated atherosclerotic lesions mediate the pathogenesis of
PAD. Being a member of SNARE family of trafficking proteins, Syntaxin 11 has
specific enrichment in the lymphoid immune tissues and regulates transport across the
membranes. It facilitates cellular trafficking, as well as targeting and fusion of
intracellular transport vesicles (Valdez et al., 1999). The mutation in this gene is
associated with a rare (potentially fatal) immune disease termed familial
hemophagocytic lymphohistiocytosis. This disorder is characterized by enhanced
phagocytic activity and defective T cells (zur Stadt et al, 2005). It has high
expression levels in macrophages, cytotoxic T cells, and natural Killer T cells
(Prekeris et al., 2000; Zhang et al., 2008a), and is localized at high levels in
macrophages which are actively involved in apoptosis, bearing key role of STX11 in
progression of inflammatory disorders (Zhang et al., 2008a).

The final upregulated gene in the present study, translocated promoter region
to activated MET oncogene *TPR’, is located at chromosomal location 1g25. It is an
evolutionary conserved protein and directly interacts with several components of the
nuclear pore complexes and is required for the nuclear export of specific mRNA
molecules and proteins (Skaggs et al.,, 2007; Krull et al., 2010). The stress related
nuclear transport of HSP is dependent on nuclear transport basket formed by TPR
(Skages et al., 2007), whereas HSP is an important component of atherosclerotic
disease (Benagiano et al., 2003). TPR protein is also involved in chromosomal
stability and regulation of cell cycles as it directly interacts with mitotic arrest
deficient protein complex (Lee et al,, 2008a). The transport facility and cell cycle
regulatory role of TPR assign pathological role to this protein.

The downregulated genes in the current study

The first downregulated gene in the current study, Rho guanine nucleotide
exchange factor (GEF) 7 *ARHGEF7" is located at chromosome location 13g34. It
interacts with the cell polarity (fumor suppressor) protein Seribble, and the loss or

mislocalization of Scribble is associated with inhibition of apoptosis and enhanced
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cellular transformations (Zhan et al., 2008). ARHGEF7 modulates alternate splice
transcription as well as cytoskeletal rearrangement, and cytoskeleton signalling
processes (Locasale and Wolf-Yadlin, 2009). The downregulation of ARHGEF7 in
the current study maintains that alteration in cytoskeletal rearrangement and signaling
are related to progression of PAD. The second downregulated transcript variant,
chromosome 5 open reading frame 28 ‘C5orf28" is located at chromosomal location
5p12. The cardiovascular effects of this gene variant are as yet, unidentified.

The third downregulated gene in present study, CASP8 and FADD-like
apoptosis regulator ‘CFLAR’, also called caspase related inducer of apoptosis or
cellular FLICE-like inhibitory protein ‘c-FLIP® is located at chromosomal location
2q33—q34. It regulates apoptosis and modulates cell survival and cell death (Chen et
al., 2009a), Homocysteine induces oxidative damage and apoptosis of endothelial
cells: homocysteine mediates these vascular effects by inhibition of CFLAR. The
effects of 1L18 and IL2 on NK T cells are also mediated by inhibiting CFLAR (Huang
et al., 2010). Downregulation of this gene (as in the current study) may be therefore
associated with progression of vascular disease.

The gene for the myeloid/lymphoid or mixed-lineage leukemia 3 *MLL3" is
located at chromosomal location 7q36.1. It is a member of myeloid/lymphoid or
mixed-lineage leukemia (MLL) family, histone methyltransferase, and plays a key
role in transcriptional coactivation (Lee et al., 2009). The histone methylases have
critical roles in activating and regulating gene expression, and they interact with
nuclear receptors and result in steroid hormone mediated gene activation as well
(Ansari and Mandal, 2010). The MLL3 modulated actions on steroid hormone
receptor and nuclear receptors can result in cardiovascular disease (Ansari and
Mandal, 2010).

The fifth downregulated gene in the current study, O-linked N-
acetylglucosamine (GlcNAc) transferase ‘OGT" gene is present on X chromosome, at
chromosomal location Xql3. OGT mediates O-GlcNAc mediated modification of
proteins (O'Donnell et al., 2004; Bowe et al., 2006; Lima et al., 2010). Mutations in
OGT are associated with increased apoptosis of T cells, altered expression of
transcription factors, and arrest of fibroblast growth (O'Donnell et al., 2004) whereas
enhanced expression of OGT results in increased leptin levels and insulin resistance

(McClain et al, 2002). Analogous to the current study, this protein was
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downregulated in previous microarray study for PAD (Fu et al,, 2008). Inhibition of
OGT expression is therefore positively associated with PAD progression.

The next downregulated gene, PDS5 regulator of cohesion maintenance
homolog B (S. cerevisiae) ‘PDSSB’ is located at chromosomal location 13q12.3, The
high expression of PDS3B in embryonic cardiac tissue emphasizes its critical role in
cardiac development during embryogenesis, and its deficiency results in cardiac
failure (Zhang et al., 2009a). This protein is associated with resolution of chromatids,
normal chromatid separation during mitosis. and therefore regulation of cell cycles
(Shintomi and Hirano, 2009). It additionally has negative regulatory role for cell
proliferation and may act as a tumor-suppressor (Denes et al., 2010).

The gene for TRAF3 interacting protein 3 ‘TRAF3IP3’, also called TRAF3
interacting Jun N terminal kinase (JNK) activating modulator, is located at 1g32. This
protein is an adapter molecule that regulates TRAF3-mediated JNK activation and
cell growth by modulating the c-Jun N-terminal kinase (JNK) pathway (Ma et al.,
2007). The inhibition of cellular proliferation, secondary to silencing of this gene,
indicated significant role of this protein in cellular activation and proliferation (Ma et
al., 2007).

Peripheral artery disease progression is dependent on plaque buildup in
lower limb vasculature and is therefore influenced by the circulating blood cells.
Studies report that progression of PAD and linked complications are associated with
lower ABI and elevated red blood cell width as well as higher number of circulating
white blood cells and monocytes (Violi et al, 1996; Nasir et al, 2005;
Papazafiropoulou et al., 2010; Ye et al., 2011). The current study utilized peripheral
blood mononuclear cells isolated from blood as blood sampling is distinctively easy in
clinical settings. The literature cites that there are differences in gene expression,
dependent on the cell types used for microarray analysis (Whitney et al., 2003), (Eady
et al., 2005). Microarray analysis of RNA isolated from PBMC as opposed to whole
blood (enriched mostly with neutrophils) reveals significant differences in gene
expression patterns (Whitney et al., 2003). There are significant variations in gene
expression, also, when there are differences in number of cells and types of cells used
for expression studies (Whitney et al,, 2003). Eady et al (2005) used only the PBMC
for their study and concluded that these cells provided least variability in inter-sample
expression analysis. As already mentioned many studies report that PBMC have been
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reliably used for discerning gene expression differences between healthy and diseased
individuals, allowing the use of PBMC for the current study.

The present study detected a large number of genes differentially expressed
between PAD cases and controls. Our observation is that these genes relate to
peripheral artery disease and can be used as genetic biomarkers for the diagnosis of
lower extremity artery discase. Microarray studies, however, cannot readily determine
whether the expression differences are the cause of the disease phenotype or simply
the effect of disease. In order to assert that these genes are causing the phenotype,
timeline experiments can be devised that check the expression levels of these genes in
normal asymptomatic high risk individuals and correlate if levels differ when
eventually the symptoms appear. Alternately the expression of upstream regulators of
the differentially expressed genes in current study can provide clues whether the
differences in gene expression represent the cause or just the effect of disease.

All the differentially regulated genes in the present investigation modulate
biological functions as well as molecular functions. Literature search and GO
annotation analysis for the significant genes in the study demonstrated relationship of
genes with cellular metabolism, growth and proliferation, cell death/apoptosis,
immune and inflammatory mechanisms, and insulin metabolism. A subset of
differentially regulated genes between PAD cases and controls in the present study
were also differentially regulated between PAD cases and controls in previous
microarray studies (Evans et al., 2008; Fu et al., 2008). It emphasizes that the PAD
has specific genomic signatures and that PBMC can be used for analyses of these
signatures instead of using atherosclerotic vessels themselves. None of the genes in
the present study were differentially regulated as shown in previous CAD microarray
studies (Wingrove et al., 2008; Meier et al., 2009), to emphasize gene expression
differences  between PAD and CAD cases. Data inquiry of the altered gene
expression in PAD cases and controls: including the ATF3, Csorfdl, ID1, KLF6,
NR442 and TPR genes, and the genes/transcripts activated by these genes can be
useful for gaining further insight into the molecular and genetic basis of PAD. The
genes identified by the dual microarray sets can also be used as probable biomarkers

of PAD and for consideration for genetic therapies.
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SUMMARY

Cardiovascular disorders (CVD) and coronary artery disease (CAD) have
significant contribution to the morbidity and mortality of heart patients. In this
connection, the genes of the folate and homocysteine pathway link to the vascular
disease. Presently, the relationship of homocysteine pathway gene polymorphisms
with myocardial infarction/CAD was investigated by means of the relatively recent
method, tetra primer allele refractory mutation system (ARMS) PCR. A total of 230
participants were recruited in the current study (129 CAD cases, 101 control subjects).
Two SNPs in 5° 10" methylenetetrahydrofolate reductase (MTHFR), rs1801133 and
rs1801131; one SNP in 5' methyltetrahydrofolate homocysteine methyltransferase
(MTR), rs1805087; one SNP in paroxansel (PONI/), rs662; and one in cystathionine
beta synthase (CBS), rs5742905 were analyzed. Additionally, the role of
insertion/deletion polymorphism (rs4646994) in the non-homocysteine pathway gene,
angiotensin converting enzyme (ACE) was assessed through simple PCR. The
covariates considered in the study included: blood pressure, fasting blood sugar,
serum cholesterol and creatinine concentrations. The results demonstrated that the
MTHFR, MTR, and the ACE gene alleles differed between cases and controls. The
results of the logistic regression, after covariate adjustment, revealed significant
relationship of the rs1801133 SNP, and the rs1805087 SNP with CAD in the additive,
the dominant, and the genotype models, respectively. In recessive model however,
logistic regression revealed that only ACE I/D polymorphism (rs4646994) was
associated with CAD. Gene—gene interaction for CAD was revealed for two, three
genetic polymorphisms: rs1801133 MTHFR SNP, rs662 PON1 SNP, and rs1805087
MTR SNP; and the rs1801131 MTHFR SNP, rs662 PON1 SNP and the ACE
rs4646994. The latter interacting genetic polymorphisms had persistent significance
with CAD after adjustment of covariates, Tetra primer ARMS-PCR effectively
detected the alleles in the patient and control samples, it is a relatively faster and
efficient technique that can provide better results as compared to the conventional
approach. Currently, the results concluded that homocysteine pathway gene
polymorphisms have significant contribution to CAD and may therefore enhance

vulnerability to develop vascular disease,
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INTRODUCTION

In year 2003, cardiovascular disorders accounted for over 16 million deaths
worldwide and this number is expected to rise to 23 million by 2030, making CVD
the leading cause of mortality (Mathers and Loncar, 2006). People in developing
countries are at an increased risk to develop CAD (Yusuf et al,, 2001a). Indigenous
Asians, as well as Asian immigrants to other developed countries, have a higher risk
of CAD, and a higher rate of CVD complications (McKeigue, 1992; Yusuf et al.,
2001b; Jafar et al., 2008). Amongst the Asians, the South Asian population,
particularly the residents of Indo-Pak region show evidence of elevated coronary
events and greater susceptibility to CAD (Jafar et al., 2008).

Homocysteine is a sulfur containing amino acid and is the central molecule
in methionine and cysteine metabolism (Welch and Loscalzo, 1998; Trabetti, 2008).
Dietary methionine is the source of homocysteine and excess of methionine shifts the
homocysteine from one carbon transmethylation cycle to the transsulfuration
pathway. Hyperhomocysteinemia results either due to deficiency of the vitamin
cofactors, or due to enzyme defects in the homocysteine cycles. Irrespective of
underlying causes, hyperhomocysteinemia is associated with adverse cardiovascular
effects (Chen et al, 2005; Morris et al., 2008). Some studies mark elevated
homocysteine levels as a risk marker for CAD while others put emphasis on
homocysteine as a risk factor and a causative agent for vascular diseases (Welch and
Loscalzo, 1998; Ferretti et al., 2004: Ridker et al., 2004; Jakubowski, 2006; Helfand
et al., 2009). Elevated homocysteine level is the predictor and an independent risk
factor for CAD as well as PAD (Boushey et al., 1995; Graham et al., 1997; Lima et
al., 2007). Various environmental factors and individual lifestyles modulate
homocysteine levels. These include age, vitamin deficiency, the nutritional status of
individual, CVD, body mass index (BMI), smoking and tobacco usage, hypertension,
hypercholesterolemia, and the intake of coffee (Grubben et al., 2000; Urgert et al.,
2000; Christensen et al., 2001; Nurk et al., 2004).

31 Gene variants in the homocysteine pathway
The various steps in the homocysteine metabolism are modulated by genes in

homocysteine/folate pathways and their necessary cofactors. Some of the genes are
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noticeably important as their activity (or loss of activity) has profound impact on
homocysteine concentration as well as on downstream effects.
3.1.1 Cystathionine Jj synthase

It was recognized, by 1964, that elevated homocysteine levels, secondary to
enzymatic defects and errors in homocysteine metabolism, resulted in early thrombo-
embolic disease (Mudd et al., 1964). Thereafter deficiency of CBS enzyme and
associated mutation was held responsible for the generalized atherosclerotic discase
and demise (in 1933) of an eight year old first — documented homocystinuria patient
(McCully, 1969). McCully (1969) concluded that CBS enzyme deficiency, and the
resulting elevated homocysteine levels  were directly responsible for the
complications.

The CBS gene (NM_000071) is located at position 21223, and has 17
exons. The cofactor for CBS enzyme is vitamin B6; CBS catalyzes conversion of
homocysteine 1o cystathionine in an irreversible reaction in the transsulfuration
homocysteine pathway. There are more than 150 mutations and polymorphism known
for the CBS gene (Kozich et al., 2010). The important polymorphism in the gene
includes T833C (rs5742905) in exon 8; this SNP lies in cis with an insertion
polymorphism, 844ins68 also in exon 8. Both these SNPs are associated with
diminished enzyme activity, hyperhomocysteinemia, and are related to various
disease phenotypes (Franco et al., 1998a; Tsai et al, 1999; Dutta et al., 2005;
Golimbet et al, 2009) and the T833C polymorphism has also been studied for
association with the vascular disease (Tsai et al., 1996).

3.1.2 Methylene tetrahydrofolate reductase

The methylene tetrahydrofolate reductase *MTHFR' gene (NM_005957) is
present at chromosomal position 1p36.3 and has 12 exons. This gene plays a vital role
in the remethylation homocysteine pathway. The latest list of mutations comprises of
more than 30 harmful mutations as well 9 polymorphisms in the MTHFR gene
(htm:Hu.ww.ncbi,nlrn.nih.guwhmksmm(&ﬂﬁl.-f}. Of mention, the polymorphisms and
SNPs in MTHER include the C677T (rs1801133, in exon 4) and A1298C (rs1801131,
in exon 7); [MIM id 607093] (Frosst et al,, 1995: Hanson et al., 2001; Falchi et al,,
2005). These SNPs are associated with various discase phenotypes including the
CAD, PAD, lipid metabolism, and ischemic stroke (Frosst et al., 1995; Szczeklik et
al., 2001; Falchi et al., 2005; Laraqui et al., 2007; Al-Allawi et al., 2009; Zhang et al.,
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2010a). Different genotypes at rs1801133 locus associate with differences in severity
of the disease and the phenotype (Frosst et al., 1995; Kluijtmans and Whitehead,
2001; Bathum et al., 2007),

3.1.3 Methyltetrahydrofolate homocysteine methyltransferase

The methyltetrahydrofolate  homocysteine  methyltransferase “MTR’
(NM_000254) is located at chromosomal position 143 and has 33 exons. It catalyzes
the conversion of homocysteine to methionine. The most characterized SNP for this
gene is A2756G (rsI805087, in exon 26); the SNP is responsible for
hyperhomocysteinemia yet the causal effect of this SNP on CAD is not well
characterized (Bathum et al., 2007; Laraqui et al., 2007; Vinukonda et al., 2009).

3.1.4 Paraoxonase gene

The paraoxonase gene cluster consists of three genes namely, PONI, PON2,
and PON3 at chromosomal location 7q21.3. The ‘PONI" (NM_000466) gene has 9
coding exons. Of various known SNPs in PON/, the A192G SNP (rs662) and M55L
(rs854560) are well characterized and are associated with pro-inflammatory markers
(Acampa et al., 2011). The rs662 SNP and rs854560 SNP variants in PONI gene are
additionally significant modulators of the vascular phenotype (Mendonca et al., 2009;
Mohamed et al., 2010).

J.1.5 Angiotensin converting enzyme

Angiotensin converting enzyme ‘ACE’ (NM_000789) is located at
chromosome 17 (17923.3) and has 25 exons. ACE gene insertion/deletion
polymorphism (rs4646994) is a significant modulator of CAD (Szperl et al., 2008;
Zintzaras et al., 2008).The insertion allele is representative of an alu repetitive
sequence with 287 bp difference between the ‘I” allele as compared to the ‘D" allele.

3.2 Methods for detection of SNPs

On the basis of the predicted SNP frequency of 1 SNP / kb of the human
genome, initially, it was shown that human genome comprised of 3 million SNPs,
however recent data suggests that more than 10 million SNPs exist in the human
genome (Lai, 2001}, According to NCBI human dbSNP data (build 131), human
genome has 10.5 million submitted and 2.3 million reference SNPs. There is an
extensive list of genotyping methods and techniques available for detection of SNP

variants, DifTerent research laboratories and clinical setups use specific methods for
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SNP detection. A brief description of some of the widely used and important

techniques is as follows:

3.2.1 Restriction fragment length polymorphism (RFLP)

Restriction fragment length polymorphism (RFLP) is the traditional
approach for SNP detection. This technique is based on the foundation that different
restriction enzymes (RE) recognize specific DNA sequences, cleave the target sites,
and ultimately fragment the DNA. The size of the fragments depends upon whether or
not the cleavage site for RE is present in the analyzed sequence. This technique
allows determination of one base pair difference between the corresponding alleles.
The restriction digestion analysis was initially used for detection of mutations in
viruses such as human adenoma virus, and later, RFLP was used for building human
genetic maps (Grodzicker et al., 1974; Botstein et al.,, 1980). The technique is widely
used for detection of alleles for known SNPs, for SNP genotyping in various diseases,
and for investigating the disease phenotypes involving hyperhomocysteinemia and
homocysteine pathway gene variants (Guerzoni et al., 2009; Pasalic et al., 2009;
Vinukonda et al., 2009; Lakshmy et al., 2010; Vijaya Lakshmi et al., 2011).

Certain drawbacks associated with RFLP analysis however include
expensive kits, and a limited number of reactions catalyzed per kit. For RFLP analysis
the SNP must either create or abolish a restriction site otherwise SNP cannot be
analyzed. Additionally the reactions are lengthy, time consuming and require further
processing of the samples after PCR, and are difficult to manage if the sample
turnover is high (Ye et al., 2001; Okayama et al., 2004; Stefan et al., 2009; Scharrer et
al., 2010).

3.2.2 Denaturing high performance liquid chromatography (DHPLC)

The method is relatively new, automated and can be used to detect sequence
variants within minutes (Oefner and Underhill, 1995). In this technique, template is
subjected to reverse phase HPLC with non porous alkyl column, and insertions,
deletions, and single base pair mismatches are quickly and accurately detected
(Oefner and Underhill, 1995; Liu et al., 1998; Yu et al., 2006). DHPLC can also be
used for studies aimed at disceming the human evolution (Underhill et al., 1997;
Underhill et al., 2000). The amplified PCR product is modified to yield
heteroduplexes and homoduplexes: the mutated or mismatched fragments form

hetroduplex, and have lower column retention as compared to the wild type or
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homoduplex fragment (Oefer and Underhill, 1995; Liu et al., 1998; Yu et al., 2006;
Scharrer et al., 2010).

DHPLC has been used with full accuracy for the detection of SNPs in genes
associated with hypertension and CAD (Su et al,, 2002; Su et al., 2003; Zhang et al.,
2005). The limitation of this technique is high cost of the column, chemicals, HPLC
equipment, and expertise required for operating these reactions. It is therefore less
feasible for routine use especially in the less well equipped laboratories (Baris et al.,
2010).

3.2.3 Direct DNA sequencing

Direct DNA sequencing is fast automated technique that can be used with
great accuracy to detect the DNA sequences. [t can be used for detection of known as
well as unknown SNPs (Stefanius et al,, 2011). Automated DNA sequencing is the
modified form of Sanger dideoxy sequencing: primer is attached to the template
DNA., and the DNA polymerase adds the deoxynucleoside triphosphate (dNTPs) and
dideoxynucleoside triphphosphate (ddNTPs) complementary to target DNA. The
strands elongate with addition of dNTP whereas incorporation of ddNTP results in
termination of the reaction: termed ‘single extension/dye termination sequencing’
(Lee et al., 1992). The ddNTPs are fluorescently labeled and the analysis of reaction
products involves capillary electrophoresis. The DNA sequences are read through
laser enhanced fluorescence recognition technique, and can accurately identify the
DNA sequences and variations/mutations in the DNA sequences (Rieder et al., 1998;
Guttman et al., 2003). The modification of this procedure can be used for multiplex
SNP typing (Blazej et al., 2003; Zhou et al., 2005).

Direct sequencing has been reliably applied to SNP genotyping in cancer,
essential hypertension and CAD (Jiang et al., 2001: Li et al., 2004; Villanueva et al.,
2008; Zhang et al., 2010b). The method is highly accurate for SNP detection in
comparison to the traditional RFLP analysis (Davis et al., 2007). The disadvantage
with this technique is the complex and expensive instrumentation; and high expertise
required for these reactions (Lee et al., 1992; Zhou et al., 2005; Baris et al., 2010).

3.2.4 Real time analysis (RT-PCR)
Real time PCR analysis is based on detection of the fluorescence emitted by
the fluorescent probes. For real time analysis, the fluorescent assays are of two main

subtypes; one fluorescence method uses dye for double stranded DNA (Sybr Green®)
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whereas the other method uses fluorescent dye for single stranded DNA annealing
(Tagman®, and Molecular Beacon®). The Sybr Green method is simple fluorescence
detection real time analysis, it (Sybr Green) emits fluorescence after intercalating the
double stranded DNA. The disadvantage is that it gives fluorescence for specific as
well as non specific DNA hybridization. This drawback can be overcome by the
correction for PCR melting temperature (specific hybridization occurs at higher
temperature than non specific hybridization) (Morrison et al., 1998). The specific
melting curve based analysis greatly enhances the specificity of Sybr Green based real
time analysis (Ririe et al., 1997; Nicolas et al., 2002).

The Tagman® and Molecular Beacon® are single strand DNA detection
techniques and both employ fluorescence resonance energy transfer (FRET). The
basic ‘primer’ used in both of these methods has two reporter proteins; a ‘reporter’
fluorophore (R) at 5" end and a “quencher’ (Q) at 3° end. For Tagman analyses, the
unlabelled primer binds DNA upstream, whereas the fluorophore primer binds
specific DNA, downstream (Holland et al., 1991; Heid et al., 1996: Arya et al., 2005).
The polymerase extends the (unlabelled) upstream primer and the polymerase’s 5' —
3" exonuclease activity disrupts the (downstream) fluorophore primer, the reporter
fluorophore therefore emits fluorescence which is easily detectable. If the template
sequence is non-specific, the primer remains unbound and there is no detectable
fluorescence as the quencher and the reporter are in close proximity (Holland et al.,
1991; Heid et al., 1996; Arya et al., 2005), Molecular Beacon analysis similarly uses
dual fluorophore primer but it is designed so as to form a hair pin structure. When the
primer is not hybridized to its specific template DNA, the reporter and quencher are in
close proximity and there is no fluorescence, whereas when the primer binds specific
template DNA and the hairpin opens, the two fluorophores separate and the reporter
emits fluorescence proportional to the specific target hybridizations (Tyagi and
Kramer, 1996; Vet et al., 2002).

Tagman probe based and molecular beacon based gRT. PCR, owing to their
specific primer design and differences in annealing temperatures (for perfect matched
and mismatched primer), have been accurately applied to SNP genotypings (Shi,
2001; Shi, 2002; Vet et al., 2002; Niederstatter et al., 2006). Real time analysis can be
employed for gene expression, protein analysis, and microbial analysis (Vet et al.,
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2002; Deutsch et al., 2005; Yesilkaya et al., 2006; Jones et al., 2009; Riches et al.,
2010).

3.2.5 Single strand confirmation polymorphism (SSCP) genotyping

The gel electrophoresis of double stranded DNA is dependent on the length
of the DNA product and has no difference in migration based on single base pair
changes. The single stranded DNA products however form highly sensitive and
specific loops and folds depending on their sequences, so that one base pair
substitution results in alternate structure of single stranded DNA. This difference in
confirmation can be detected by gel mobility shift observed by subjecting the
restriction digested, single stranded segment to polyacrylamide gel electrophoresis
(Orita et al., 1989; Walsh et al., 1995). The drawback with this method is that DNA
has to be digested into segments prior to SSCP analysis (Orita et al., 1989). Originally
applied for the detection of sequences up to 150 bp in length, with further
modifications, SSCP could accurately detect single base pair sequence differences in
400 to 500 bp primers (MarkofT et al., 1997),

The SSCP analysis and slight improvements in this method (such as
multicolor fluorescent labeling of primers) have been widely and accurately used for
SNP analysis in genes and for various disease conditions (Kozlowski and Krzyzosiak,
2001; Mitui et al., 2003; Hata et al., 2006; Chen et al., 2009b).

3.2.6 Matrix assisted laser desorption ionization (MALDI) time of flight (TOF)
mass spectrometry technique

The MALDI-TOF MS technique is based on ultraviolet laser desorption of
organic compounds and the high sensitivity to detect single and double ionic
molecular compounds (Karas and Hillenkamp, 1988). In this method, the protein or
nucleic acid (to be detected) is added to the solution in matrix, and the matrix crystal
is then subjected to laser irradiation. The proteins or nucleic acids are ionized and
desorbed into gas phase and are therefore rapidly and easily detected, depending on
ionization differences and molecular weight (mass/charge ratio) (Karas and
Hillenkamp, 1988; Griffin et al., 1999; Griffin and Smith, 2000b).

Several modifications in MALDI-TOF MS analysis have been reported that
have enhanced the SNP detection potential of this technique (Sun et al., 2000;
Mengel-Jorgensen et al., 2004; Boontha et al., 2008; Millis, 2011). The MALDI-TOF
MS approach has been reliably applied for SNP genotyping for sequence
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determination as well as for the disease stratification (Griffin and Smith, 2000a; Hung
et al., 2002; Mengel-Jorgensen et al., 2004; Pinto et al., 2010; Yu et al., 2011). The
disadvantages of MALDI TOF MS include expensive instruments and chemicals
used, and the expertise required for this method (Baris et al., 2010).

3.2.7 Microarray based SNP typing

The microarray based ‘Genome Wide Association Study’ (GWAS) SNP
typing is the only method for detecting hundreds of thousands of SNPs in the human
genome simultaneously. The foundation for GWAS rests on identification of millions
of SNPs in human genome, through the Human Genome Project (Lai, 2001; Lander et
al.. 2001 Venter et al., 2001; The International HapMap Project, 2003).

The microarray platforms for SNP analysis include the Affymetrix®,
llumina®, and Agilent® microarrays. The Affymetrix ‘SNP” and ‘copy number
variant’ (CNV) analyzing microarrays include: Human Mapping 10K 2.0 Array
(10,000 SNPs); Human Mapping 100 K set (116,204 SNPs); Human Mapping 500 K
set (2 arrays combined with more than 500,000 SNPs); Human SNP array 5.0
(500,568 SNPs and 420,000 probes for CNV analysis); and Human SNP array 6.0
(queries 1.8 million markers including 906,600 SNPs and probes for 946,000 CNV)
(http://www.affymetrix.com), (Schosser et al., 2010). The Iiumina multiple sample
per Beadarray® variety of SNP microarrays include: Human cytoSNP-12 (300,000
SNPs): Human 660W-Quad (more than 658.000 SNPs); Human OmniExpress (more
than 700,000 SNPs); Human IM-Duo (greater than 1.0 million SNPs); Human
Omnil-Quad (greater than 1.0 million SNPs and probes); and Human OmnilS-8 and
Human Omni2.5-Quad (more than 1.25 million and 2.5 million SNPs and the probes
respectively) (http://www.illumina.com). The Agilent genomewide SNP analysis
arrays include: Human Genome CGH Microarray 4 x 44 K (42,494 target features);
Human Genome CGH Microarray 105A (99,026 target features); Human Genome
CGH Microarray 244A (236,381 target features); SurePrint G3 Human CGH
Microarray 8x60 K (55,077 target features); SurePrint G3 Human CGH Microarray
4x180 K (170,334 target features); SurePrint G3 Human CGH Microarray 2x400 K
(411,056 target features); and the SurePrint G3 Human CGH Microarray 1xIM
(963,029 target features) (http://www.genomics.agilent.com). The Affymetrix and

Iliumina microarrays are by far the most common SNP genotyping platforms and
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have been used for universal SNP analyses (Arking et al., 2010; Lind et al., 2010;
Muglia et al., 2010; Vogler et al., 2010; Kim et al., 2011).

The DNA pooling can greatly reduce the GWAS cost as the samples are
pooled based on defined characteristics and pooled samples are applied communally
in a single chip thereby greatly reducing the cost as compared to individual
hybridizations (Melquist et al., 2007, Homer et al., 2008; Schosser et al., 2010;
Szelinger et al., 2011). The disadvantages with microarrays include the considerably
expensive microarray scanners, reagents, and cost of microarrays themselves, limiting

the universal use of this technique for SNP analysis (Szelinger et al., 2011).

3.2.8 Amplification/Allele refractory mutation system (ARMS/AS-PCR)

This technique is a simple allele detection technique that circumvents the
restriction digestion of the amplified PCR product by the use of alternate primers for
the allelic discrimination. Unlike the RFLP analysis (that requires site recognition by
restriction enzymes), this technique can detect any mutation in the entire genome, and
reliably detect hetrozygotes from homozygotes (of cither allele) by simple inspection
of the gel images (Newton et al., 1989a). There are two primers designed for the
alleles, one primer has the normal nucleotide and the other the polymorphic
nucleotide at the 3’ end; with a deliberate base pair change near the 3 end to further
enhance specificity of the primers. With complementary base pairing of specific
primer, the PCR continues; with non-complementary base pairing, the primer is
refractory to PCR amplification and the amplification product is not seen (Newton et
al., 1989a; Okayama et al., 1989). The reaction for single allcle discrimination is
performed in two tubes; the common primer is added in both the tubes, whereas the
normal and polymorphic primers are added separately in the two tubes. The gel image
analysis showing the amplification band for cither tube represents homozygosity,
whereas the band for both tubes represents hetrozygosity.

ARMS-PCR has been associated with SNP analysis and has been
successfully applied for detecting allelic differences in a variety of disease phenotypes
(Newton et al., 1989b; Littlejohn et al., 2008; Liu et al., 2010; Ghandri et al., 2011).
Despite the fact that allele discrimination by the allele refractory mutation analysis is
reliable and fast, yet the significant complexity is the primer designing and use of two
separate reaction tubes for single allele discrimination.
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3.2.9 Tetra primer allele refractory mutation system (T-ARMS) PCR

Tetra primer ARMS-PCR is a relatively new technique and (unlike RFLP),
can be used to genotype practically any SNP in the entire human genome (Ye et al,
2001; Okayama et al., 2004). This procedure, for detecting alleles at a locus, is
dependent on two pairs of primers; on¢ pair consists of the external (outer) primers
that amplify a larger outer DNA amplicon and a second pair consisting of internal
(inner) allele specific primers. The inner/internal primers are designed in a way that
they amplify DNA fragments of different sizes with their respective external primer;
the size differences between the inner bands therefore correspond to the two different
alleles (Ye et al., 2001; Okayama et al., 2004).

Advantages of this technique are that it is fast, accurate, high throughput
technique and a single PCR reaction can resolve the genotype (Ye et al., 2001;
Galmozzi et al., 2010; Kim et al., 2010; Peruzzi et al., 2010) and in multiplex analysis
more than one locus can be analyzed simultaneously in one PCR reaction (Piccioli et
al.. 2006: Yang et al, 2007). Tetra primer ARMS-PCR can reliably detect
polymorphism where RFLP analysis may occasionally give erroneous results (Ward
et al. 2006). This method can reliably detect the genotypes in a relatively less
equipped laboratory, and in the laboratory setups with high sample tumover. The
disadvantage of this technique is that it may require great deal of troubleshooting. The
internal primers have lesser amplification efficacy due to the mismatches: and the
internal primers yield non-specific bands. These drawbacks can be overcome and
specific priming is achieved by increasing the concentration of internal as compared
to outer primers; using gradient thermal cyclers; touchdown reactions where initial
temperature for tetra primer ARMS-PCR is kept high and then the temperature is
gradually reduced to optimal annealing temperature; or by using hotstart polymerase
for the tetra primer ARMS reaction (Ye et al., 2001; Okayama et al., 2004). To the
best of author’s knowledge this technique has not been used for detection of alleles in

the homocysteine pathway.

In the present study the individual alleles of SNPs in homocysteine pathway
genes were analyzed by tetra primer ARMS-PCR. The aim of the study was to
determine the effects of the specific alleles with CAD, individually as well as through
the gene—gene interactions (epistasis).

#
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MATERIALS AND METHODS

3.3.1 Study Design and participant recruitment

The study was a case control association study. Joint approval was acquired
from the “Institutional Review Board”, Quaid-i-Azam University Islamabad and from
the “Pakistan Medical Research Council”, Constitution Avenue, Islamabad. Written,
informed consents were obtained from all participants. The study comprised of 129
CAD/MI patients (males 107) recruited from the medical unit at Rawalpindi General
Hospital, Rawalpindi and from the cardiology units in Poly-technique Hospital,
Islamabad, and the Postgraduate Institute of Medical Sciences, Islamabad. The control
group was recruited from medical out patients department of the Rawalpindi General
Hospital and incorporated 101 (males 57) hypertensive subjects. The mean age (= SD)
for cases (patients of coronary artery disease) was 55.03 £6.29 years and for the
controls (normal subjects), the mean age was 56.36 £8.16 years respectively. The
enrolled CAD patients and controls were from similar socioeconomic background and
belonged to the same geographical region. The demographic data of participants is
provided as Table 3.1.

3.3.2 Participant case histories and the presenting complaints

The patient group complained of severe chest pain, breathlessness, sense of
heaviness in the chest, and limitation in bodily activity. The symptoms were persistent
and were present for greater than one hour. The past history was positive for chest
discomfort, occasional breathlessness and a few patients had previous history of
abdominal pain as well. In the patient and control group, the risk factor associated
with vascular disease such as cigaretic smoking, high BMI, hypercholesterolemia and
hypertension were present. The participants were on different antihypertensive
medications including the calcium channel blockers, beta blockers, diuretics, and
aspirin. The cases presented to the emergency departments of the hospitals within
three hours of the initiation of symptoms.

3.3.3 Participant baseline parameters and diagnosis
On presentation the general physical examination of the cases and controls
was carried out for pulse, blood pressure, temperature and respiratory rate. Blood

pressure (mmHg) was measured with a conventional mercury sphygmomanometer.
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Table 3.1. Anthropomorphic and serum parameters of cases and control

Sample Characteristics

Controls

Participants 101 129
Age, years 56.36 £8.16 55.03 £6.29 0.16
Gender 57 (36) 107 (82) <0.001
Systolic B.P. (mmHg) 136+£20.2 128+16.0 0.001
Diastolic B.P. (mmHg) 90=11.3 84£11.5 <0.001
BMI 31.1£59 31.3£5.1 0.75
Smoking status 56 (55) 79 (61) N.S.
'S, Cholesterol (mg/dl) 21044 21954 0.17
Fasting blood sugar (mg/dl) 115+30 106+28.3 0.04
S. Creatinine (mg/dl) 1.27+0.42 1.4040.50 0.03
B/ Cat++ channel blockers(%) | 59 /35 67/33 N.S.

Values are expressed as either ‘mean standard deviation® or as ‘n (%)’. The row for

gender represents values for males. The p-values for variables computed by ttest.
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Serial electrocardiography (ECG) of the patients was performed at presentation to
emergency department (ER) and patients with positive ECG changes were included as
cases. The participants in the control group had no symptoms of ischemia and had no
signs of ischemia or infarction on their respective ECG tracings. The study participant
ages, as well as the tabulated blood pressure readings and serum fasting glucose,
cholesterol and creatinine levels for the cases and the controls respectively, represent

values at the time of blood sampling.

3.3.4 Blood Sampling, serum preparation, and analyses of biochemical
parameters

Fasting blood samples were obtained from participants in plain tubes for
serum preparation, and in EDTA vacutainers for extraction of genomic DNA. The
serum parameters included blood sugar (mg/dl), cholesterol (mg/dl), and creatinine
(mg/dl), (covariates). Serum samples were stored at ~20°C until analyzed by
commercially available kits (AMP Diagnostics, AMEDA Labordiagnostik GmbH).

3.3.5 Extraction of genomic DNA

DNA was extracted by standard phenol chloroform extraction protocol.
Briefly 750 pl of whole blood was added to 1.5 ml eppendorf tubes (Eppendorf
Hamburg Germany). An equal volume (750 pl) of solution A was added to the blood
in tube. Solution A comprised of sucrose (0.32 M, Sigma, St. Louis, MO); Tris (10
mM., Sigma); MgCl; (5 mM, BDH Chemicals UK); and Triton X 100 (1%, Sigma, St.
Louis. MO). The contents were mixed and left at room temperature for 15 minutes.
The sample was run at 13,000 rpm for 1 minute, The supernatant was discarded and
the pellet was resuspended in 400 ul of solution A. The sample was again centrifuged
at 13,000 rpm for | minute, the supernatant was discarded and the pellet was
resuspended in 400 pl of solution B that contained Tris (10 mM, Sigma, St. Louis,
MO); NaCl (400 mM, BDH Chemicals UK); and EDTA (2 mM, Sigma). To the tube
mix. after resuspending the pellet, 12 ul of 20% SDS (BDH Chemicals UK) and 6 pl
Proteinase K (Fermentas, Glen Burnie, Maryland) were added and the sample was
kept overnight at 37°C.

The following day equal volumes of Solution C (Phenol, BDH Chemicals,
UK) and freshly made solutions D, containing 24:1 volumes Chloroform: Isoamy!
alcohol (BDH, Chemicals UK), were mixed and 500 pl of this mix was added to the
sample and centrifuged at 13,000 rpm for 10 minutes. The supernatant was carefully

_____————__
91



CHAPTER3 HOMOCYSTEINE PATHWAY GENES IN CAD

collected in a new eppendorf tube, 500 pl of solution D was added and the sample
was centrifuged at 13,000 rpm for 10 minutes. The supernatant was collected in a new
eppendorf tube and 53 ul of 3M sodium acetate solution (Sigma, St. Louis, MO), and
500 ul refrigerated Isopropanol were added, tube was shaken several times. and
sample was centrifuged at 13,000 rpm for 10 minutes. The supernatant was removed
and the DNA pellet was washed with 70% chilled ethanol and dried in a DNA
concentrator (Eppendorf DNA Concentrator 5301, Eppendorf, Hamburg, Germany).
The dried DNA was mixed with 200 pl of TE buffer (Tris-EDTA buffer, Invitrogen,
Carlsbad, CA). The DNA was diluted to 50 ng/ pl for the PCR based DNA

amplifications and stored at 4°C,

3.4  PCR based SNP analysis

The current study protocol comprised of the primer design for PCR based
amplification of the genomic DNA segments, restriction digestion of a limited number
of samples to determine the genotypes, tetra primer ARMS-PCR analysis for all the
SNPs studied in all the samples, and identification of the SNPs that are significantly
associated with CAD.

3.4.1 Primer design for SNP detection

The genomic DNA sequences for all the genes in the study were accessed at
the University of California Santa Cruz (UCSC) Genome Browser Database
{http:ch:mme.ucsc.edufcgi-biruhg(}atewa}r}. For the design of allele specific and
outer primers (4 primers/each SNP) for the tetra primer ARMS-PCR, the genomic
sequence was submitted 10 the webpage at http:ff’cedur.gcneﬁcs.somn.ac.uk‘ The
designed primers were slightly modified to get the optimal lengths of the allele
specific bands for unambiguous visualization. The primers were ordered from

Integrated DNA Technologies (IDT Inc. Coralville, lowa).

342 Restriction digestion analysis of the SNPs

For the RFLP analysis, the outer primers designed (for tetra primer ARMS
analysis) for each of the 5 SNPs, were used for amplification of genomic DNA
segment containing the SNP. For the analysis, samples were randomly selected from
the CAD and normal subject categories. The reaction for each SNP was carried in a
total volume of 25 pl. The template DNA was 50-100 ng, 2.5 ul of the 10 x buffer,
2.0 pl of 25 mM MgCl, 50 ng of each of the two primers and 1.5U Taq polymerase
(Fermentas Inc. Glen Burnie, MD). The PCR reaction had following steps: the

EE___——‘—
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denaturation at 95°C for 7 min; followed by ‘36 cycles' of 95°C for 45 sec, the
annealing steps at the annealing temperatures for individual SNPs (58°C for
rs1801133, rs1801131, and rs5742905; 57°C for rs662; and 50°C for rs1805087) for
45 sec and extension step at 72°C for 1 min; followed by the final extension at 72°C
for 7 min. The PCR reactions were run in a T1 thermal cycler (Biometra GmbH,
Goettingen Germany). After the PCR, 5 pl of the amplified products were mixed with
3 ul of bromophenol blue and run on a 1% agarose gel.

The restriction digestion was performed for the five SNPs individually with
different parameters and temperature specifications for each enzyme. For all the §
SNPs, 10 pl of PCR amplified products were mixed with 18 pl of PCR grade water, 2
ul of specific buffer (supplied with the restriction enzymes) and 2 pl of specific
restriction enzyme. The restriction enzymes included: Hinfl for rs1801133; Mboll for
rs1801131; Bsrl for rs5742905; Alwl for rs662; and Haelll for rs1805087. The
buffers included: Buffer R for Hinfl (10 mM Tris-HCL (pH 8.5). 10 mM MgCl,, 100
mM KCL, and 0.1 mg/ml BSA); Buffer B for Mboll (10 mM Tris-HCL (pH 7.5), 10
mM MgCly, 0.1 mg/ml BSA); Buffer B for Bsrl (10 mM Tris-HCL (pH 7.5), 10 mM
MgCls, 0.1 mg/ml BSA); the Tango® buffer for Alwl (33 mM Tris-acetate (pH 7.9),
10 mM magnesium acetate, 66 mM potassium acetate, 0.1 mg/ml BSA); and Buffer R
for Haelll (10 mM Tris-HCL (pH 8.5), 10 mM MgCly, 100 mM KCL, and 0.1 mg/ml
BSA). The products were digested overnight with the restriction enzymes, and
incubated at individual temperatures. The temperatures for the overnight incubations
for the individual SNPs were: 37°C for rs1801133, and rs1801131 respectively; 65°C
for rs5742905; 55°C for rs662; and 37°C for rs1805087. After overnight digestion, the
digested products were visualized on a 1% agarose gel and visualized using the Gel
Doc XR System (Bio-Rad, Hercules CA 94547).

3.43 Primer Sequences for MTHFR
MTHFR rs1801133 SNP

The primers include internal forward: 5'—aggagaaggigictgeggecgt-3",
internal reverse: 5’-aagaaaagetgcglgatgatgaaatagg—3’, the external forward primer
was: 5'-  aagcatatcagtcatgagcecagee—3, and  external reverse: 3'-
gggaagaacicagegaacicageac-3". The underlined bases represent the deliberate
mismatches. The Tm for the specified primers were 70°C, and 67°C for internal

forward and reverse primers; 68°C and 68°C for the two external primers respectively.

f
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MTHFR rs1801131 SNP

The primers include internal forward: 5°-ggggaggagctgaccaglgagga-3',
internal reverse: 5'-aaagaacgaagacticaaagacacctg—3", external forward and external
reverse  primers  were  5'-gagicaggggcagaatitacaggaatg-3' and  5'-
ttcteectttgecatgtecacag-3" respectively. The underlined bases represent the deliberate
mismatches. The Tm for the specified primers were 70°C, 64°C, 67°C and 67°C for

the primers respectively.

3.4.4 Primer Sequences for MTR
MTR rs1805087 SNP

The primers include internal forward primer: 5'-
tggaagaatatgaagatattagacalga—3, internal reverse; 5'-acttaccttgagagactcataattge—3',
external forward: 5°'-gigttatcagcattgaccattactac—3", and external reverse: 5'-
gaagacctctgattigaactagaaga—3’ respectively. The underlined bases represent the
deliberate mismatches. The Tm for the specified primers was 58°C for all four

primers.

3.4.5 Primer Sequences for CBS
CBS rs3742905 SNP

The primers were internal forward primer: 5'-agecgegecctctgeagataat-3',
internal reverse primer: 5'—gacceticgggatecacccaag—3', external forward primer: 5°-
cgeectgeactgaacatttaggteat—3', and the external reverse: 5
cagtgtgagegieagitacaggetge—3'. The underlined bases represent the deliberate

mismatches. The primer Tm was 69°C for the four primers.

3.4.6 Primer Sequences for PON!
PONI rs662 SNP

The primers include internal forward primer: 5'-tcactattttcttgaccectacticcg—
3', the internal reverse primer: 5'—taaacccaaatacatctcccaggett-3', external forward and
external  reverse  primers:  5'-{gticcattatagctageacgaagge—3', and  5'-
tcagagagttcacatactigecateg-3’ respectively. The underlined bases represent deliberate
mismatches. The Tm for the specified primers for this SNP was 65°C for all four

primers respectively.

3.4.7 Primer Sequences for ACE variant amplification
ACE insertion/deletion polymorphism
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For the ACE gene rs4646994, the primers used were forward primer: 5'-
clggagaccacicecatcetttet-3', and the reverse primer: §'-patgtggecateacattegtcagat-3',
The primer Tm was 64°C for the forward and 66°C for the reverse primer
respectively. As this polymorphism is insertion/deletion and not single nucleotide
polymorphism, simple PCR instead of the T-ARMS-PCR was undertaken for

analysis of this allele.

3.4.8 Tetraprimer ARMS-PCR analysis

The reaction was performed in a total volume of 25 pl containing 50-100 ng
of template DNA, 50-100 ng of the outer primers (concentration dependent on best
visualizations of bands), 100-150 ng of allele specific primers (concentration
dependent on best visualizations of bands), 2.5 pl of 10 x buffer, 2.0 pl of 25 mM
MgCl;, 0.2 mM dNTPs, and Taq polymerase 1.5U (Fermentas Inc. Glen Burnie, MD).
Touchdown reactions were performed for the MTHFR and CBS SNPs (due to
individual differences in the Tm of the primers). The first annealing touchdown step
was at 67°C, the temperature was decreased 1° every two cycles to final 58°C for
rs1801133 and rs5742905 SNPs, and to final 56"C for rs1801131. The subsequent
steps for rs1801133, rs5742905, and rs1801131 were carried at these annealing
temperatures for the remaining cycles. For rs662, annealing temperature was 57°C,
and for rs1805087 it was 50°C (both without touchdown), The PCR reaction had the
following steps: the denaturation at 95°C for 7 min; followed by 41-45 cycles of 95°C
for 45 sec, the annealing steps at the annealing temperatures (as mentioned above) for
45 sec and extension steps at 72°C for | min; followed by the final extension at 72°C
for 7 min. The method by Rigat et al. (1992) was used for analyzing the ACE I/D
polymorphism. For the visualization of tetra primer ARMS-PCR products, 15 pl of
the amplified PCR products were either run on a 2 % agarose gel or 8 % non
denaturating polyacrylamide gel (PAGE). The images from the gels were captured
with a Gel Doc XR Svstem (Bio-Rad, Hercules CA 94547).

3.4.9 Statistical analysis

Analyses were carried out for all the SNPs under four genetic models; the
additive, dominant, genotype, and the recessive genetic models. All the SNPs were
subsequently analyzed by unconditional logistic regression. The results for genotype
analysis and logistic regression analysis were adjusted for the covariates (age, gender,

systolic blood pressure, diastolic blood pressures, fasting blood sugar, serum
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cholesterol and creatinine). The best fitting genetic model was the one that exhibited
the highest odds/likelihood with respect to the disease. Gene—gene interaction
(epistasis) analysis was reviewed as well, with addition of all SNPs in analysis and
after adjustment for the covariates. A probability value p < 0.05 was considered
statistically significant difference. For a more strict statistical scrutiny, the results
were also subjected to Bonferroni multiple correction and a p < 0.0083 was
considered statistically significant difference. The R statistical analysis package
R.2.11.1 was used for the SNP analysis.
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RESULTS

3.5.1 Baseline profile of the covariates

Mean systolic blood pressures (meantSD) were 136+20.2 mmHg and
128416.0 mmHg (p=0.001) for controls and cases respectively. Diastolic blood
pressures for controls and cases were 90£11.3 mmHg and 84+11.5 mmHg (p<0.001)
respectively. Fasting blood sugar levels in controls and cases were 115430 mg/dl and
106+28.3 (p=0.04), respectively. Mean values of serum cholesterol were 210444
mg/dl and 219454 mg/d] in controls and cases (p=0.17) respectively; whereas mean
serum creatinine levels for controls and cases were 1.27£0.42 mg/dl and 1.40+0.50
mg/dl (p=0.03) respectively. The average systolic blood pressure of cases at the time
of presentation was 134421 mmHg and the diastolic blood pressure was 8317
mmHg. The lower systolic and diastolic blood pressure and fasting blood glucose
levels at the time of sampling are representative of critical care in the coronary care
units. The rate of anti-hypertensive medication, for B blockers was 67% and 59%, for
Ca™" channel blockers was 33% and 35%, and usage for diuretics was 50% and 55%
for the cases and controls respectively. In the current study, although the studied
covariates were not included as outcome variables, still logistic regression analysis of
the covariates, without the polymorphisms, was carried out to find association with
artery disease. There was significant association with gender (p<0.001), systolic and
diastolic blood pressures (p<0.01), and serum creatinine (p<0.006), respectively.

3.5.2 Results from restriction digestion and tetra primer ARMS-PCR

For determination of the genotypes, restriction digestion was carried out in a
subset of samples to verify the genotypes, and to confirm tetra primer results. The
PCR amplified, restriction digested, and tetra primer ARMS-PCR visualized images
are illustrated in Figs. 3.1 — 3.11. The bands afier restriction digestion for rs1801133
and rs1801131 MTHFR polymorphisms are shown in Figs. 3.1 - 3.2, and tetra primer
ARMS-PCR bands for the MTHFR polymorphisms are shown in Figs. 3.3 — 3.4. The
results for rs5742905 CBS and rs662 PONI restriction digestion and tetra primer
ARMS-PCR are shown in Figs. 3.5 - 3.6, and Figs. 3.7 - 3.8 respectively. Figs. 3.9 —
3.10 illustrate the restriction digestion analysis and tetra primer ARMS-PCR for MTR
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rs1805087. The final figure, Fig. 3.11 (a, b) shows gel images for the amplified ACE

gene insertion deletion polymorphism.,

3.5.3 Correlation of studied SNPs with the Disease Status

Three polymorphisms; rs1801133, rs1805087, and rs4646994 had significant
association with CAD under the additive and dominant models after adjusting for the
covariates. Three SNPs: rs1801133, rs1801131, and rs1805087 had significant
association with CAD under the genotype model. Under the recessive model, the ACE

gene variant was found associated with CAD (Table 3.2).

3.5.4 Unconditional logistic regression SNP modeling for CAD

On logistic regression analysis, the MTHFR rs1801133 and MTR rs1805087
SNPs were found associated with CAD under additive, dominant, and genotype
models after adjusting for covariates (Table 3.3). Under recessive model, again only
the ACE rs4646994 was associated with CAD.
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IEE

The rs1801133 band amplified The bands after restriction digestion
by the commaon external primers C-39; T-227, 165 CT-392, 17, 165,

Fig, 3.1. Restriction digestion analysis of SNP rs1801133 MTHFR gene. (a) PCR
products amplified by the outer primers [same as for the tetra-primer ARMS
PCR analysis]. (b) Products after restriction digestion with Hinf1,

216 bp
188 Bp

101 by

414 bp

The rs1801131 band amplified The bands after restriction digestion
by the common external primers A-216, 101; C-188, 101; AC-216, 188, 101 .

Fig. 3.2. Restriction digestion analysis of SNP rs1801131 MTHFR gene. (a) PCR
products amplified by the outer primers [same as for the tetra primer ARMS
— PCR analysis]. (b) Products after restriction digestion with Mboll.
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Duter
{486bp)=—+

C (289%bpi—»
T (247bp)=>

Fig. 3.3. Tetra primer ARMS-PCR SNP genotyping for rs1801133 MTHFR gene.
The PCR products amplified by the two outer primers are represented as
486 bp, whereas the C and T allele specific PCR products are represented as
the 289 bp and 247 bp respectively.

Orater
{414bp)

C (244 bp)=>
A (220bp)=p

Fig. 3.4. Tetra primer ARMS-PCR SNP genotyping for rs1801131 MTHFR gene.
The PCR products amplified by the two outer primers are represented as
414 bp, whereas the C and A allele specific PCR products are represented as
the 244 bp and 220 bp respectively.
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The 15742908 band ampliied The bands after restriction digestion
by the coramen external primers T-416; C-282, 178; TC416,22, 178

Fig. 3.5. Restriction digestion analysis of SNP rs5742905 CBS gene. (a) PCR
products amplified by the outer primers [same as for the tetra primer
ARMS-PCR analysis]. (b) Products after restriction digestion with Bsrl.

The reb62 band amplificd The bands after restriction digestion
by the common external primens A= 3584; G- 208, 146; AG-354, 208, 146

Fig. 3.6. Restriction digestion analysis of SNP rs662 PONI gene. (a) PCR products
amplified by the outer primers [same as for the tetra primer ARMS-PCR
analysis] (b) Products after restriction digestion with Alwl.
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Durer
{410bp) =¥

(Ch 249bp o
{T) 204bp =*

Fig. 3.7. Tetra primer ARMS-PCR SNP genotyping for rs3742905 CBS gene. The
PCR products amplified by the two outer primers are represented as 410 bp,
whereas the C and T allele specific PCR products are represented as the 249
bp and 204 bp respectively.

Outer
{ 354bp)

(A) 239bp
(G) 168bp

Fig. 3.8, Tetra primer ARMS-PCR SNP genotyping for rs662 PONI gene. The PCR
products amplified by the two outer primers are represented by 354 bp,
whereas the A and G allele specific PCR products are represented by the
239 bp and 168 bp respectively.
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The rs1805087 band amplified The bands after restriction digestion
by the comman external primers A=328;G=174, 154; AG - 328,174, 154

Fig. 3.9. Restriction digestion analysis of SNP rs1805087 MTR gene. (a) PCR
products amplified by the outer primers [same as for the Tetra primer
ARMS-PCR analysis] (b) Products after restriction digestion with Haelll.

Outer
(328bp)—*

{A) 203bp
Gy 1

Fig. 3.10. Tetra primer ARMS-PCR SNP genotyping for rs1805087 MTR gene. The
PCR products amplified by the two outer primers are represented by 328
bp, whereas the A and G allele specific PCR products are represented by
the 203 bp and 179 bp respectively.
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Ins 490 bp —»

Fig. 3.11a. The amplified products for the ACE gene rs4646994 alleles, The insertion
alleles represent 287 bp alu repetitive sequence and are represented as 490
bp PCR products whereas the deletion alleles are represented as the 190

bp PCR products.

Ins 490 bp =+

Del 190 bp —»

Fig. 3.11b. The amplified products for the ACE gene rs4646994 alleles. The insertion
alleles represent 287 bp alu repetitive sequence and are represented as 490
bp PCR products whereas the deletion alleles are represented as the 190
bp PCR products.
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Table 3.2. The correlation of SNPs with CAD under additive, dominant, genotype,
and recessive models. The results represent values after adjusting for the
covariates in the study.

SNP/Polymorphism p value
Additive
Model
MTHFR rs1801133 (C-T) 0.024* 1.14 1.04-1.27
MTHFR rs1801131 (A-C) 0.442 1.02 0.94-1.11
CBS rs5742905 (T-C) 0.288 1.25 0.79-1.98
PONI rs662 (A-G) 0.951 0.99 0.91-1.08
MTR rs1805087 (A-G) 0.010* 1.15 1.04-1.27
ACE Insertion/Deletion 0.008** 1.08 0.99-1.20
Dominant
Model
MTHFR rs1801133 (C-T) 0.016* 1.20 1.07-1.36
MTHFR rs1801131 (A-C) 0.065 1.09 0.96-1.23
CBS rs5742905 (T-C) 0.312 1.27 0.81-2.0
PONI rs662 (A-G) 0.932 1.00 0.89-1.12
MTR rs1805087 (A-G) 0.001** 1.22 1.08-1.37
ACE Insertion/Deletion 0.023* 1.10 0.99-1.28
Genotype
Model
MTHFR rs1801133 (C-T) 0.032* 1.02 1.0-1.03
MTHFR rs1801131 (A-C) 0.013* 1.01 1.0-1.02
CBS rs5742905 (T-C) 0.418 1.03 0.98-1.08
PONI rs662 (A-G) 0.781 1.00 0.99-1.01
MTR rs1805087 (A-G) 0.002%* 1.02 1.01-1.03
ACE Insertion/Deletion 0.905 1.00 0.99-1.01
Recessive
Model
MTHFR rs1801133 (C-T) 041 1.12 0.86-1.48
MTHFR rs1801131 (A-C) 0.21 0.89 0.75-1.07
CBS rs5742905 (T-C) NS. NS. NS.
PONI rs662 (A-G) 0.94 0.99 0.82-1.19
MTR rs1 805087 (A-G) 0.91 1.07 0.85-1.36
ACE Insertion/Deletion 0.01* 1.17 0.99-1.38

*p <0.05 and ** p < 0.008 (Bonferroni multiple correction threshold), OR: Odds

Ratio; Cl: Confidence Interval; NS.: non significant.
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Table 3.3. Logistic regression analysis of SNPs with the disease under additive,
dominant, genotype, and recessive models, (results adjusted for the
covariates).
SNP/Polymorphism

f value 5% Cl

Additive Model

MTHFR rs1801133 (C-T) 0.012* 2.07 1.20-3.73
MTHFR rs1801131 (A-C) 0.545 1.15 0.73-1.82
CBS rs3742905 (T-C) 0.272 4.33 0.35-106

PONI rs662 (A-G) 0.876 0.96 0.61-1.52
MTR rs1805087 (A-G) 0.003** 2.24 1.33-3.87
ACE Insertion/Deletion 0.100 1.57 0.92-2.73
Dominant Model

MTHFR rs1801133 (C-T) 0.005** 2.66 1.36-5.37
MTHFR rs1801131 (A-C) 0.190 1.54 0.81-2.95
CBS rs5742905 (T-C) 0.240 4.84 0.38-119

PONI rs662 (A-G) 0.978 1.01 0.53-1.91
MTR rs1805087 (A-G) 0.001** 2.97 1.57-5.76
ACE Insertion/Deletion 0.246 1.61 0.72-3.67
Genotype Model

MTHFR rs1801133 (C-T) 0.032% 1.08 1.O1-1.16
MTHFR rs1801131 (A-C) 0.159 1.05 0.98-1.12
CBS rs3742905 (T-C) 0.204 1.20 0.92-1.67
PONI rs662 (A-G) 0.885 1.00 0.94-1.07
MTR rs1805087 (A-G) 0.002%* 111 1.04-1.18
ACE Insertion/Deletion 0.638 0.98 0.92-1.05

Recessive Model

MTHFR rsI801133 (C-T) | 0.45 1.69 0.45-7.47
MTHFR rs1801131 (A-C) | 0.20 0.56 0.23-7.47
CBS rs5742905 (T-C) | NS. NS. NS.

PONI rs662 (A-G) 0.85 0.91 0.35-2.39
MTR rs1805087 (A-G) | 0.48 .54 0.46-5.42
ACE Insertion/Deletion | 0.042° 2.49 1.06-6.26

*p < 0.05 and ** p < 0.008 (Bonferroni multiple correction threshold), OR: Odds
Ratio; Cl: Confidence Interval; NS.: non significant.

m
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3.5.5 Epistasis analysis (gene —gene interaction) of the SNPs

Under the additive model significant interaction amongst three SNPs,
MTHFR rs1801133, PONI rs662, and MTR rs1805087, with CAD, were revealed.
When the epistasis result was adjusted for the confounders (age, gender, systolic and
diastolic blood pressure, fasting blood sugar, cholesterol and creatinine levels), the
interaction could not maintain statistical significance with CAD. Under the genotype
model, the three genes that had gene-gene interactions included: the MTHFR
rs1801131, PONI rs662, and ACE I/D. This genetic interaction remained significantly
associated with CAD after adjusting for covariates (Table 3.4).

3.5.6 Results after Bonferroni correction

Following Bonferroni corrections, under the dominant and genetic models,
the MTR rs1805087 maintained significance with CAD; under the additive model
ACE D had significant association. With logistic regression analysis, with
Bonferroni correction, MTR rs1805087 maintained association under the additive,
genotype, and dominant models, whereas MTHER rs1801133 maintained association
with CAD under the additive model (Tables 3.2 — 3.3). In the current study, the
epistatic clusters could not maintain significant association with CAD under
Bonferroni multiple adjustment threshold.

3.5.7 Genotypes at the SNPs and Allele Frequencies

Figs. 3.1 — 3.11 represent the images of SNPs analyzed in the current study
and show the restriction digestion based and tetra primer ARMS-PCR based
assessment. The genotypes for the individual SNPs, separately for the cases and
controls are represented in: Fig. 3.12 (rs1801133); Fig. 3.13 (rs1801131); Fig. 3.14
(rs1805087); Fig. 3.15 (ACE In/Del); Fig. 3.16 (rs662); and Fig. 3.17 (rs5742903),
respectively. Allele frequencies were also computed for the cases and controls, the
results are presented in Table 3.5,
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Table 3.4. Gene-gene epistasis of SNPs with the disease status without and with
adjustment (of results) for covariates.

SNP Cluster

\djusted for covariates

p value

Additive Model

Rs1801133:rs662:rs1 805087 Not Adjusted 0.046*
Adjusted 0.10

Rs1801131:rs662:ACEindel Not Adjusted 0.73
Adjusted 0.40

Genotype Model

Rs1801131:rs662:ACEindel Not Adjusted 0.038*
Adjusted 0.048*

Rs1801133:rs662:rs1805087 Not Adjusted 0.99
Adjusted 0.99

* p<0.05.
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Fig. 3.12. Genotype frequency of SNP rs1801133 with disease status.
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Fig. 3.13. Genotype frequency of SNP rs1801131 with disease status.
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Fig, 3.15. Genotype frequency of ACE D with disease status.
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Fig. 3.16. Genotype frequency of SNP rs662 with disease status.
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Fig. 3.17. Genotype frequency of SNP rs5742905 with discase status.
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Table 3.5. Allele frequencies for SNP variants.

Allele Freguencies

Alleles

Allele Frequencies

Controls | Cases Controls Cases
rs1801133-C | 0.85 0.77 Rs1801133-T |0.15 023
rs1801131-A | 0.68 0.66 Rs1801131-C | 0.32 034
rs5742905-T | 0.995 0.985 Rs5742905-C | 0.005 0.015
rsH62-A 0.69 0.69 Rs662-G 0.31 0.31
rs1805087-A | 0.74 0.64 Rs1805087-G | 0.26 0.36
ACE-In 0.56 047 ACE-Del 0.44 0.53
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DISCUSSION

In the current study, use of tetra primer ARMS-PCR for identification of
important SNPs in the homocysteine pathway related genes associated with CAD is
reported for the first time. Additional analysis included logistic regression analysis,
and investigation of gene-gene interactions for targeting the variants that could be
used for CAD stratification. Tetra primer ARMS-PCR technique is relatively easy,
cost effective and reliable genotyping technique and has been used to resolve the
genotypes for various diseases in a number of studies (Zhang et al., 2006; Yang et al.,
2007).

Various detection techniques for select Homocysteine pathway genes SNPs

Earlier studies mention a variety of genotyping methods for the variants
studied in the present study. The RFLP analysis has been used for identification of
the: MTHFR alleles rs1801 133, and rs1801131 (Hanson et al.,, 2001; Almawi et al.,
2004; Kerkeni et al., 2006; Vijaya Lakshmi et al., 2011), CBS allele rs3742905 (Wu et
al., 2004; Dutta et al., 2005: Dutta et al., 2009), PON variant rs662 (Dasgupta et al.,
2011), and MTR variant rs1805087 (Vinukonda et al., 2009; Vijaya Lakshmi et al.,
2011).

The RT-PCR based detections have been performed for: rs1801133 and
rs1801131 (Callejon et al., 2007: Moon et al., 2007; Hambaba et al., 2008: Kristensen
and Dobrovic, 2008; Patino-Garcia et al., 2009; Tao et al., 2009; Palomino-Morales et
al., 2010); rs662 (Dasgupta et al., 2011); and rs1805087 (Kristensen and Dobrovic,
2008; Patino-Garcia et al., 2009: Tao et al., 2009) respectively.

The DHPLC assay analysis has also been reported for homocysteine gene
polymorphisms but only for the MTHFR variants rs1801133 and rs1801131 (Fang et
al., 2004; Sadewa ct al., 2004). The SSCP analysis has also been used for SNPs used
in present study: for MTHFR rs1801133 and rs1801131 (Ren et al., 1997; Porto et al.,
2005; Sang et al., 2006; Real et al., 2009; Cheng et al., 2010); for CBS rs5742905 and
for MTR rs1805087 (Tsai et al., 1996; Ren et al., 1998: Porto et al., 2005). As regards
the genome wide association studies (GWAS), this approach has also revealed the
significance of rs1801133 with disease phenotypes. The rs1801133 has been
identified in several GWAS (Kiel et al., 2007; Collin et al., 2009; Hazra et al., 2009;
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Tanaka et al., 2009). A thorough literature search revealed no study mentions tetra
primer ARMS-PCR for allelic discrimination of SNPs targeted in the present study.

Genetic variations and hyperhomocysteinemia

The investigated SNPs included two in the MTHFR gene, rs1801133 C—T,
and rs1801131 A—C, rs5742905 T—C in CBS gene; rs1805087 A—G in MTR gene;
and the SNP in PONI gene was rs662 A—G. These 5 SNPs were from homocysteine
pathway genes. The ACE gene I/D (rs4646994) polymorphism, however, was part of
the angiotensin aldosterone system. Three out of the five genes that include the
MTHFR, MTR, and ACE showed strong association with CAD cases in the studied
Pakistani population.

Hyperhomocysteinemia is considered as an independent risk factor for the
atherosclerotic disease and for the ischemic heart disease (Christen et al., 2000; Wald
et al., 2002). The B vitamins, specifically B6, B12, and folate are vital for metabolism
of homocysteine, and their deficiency can result in hyperhomocysteinemia. The
elevated homocysteine levels can also result from genetic differences (SNPs in
homocysteine pathway genes), or due to disease conditions such as chronic renal
failure (CRF). The pathologic manifestations of hyperhomocysteinemia are dependent
on production of ROS, reduction in NO, endothelial dysfunction, and enhanced
production of proinflammatory genes (Antoniades et al., 2009).

The rs1801133 and rs1805087 with CAD

Presently the rs1801133 and MTR rs1805087 were found consistently
associated with CAD. The MTHFR rs1801133 (C677T) polymorphism was first
demonstrated as a SNP and was found related to vascular disease in 1995 (Frosst et
al., 1995). Subsequent data determined inconclusively the association of this SNP
with CAD. The C allele codes for alanine whereas T allele codes for valine; the latter
allele encodes for a thermolabile enzyme that is highly dependent on circulating folate
levels. An earlier study (with participants from a different geographical distribution
area of Pakistan) failed to determine association of C677T polymorphism with CAD,
but reported strong association of TT genotype with plasma homocysteine levels
(Igbal et al., 2005). Later the authors concluded that folate and vitamin deficiency,
mild hyperhomocysteinemia and MTHFR C677T variant are risk factors for CAD in
Pakistani population (Igbal, 2006). A more recent study for glaucoma that recruited
the participants from the same geographical distribution area as was considered

h
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presently (Punjab) revealed statistically significant C677T allelic differences between
cases and controls (Micheal et al., 2009), Contrasting results between the current
study and a previous CAD study of Igbal et al. (2005) may be attributed to differences
in participant inclusion criteria, different distribution areas and differences in
participant characteristics.

Several studies have highlighted that rs1801133 SNP is associated with high
homocysteine levels, low folate levels and a consequent risk for hypertension and
CAD (Klerk et al., 2002; Faria-Neto et al., 2006; Ilhan et al., 2008). High intake of
folate and vitamins decreases homocysteinemia levels as well as the risk of CVD
(Selhub et al., 2000), and in support of this observation, the T allele variant exhibits a
blunted response in those countries where folic acid diet fortification is enforced
(Klerk et al., 2002; Lewis et al., 2005; Antoniades et al., 2009). Likewise, the MTR
rs1805087 (A2756G) variant results in hyperhomocysteinemia and is associated with
CVD (Laraqui et al., 2006; Laraqui et al., 2007; Vinukonda et al., 2009; Vijaya
Lakshmi et al., 2011). Vitamin B12 is a necessary cofactor for MTR, therefore,
vitamin B12 is an additional modulator of hyperhomocysteinemia and vascular
disease (in those countries where folate diet fortification is enforced) (Liaugaudas et
al., 2001; Robertson et al., 2005). There is no folic acid diet fortification in Pakistan,
and the use of multivitamin/folate pills is also limited, the two SNP variants
‘rs1801133 and rs1805087", therefore, pose a higher risk for cardiovascular diseases

in our indigenous population (as observed in the current study).

The rs1801131 and rs5742905 with CAD

The previous studies mention MTHFR rs1801131 and CBS rs5742905
associations with hyperhomocysteinemia and early onset CAD (Tsai et al., 1999;
Szczeklik et al., 2001; Laraqui et al., 2007), yet in the present study these SNPs had
modest relationship with CAD, The rs5742905 CBS SNP is rare, and the minor allele
frequency for C allele shows individual variations according to global geographical
distribution. Study by Franco et al (1998b) reported complete absence of mutant (C)
allele in Asians, whereas current CAD cases revealed minor allele frequency (MAF) =
0.01, concordant with a CAD study by Dutta et al (2005). The rs1801131 SNP is
associated with CAD in Pakistani population and reveals core genetic interactions in
disease causation whereas the rs5742905 is not associated with CAD in the studied

participants.
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The PONI rs662 and CAD

Although there were found no genotype and allelic differences for PONI
rs662 SNP between cases and controls, yet this SNP, through strong genetic
interactions, appeared to be strongly associated with CAD (Table 3.4). The PONI ‘A’
allele codes for glutamine (Q) whereas the ‘G™ allele encodes arginine (R).
Conflicting reports exist as regards the association of this allelic variant with the
CAD. A few studies have demonstrated that the arginine residue codes for the
atherosclerotic potential and enhanced coronary risk (Mohamed et al., 2010), while
others indicate glutamine residue to contribute to the atherosclerotic potential
(Koubaa et al,, 2009). In a previous meta-analysis, rs662 was found strongly
associated with CAD (Wheeler et al., 2004). Studies in Pakistan have also found that
this SNP has significant genetic and epistatic association with CAD/MI (Saeed et al.,
2007). Interestingly the PONI rs662 SNP was involved in both gene interaction
networks in the current study, substantiating the results of earlier studies.

The ACE I/D allele and CAD

Various studies have revealed combined associations of ACE I/D and
homocysteine pathway genes in relation to disease susceptibility (Mendonca et al.,
2008; Mendonca et al., 2009; Pizza et al., 2010). In this study, the genetic association
of this variant with CAD was observed in three of the four genetic models; the
dominant, additive and recessive, Previous meta-analyses and studies have also
stressed the association and higher risk of coronary vascular disease with this
polymorphism (Agerholm-Larsen et al., 2000; Zintzaras et al., 2008). The study by
Zintzaras ¢t al (2008) verified that this variant was highly heterogencous, had strong
association with CAD through dominant and recessive genetic models, but the
strongest genetic association with CAD was through the additive model. The present
study also draws similar conclusion and also stresses that ACE variant has strong

gene—gene interactions with homocysteine/folate pathway genes.

Significance of current study in gene-gene interactions

This study demonstrates that gene-gene interactions modulate CAD in
selected Pakistani population. The gene clusters that enhance disease susceptibility
include: (i) MTHFR rs1801133, PONI rs662, and MTR rs1805087 (additive model),
and (ii) MTHFR rs1801131, PONI rs662, ACE I/D (genotype model), respectively.
The genes in the first cluster (MTHFR, PONI, MTR) encode important enzymes of
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the homocysteine remethylation pathway. These three genes catalyze adjacent
reactions and previous studies mention that epistatic interactions of these genes
modulate the disease phenotypes (Bathum et al., 2007: Laraqui et al., 2007; Giusti et
al., 2008; Vinukonda et al., 2009). In the second interacting gene cluster (for the
genotype model), ACE gene replaced MTR gene, while the other two genes were the
same as in the additive model. The ACE I/D variant along with the homocysteine
pathway MTHFR gene are strong risk factors for vascular disorders (Tietjen et al.,
2009; Bentley et al., 2010). The genetic interactions of ACE I/D and homacysteine
genes confer enhanced CAD risk (Mendonca et al., 2008; Mendonca et al., 2009:
Pizza et al., 2010), and same holds true for the currently studied population.

In conclusion, this study reports that tetra primer ARMS-PCR is simple,
cconomic, fast, and reliable technique for genetic diagnosis of CAD. The genes
identified presently include MTHFR, MTR, and ACE: for these genes, there were
significant allelic differences between CAD patients and controls, The PON] gene
was important in epistasis, alongwith the above three mentioned gene variants.
Further studies are required to get an insight into the disease associations, to delineate
contributory influences of genetic differences, and downstream pathways that control
homocysteine concentration and mediate Hey based vascular diseases.
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GENERAL DISCUSSION

Inflammation, endothelial dysfunction, and plaque instability (in the
atherosclerotic vessels), results in cardiovascular disease and manifests as coronary
artery disease or peripheral artery discase (Drexler, 1997; Widlansky et al., 2003;
Hansson, 2005). The vascular disorders are ‘complex multifactorial® disorders, with
environmental and polygenic inheritance (Givelber et al., 1998; Kumar, 2008).
Previous investigations revealed that patients requiring coronary revascularization
also had PAD, similarly many patients who required surgical management for
obstructed peripheral vessels were affected with CAD (Widlansky et al., 2003; Allie
et al.,, 2005). Despite overlap of a few genetic variants, differences exist and guide
progression of atherosclerosis in one vascular bed relative to the other. Through the
current study, a range of molecular biology techniques has been used to investigate
the genes and enzymes underlying the specific cardiovascular disorders, PAD, and
CAD.

Through transcriptomic analyses, the entire transcriptome of peripheral blood
mononuclear cells (PBMC) was analyzed to highlight differences between PAD cases
and normal subjects, through whole genome expression (3° IVT, Affymetrix HG-
U133 Plus 2.0) microarray technology. The use of PBMC for differential gene
expression analysis in CAD, stroke, and hypertension is already reported (Waehre et
al., 2004; Timofeeva et al., 2006; Wingrove et al., 2008; Stamova et al., 2010). Earlier
whole genome expression studies for PAD, however, used the atherosclerotic plaques
and carotid, and lower limb vessels which are difficult to obtain in routine clinical
practice (Dahl et al., 2007; Evans et al., 2008; Fu et al., 2008). The current study
pioneers the use of peripheral blood mononuclear cells for genomic signatures of
peripheral artery occlusive disease. The analyses, by dividing the participants into two
groups, allowed the recognition and confirmation of thirty genes and transcripts as
strongly associated with the peripheral artery disease. Seven of the twenty two
upregulated genes and one of the seven downregulated genes, in the present study,
have known association with PAD (Dahl et al., 2007; Evans et al., 2008; Fu et al.,
2008). The upregulated genes in both the current study and in previous PAD studies
include: ATF3, CDKNIA, CFH, DUSPI, NAMPT, NR4A42, SAMSNI, SLC2A3, while
the downregulated gene is OGT (Dahl et al., 2007; Evans et al., 2008; Fu et al., 2008).
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The current study, therefore, validates the previous PAD expression studies, and at the
same time, adds a novel group of fourteen upregulated and six downregulated genes
to polygenic inheritance of PAD. This study also highlights the reliable use of PBMC
for expression analyses instead of obtaining atherosclerotic plaques and diseases
vessels.

The gene interactions were analyzed by IPA and involvement of three gene
interaction networks was observed as underlying mechanism of PAD. The networks
included: (i) cell death, genetic disorder, (ii) gene expression, cellular and
hematological development and function, and (iii) behavior, metabolism, and
inflammatory disease. Interestingly, majority of the gene variants that overlap, in the
present and previous CAD studies, were highly enriched in the first network. Thirteen
upregulated genes formed the first IPA network, including ATF3, CDKNIA, CFH,
DUSPI, G082, ID1, IL8, KLF6, NAMPT, NR4A2, OSM, PTP4A41, and SLC243. The
inflammatory and immune basis of PAD was strengthened by observation that genes
in the present study interacted with NF-xB which was present at the heart of gene
interaction network. ATF3 has direct interaction with NF-kB which in turn enhances
E selectin expression (important mediator of diapedesis) (Kaszubska et al., 1993),
Additionally, NF-xB induces TLR production and induces downstream effectors and
inflammatory genes of TLR activated cells (Edfeldt et al, 2002; Janeway and
Medzhitov, 2002). IDJ and KLF6 interact with and increase expression of CDKNJA
(Kimmelman et al., 2004; Nickoloff et al., 2000). ID/ through its interaction with NF-
kB, enhances inflammation, endothelial cell migration, angiogenesis, and inhibits
apoptosis (Klein et al,, 2002; Nishiyama et al, 2005; Chen et al, 2010). The
identified genes, through NF-xB, modulate the progression of peripheral artery
discase. A potent proinflammatory cytokine, /L8, was upregulated in the current
study. In the atherosclerotic plaques, /L8 is highly expressed by activated
macrophages and in turn drives activation and differentiation of more immune cells
(Frostegard et al., 1999). NAMPT, NR442, and OSM share interacting networks with
IL8, and enhance its release. These four genes form an important interacting network
guiding progression of atherosclerotic disease, immune signaling, and PAD (Hurst et
al., 2002; Davies et al., 2005: Dahl et al., 2007). These interactions form part of
explanation for genetic predisposition to peripheral artery disease.

The current study exclusively provides a new mechanism of genetic
interactions that forms the basis of PAD. The fourteen upregulated genes and six
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downregulated genes had no known previous association with PAD (in expression
studies or GWAS). The upregulated genes included C3orf41, CDV3, DNAJB6, FCAR,
FEAR2, G0S2, HISTIH2BC, ID1, IL8, KLF6, OSM, PTP4Al, STX1l, and TFR,
whereas, regressed expression was observed for ARHGEF7, C5orf28, CFLAR, MLL3,
PDS5B, and TRAF3IP3. The second IPA network was titled ‘gene expression,
cellular, hematological development and function’. It included Corf4l, DNAJBG.
FCAR, FFAR2, SAMSNI, STX1l, TPR (upregulated genes), and PDS3B
(downregulated gene). In the second network again, the inflammatory mechanism in
PAD was highlighted, as proinflammatory cytokines TNFa and IL6, and transcription
activators STAT3 and FOS, formed the core component in the network. DNAJB6,
FCAR, and FFAR2 (GPR43), the upregulated genes, all have direct interactions with
TNFa, IL6, STAT3, and FOS, these cytokines and transcription activators have pivotal
role in immune modulation (Beyer et al., 2001; Senga et al., 2003; Dai et al., 2005).
The genes in the present study modulate inflammation, endothelial dysfunction and
oxidative stress. It was noted that ATF3, DUSPI, IL8, NR442, and SLC2A43 (genes
upregulated in current study), as well as /L6 and FOS were upregulated in patients
with coronary vessel bypass grafts and cardiac arrest (Voisine et al., 2004). This
microarray gene expression study for PAD, therefore, reports on the prospect that two
separate pathways (cell death- genetic disorders, and gene expression-cellular and
hematological development and function) mutually interact and result into peripheral
artery disease.

The second part of current study focused on a new approach for allele
discrimination in genes of homocysteine pathway and aimed for an insight into gene
variants that modulate CAD in Pakistan. The polymorphisms studied include
rs1801133 and rs1801131 SNPs (MTHFR), rs5742905 SNP (CBS), rs1805087 SNP
(MTR), rs662 SNP (PON1), and ACE gene /D (rs4646994) polymorphisms. A study
carried out at Agha Khan University Karachi could not link MTHFR gene C677T
allele with the coronary artery disease (Igbal et al., 2005). Later on, however, the
author included C677T in the risk factors for hyperhomocysteinemia and CAD in
Pakistani population (Igbal, 2006). In a study by Min Shi et al. (2003), constituting
more than one thousand DNA samples of different human populations from around
the continent were analyzed for genotypes, allele frequencies and linkage in the
homocysteine pathway genes. The study reported that the highest linkage
disequilibrium for the ‘MTHFR® C677T (rs1801133) and A1298C (rs1801131) SNPs
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was observed for the Pakistani population, and suggested that these variants may be
important candidates for genetic studies in this region (Shi et al., 2003).

MTR rs1805087 variant has not been previously studied in relation to CAD
in the local population, however, in the present study it revealed strong association
with CAD. Saeed et al. (2007) reported that PON| gene cluster and rs662 PON/
polymorphism were strongly associated with risk of MI, the present study further adds
to this observation. Finally, in the present study, ACE gene I/D polymorphism
(rs4646994) was found to modulate CAD in the Pakistani population. An earlier study
documented that this variant was associated with early onset hypertension (Ismail et
al., 2004), but to date no local study has mentioned this variant in relation to M1 risk.

The analysis of the SNPs through tetra primer ARMS-PCR allowed the
visualization and analysis of the many studied polymorphisms in the studied
participants and this method allows rapid allele detection in limited time with limited
resources. The use of simple thermal cyclers allows the molecular analysis in
relatively less equipped laboratories. The problems with PCR amplifications due to
intrinsic (deliberate) primer mismatches require troubleshooting (Ye et al., 2001;
Okayama et al., 2004), thereafier, this method can detect alleles rapidly and reliably
for a large number of samples.

The next aim of the current study was to determine if the gene-gene
interactions were involved in CAD risk (in the studied participants). There exists no
study that mentions the genetic interactions (epistasis) of homocysteine pathway
genes for the local population, Two interactions involving three genes cach were
observed in association with CAD. The genetic network that comprised MTHFR,
PONI, and MTR genes was not independently associated, whereas network that
comprised MTHFR, PONI, and ACE genes, was independently associated with CAD
in local studied population. This is another significant finding and can be focused for
CAD studies in future.

In conclusion, the findings observed and presented in this thesis substantiate
the involvement of immune and inflammatory reactions, apoptosis, endothelial
dysfunction, oxidative damage, and plaque destabilization in the genesis and
progression of peripheral artery disease. The involved genes have, known, immune
mediated effects and genetic interactions, modulating vascular disease and PAD.
Strict study designs and stringent statistical scrutiny followed by validation
experiments, greatly enhance specificity of microarray studies. Likewise, for CAD
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associations, the detection and validation of genes and allelic variants, allows
determination of allele frequencies and their comparison among different world
populations. The analyses of genes in homocysteine pathway and the gene variants, in
local population revealed significant association with CAD risk.

Microarray technology allows detection of thousands of genes
simultaneously, illuminating the mechanisms and pathways leading to disease states.
The use of modified PCR technique, tetra primer ARMS-PCR, allows rapid and
reliable discrimination of allele variants at genomic loci. The genes involved in PAD
and allelic variants in CAD are strong nominees for PAD and CAD risk stratification,
respectively, and may serve as targets for earlier therapeutic intervention, and in
addition, as strong candidates for gene therapy.

For more definitive conclusion of PAD microarray study, the experiments
can be repeated in different geographical regions, such as for the European, African,
and Asian population. The highly differentiated genes can also be used for real time
analyses of PAD association studies. An alternative approach may be the use of the
PAD cases and control samples for genome wide association studies (GWAS) for a
more comprehensive list of SNP loci (as markers for elucidation of quantitative trait
loci), that are associated with PAD. The overlapping genes between the current study
and future PAD microarray studies in Europe, Africa, and in Asia, can provide a list
of global genetic modulators of PAD.

The tetra primer ARMS-PCR can be similarly used for allelic variants in
homocysteine pathway, in different human populations, for a more comprehensive use
for detection of alleles and analyses of results. Additional experiments may require
investigation on larger sample sets, with stricter strategies to decrease non genetic
effects, for a more definitive elucidation of genetic effects in the etiology of CAD in

local and world populations.
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