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Abstract
As atherosclerosis is still one of the major causes of death in Western populations, it is important
to identify those individuals who are at increased risk for the disease so that aggressive treatment
may be administered as early as possible. Following the understanding that oxidative stress has a
pivotal role in the development and progression of atherosclerosis, many polymorphisms in genes
that are related to redox systems were examined for their association with increased risk for
cardiovascular disease (CVD). Although many polymorphisms were studied, only a handful
showed consistent relevance to CVD in different trials. This article focuses on six of these
polymorphisms, examining their effect on the risk for CVD as well as their effect on protein
expression and function. Reports regarding pharmacogenetic implications of these
polymorphisms, where such exist, are discussed as well.
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Introduction
Atherosclerosis is a major cause of death in western societies. For the past 30 years
interventional therapies have focused on lowering low-density lipoprotein cholesterol (LDL-
C) levels, which were shown to be closely correlated with the risk of CVD [1]. Further
research has allowed the identification of other factors important for the development of
atherosclerosis, one of which is oxidative stress. Today, the role of oxidative stress in the
atherogenic process is well established. Common risk factors, such as endothelial
dysfunction, dyslipidemia, smoking, obesity and diabetes, are all associated with increased
production of reactive oxygen species (ROS), which are considered to promote
atherogenesis, as they lead to the oxidation of LDL in the vessel wall and, consequently, to
the conversion of macrophages to foam cells [2]. Another important development in the
field of atherosclerosis prevention is the identification of polymorphisms that are associated
with an increased risk for the development of CVD. These polymorphisms are found in
genes that are relevant to the disease and result in changes in protein expression, function, or
stability, compromising normal vascular physiology. Specifically, such polymorphisms have
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been found in enzymes of redox systems, a handful of which were shown to be clinically
relevant and are discussed below.

Endothelial Nitric Oxide Synthase and Vascular Physiology
Nitric oxide (NO) is known to have a pivotal role in preserving the integrity of the vascular
bed and in maintaining normal cardiovascular function. The function of NO is to inhibit
platelet activation and aggregation, maintain the anti-thrombotic and anti-coagulation
properties of the endothelium, regulate vascular smooth muscle cell (VSMC) proliferation
vessel vasodilation by relaxing VSMCs, and protect the vessel wall from inflammatory
processes. NO also acts as an antioxidant, inhibiting pro-oxidative reactions catalyzed by
H2O2 [3].

NO is synthesized in vivo by the nitric oxide synthase (NOS) enzymes, which include three
isoforms. The enzyme endothelial nitric oxide synthase (eNOS) is synthesized from the gene
NOS3, which is found at chromosomal locus 7q35-36 [4]. eNOS expression is not unique to
the endothelium, and it can also be found in other cells, such as red blood cells and
leukocytes [5]. Acting as a membrane-bound homodimer [6], eNOS catalyzes production of
NO from L-arginine, a reaction that utilizes a variety of co-factors [7]. eNOS is
constitutively expressed in the endothelium, but its activity is regulated by various factors
including fatty-acid modification, protein-protein interaction, calcium and calmodulin, and
phosphorylation. Altogether, these factors determine NO production by the endothelium and
its release to the bloodstream and the vessel wall [8].

Due to the importance of eNOS and NO in normal vascular physiology, the coding region of
NOS3 was searched for polymorphisms that might be correlated with changes in enzyme
expression and activity. The single nucleotide polymorphism (SNP) G894T in the coding
region, which results in a missense mutation, Glu298Asp, has been extensively studied. The
precise effect of this polymorphism on eNOS function is not well understood. The
enzymatic characteristics (Vmax, Km, and Ki for various inhibitors) appear to be similar for
both the 298Glu and the 298Asp proteins [9]. Although initial trials have described
decreased endothelial function in carriers of the 298Asp allele [10], these results were later
contradicted [11]. More recently, this polymorphism was identified as an important
determinant of coronary collateral vessel development [12].

Expression of eNOS was found to be altered by the promoter SNP T(−786)C. The −786 C
allele was associated with decreased mRNA levels of NOS3, most likely due to the
preferential binding of the inhibitory transcription factor protein A1 to the −786 C allele
[13]. This decreased mRNA expression results in decreased NO production and endothelial
function [11].

An intronic polymorphism that has gained much attention is the 27 base pair tandem repeat
in intron 4. This tandem repeat appears four times in one allele, denoted a, and five times in
the second allele, denoted b. The evidence regarding the effect of this polymorphism on
eNOS activity is lacking. Although the b allele was shown to be associated with increased
protein expression [14] and plasma NO concentration [15], the a allele was shown to
correlate with increased specific activity [14]. It has also been suggested that this
polymorphism is found in linkage disequilibrium with other functional polymorphisms, a
theory that was supported by studies showing linkage disequilibrium between this
polymorphism and the T(−786)C polymorphism [14].

A recent meta-analysis has found a significant effect for the Glu298Asp and the T(−786)C
polymorphisms on coronary artery disease (CAD), with a significant combined effect as
well. These associations were more prominent in the non-Asian population. The 4b/a
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polymorphism was not associated with CAD in this meta-analysis [16]. These results are
similar to those reported in a previous meta-analysis that found a mild effect for the three
polymorphisms on CVD. However, this previous meta-analysis reported that when larger
trials were examined, these associations were either lost or were no longer significant. It also
reported that no association was found between eNOS polymorphisms and other CVD
outcomes such as stroke and carotid stenosis [17].

Glutathione Peroxidase
Glutathione (GSH) is a tripeptide, γ-L-glutamyl-L-cysteinyl-glycine that is enzymatically
synthesized by the addition of glutamate to cysteine, followed by the addition of glycine. It
is a common cellular and plasma antioxidant, involved in the scavenging of reactive oxygen
species (ROS), lipid hydrogen peroxides, and other radicals. This antioxidant activity is
facilitated by enzymes of the glutathione peroxidase (GPx) family, all of which couple the
oxidation and formation of glutathione disulfide (GSSG) to the reduction of oxidative
agents. GPx can also release NO from S-nitroso-L-glutathione (GSNO), thereby increasing
NO availability [18]. The GPx family includes at least six isoforms, which differ in their
activity, tissue-specific expression, and cellular localization [19•].

GPx-3
The GPx-3 isoform was first identified in plasma and is the only GPx that is present in
extracellular fluids. Its activity in the vasculature is important for maintaining the
availability of NO and preventing its scavenging by ROS [20]. Additionally, GPx protects
fibrinogen from modification by ROS and reactive nitrogen species, modifications that lead
to increased thrombogenicity [21]. A study of families with familial childhood stroke has
linked decreased plasma GPx activity to increased thrombogenicity, due to increased
scavenging of NO by ROS, leading to decreased NO bioavailability and resulting in
increased platelet aggregation and activation [22]. Subsequent studies demonstrated that the
decrease in GPx activity was linked to a polymorphism in the gene GPX3, which is situated
on chromosomal locus 5q32. The polymorphic allele presented with seven SNPs in the
promoter region, all found in tight linkage disequilibrium, and was shown to result in
decreased transcriptional activity [21]. Carriers of this allele were shown to have increased
risk for central venous thrombosis [23•] and arterial ischemic stroke [21].

GPx-1
GPx-1, also known as cellular GPx, was the first enzyme of the family to be isolated and is
the most common of all cellular GPx. It was initially discovered in erythrocytes, where it
was believed to protect the cells from hemoglobin-associated oxidative stress. In addition to
its role in mitigating ROS-associated oxidative stress, GPx-1 appears to take part in various
cellular processes, including modulation of apoptosis, protein phosphorylation, and NF-κB
activation [24]. Four polymorphisms were found in the GPX1 gene, located on
chromosomal locus 3p21, all in strong linkage disequilibrium. Two of the polymorphisms,
A-602 G and C2T, are not exonic and were found to significantly decrease mRNA
expression. The Pro198-Leu missense mutation in exon 2 and the polyalanine polymorphism
Ala5/Ala6 in exon 1 were found to decrease protein activity. Type 2 diabetes mellitus (DM)
patients that carried the 198Leu allele were found to have increased intimal thickness and a
higher prevalence of CVD [25]. Subsequent studies demonstrated that the 198Leu
polymorphism was associated with increased coronary artery calcium score [26] in DM
patients as well. Additionally, an earlier study found that the Ala5/Ala6 polymorphism
resulted in a significantly increased risk for CAD [27]. Although no prospective studies
were performed regarding the relationship of GPx-1 polymorphisms and CVD, a large study
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prospective study found an inverse correlation between CVD and erythrocyte GPx-1 activity
[28].

Methyltetrahydrofolate Reductase and Homocysteine
Homocysteine (Hcy) is situated at the crossroads of several metabolic pathways. Synthesis
of Hcy starts with the activation of methionine by ATP, a step that is followed by the loss of
a methyl group and enzymatic hydrolysis. Betaine-homocysteine methyltransferase
catalyzes the remethylation of Hcy back to homocysteine in the liver. In other tissues, this
process is catalyzed by methionine synthase, which relies upon methyltetrahydrofolate as a
methyl donor, and vitamin B12 as a co-factor. Methylenetetrahydrofolate reductase
(MTHFR) is responsible for the production of methyltetrahydrofolate, a process that
requires B2 as a co-factor. When in excess, cystathionine β-synthase, in the presence of
vitamin B6, catalyzes the trans-sulfuration of Hcy to form cystathionine, that can later on be
converted to cysteine [29]. A pathologic elimination of Hcy and its conversion to Hcy-
thiolactone occurs when Hcy is mistakenly recognized as methionine by methionyl-tRNA
synthetase (MetRS) [30].

Both Hcy and its metabolites were discovered to possess pro-atherogenic effects, including
modulation of thrombosis, lipid metabolism and peroxidation, cell survival, proliferation,
and apoptosis. As a consequence of its ability to form amide bonds with lysine residues,
Hcy-thiolactone can interact with various proteins causing their n-homocysteinylation and
altering their solubility and activity. This process is known to occur with paraoxonase 1
(PON1), which hydrolyzes Hcy-thiolactone and oxidized phospholipids. N-
homocysteinylation of PON1 causes its inactivation, thus decreasing HDL associated
antioxidant activity and HDL function [30]. Additionally, hyperhomocysteinemia has been
associated with diminished expression of HDL-related proteins such as apolipoprotein A1
(ApoA1) and lecithin-cholesterol acyltransferase (LCAT), and increased HDL catabolism,
both leading to decreased high-density lipoprotein (HDL) levels and activity [31]. Another
lipoprotein that was shown to undergo n-homocysteinylation by Hcy-thiolactone is
apolipoprotein B100 (ApoB100), which is the major component of low density lipoprotein
(LDL). Modification of ApoB100 by Hcy-thiolactone causes protein aggregation, making it
toxic to endothelial cells [30].

Reacting with copper to produce H2O2 and other ROS, Hcy was identified as a pro-
oxidative agent. Although Hcy is also capable of promoting the production of NO, which
scavenges Hcy and glutathione, which in turn scavenges H2O2, the saturability of these
reactions renders them ineffective when facing prolonged exposure to high Hcy levels [32].
Promotion of a pro-coagulatory state and decreased fibrinolysis both contribute to the pro-
thrombotic effects of Hcy and its metabolites. When exposed to Hcy, endothelial cells shift
to a pro-coagulatory state, increasing the production of tissue factor and factor V, and
attenuating the synthesis and activation of anti-coagulatory factors, including heparin
sulfate, protein C, NO, and prostacyclins [32]. Activation of tissue plasminogen activator is
inhibited as well, leading to decreased fibrinolysis. During the latter, n-homocysteinylation
of fibrinogen occurs, rendering it more resistant to fibrinolysis [30].

Hcy and Hcy-thiolactone negatively interact with endothelial cells by affecting pathways
other than coagulation and thrombolysis. Endothelial cells treated with Hcy thiolactone or
Hcy exhibited increased apoptosis [33] and decreased proliferation [34].
Hyperhomocysteinemia was observed to cause impairment of endothelial-dependent
vasodilation, probably as a result of injury to the endothelium, increased oxidative status,
and decreased NO availability. Hcy can also cause thickening of the vessel wall due to its
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ability to accelerate vascular smooth muscle cell (VSMCs) [35] proliferation and increase
collagen production [32].

The connection between hyperhomocysteinemia and CVD was first implicated in 1969, with
the observation that children suffering from inherited cystathionine β-synthase deficiency
presenting with homocystinuria tend to suffer from cardiovascular diseases as well [36].
Since then, the relationship between elevated Hcy and CVD has been extensively studied,
with the evidence pointing toward a strong relationship between the two, a relationship that
is independent of other risk factors for CVD [37]. Therefore, Hcy-reducing treatments,
including mainly vitamins from the B group, were examined for their ability to reduce the
risk for CVD among individuals suffering from hyperhomocysteinemia. Although
supplementation did lead to a decrease in homocysteine levels, in most studies this decrease
was not accompanied by a lesser risk for CVD [38]. Furthermore, a potential harmful effect
of vitamin supplementation was suggested by some studies [39]. An exception to these
results is the effect of B vitamin supplementation on stroke, where reduced risk was
observed [40]. Searching for an answer to this conundrum, it has been proposed that Hcy is
a marker of other pathologic phenomena that occur in CVD. Alternatively, it has been
suggested that the short durations of Hcy-lowering treatments and the confounding effect of
grain fortification with folate shifted the results of the clinical trials. Another explanation for
the discrepancy is that Hcy reduction may only be helpful in earlier stages of CVD [3].

The discovery of the relationship between CBS deficiency, hyperhomocysteinemia, and
CVD has led to the search for other polymorphisms and mutations that may interrupt normal
Hcy metabolism. The most widely studied polymorphism is that of MTHFR, where a C to T
substitution occurs at position 677 (C677T). This is a missense polymorphism, the enzyme
produced by it being thermolabile and with decreased reactivity. The frequency of the
polymorphic 677 T allele ranges from 30% to 40%, with 10% homozygosity. In folate
deficiency, TT homozygotes were noted to suffer from hyperhomocysteinemia [32].
Although a strong relationship between the C677T polymorphism and CVD was suggested
in initial studies, the failure to replicate these results lead to the notion that the C677T
polymorphism is only a minor risk factor for CVD [41].

Paraoxonase
The paraoxonase gene family (PON1, PON2 and PON3) is clustered on a single
chromosomal locus 7q21.3. Although they are highly homologous both in nucleotide
sequence (70% homology) and amino acid sequence (60% homology), they are extensively
varied with regard to their expression profile. PON1 and PON3 are expressed mostly in the
liver and are associated with HDL in the plasma. PON2, on the other hand, is expressed in a
variety of tissues and is localized to the nuclear membrane and endoplasmic reticulum (ER)
[42•]. Although the ability to hydrolyze organophosphates is unique to PON1, all PON
enzymes share the ability to metabolize different lactones [43], some of which are formed by
peroxidation of phospholipids [42]. This enzymatic activity is supposedly essential for
maintaining cell membrane integrity, protecting it from different endogenous and exogenous
toxins. The localization of PON1 to the same HDL subfraction as clusterin supports this
hypothesis, as the latter is also assumed to be involved in cell membrane protection [44]. A
recent trial has suggested a role for the PON enzymes in the innate immune system, as they
are able to hydrolyze the quorum-sensing signal molecule N-acyl-homoserine-lactone [42•].

It is well appreciated that HDL is able to attenuate the development of atherosclerosis by
various mechanisms, which include the removal of cholesterol from vessel wall cells and its
transport back to the liver, a process known as reverse cholesterol transport (RCT), and
attenuating LDL oxidation. The various HDL anti-atherogenic activities are catalyzed by
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enzymes that are associated with the HDL particle. PON1 has been shown to diminish LDL
oxidation [45] and prevent the oxidized LDL (oxLDL)-associated pro-inflammatory
response, the latter most likely related to its ability to metabolize lipid peroxides [46]. PON1
is also vital for the continuous normal function of HDL, as it prevents its oxidation. This
was also shown in PON1 knockout mice, whose HDL was less able to limit lipid
peroxidation and LDL-induced inflammation [47]. These mice were also more susceptible to
the development of atherosclerosis in both dietary and genetic models [47, 48]. Mice
overexpressing PON1 were found to be more resistant to the development of atherosclerosis
compared to their wild-type littermates, suggesting a therapeutic potential for PON1
elevation [49].

Although genetic polymorphisms were found in all members of the PON gene family,
research in the area of CVD has focused on the enzyme PON1, where several
polymorphisms, both in the coding region and the promoter region, were identified. The
promoter polymorphism C (−107)T was shown to have a striking effect on gene
transcription, as the affinity between the transcription factor Sp1 and the −107 C allele is
significantly higher compared to the affinity between Sp1 and the −107 T allele. This
disparity translates into increased plasma PON1 activity and concentration in carriers of the
−107 C allele [50]. However, in spite of the difference in protein concentration and activity,
this polymorphism did not prove to be clinically significant with regard to CVD [51]. It was
recently shown that although the C(−107)T polymorphism does not affect the risk for CVD,
it may modulate the extent of the disease as measured by the number of coronary arteries
undergoing stenosis [52].

The Glu192Arg missense mutation has also been extensively studied. The exchange of
glutamine to arginine results in a decrease in serum PON activity and concentration. This
may be caused by a diminished affinity of the Arg192 PON for the HDL, resulting in
decreased protein stability and activity [53]. Of all PON1 polymorphisms, only the
Glu192Arg polymorphism was associated with CVD in a large meta-analysis. However, the
external validity of this result was questioned due to lack of a significant association
between this polymorphism and CVD in large trials, and also because of possible
publication bias [51]. This polymorphism has also been associated with stroke in a recently
published meta-analysis [54•]. Due to the many polymorphisms in PON1 and the failure to
show any association with CVD, the relationship between PON1 phenotype (concentration
and activity) and CVD was studied. Indeed, PON1 activity was demonstrated to be a
predictor of CVD, regardless of its genotype [55]. A large trial linking PON1 genotype to
PON phenotype has shown that not only do both the Glu192Arg genotype and PON
phenotype determine the risk for CVD, but also that the PON1 genotype is a predictor of
PON serum activity and concentration [56].

Superoxide Dismutase
The superoxide dismutase family of proteins consists of three members, all of which rely on
various metals as cofactors and act as antioxidants in both intracellular and extracellular
compartments, scavenging mostly superoxide anions, but other oxidants as well that are
formed during physiologic and pathologic biological processes. SOD1, the first enzyme to
be discovered, is dependent on copper (Cu) and Zinc (Zn) for its activity and is localized to
the cytosol and nucleus. SOD2, also known as manganese-SOD (MnSOD), is the
mitochondrial form of SOD and is responsible for scavenging O2- ion formed as a
byproduct of aerobic metabolism. SOD3 is the extracellular member of the SOD family
(EC-SOD), and like SOD1, its metal cofactors are Cu and Zn [57].
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MnSOD
As mentioned above, SOD2 is most abundant in the mitochondria. Of all three SODs
enzymes, only MnSOD was found to be critical for survival of both eukaryotes and other
aerobic organisms. Mice with MnSOD deficiency suffer from growth retardation and die
shortly after birth with neurodegeneration, dilated cardiomyopathy, steatosis, and skeletal
muscle defects. Mitochondrial injury in these mice, assessed by changes in both structure
and function of the citric acid cycle, has been observed as well [57, 58]. Several
polymorphisms have been discovered in the SOD2 gene, situated on chromosomal locus
6q25 [57]. Of all these polymorphisms, the Ala16Val missense mutation was found to be
relevant for cardiovascular disease. This polymorphism disrupts the secondary structure of
MnSOD, decreasing its activity by approximately 40% and decreasing its transport to the
mitochondria. Most of the studies conducted on this polymorphism were with diabetes
patients, showing that the 16Val allele is associated with increased diabetic coronary heart
disease in women [59] and diabetic nephropathy [60]. In the non-diabetes population, this
polymorphism was associated with vasospastic angina pectoris [61, 62].

Haptoglobin-Mediated and Hemoglobin-Mediated Oxidative Stress
Haptoglobin (Hp) is an acute phase, plasma-born glycoprotein that is produced mainly by
hepatocytes, but also by other cell types including adipocytes and lung cells, and is well-
known for its ability to tightly bind free hemoglobin (Hb) following its release from
erythrocytes [63]. Hp plasma concentrations are high, ranging from 0.3 mg/mL to 3.0 mg/
mL, yielding an Hp/Hb molar ratio of 400:1 and allowing effective Hb scavenging even
when hemolysis occurs and Hb levels steeply increase. This activity of Hp is important for
the prevention of iron loss via Hb filtration by the glomeruli and renal damage. Following its
formation, Hp-Hb complex is taken up by various scavenger receptors in the liver and other
tissues. One such receptor is the CD163 receptor, present on macrophages and Kupffer cells.
Scavenging of Hb by Hp is also critical for preventing Hb-mediated oxidative damage.
Extracorpuscular Hb can release its heme iron, which acts as a potent oxidizing agent and
can generate free radicals, leading to the production of ROS that exert oxidative damage to
their surroundings. By shielding Hb from its surroundings, Hp prevents this deleterious
cascade. Additionally, Hp protects the Hb globin from oxidation by the heme iron, enabling
effective clearance of Hb by the CD163 receptor [64•].

The Hp gene is located at chromosomal locus 16q22, and has two known alleles in humans:
Hp1, whose allele frequency is 0.4, and Hp2, whose allele frequency is 0.6 in most Western
populations. As the alleles are in a Hardy-Weinberg equilibrium, the frequency of Hp
genotypes is 16% Hp 1–1, 48% Hp 2–1, and 36% Hp 2–2 [63]. It is hypothesized that early
in human evolution a duplication of exons 3 and 4 of the Hp 1 allele occurred, resulting in
the formation of the Hp 2 allele. This duplication includes a cysteine residue located in exon
3 that participates in the formation of a disulfide bridge between Hp monomers, thus making
the Hp 2 monomer divalent whereas the Hp 1 monomer remains monovalent. As a result,
there is a dramatic difference in the size and structure of the Hp protein in the serum. The
monovalent Hp 1 monomer can bind a single Hp molecule, leading to the formation of
dimers in the Hp 1–1 genotype. The Hp 2 monomer is able to bind two Hp molecules,
resulting in the formation of cyclic Hp 2–2 polymers in the Hp 2–2 genotype. In the Hp 2–1
genotype, heteromeric polymers are formed, with Hp1 proteins at each end of an Hp2 linear
polymer. Although Hp 1–1 dimers are known to exist in the plasma of Hp 2–1 individuals,
Hp 2–2 cyclic polymers have not been detected [65].

With regard to CVD, the Hp polymorphism has a disease-specific interaction with DM. In
the general population, it has been suggested that individuals with the Hp 1–1 genotype are
more prone to developing of CVD [66]. However, in the presence of DM, the Hp 2–2
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genotype is a significant risk factor for CVD, conferring a twofold to fivefold increase in the
risk of CVD compared to Hp 2–1 or Hp 1–1 genotypes [67•]. This observation was
supported by in vivo studies in transgenic mice, in which there was an increased tendency of
diabetic Hp 2–2 mice to develop retinopathy, nephropathy, and atherosclerosis compared to
diabetic Hp 1–1 mice [3].

The unique interaction between the Hp 2–2 genotype and DM appears to stem from the
interaction of the Hp 2–2 protein with Hb. Increased extravascular and intravascular
hemolysis is known to occur in DM, leading to an increase in Hp-Hb complexes in plasma
and tissues. As was discussed above, Hp is regarded as an antioxidant due to its ability to
bind Hb and prevent the release of heme iron and the initiation of a free radical chain
reaction. However, the ability to act as an antioxidant differs greatly between the Hp
genotypes [68]. Whereas Hp 1–1 and Hp 2–2 have similar affinities for Hb [69], the ability
of the Hp 2–2 protein to shield the heme iron from its aqueous surroundings is poor
compared to that of the Hp 1–1 protein. Oxidation and glycation of Hb, which commonly
occur in DM, further amplify these differences. Oxidative stress evoked by Hp 2-Hb
complexes in Chinese hamster ovary (CHO) cells expressing the CD163 receptor cultured in
hyperglycemic conditions was greater compared to that evoked by Hp1-Hb under similar
conditions. Tissue and plasma redox–active iron was decreased in Hp 1–1 DM mice and
humans compared to Hp 2–2 DM individuals, demonstrating the diminished ability of the
Hp 2–2 protein to neutralize Hb [70]. The increase in plasma oxidative stress is also
demonstrated by the reduction in antioxidants such as vitamin C in the serum of Hp2-2 DM
individuals [65]. Additionally, hyperglycemia and increased oxidative stress both result in
diminished expression of CD163 on the surface of macrophages, which is the result of
plasma membrane shedding and decreased transcription [71]. Finally, the rate of clearance
of the Hp-Hb-2-2 complex by the CD163 receptor is reduced compared to that of the Hp-
Hb-1-1, resulting in the extended presence of Hp-Hb in tissues in Hp 2–2 individuals [69].
This situation is confounded by the decreased expression of CD163 in Hp 2–2 individuals
[72].

Another novel aspect of the Hp2-2–associated oxidative stress in diabetes is related to the
association of Hp with HDL. Either free or Hb bound, Hp appears to be a part of the HDL
proteome. There is more Hp 2–2 associated with HDL compared to Hp 1–1 due to its
polymeric nature and also due to the impaired clearance of Hp-Hb in Hp 2–2 individuals
with DM. This, along with the lesser antioxidant ability of Hp2-2, makes the HDL of Hp 2–
2 individuals with DM exposed to higher levels of oxidative stress and results in an increase
in HDL-associated lipid peroxides. These oxidative alterations result in a decrease in HDL
function, such as cholesterol esterification and cholesterol efflux, and may result in the
formation of pro-atherogenic HDL particles in DM individuals with the Hp 2–2 genotype
(Fig. 1) [73]. This pathway provides a mechanistic rationale for the pharmacogenetic
interaction between vitamin E and the Hp 2–2 genotype, whereby vitamin E significantly
reduces the risk for CVD in diabetic individuals with Hp 2–2 [74].

Identification of Polymorphisms in Redox Genes in Genome-Wide
Association Studies

The effect of the polymorphisms mentioned above was tested in trials where one or a small
number of candidate gene polymorphisms were tested for their correlation with CVD. A
non-biased approach to identify possible genetic contributions to CVD risk has been
attempted in genome-wide association studies (GWAS) using high-density screening with a
panel of single nucleotide polymorphisms that can scan the entire human genome. It is
interesting to note that most of the genes discussed above were not identified by GWAS as
significant for the prediction of CVD risk. Similar to other studies, the MTHFR C677T
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polymorphism was identified as a determinant of plasma homocysteine levels in GWAS
[75]. Polymorphisms in the NOS3 gene were observed to have an effect on CVD risk in a
single GWAS [76].

Conclusions
With the increasing capacity to perform genomic association studies, many genetic
polymorphisms are being investigated with regard to their association with various diseases.
However, most of them do not show significance when tested in different populations.

This may be explained by the inability to specify the effect of a certain polymorphism on
protein activity, expression, or stability. Thus, these polymorphisms may be in linkage
disequilibrium with other genetic markers that have an impact on disease progression, a
linkage that may perhaps not exist in all populations. Most of the genes examined in this
article fall in this category. Having a direct effect on redox systems, these polymorphisms
maintain their significant relationship with CVD even in the face of population stratification
(Table 1).

While identification of at-risk individuals is an important step in personalized medicine, it
becomes valuable only when it is accompanied by a personalized treatment scheme, which
may include a more aggressive pharmacologic intervention, or closer monitoring of the
patient, as is customarily done for carriers of genetic polymorphisms associated with
colorectal cancer. As is demonstrated by the pharmacogenetic relationship between vitamin
E and the Hp genotype in the setting of DM, the identification of at-risk individuals allows
for early intervention and clear benefit in terms of reduced complications from CVD.
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Fig. 1.
The interaction between haptoglobin (Hp) genotype and diabetes mellitus (DM) leading to
high-density lipoprotein (HDL) dysfunction. Hemoglobin (Hb) released intravascularly from
red blood cells (RBC) is rapidly bound by Hp protein to form an Hp-Hb complex. In Hp 2–2
diabetic individuals, the complex is cleared more slowly than in Hp 1–1 diabetic individuals
by the scavenger receptor CD163. The Hp-Hb complex can bind to apolipoprotein A1
(ApoA1) in HDL, with increased binding of Hp 2-2–Hb occurring due its increased affinity
for HDL and its increased plasma concentration. The Hp 2-2–Hb complex, but not the Hp
1-1–Hb complex, when bound to HDL can produce reactive oxygen species that can oxidize
protein (eg, ApoA1, glutathione peroxidase [GPx], and lecithin: cholesterol acyl transferase
[LCAT]) and lipid components (cholesterol [Chol]) of HDL and render the HDL
dysfunctional (because of decreased reversed cholesterol transport [RCT] and antioxidant
activity), pro-atherogenic, and pro-thrombotic. Antioxid—antioxidant; Para—paraoxynase.
(From Asleh et al. [73]. Correction of HDL dysfunction in individuals with diabetes and the
haptoglobin 2–2 genotype. Diabetes 2008;57:2794–800)
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Table 1

Summary of redox genes that modulate risk for cardiovascular disease

Gene Polymorphisms References

NOS3 Glu298Asp [16, 17]

T(−786)C

4b/a

GPX3 Promoter SNPs [21, 23•]

GPX1 Pro198Leu [25, 26]

Ala5/Ala6 [27]

MTHFR C677T [41]

PON1 C(−107)T [51, 52]

Glu192Arg [51, 54•, 55, 56]

SOD Ala16Val [59–62]

HP HP1/HP2 [66, 67•]
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