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Abstract
This study examined the superoxide dismutase 3 (SOD3) R231G polymorphism in relation to the severity of coronary artery
disease (CAD) and the risk of myocardial infarction (MI) in 3211 individuals; 94.4% of study participants were homozygous
for SOD3 231RR and 5.5% were heterozygous for SOD3 231RG. The odds ratios of the RG and GG genotype (adjusted for
age, gender and for conventional cardiovascular risk factors) were 2.02 (95% CI, 1.23�3.33, p�0.005) for the highest vs the
lowest Friesinger coronary score and 1.40 (95% CI, 1.02�1.92, p�0.037) for MI, respectively. Further the SOD3 RG and
GG genotype was associated with lower alpha-tocopherol levels than the wild type SOD3 RR genotype. It is concluded that
the SOD3 231RG and GG genotype is associated with lower alpha-tocopherol levels and the severity of CAD and the risk
of MI.
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Introduction

Superoxide dismutase 3 (SOD3, extracellular SOD)

is an important anti-oxidative enzyme; it scavenges

superoxide anions on the endothelial cell surface of

the arterial wall as well as in extracellular fluids [1]. A

distinguishing property of SOD3 is its affinity to

glycosaminoglycans such as heparin and heparan

sulphate [2]. The latter is a component of the

glycocalyx of cell surfaces and the connective tissue

matrix and appears to be the most important

physiological ligand of SOD3 [3,4]. In fact, intrave-

nous injections of heparin lead to an imme-

diate increase in plasma SOD3 [5], allowing the

determination of endothelium-bound SOD3 in hu-

mans in vivo [6].

A single nucleotide polymorphism (SNP) in the

SOD3 mRNA at position 691 (C�G) results in a

glycine (G) for arginine (R) amino acid exchange at

position 231 (R231G, NCBI SNP ID: rs1799895).

The glycine for arginine exchange is related to an

increased plasma concentration of SOD3 [7�9]. It

has been suggested that this increase is due to

accelerated release of SOD3 from the interstitial
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matrix [7]. Several subsequent studies show that the

SOD3 231G variant results in an increased concen-

tration of SOD3 in the plasma which is caused by a

reduction in the affinities to both heparin and

collagen. It appears that the mutation alters the

secondary structure in the c-terminal region which

mediates the binding to both heparin/heparan sul-

phate and type I collagen [10]. Thus, despite high

plasma concentrations, the arterial wall may be

deficient in SOD, leading to diminished scavenging

of superoxide anions. The in vitro binding studies

were extended by a rat model, in which human SOD3

was delivered with a recombinant adenovirus [11].

Constructs containing functionally normal SOD3

and the binding-defective variant were injected into

spontaneously hypertensive rats. In contrast to the

functionally normal SOD3, the SOD3 231G variant

had no significant protective effect on arterial pres-

sure, vascular function or oxidative stress in sponta-

neously hypertensive rats. Further, wild type SOD3

reduced the concentration of superoxide anion and

improved endothelial function in mice, while the

SOD3 variant 231G had small effects. These findings

suggested that, in contrast to the wild type SOD3, the

common human gene variant SOD3 231G fails to

protect against endothelial dysfunction.

Insufficient anti-oxidative capacity may promote

atherosclerosis through the oxidation of LDL and the

formation of peroxynitrite from nitric oxide. It has

been reported that SOD3 can protect NO from

degradation by superoxide anions generated extra-

cellularly [12] and, on the other hand, NO released

from the endothelium stimulates SOD3 expression as

well as its release from intracellular pools [10].

Further, high SOD3 levels in plasma have been

associated with cardiovascular risk factors [13], acute

coronary syndromes [14], hypertension, diabetes

mellitus [15], ischemia-reperfusion injury, lung dis-

ease, various inflammatory conditions and neurolo-

gical diseases [12].

All these experimental tests and animal models

have provided the mechanistic basis for our associa-

tion study in which we examined whether humans

carrying the SOD3 231RG variant would be predis-

posed to a greater degree of oxidative stress, con-

secutively higher degradation of anti-oxidative

compounds (e.g. alpha-tocopherol) and a larger

burden of atherosclerosis in the coronary arteries

leading to myocardial infarction.

Methods

Study design and participants

The Ludwigshafen Risk and Cardiovascular Health

(LURIC) study includes consecutive white patients

hospitalized for coronary angiography between June

1997 and May 2001. The study was approved by the

ethics review committee at the ‘Landesärztekammer

Rheinland-Pfalz’ (Mainz, Germany) and written

informed consent was obtained from the participants.

A detailed description of LURIC has been published

[16].

Diabetes mellitus was diagnosed according to the

criteria of the American Diabetes Association (ADA).

Further, individuals with a history of diabetes or

treatment with oral anti-diabetics or insulin were

considered as subjects with diabetes [17].

CAD was assessed angiographically using the

maximal luminal narrowing estimated by visual

analysis. The severity of CAD was quantified with

the Friesinger Score [18]. Previous MI was diagnosed

if there was a conclusive positive history of MI or if

patients presented with ST elevation or non-ST

elevation with typical symptoms of chest pain and/

or typical elevations of enzymes (CK, CKMB,

troponin T above 0.1 mg/L).

Blood pressure measurements were recorded in the

supine position after at least 5 min of rest in the early

morning. Patients refrained from smoking or caffeine

ingestion before measurement. Systolic and diastolic

blood pressures were calculated as the average of at

least three measurements taken at 1 min intervals with

an automated device. Hypertension was defined as a

systolic and/or diastolic blood pressure exceeding 140

and/or 90 mm Hg or a history of hypertension

documented by the medical records. Dyslip-

idemia was defined as HDL cholesterol (HDL-C)

levelsB40 mg/dl or LDL cholesterol (LDL-C)

levels�160 mg/dl or triglycerides�200 mg/dl.

Laboratory procedures

Fasting blood samples were obtained by venipuncture

in the early morning after an overnight fast. Plasma

glucose, HDL-C, LDL-C, triglycerides were mea-

sured by standard laboratory procedures, as

described previously [16]. Plasma concentrations of

alpha tocopherol were determined by reversed-phase

HPLC, as previously described [19]. The within-day

coefficient of variation was 2.3%.

Analysis of the SOD3 R231G polymorphism

Genomic DNA was prepared from EDTA anti-

coagulated peripheral blood by using a common

salting-out procedure. Genotyping was done by a

5?-nuclease assay (TaqManTM). Primer and probe sets

were designed and manufactured using Applied

Biosystems ‘Assay-by-Design’ custom service. The

PCR reaction was performed in a Primus 96 plus

thermal cycler (MWG Biotech AG, Germany) using

a total volume of 5 ml containing 2.5 ml SuperHot

Master Mix (Bioron GmbH, Germany), 0.125 ml

assay-by-design mix (Applied Biosystems, Austria),

0.375 ml H2O and 2 ml DNA. Reactions were overlaid

with 15 ml mineral oil. Cycling parameters were:

1 min at 948C for primary denaturation, followed
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by 45 cycles of 15 s at 928C and 1 min at 608C.

Fluorescence was measured in a VICTOR fluores-

cence plate reader (HVD Life Sciences, Austria)

using excitation/emission filters of 485 nm/520 nm

for FAM-labelled probes (231R allele) and 530 nm/

572 nm for VIC-labelled probes (231G allele). The

data were exported into an Excel format and analysed

as scatter plots. As a quality control, genotyping was

repeated in 190 samples, showing a discrepant result

in one sample which was due to a typing error at the

stage of capturing the results. Consequently, geno-

type data of all samples in the database were

compared with raw data, but no further discrepancies

were observed. The R231G polymorphism has pre-

viously been described as R213G [20�22], but this

annotation does not conform with the recommenda-

tions for human gene mutation nomenclature [23]

and will not be used in this manuscript.

Statistical analysis

Triglycerides were transformed logarithmically prior

to being used in parametric statistical procedures. The

Friesinger score was broken down to four categories of

severity of CAD (0�1, 2�4, 5�8 and 9�15, respec-

tively). Three thousand and thirty-two subjects

(94.4%) had the 231RR genotype, 178 (5.5%) had

the 231RG genotype and only one individual had the

231GG genotype. Hence, only two groups of SOD

genotypes were formed, one including persons with

the 231RR genotype and the other one including

persons with either the 231RG or the 231GG

genotype. The clinical and biochemical characteristics

of the study participants according to the Friesinger

score strata and to the SOD3 genotypes were

expressed as percentages in the case of categorical

variables and as means (SD) or medians with

inter-quartile ranges in the case of continuous vari-

ables (Table I). Continuous variables were compared

between groups by univariate analysis of variance.

Associations between categorical variables were

examined by logistic regression analysis (Table I).

The association between the SOD3 genotypes, the

Friesinger score and with previous myocardial infarc-

tion were studied by logistic regression using the

covariables indicated, the SOD3 genotype as the

dependent and either the Friesinger score categories

or previous MI as the independent variable (Table II).

The concentrations of tocopherols were normalized

to LDL cholesterol and multivariate ANOVA models

were used to examine the relationships of the Frie-

singer Score categories with alpha-tocopherol to

cholesterol ratios (Table III).

All statistical tests were 2-sided. The criterion for

statistical significance was a p-value of less than

0.05. The SPSS statistical package (SPSS Inc.,

Chicago, IL, version 16.0 for Windows) was used

for all analyses.

Results

The SOD3 R231G genotypes were determined in

3211 subjects. The individuals were classified into

four groups with increasing severity of coronary artery

disease (Friesinger Score 0�1, 2�4, 5�8, 9�15). There

were 645, 722, 1034 and 762 individuals in

the lowest, second, third and highest category of the

Friesinger score, respectively (Table I). As expected,

patients with increasing Friesinger score were older,

had higher blood pressure, triglycerides and fasting

blood glucose, they had lower levels of HDL-C and

LDL-C (due to the more frequent use of lipid

lowering drugs), had a higher prevalence of diabetes

and were more often former and current smokers or

male individuals. The body mass index was lower in

the lowest and highest category of Friesinger Score

compared with the two middle categories.

Three thousand and thirty-two subjects (94.4%)

had the 231RR genotype, 178 (5.5%) had the

231RG genotype and one individual had the

231GG genotype. The SOD3 R231G genotypes

were in Hardy-Weinberg equilibrium ( p�0.58).

SOD3 genotype frequencies did not differ between

genders. Body mass index, smoking status, LDL-C,

HDL-C, triglycerides, age, the prevalence of hyper-

tension and diabetes mellitus did not differ between

wild-type individuals (SOD3 231RR genotype) and

the mutation carriers (SOD3 231RG and 231GG

genotype) (Table I).

The SOD3 231G allele was significantly associated

with the severity of CAD. The odds ratio for posses-

sing at least one SOD3 231G allele was 1.18 (95%

confidence interval, CI: 1.03�1.37) per increase of the

Friesinger score by one category (Table II). This

association remained stable after adjustment for age

and gender and for traditional cardiovascular risk

factors (body mass index, smoking status, hyperten-

sion, dyslipidemia and diabetes mellitus). The

unadjusted odds ratio for at least one SOD3 231G

allele in the Friesinger score category 9�15 vs category

0�1 was 1.63 (95% CI, 1.03�2.57), which was also

stable after adjustment for age and gender (1.93, 95%

CI, 1.19�3.13) and after multifactorial adjustment for

cardiovascular risk factors (2.02, 95% CI, 1.23�3.33).

The unadjusted odds ratio for the presence of at

least one SOD3 231G allele was 1.31 (95% CI, 0.97�
1.77) among persons with a history of MI. This

changed to 1.36 (95% CI, 1.00�1.85) after adjust-

ment for age and gender and to 1.40 (95% CI, 1.02�
1.92, p�0.037) after additionally adjusting for other

cardiovascular risk factors.

Furthermore, we analysed the relationship between

the alpha-tocopherol to cholesterol ratio and the

SOD3 polymorphism. SOD3 mutation carriers had

significantly lower alpha-tocopherol to cholesterol

ratios than persons homozygous for the wild-type.

The unadjusted odds ratio for carrying an SOD3

SOD3 R231G and coronary artery disease 679
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Table I. Clinical and biochemical characteristics of study participants according to Friesinger score and SOD3 R231G genotype.

Friesinger score SOD3 231 genotype

0�1 2�4 5�8 9�15 RR RG or GG pa

n 645 722 1034 762 3032 179

Age (years), means9SD 58912 64910 64910 65910 B0.001 63911 62912 0.264

Male sex (%) 52 64 75 83 B0.001b 70 68 0.467b

Body mass index (kg/m2), means9SD 2794 2894 2894 2794 0.013 2794 2794 0.945

Diabetes mellitus (%) 17 30 35 42 B0.001 32 31 0.972

Systemic Hypertension (%) 63 74 76 77 0.001 73 74 0.569

Smoking

Never (%) 52 40 30 26 36 40

Past (%) 31 40 49 55 B0.001 45 38 0.766

Current (%) 18 20 20 20 B0.001 20 22 0.973

Systolic blood pressure (mm Hg), means9SD 135922 143923 143924 141924 0.00c 141924 139923 0.314c

Diastolic blood pressure (mm Hg), means9SD 80911 82911 82911 79912 B0.001c 81911 80911 0.163c

Fasting blood glucose (g/l), means9SD 1.0490.28 1.1290.34 1.1590.34 1.1990.41 B0.001 1.1390.36 1.1390.30 0.970

LDL-C(g/l), means9SD 1.1990.31 1.1990.33 1.1590.37 1.1290.33 0.002d 1.1690.34 1.1990.34 0.148d

HDL-C (g/l), means9SD 0.4390.12 0.4090.11 0.3890.10 0.3690.09 B0.001d 0.3990.11 0.3890.11 0.425d

Triglycerides (g/l) median (25th and 75th percentile) 1.32 (0.98�1.90) 1.50 (1.10�2.06) 1.50 (1.15�1.98) 1.53 (1.13�2.04) B0.001d, e 1.47 (1.09�2.02) 1.38 (1.05�1.92) 0.163d,e

aAnalysis of variance or logistic regression, respectively, adjusted for age and gender; bLogistic regression, adjusted for age only; cAdjusted for use of beta blockers, ACE inhibitors, AT1 receptor

antagonists, calcium channel blockers, diuretics and lipid-lowering agents; dAdjusted for use of lipid-lowering agents; eANOVA of logarithmically transformed values.
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Table II. SOD3 R231G genotypes, severity of coronary disease and previous myocardial infarction.

SOD3 231 genotype Logistic regression

RR RG or GG Model 1 Model 2 Model 3

n (%) n (%) OR (95% CI) p OR (95% CI) p OR (95% CI) p

Friesinger scorea

0�1 662 (22%) 31 (17%) 1.0reference 1.0reference 1.0reference

2�4 687 (23%) 35 (20%) 1.09 (0.66�1.79) 0.739 1.21 (0.73�2.00) 0.467 1.23 (0.74�2.04) 0.432

5�8 975 (32%) 59 (33%) 1.29 (0.83�2.02) 0.260 1.48 (0.93�2.35) 0.100 1.53 (0.95�2.45) 0.80

9�15 708 (23%) 54 (30%) 1.63 (1.03�2.57) 0.035 1.93 (1.19�3.13) 0.008 2.02 (1.23�3.33) 0.005

Per stratumb 1.18 (1.03�1.37) 0.022 1.25 (1.07�1.45) 0.005 1.27 (1.08�1.48) 0.003

Myocardial infarction

No 1758 (58%) 93 (52%) 1.0reference 1.0reference 1.0reference

Yes 1273 (42%) 87 (48%) 1.31 (0.97�1.77) 0.084 1.36 (1.00�1.85) 0.050 1.40 (1.02�1.92) 0.037

aFriesinger score treated as a categorical variable and compared to the reference category. bStrata of the Friesinger score treated as interval-scaled variable. Model 1: unadjusted. Model 2: adjusted for age

and gender. Model 3: in addition adjusted for type 2 diabetes, body mass index, smoking, hypertension, dyslipidemia.

Table III. SOD3 R231G genotypes and quartiles of the alpha-tocopherol to cholesterol ratio.

SOD3 231 genotype Logistic regression

RR RG or GG Model 1 Model 2 Model 3

n (%) n (%) OR (95% CI) p OR (95% CI) p OR (95% CI) p

Alpha tocopherol/cholesterol ratioa 2744 (100) 170 (100)

1. quartile (B5.22) 678 (25) 53 (31) 1.0reference 1.0reference 1.0reference

2. quartile (5.22�5.96) 671 (24) 52 (31) 0.99 (0.67�1.48) 0.966 1.00 (0.67�1.49) 0.997 1.01 (0.67�1.50) 0.975

3. quartile (5.97�6.92) 699 (26) 31 (18) 0.57 (0.36�0.89) 0.015 0.57 (0.36�0.91) 0.017 0.57 (0.36�0.90) 0.016

4. quartile (�6.92) 696 (25) 34 (20) 0.63 (0.40�0.97) 0.038 0.64 (0.41�1.00) 0.050 0.64 (0.40�1.00) 0.049

Per quartileb 0.82 (0.71�0.95) 0.006 0.83 (0.72�0.95) 0.008 0.82 (0.71�0.95) 0.008

aAlpha tocopherol/cholesterol ratio treated as a categorical variable and compared to the reference category. bStrata of the Alpha tocopherol/cholesterol ratio treated as interval-scaled variable. Model 1:

unadjusted. Model 2: adjusted for age and gender. Model 3: in addition adjusted for type 2 diabetes, body mass index, smoking, hypertension, dyslipidemia.
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231G allele in the highest vs the lowest alpha-

tocopherol to cholesterol quartile was 0.63 (95%

CI, 0.40�0.97) and this remained significant after

adjustment for age, gender and for cardiovascular risk

factors (0.64, 95% CI, 0.40�1.00).

Discussion

The major finding of the present study was that

the SOD3 R231G genotype was associated with

the severity of CAD and previous MI in persons

undergoing angiography. Furthermore, the alpha-

tocopherol to cholesterol ratios were significantly

lower in carriers of the SOD3 R231G variant.

The SOD3 R231G genotype frequencies corre-

spond to previous reports in which 231RG hetero-

zygotes constituted between 2�6% of the study

populations [13,20,22,24,25]. It has been argued

that heterozygosity for SOD3 R231G results in

lower affinity of the enzyme to heparan sulphate

proteoglycans in the glycocalyx of endothelial cell

surfaces and in the interstitial matrix of arteries.

Petersen et al. [26] have additionally shown that the

affinity to collagen in the adventitia of vessel walls is

reduced in SOD3 231G carriers. Therefore a

reduced local anti-oxidative capacity at the site of

the endothelium, the arterial intima or of the

adventitia could result in a pro atherogenic micro-

environment in the entire arterial wall and consecu-

tively promote atherogenesis.

These experimental findings are supported by a

spontaneous hypertensive rat model in which the

wild type human SOD3 was shown to be able to

protect the endothelium against oxidative damage,

whereas the SOD3 231G variant did not [27].

Furthermore in a mice model the SOD 231G

variant failed to protect the vessels against endothe-

lial dysfunction induced by an inflammatory stimu-

lus (lipopolysaccharide endotoxin injection) [11].

Thus, an increased prevalence of CAD and MI

would be expected in heterozygous carriers of SOD3

R231G. Corresponding findings have been reported

from the Copenhagen City Heart Study which has

been the first study to demonstrate that SOD3

R231G heterozygosity is associated with an increased

risk of CAD in the general population. In their

prospective case-control study of 9188 persons the

gender- and age-adjusted odds ratio for CAD in

heterozygotes vs non-carriers was 1.4 (95% CI

1.0�2.1) and remained stable after multifactorial

adjustment. In that study, SOD3 R231G heterozyg-

osity even was more predictive of CAD than the

measurement of SOD3 plasma levels [22]. Yamada

et al. [28] conducted a study in a highly selected

population of haemodialysis patients with type 2

diabetes. The 5-year survival rate of SOD3 R231G

heterozygotes was significantly lower than that of

non-carriers. Among those who died, the incidence of

CAD and cerebrovascular disease in heterozygote

carriers was significantly higher than in non-carriers.

Our results are in line with these previous findings

and they provide an important extension because the

current study is the first one to demonstrate a

relationship between the prevalence of SOD3 231G

allele and the extent of angiographically ascertained

coronary atherosclerosis (Friesinger Score).

Interestingly, in the current study the SOD3

genotype had no influence on serum levels of CRP,

fibrinogen, leucocytes, neopterin, oxidized LDL,

interleukin 6, CD40 ligand and serum amyloid A

(data not shown). This is in line with the concept that

the SOD3 R231G polymorphism results in a local

depletion of the enzyme SOD at the site of the

endothelium which does not translate into changes in

systemic indicators of inflammation. Therefore, the

pro-oxidative and pro-inflammatory effect of the

mutation appears to be a very local process tied to

the arterial wall. Hence, we are convinced that the

SOD3 genotype contributes in the main indepen-

dently from other inflammatory markers to the risk of

CAD and MI and thus it might be an advantage to

measure the SOD3 genotype to assess cardiovascular

risk. Many clinically relevant factors influence inter-

mediate biochemical phenotypes. In the case of the

SOD3 R231G polymorphism, the relationship to

SOD3 concentrations in the circulation is not straight

forward. High SOD3 concentrations might reflect

high rates of production of the enzyme which would

in general protect from oxidative stress. On the other

hand, presence of the SOD3 231G genotype might

produce high SOD3 concentrations as a consequence

of a depletion of SOD3 from the endothelial lineage.

In this case, high SOD3 levels could also indicate

increased susceptibility to oxidative stress in the

arterial wall. These considerations show that the

SOD3 R231G polymorphism may provide superior

clinical information than serum SOD3 concentra-

tions.

Finally we also found an association between the

SOD3 genotype and the antioxidant compound

alpha-tocopherol, the main lipid-soluble antioxidant

present in lipoproteins [29,30]; which acts as a

peroxyl and alkoxyl radical scavenger in lipid envir-

onments and thus prevents lipid peroxidation in

lipoproteins and cell membranes, for instance of the

endothelial cells [31,32]. We suggest that in carriers

of an SOD3 231G allele the decreased antioxidant

capacity of the endothelium results in an increased

consumption of alpha-tocopherol to prevent lipid

oxidation. This would then enhance the degradation

of alpha-tocopherol in the vessel wall and in

lipoprotein particles, lead to lower plasma levels

and contribute to the progression of atherosclerosis.

682 T. B. Grammer et al.
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It is in line with the idea that alpha-tocopherol

might link the SOD3 231G mutant to atherosclero-

sis and that alpha-tocopherol exerts a multitude of

anti-atherosclerotic effects in experimental and ani-

mal studies: arteries deficient in alpha-tocopherol

demonstrate a dose-dependent impairment of NO-

mediated arterial relaxation upon exposure to ox-

LDL [33]; alpha-tocopherol lowers biomarkers of

oxidative stress (i.e. F2-isoprostanes and LDL oxi-

dative susceptibility) [34] and inflammation [35,36],

inhibits platelet aggregation [37�39] and monocytes

from alpha-tocopherol-supplemented patients have a

decreased ability to oxidize lipids or to adhere to an

activated endothelial cell monolayer [40].

It is, however, obvious that alpha-tocopherol might

not be the sole link between the SOD3 231G variant

and atherosclerosis, because most of the vitamin E

supplementation trials with cardiovascular endpoints

were negative, perhaps due to absence of increased

oxidative stress in the individuals or too low intake of

alpha-tocopherol [41]. It has been shown that vitamin

E supplementation is more effective in special groups

of individuals with a higher burden of oxidative stress

and high cardiovascular risk [42,43]. Thus, theoreti-

cally, SOD3 231G carriers might receive a greater

benefit than wild-type individuals.

A limitation of our study is its cross-sectional

design. Only individuals in whom coronary angio-

graphy was clinically indicated were enrolled in the

study which may result in referral bias. On the other

hand it is a strength of our study that the coronary

status was assessed by angiography in both case and

control patients. Furthermore, established cardiovas-

cular risk factors were evaluated accurately which

allowed us to control for confounding effects. More-

over, the large sample size of the LURIC cohort

provides sufficient proof to detect subtle effects of

genetic predictors. Judgement of single nucleotide

polymorphisms usually requires several studies to

confirm or refute an observed association with the

disease of interest [44�46].

In conclusion, the present study confirms the

crucial role of superoxide dismutase in arteriosclero-

sis which was extensively investigated in in vitro

studies and animal models. So far, very scarce data

are available in the light of a clinical setting. We were

able to confirm that SOD3 231G allele is significantly

associated with the severity of CAD, with previous

MI as well as with low levels of alpha-tocopherol.
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Gerda Grünbacher for their excellent technical assis-

tance, as well as the LURIC study team, the

laboratory staff at the Ludwigshafen General Hospi-

tal, the University of Freiburg and Ulm University,

Germany.

Declaration of interest: The authors report no

conflicts of interest. The authors alone are respon-

sible for the content and writing of the paper.

References

[1] Marklund SL, Holme E, Hellner L. Superoxide dismutase in

extracellular fluids. Clin Chim Acta 1982;126:41�51.

[2] Karlsson K, Marklund SL. Binding of human extracellular-

superoxide dismutase C to cultured cell lines and to blood

cells. Lab Invest 1989;60:659�666.

[3] Stralin P, Karlsson K, Johansson BO, Marklund SL. The

interstitium of the human arterial wall contains very large

amounts of extracellular superoxide dismutase. Arterioscler

Thromb Vasc Biol 1995;15:2032�2036.

[4] Karlsson K, Marklund SL. Heparin-induced release of

extracellular superoxide dismutase to human blood plasma.

Biochem J 1987;242:55�59.

[5] Adachi T, Yamada H, Futenma A, Kato K, Hirano K.

Heparin-induced release of extracellular-superoxide dismu-

tase form (V) to plasma. J Biochem 1995;117:586�590.

[6] Landmesser U, Merten R, Spiekermann S, Buttner K,

Drexler H, Hornig B. Vascular extracellular superoxide

dismutase activity in patients with coronary artery disease:

relation to endothelium-dependent vasodilation. Circulation

2000;101:2264�2270.

[7] Adachi T, Yamada H, Yamada Y, Morihara N, Yamazaki N,

Murakami T, Futenma A, Kato K, Hirano K. Substitution of

glycine for arginine-213 in extracellular-superoxide dismutase

impairs affinity for heparin and endothelial cell surface.

Biochem J 1996;313:235�239.

[8] Adachi T, Wang J, Wang XL. Age-related change of plasma

extracellular-superoxide dismutase. Clin Chim Acta 2000;

290:169�178.

[9] Frederiksen J, Juul K, Grande P, Jensen GB, Schroeder TV,

Tybjaerg-Hansen A, Nordestgaard BG. Methylenetetrahydro-

folate reductase polymorphism (C677T), hyperhomocystei-

nemia, and risk of ischemic cardiovascular disease and venous

thromboembolism: prospective and case-control studies from

the Copenhagen City Heart Study. Blood 2004;104:3046�
3051.

[10] Fukai T, Folz RJ, Landmesser U, Harrison DG. Extracellular

superoxide dismutase and cardiovascular disease. Cardiovasc

Res 2002;55:239�249.

[11] Lund DD, Chu Y, Brooks RM, Faraci FM, Heistad DD.

Effects of a common human gene variant of extracellular

superoxide dismutase on endothelial function after endotoxin

in mice. J Physiol 2007;584:583�590.

[12] Fattman CL, Schaefer LM, Oury TD. Extracellular super-

oxide dismutase in biology and medicine. Free Radic Biol

Med 2003;35:236�256.

[13] Marklund SL, Nilsson P, Israelsson K, Schampi I, Peltonen

M, Asplund K. Two variants of extracellular-superoxide

dismutase: relationship to cardiovascular risk factors in an

unselected middle-aged population. J Intern Med 1997;

242:5�14.

[14] Horiuchi M, Tsutsui M, Tasaki H, Morishita T, Suda O,

Nakata S, Nihei S, Miyamoto M, Kouzuma R, Okazaki M,

Yanagihara N, Adachi T, Nakashima Y. Upregulation of

vascular extracellular superoxide dismutase in patients with

acute coronary syndromes. Arterioscler Thromb Vasc Biol

2004;24:106�111.

[15] Kimura F, Hasegawa G, Obayashi H, Adachi T, Hara H,

Ohta M, Fukui M, Kitagawa Y, Park H, Nakamura N,

Nakano K, Yoshikawa T. Serum extracellular superoxide

dismutase in patients with type 2 diabetes: relationship to

the development of micro- and macrovascular complications.

Diabetes Care 2003;26:1246�1250.

SOD3 R231G and coronary artery disease 683

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



[16] Winkelmann BR, März W, Boehm BO, Zotz R, Hager J,

Hellstern P, Senges J. Rationale and design of the LURIC

study�a resource for functional genomics, pharmacogenomics

and long-term prognosis of cardiovascular disease. Pharma-

cogenomics 2001;2:S1�S73.

[17] Diagnosis and classification of diabetes mellitus. Diabetes

Care 2008;31(Suppl 1):S55�S60.

[18] Friesinger GC, Page EE, Ross RS. Prognostic significance of

coronary arteriography. Trans Assoc Am Physicians 1970:

78�92.

[19] Aebischer CP, Schierle J, Schuep W. Simultaneous determi-

nation of retinol, tocopherols, carotene, lycopene, and

xanthophylls in plasma by means of reversed-phase high-

performance liquid chromatography. Methods Enzymol

1999;299:348�362.

[20] Sandstrom J, Nilsson P, Karlsson K, Marklund SL. 10-fold

increase in human plasma extracellular superoxide dismutase

content caused by a mutation in heparin-binding domain.

J Biol Chem 1994;269:19163�19166.

[21] Yamada H, Yamada Y, Adachi T, Goto H, Ogasawara N,

Futenma A, Kitano M, Hirano K, Kato K. Molecular analysis

of extracellular-superoxide dismutase gene associated with

high level in serum. Jpn J Hum Genet 1995;40:177�184.

[22] Juul K, Tybjaerg-Hansen A, Marklund S, Heegaard NH,

Steffensen R, Sillesen H, Jensen G, Nordestgaard BG.

Genetically reduced antioxidative protection and increased

ischemic heart disease risk: The Copenhagen City Heart

Study. Circulation 2004;109:59�65.

[23] Antonarakis SE. Recommendations for a nomenclature

system for human gene mutations. Nomenclature Working

Group. Hum Mutat 1998;11:1�3.

[24] Adachi T, Ohta H, Yamada H, Futenma A, Kato K, Hirano

K. Quantitative analysis of extracellular-superoxide dismutase

in serum and urine by ELISA with monoclonal antibody. Clin

Chim Acta 1992;212:89�102.

[25] Wang XL, Adachi T, Sim AS, Wilcken DE. Plasma extra-

cellular superoxide dismutase levels in an Australian popula-

tion with coronary artery disease. Arterioscler Thromb Vasc

Biol 1998;18:1915�1921.

[26] Petersen SV, Olsen DA, Kenney JM, Oury TD, Valnickova Z,

Thogersen IB, Crapo JD, Enghild JJ. The high concentration

of Arg2130Gly extracellular superoxide dismutase (EC-

SOD) in plasma is caused by a reduction of both heparin

and collagen affinities. Biochem J 2005;385:427�432.

[27] Chu Y, Alwahdani A, Iida S, Lund DD, Faraci FM, Heistad

DD. Vascular effects of the human extracellular superoxide

dismutase R213G variant. Circulation 2005;112:1047�1053.

[28] Yamada H, Yamada Y, Adachi T, Fukatsu A, Sakuma M,

Futenma A, Kakumu S. Protective role of extracellular

superoxide dismutase in hemodialysis patients. Nephron

2000;84:218�223.

[29] Esterbauer H, Puhl H, Dieber-Rotheneder M, Waeg G, Rabl

H. Effect of antioxidants on oxidative modification of LDL.

Ann Med 1991;23:573�581.

[30] Esterbauer H, Waeg G, Puhl H, Dieber-Rotheneder M,

Tatzber F. Inhibition of LDL oxidation by antioxidants. Exs

1992;62:145�157.

[31] Thomas SR, Stocker R. Molecular action of vitamin E in

lipoprotein oxidation: implications for atherosclerosis. Free

Radic Biol Med 2000;28:1795.

[32] Traber MG, Frei B, Beckman JS. Vitamin E revisited: do new

data validate benefits for chronic disease prevention? Curr

Opin Lipidol 2008;19:30�38.

[33] Keaney JF, Jr., Guo Y, Cunningham D, Shwaery GT, Xu A,

Vita JA. Vascular incorporation of alpha-tocopherol prevents

endothelial dysfunction due to oxidized LDL by inhibiting

protein kinase C stimulation. J Clin Invest 1996;98:386�394.

[34] Li D, Devaraj S, Fuller C, Bucala R, Jialal I. Effect of alpha-

tocopherol on LDL oxidation and glycation: in vitro and in

vivo studies. J Lipid Res 1996;37:1978�1986.

[35] Singh U, Devaraj S, Jialal I. Vitamin E, oxidative stress, and

inflammation. Annu Rev Nutr 2005;25:151�174.

[36] Devaraj S, Tang R, Adams-Huet B, Harris A, Seenivasan T,

de Lemos JA, Jialal I. Effect of high-dose alpha-tocopherol

supplementation on biomarkers of oxidative stress and

inflammation and carotid atherosclerosis in patients with

coronary artery disease. Am J Clin Nutr 2007;86:1392�1398.

[37] Higashi O, Kikuchi Y. Effects of vitamin E on the aggregation

and the lipid peroxidation of platelets exposed to hydrogen

peroxide. Tohoku J Exp Med 1974;112:271�278.

[38] Steiner M, Anastasi J. Vitamin E. An inhibitor of the platelet

release reaction. J Clin Invest 1976;57:732�737.

[39] Freedman JE, Farhat JH, Loscalzo J, Keaney JF, Jr. alpha-

tocopherol inhibits aggregation of human platelets by a

protein kinase C-dependent mechanism. Circulation

1996;94:2434�2440.

[40] Devaraj S, Li D, Jialal I. The effects of alpha tocopherol

supplementation on monocyte function. Decreased lipid

oxidation, interleukin 1 beta secretion, and monocyte adhe-

sion to endothelium. J Clin Invest 1996;98:756�763.

[41] Thomson MJ, Puntmann V, Kaski JC. Atherosclerosis and

oxidant stress: the end of the road for antioxidant vitamin

treatment? Cardiovasc Drugs Ther 2007;21:195�210.

[42] Jha P, Flather M, Lonn E, Farkouh M, Yusuf S. The

antioxidant vitamins and cardiovascular disease. A critical

review of epidemiologic and clinical trial data. Ann Intern

Med 1995;123:860�872.

[43] Pryor WA. Vitamin E and heart disease: basic science to

clinical intervention trials. Free Radic Biol Med 2000;28:141�
164.

[44] Hirschhorn JN, Lohmueller K, Byrne E, Hirschhorn K.

A comprehensive review of genetic association studies. Genet

Med 2002;4:45�61.

[45] Campbell H, Rudan I. Interpretation of genetic association

studies in complex disease. Pharmacogenomics J 2002;2:349�
360.

[46] Tabor HK, Risch NJ, Myers RM. Opinion: candidate-gene

approaches for studying complex genetic traits: practical

considerations. Nat Rev Genet 2002;3:391�397.

This paper was first published online on iFirst on 3 June 2009.

684 T. B. Grammer et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


