
Abstract The enzyme serum paraoxonase plays an impor-
tant role in antioxidant defences and prevention of ather-
osclerosis. Metabolic syndrome (MS) is a clinical condi-
tion associated with increased oxidant stress and cardio-
vascular mortality. Two common polymorphisms of
serum paraoxonase, PON1 Leu55Met and Gln192Arg, have
been postulated to modulate the cardiovascular risk. We
studied 915 subjects with angiographic documentation:
642 subjects with coronary atherosclerosis and 273 with
normal coronary arteries. Two hundred and twenty-four
subjects met the diagnostic criteria of MS. We found a

significant interaction between MS and both the PON1
polymorphisms in determining the risk of coronary artery
disease (P<0.05 by likelihood-ratio test). The 55Leu and
the 192Arg alleles, associated with reduced protection
against lipid peroxidation, were associated with coronary
artery disease only in the MS subgroup. Subjects with MS
and both 55Leu and 192Arg alleles had significantly
increased risk (OR=9.38 with 95% CI=3.02–29.13 after
adjustment by multiple logistic regression) as compared
to subjects without MS and with 55Met/Met-192Gln/Gln
genotype. No increased risk was found for subjects with
MS and the 55Met/Met-192Gln/Gln genotype. This study
highlights a potential example of genetic (paraoxonase
polymorphisms)-clinical (MS) interaction influencing
cardiovascular risk.

Key words PON1 polymorphisms • Metabolic syndrome •

Coronary artery disease

Introduction

Atherosclerosis is a complex disease, in which oxidative
stress is recognised to play a prominent role [1]. Oxidised
low-density lipoproteins (LDL) are thought to cause
endothelial injury and foam-cell formation [2]. Recently,
several genes that could be involved in oxidative stress
and/or in antioxidant defences have been investigated in
cardiovascular disease. Among these, the paraoxonase
(PON) gene family holds a place of particular importance
[3]. The PON gene cluster, located on chromosome
7q21.3–22.1, contains at least 3 members with about 65%
similarity at the aminoacid level (PON1, PON2 and
PON3) [4, 5]. PON1, which codes for serum paraox-
onase, is the most extensively investigated. Serum
paraoxonase (PON1) is a 45-kDa enzyme, synthesised by
the liver and bound to high-density lipoproteins (HDL);
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it is a calcium-dependent serum esterase that originally
was known for its ability in protecting against
organophosphate compounds, like paraoxon. In the last
decade, serum paraoxonase has been demonstrated to be
a major contributor to the antioxidative properties of
HDL, partially explaining the protective role of HDL
against atherosclerosis [6–10]. Furthermore, studies on
human PON1 activity and on knock-out or transgenic
mice have suggested PON1 as a determinant of the risk
of atherosclerosis [11, 12]. PON3 has been identified as
a lactonase associated with HDL and could co-operate in
the prevention of LDL oxidation [13]. PON2 also has
antioxidant properties, but unlike PON1 and PON3,
which are expressed primarily in the liver, it is ubiqui-
tously expressed, especially in endothelial and human
aortic smooth muscle cells [14, 15].

Two common missense polymorphisms have been
identified in the PON1 gene, Leu55Met (L55M) and
Gln192Arg (Q192R) [4, 16, 17] and recent structural studies
support the functional roles of these variations [18]. The
HDL particles from 55 Met/Met and 192 Gln/Gln individ-
uals have been demonstrated to be most effective in pro-
tecting LDL from oxidative modification [19]. The alleles
less effective in protecting from oxidative stress, 55 Leu
and the 192 Arg, have been associated with an increased
risk of vascular disease in some clinical studies [20–35],
but not all [36–49]. A recent meta-analysis showed no sig-
nificant association between 55 Leu allele and coronary
heart disease, whereas a weak, but statistically significant
increased risk (OR=1.12 with 95% CI=1.07–1.16) was
found for the 192 Arg allele [50]. The PON1 192 Arg/Arg
homozygosity has been associated with an increased mor-
tality in women in one study in a Danish population [51],
whereas an opposite result with the 192 Arg allele associ-
ated with enhanced longevity was found in two very elder-
ly European (Italian and Irish) populations [52]. About the
latter result, the authors pointed out that the 192 Arg allele
shows a higher enzymatic paraoxon hydrolytic activity
and thus could be advantageous in the metabolism of
potentially toxic chemicals. Furthermore, many factors,
both genetic and environmental, can influence paraox-
onase activity and some authors suggested that PON1 phe-
notype (activity and concentration) may be more impor-
tant in determining cardiovascular risk than genetic poly-
morphisms [46, 53].

Metabolic syndrome (MS) is a widely diffuse condition
associated with premature atherosclerosis and increased
cardiovascular disease mortality [54, 55]. Notably, MS has
been correlated with endothelial dysfunction and suscepti-
bility to oxidative stress [56] and subjects with this clini-
cal condition have been shown to present high concentra-
tions of lipid peroxides and low paraoxonase activity [57].

In a previous study, we investigated the distribution of
PON1 polymorphisms (Leu55Met and Gln192Arg) and of
PON2 Ser311Cys polymorphism in subjects with coronary

angiographic documentation, highlighting an interaction
between smoking and PON2 Ser311Cys polymorphism in
determining the risk of myocardial infarction. In that
work, no association was found between PON polymorph-
isms and coronary artery disease, or between PON1 poly-
morphisms and myocardial infarction [58].

The aim of this study was to re-analyse the distribution
of three PON polymorphisms (PON1 Leu55Met and
Gln192Arg, and PON2 Ser311Cys) in the context of MS
within a larger population with coronary angiographic
documentation. Our working hypothesis was that the clin-
ical consequence of mutations that impair the antioxidant
mechanisms could be particularly evident among subjects
at increased risk of oxidative stress due to MS.

Materials and methods

Study population

The Verona Heart Project is an ongoing study aimed at finding
new risk factors for CAD and MI in a population of subjects with
objective angiographic documentation of their coronary vessels.
Details of the enrolment criteria have been described elsewhere
[59]. In the present study we used data from a total of 915 sub-
jects, for whom analyses of PON gene polymorphisms and a
clear-cut clinical definition of MS were available. Of these 915
subjects, 642 subjects had angiographically documented severe
coronary atherosclerosis (CAD group), the majority of them
being candidates for coronary artery bypass grafting.

Two hundred and seventy-three out of the 915 subjects with
angiographic documentation had normal coronary arteries
(CAD-free), and had been examined for reasons other than
potential CAD, mainly valvular heart disease. Controls were
also required to have neither history nor clinical or instrumental
evidence of atherosclerosis in vascular districts beyond the coro-
nary bed. As the primary aim of our selection was to provide an
objective and clear-cut definition of the atherosclerotic pheno-
type, subjects with non-significant coronary stenosis (<50%)
were not included in the study. The angiograms were assessed
by two cardiologists unaware that the patients were to be includ-
ed in the study.

All participants came from the same geographical area
(Northern Italy), with a similar socio-economic background. At
the time of blood sampling, a complete clinical history was col-
lected, including the assessment of cardiovascular risk factors
such as obesity, smoking, hypertension and diabetes. According
to recently revised criteria [54], patients were classified as hav-
ing MS when at least three of the following conditions were
present [60]: body mass index (BMI)≥30 kg/m2; documented
history of hypertension or blood pressure >140/90 mmHg; his-
tory of diabetes or fasting glucose >110 mg/dl; plasma triglyc-
erides >150 mg/dl and HDL <40 mg/dl for males or <50 mg/dl
for females.

The study was approved by our institutional review board.
Informed consent was obtained from all the patients after a full
explanation of the study.



Biochemical analysis

Samples of venous blood were drawn from each subject in the
free-living state, after an overnight fast. Serum lipids, as well as
other CAD risk factors, including high-sensitivity C-reactive
protein (hs-CRP) were determined immediately after collection
as previously described [59, 61]. Insulin was measured by an
immunometric “sandwich” assay (Immulite 2000 Insulin from
Diagnostic Products Corporation, Los Angeles, CA). To obtain
an estimate of insulin resistance, we applied the homeostasis
model assessment (HOMA) using the following formula:
HOMA=fasting insulin (µUI/ml)xfasting glucose (mmol/l)/22.5
[62]. Plasma malondialdehyde (MDA) was measured by an
improved HPLC method as previously described [61], using
HPLC Gilson 305–805 (Gilson, Middleton, WI, USA).

Polymorphism analysis

Genomic DNA was prepared from whole blood samples by
phenol-chloroform extraction and then genotyped according to
a previously described multilocus assay protocol [63]. Briefly,
each sample was amplified by two 33-cycle Multiplex
Polymerase Chain Reactions (32 ng of genomic DNA each)
and the PCR products were then hybridised to an array of
immobilised, sequence-specific oligonucleotide probes. The
colorimetric detection was based upon streptavidin-horserad-
ish peroxidase.

Statistics

The estimated haplotype frequencies (EH) programme was used
to determine maximum-likelihood estimates of disequilibrium
between pairwise combinations of alleles.

Calculations were performed mainly with the SSPS 11.5 sta-
tistical package (SPSS Inc., Chicago, IL). Distributions of con-
tinuous variables in groups were expressed as means±standard
deviation. Logarithmic transformation was performed on all
skewed variables, including insulin, HOMA, hs-CRP and MDA.
Hence, geometric means with 95% confidence interval are given
for these variables. Quantitative data were assessed using the
Student’s t-test or by ANOVA with Tukey’s post hoc comparison
of the means. Associations between qualitative variables were
analysed with the chi-square test. A value of P<0.05 was consid-
ered significant.

To assess the association among various genotypes and
CAD, odds ratios with 95% confidence intervals (CIs) were esti-
mated by univariate logistic regression analysis. The population
was then stratified in subgroups on the basis of different PON
genotypes and the presence/absence of MS. To provide separate
odds ratios for each subgroup, two dummy variables were used,
with subjects without MS and with 55Met/Met-192Gln/Gln
combined genotypes used as the reference groups. The adjust-
ment for other classical vascular risk factors was performed by
including these covariates in a second set of multiple logistic-
regression models.

Analysis for potential interactions in determining CAD risk
between PON polymorphisms and MS were performed using a
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likelihood-ratio test (Stata Statistical Software, 8.0, 2003, Stata
Corporation, College Station, TX, USA); this analysis was then
adjusted for the other classical risk factors of CAD, not included
in the definition of MS (i.e., age, sex, smoke, LDL-cholesterol,
hs-CRP).

Results

The characteristics of the patients are summarised in
Table 1. As expected, conventional risk factors were more
prevalent in CAD patients than in subjects free of coro-
nary disease. A substantial proportion of the study popu-
lation presented characteristics compatible with the clini-
cal definition of MS (224/915 subjects – 24.5%) and this
condition was associated with a greatly increased risk of
CAD (OR=3.85; 95% CI=2.51–5.89). The clinical charac-
teristics and PON genotype frequencies among patients
according to the presence or absence of MS are reported
in Table 2. There was no significant difference in plasma
levels of MDA, a marker of lipid peroxidation, between
CAD and CAD-free subjects, nor between patients with or
without MS.

In our population, the two PON1 polymorphisms were
in strong linkage disequilibrium (D´=0.905). On the other
hand, the D´ values between the PON1 polymorphisms
and the PON2 Ser311Cys were 0.549 for PON1 Leu55Met
and 0.045 for PON1 Gln192Arg.

The distributions of PON genotype frequencies were
similar between the entire CAD population and the sub-
jects without CAD (Table 1), as well as between subjects
with or without MS (Table 2).

When the PON1 genotype distribution between CAD
and CAD-free subjects was re-analysed stratifying
the population into different groups on the basis of
MS, an asymmetry was evident. In subjects without
MS PON1 genotype frequencies were similar in the
CAD and CAD-free subgroups, while in the MS group
there were significantly more carriers of 55 Leu and
192 Arg alleles in the CAD than in the CAD-free sub-
group (P=0.009 and P=0.017 by χ2-test, respectively)
(Table 3). Heterozygous and homozygous carriers of 55
Leu and 192 Arg allele with MS presented a progres-
sively increased risk of CAD. Figure 1 shows the odds
ratios for CAD estimated by univariate logistic regres-
sion analysis after stratification for the PON1 genotypes
and MS, assuming subjects without MS and with the 55
Met/Met or 192 Gln/Gln genotype, respectively, as the
reference group.

Analysing the potential interactions in determining the
CAD risk, both interactions between MS and the two
PON1 genotypes were significant, also after adjustment
for the classical risk factors of CAD not included in the
definition of MS – i.e., age, sex, smoke, LDL cholesterol,
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hs-CRP (for Leu55Met: χ2=4.53, P=0.0332 by likelihood-
ratio test; for Gln192Arg: χ2=11.03, P=0.0009 by likeli-
hood-ratio test).

Considering the linkage disequilibrium between the
two PON1 polymorphisms, PON1 genotypes were com-
piled considering both polymorphisms and the association
with CAD was determined (Fig. 2). No relation was found
in subjects without MS (Fig. 2a), whereas in patients with
MS an incremental association with the risk of CAD was
observed: the lowest risk was associated with the
55Met/Met-192Gln/Gln genotype and the highest risk with
the 55Leu/Leu-192Arg/Arg genotype (Fig. 2b).

We then defined three groups: the carriers of
55Met/Met-192Gln/Gln, the “isolated” carriers of 55 Leu
allele with 192Gln/Gln (subjects with 55Leu/Leu-
192Gln/Gln or 55Leu/Met-192Gln/Gln genotype), and the
“concomitant” carriers of 55 Leu and of 192 Arg alleles

(subjects with 55Leu/Leu-192Gln/Arg or 55Leu/Met-
192Gln/Arg or 55Leu/Leu-192Arg/Arg or 55Leu/Met-
192Arg/Arg genotype). Because of the low number of sub-
jects involved, the “isolated” carriers of 192 Arg allele
with 55Met/Met (subjects with 55Met/Met-192Gln/Arg or
55Met/Met-192Arg/Arg genotype) were not considered.

In the MS group, “concomitant” carriers of 55 Leu and
of 192 Arg alleles presented an increased risk of CAD
compared with 55Met/Met-192Gln/Gln subjects, even
after multiple logistic regression adjustment for all the
classical risk factors for coronary heart disease, including
those in the definition of MS (OR 5.4 with 95%CI
1.16–25.29). Notably, among CAD subjects with MS, the
carriers of 55Met/Met-192Gln/Gln genotype were signifi-
cantly older (64.3±9.3 years) than carriers of 55 Leu and
192 Arg alleles (55 Leu “isolated” carriers: 58.0±9.0
years; “concomitant” carriers of 55 Leu and of 192 Arg
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Table 1 Characteristics of the study population, with or without CAD

Characteristics CAD-free (n=273) CAD (n=642) P

Age, years 57.8±12.3 60.6±9.4 <0.001*

Male sex, % 68.5 81 <0.001#

BMI, kg/m2 25.3±3.5 26.7±3.4 <0.001*

Hypertension, % 32.6 61.4 <0.001#

Smoking, % 42.5 68.6 <0.001#

Diabetes, % 5.2 15.8 <0.001#

Fasting glucose, mmol/l 5.47±0.80 5.80±1.49 <0.001*

Total cholesterol, mmol/l 5.54±1.06 5.79±1.12 0.002*

LDL cholesterol, mmol/l 3.56±0.93 3.87±0.97 <0.001*

HDL cholesterol, mmol/l 1.44±0.42 1.20±0.31 <0.001*

Triglycerides, mmol/l 1.49±0.67 1.98±1.12 <0.001*

Insulin, µIU/ml 13.1 (12.2–14.1) 13.2 (12.8–13.7) 0.748*

HOMA 3.16 (2.92–3.43) 3.37 (3.22–3.52) 0.984*

hs-CRP, mg/l 1.94 (1.67–2.25) 3.17 (2.88–3.48) <0.001*

Creatinine, mmol/l 94.5±36.9 98.0±37.7 0.203*

MDA, µmol/l 0.67 (0.65–0.68) 0.68 (0.67–0.69) 0.092*

Metabolic syndrome, % 10.3 30.5 <0.001#

PON1 Leu55Met genotype, %
Leu/Leu 36.6 36.9
Leu/Met 46.9 50 0.377#

Met/Met 16.5 13.1

PON1 Gln192Arg genotype, %
Gln/Gln 49.5 50.8
Gln/Arg 43.2 39.6 0.395#

Arg/Arg 7.3 9.6

PON2 Cys311Ser genotype, %
Ser/Ser 63 60.7
Cys/Ser 34.4 33.8 0.160#

Cys/Cys 2.6 5.5

*By t-test, #by χ2-test
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Table 2 Characteristics of the study population, with or without metabolic syndrome

Characteristics Metabolic syndrome-free (n=691) Metabolic syndrome (n=224) P

Age, years 60±10.8 59.1±9.2 0.207*

Male sex, % 76.8 78.6 0.592#

BMI, kg/m2 25.5±3.1 28.7±3.5 <0.001*

Hypertension, % 42.8 83.9 <0.001#

Smoking, % 59 66.5 0.049#

Diabetes, % 5.6 35 <0.001#

Fasting glucose, mmol/l 5.43±0.98 6.53±1.84 <0.001*

Total cholesterol, mmol/l 5.68±1.06 5.83±1.23 0.109*

LDL cholesterol, mmol/l 3.74±0.94 3.88±1.05 0.066*

HDL cholesterol, mmol/l 1.36±0.35 1.01±0.25 <0.001*

Triglycerides, mmol/l 1.59±0.79 2.58±1.29 <0.001*

Insulin, µIU/ml 12.7 (12.2–13.2) 15.0 (14.0–16.0) <0.001*

HOMA 3.04 (2.91–3.18) 4.25 (3.94–4.59) <0.001*

hs-CRP, mg/l 2.64 (2.39–2.9) 3.12 (2.71–3.59) 0.055*

Creatinine, mmol/l 95.7±38.4 100.7±34.2 0.092*

MDA, µmol/l 0.68 (0.67–0.69) 0.67 (0.66–0.69) 0.892*

CAD, % 64.5 87.5 <0.001#

PON1 Leu55Met genotype, %
Leu/Leu 36.7 37.1
Leu/Met 49.8 46.9 0.573#

Met/Met 13.5 16

PON1 Gln192Arg genotype, %
Gln/Gln 49.3 53.6
Gln/Arg 42.3 35.7 0.183#

Arg/Arg 8.4 10.7

PON2 Cys311Ser genotype, %
Ser/Ser 60.3 64.7
Cys/Ser 35.3 29.9 0.307#

Cys/Cys 4.4 5.4

*By t-test, #by χ2-test

Table 3 Distribution of PON1 genotypes in CAD and CAD-free subgroups, stratified on the basis of the presence/absence of metabolic
syndrome. Data are n (%)

PON1 55 PON1 55 PON1 55 P* PON1 192 PON1 192 PON1 192 P*
Leu/Leu Leu/Met Met/Met Gln/Gln Gln/Arg Arg/Arg

No metabolic syndrome (n=691)
CAD-free subjects (n=245) 93 (38) 117 (47.7) 35 (14.3) 0.721 113 (46.1) 113 (46.1) 19 (7.8) 0.312
CAD subjects (n=446) 161 (36.1) 227 (50.9) 58 (13.0) 228 (51.1) 179 (40.1) 39 (8.8)

Metabolic syndrome (n=224)
CAD-free subjects (n=28) 7 (25.0) 11 (39.3) 10 (35.7) 0.009 22 (78.6) 5 (17.9) 1 (3.5) 0.017
CAD subjects (n=196) 76 (38.5) 94 (48) 26 (13.2) 98 (50) 75 (38.3) 23 (11.7)

*By χ2-test



N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk 25

Fig. 1 Interaction between PON1 Met55Leu (a) or Gln192Arg
(b) polymorphism and metabolic syndrome as determinant of
CAD risk. Subjects without metabolic syndrome and with 55
Met/Met (a) or 192 Gln/Gln genotype (b), respectively, are
considered as the reference groups; OR are presented with 95%
CI and are calculated by univariate logistic regression analysis.
#By likelihood-ratio test, considering the interaction between
Leu allele carrier and metabolic syndrome, after adjustment for
the other classical risk factors of CAD, that are not included in
the definition of metabolic syndrome (age, sex, smoker, LDL
cholesterol, hs-CRP)

Fig. 2 PON1 combined genotypes and CAD risk in subjects without (a) and with (b) metabolic syndrome. Both in metabolic syndrome-
free group and in metabolic syndrome group, subjects with 55 Met/Met and 192 Gln/Gln genotype are considered as the reference groups;
OR are presented with 95% CI. §Fractions refer to the number of CAD subjects over total subjects in the class. #The analysis for CAD
odds ratio was not performed because of the low number of subjects in the subgroup

a

a

b

b



alleles: 59.0±8.9 years; F=4.415, P=0.013 by ANOVA;
P=0.010 and P=0.030, respectively, by Tukey post hoc
comparison).

Figure 3 shows the odds ratios for CAD estimated by
univariate logistic regression analysis after stratification for
the PON1 combined genotypes and MS, assuming subjects
without MS and with the 55 Met/Met-192 Gln/Gln genotype
as the reference group. No significant increased risk of
CAD was found for subjects with MS and 55Met/Met-
192Gln/Gln genotype, whereas a highly significant
increased risk of CAD was found for subjects with MS and
carriers of 55 Leu and of 192 Arg alleles (this association
remained after multiple logistic regression adjustment for
the classical risk factors of CAD not included in the defini-
tion of MS; for 55 Leu “isolated” carriers: OR=3.19 with
95% CI=1.37–7.44; for “concomitant” carriers of 55 Leu
and of 192 Arg alleles: OR=9.38 with 95% CI=3.02–29.13).

In our study population there were no significant dif-
ferences of plasma lipids, glucose or insulin levels and
HOMA score associated with these PON1 polymorphisms
(data not shown). Similar results were also observed in the
subgroups of subjects with or without MS. There was also
no significant difference of MDA concentrations among
PON1 genotypes (PON1 55 Met/Met 0.68 (0.66–0.71);
Met/Leu 0.67 (0.66–0.69); Leu/Leu 0.68 (0.66–0.69)
µmol/l; P=0.773 by ANOVA; PON1 192 Gln/Gln 0.68
(0.67–0.69); Gln/Arg 0.67 (0.66–0.69); Arg/Arg 0.68
(0.64–0.71) µmol/l; P=0.843 by ANOVA). We did not find
any differences considering the stratification on the basis
of PON1 genotypes and MS (data not shown).
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In reference to PON2 Ser311Cys polymorphism, no
association with CAD or interaction with MS in determin-
ing the risk of CAD was found (data not shown).

Discussion

The association of PON polymorphisms with cardiovascu-
lar events is a controversial issue. The PON1 55 Leu and
192 Arg isoforms have been associated to an increased risk
of CAD in some clinical studies [20–35], but not all
[36–49]. This controversy was addressed by a recent meta-
analysis including about 24 000 subjects [50], which
showed no significant association between Leu55Met and
CAD. On the other hand, a weak but significant association
(OR=1.12 with 95% CI=1.07–1.16 for the 192 Arg allele)
was found between the Gln192Arg and CAD, defined “of
uncertain importance” by the authors. Meta-analysis results
should be cautiously interpreted taking into account the
high heterogeneity of studied populations and clinical out-
comes; nevertheless, the studies that showed the greatest
positive association between PON1 polymorphisms and
vascular risk were those with high-risk populations, main-
ly in subjects with diabetes [20, 24, 28, 29, 32, 35].

The Verona Heart Project population has some advan-
tages for genetic association studies: the objective defini-
tion of CAD phenotype by angiography and the possibili-
ty to dissect many clinical characteristics, including those
that define the MS.

N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk

Fig. 3 Interaction between PON1 combined
genotypes and metabolic syndrome as a deter-
minant of CAD risk. § Subjects without meta-
bolic syndrome and with 55 Met/Met-192
Gln/Gln genotype are considered as the refer-
ence groups. # By likelihood-ratio test, consider-
ing the interaction between PON1 combined
genotypes and metabolic syndrome in determin-
ing CAD risk, after adjustment for the other
classical risk factors of CAD, that are not
included in the definition of metabolic syn-
drome (age, sex, smoker, LDL cholesterol, hs-
CRP). ## By univariate logistic regression analy-
sis. *Subjects with 55Leu/Met-192Gln/Gln or
55Leu/Leu-192Gln/Gln genotype; **subjects
with 55Leu/Met-192Gln/Arg or 55Leu/Leu-
192Gln/Arg or 55Leu/Met-192Arg/Arg or
55Leu/Leu-192Arg/Arg genotype



As in our previous study [58], we found no significant
association between PON polymorphisms and CAD in the
entire study population. However, after stratification of
CAD patients in subgroups according to the presence or
absence of MS, the PON1 polymorphisms showed a sig-
nificant interaction with MS in determining the risk of
CAD. MS is a clinical condition of high cardiovascular
risk, which presents an enhanced propensity to develop
premature atherosclerosis and is associated with high lev-
els of lipid peroxides [55, 56]. Serum paraoxonase con-
tributes to the prevention of LDL oxidation and lipid per-
oxidation [19]. These considerations prompted us to derive
a biologically rational hypothesis of interaction between
MS and PON1 in the mechanisms of atherogenesis.

In our analyses, PON1 55 Leu, and particularly the 192
Arg allele, known to reduce protection against lipid peroxi-
dation [19, 64, 65], were associated with CAD only in the
high-risk subgroup of MS subjects. In this context, it may be
biologically plausible to speculate that the PON1 variants
less effective in protecting LDL from oxidation might be
more detrimental in a clinical condition with high oxidative
stress. Conversely, subjects with the 55 Met/Met and 192
Gln/Gln genotype, known to be most effective at protecting
LDL from oxidation, appeared to be protected from the detri-
mental cardiovascular effects of MS. Indeed in our study
population subjects with MS and carriers of 55 Met/Met and
192 Gln/Gln genotype did not have a significant increased
risk of CAD (OR=1.33 with 95% CI=0.57–3.14, as com-
pared to subjects without MS and with 55 Met/Met and 192
Gln/Gln genotype), whereas a severely increased risk was
found for subjects with MS carriers of 55 Leu and of 192 Arg
alleles also after adjustment for the other CAD risk factors
(for 55 Leu “isolated” carriers: OR=3.19 with 95%
CI=1.37–7.44; for “concomitant” carriers of 55 Leu and of
192 Arg alleles: OR=9.38 with 95% CI=3.02–29.13).
Notably among CAD subjects with MS, the carriers of 55
Leu and 192 Arg alleles were significantly younger than car-
riers of the 55 Met/Met/192 Gln/Gln genotype, further sup-
porting the hypothesis of predisposition to early atheroscle-
rosis in subjects with these “risk-susceptible genotypes”, if a
“high risk condition” (MS) is concomitant.

As in our previous work [58], we did not find a signif-
icant relationship between PON1 genotypes and MDA
concentrations. Nevertheless it should be remarked that
plasma levels of MDA are not an ideal marker of lipid per-
oxidation; perhaps this parameter could be inappropriate
for detecting a relationship between paraoxonase and
oxidative stress. It is worth noting that in our study popu-
lation there was also no difference of MDA concentrations
between CAD and CAD-free subjects, nor between
patients with or without MS.

There are controversial observations about an associa-
tion between PON1 polymorphisms and glucose and lipid
metabolism [23, 29, 38, 66–68]. We did not observe any
significant relation between PON1 genotypes and glucose,

insulin and lipids in our population. Similarly, we did not
find any association between PON1 genotypes and MS.

Our study has several limitations. First, we did not mea-
sure PON1 activity. On the other hand, it should be empha-
sised that PON activity is substrate dependent, and the clas-
sical measurement of PON1 activity vs. paraoxon is not
strictly indicative of PON1 activity vs. lipid peroxides.
Indeed the paraoxon hydrolytic activity has been shown to
be higher in 55 Leu/Leu and 192 Arg/Arg subjects and
lower in 55 Met/Met and 192 Gln/Gln individuals [22],
whereas the HDL particles from 55 Met/Met and 192
Gln/Gln have been demonstrated to be most effective at
protecting LDL from oxidative modification [19]. Other
limitations are the cross-sectional design and the relatively
small sample size of the MS group, especially in the CAD-
free subgroup. Thus, our observations need to be confirmed
by further studies, preferably with a prospective design.

In conclusion this study highlights a potential example
of genetic (PON1 polymorphisms)–clinical (MS) interac-
tion in determining CAD risk. If confirmed, it may provide
the basis for the identification of subjects particularly sus-
ceptible to MS-associated cardiovascular risk. Our observ-
ations may be particularly important considering the “epi-
demic” prevalence of MS (24–42% of the US general pop-
ulation [69]), as well as the high prevalence of risk-sus-
ceptible PON1 alleles. In fact, in our study population only
13.4% of subjects had the “fully protective” 55 Met/Met-
192 Gln/Gln genotype. With respect to this point, it is
tempting to speculate that the 55 Leu and 192 Arg PON1
variants could have other benefits, contributing to the high
prevalence in the general population, whereas their harm-
ful effects may have emerged only recently in human evo-
lution, concomitantly with the dramatically rapid life-
changes that are related with modern development (i.e.,
the exponential increase of previously unusual conditions,
such as obesity and MS).

Acknowledgements Supported by grants from the Veneto
Region, the Cariverona Foundation, Italian Ministry of
University and Research (MIUR) and from CNR target project on
Biotechnologies. S. Cheng and M.A. Grow are employees of
Roche Molecular Systems, Inc. (RMS). RMS provided genotyp-
ing reagents at no cost under a research collaboration.

References

1. Lusis AJ (2000) Atherosclerosis. Nature 14:233–241
2. Ross R (1999) Atherosclerosis – an inflammatory disease. N

Engl J Med 14:115–126
3. Aviram M (1999) Does paraoxonase play a role in suscepti-

bility to cardiovascular disease? Mol Med Today 9:381–386
4. Primo-Parmo SL, Sorenson RC, Teiber J, La Du BN (1996)

The human serum paraoxonase/arylesterase gene (PON1) is
one member of a multigene family. Genomics 33:498–507

N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk 27



5. Ng CJ, Shih DM, Hama SY, Villa N, Navab M, Reddy ST
(2005) The paraoxonase gene family and atherosclerosis. Free
Radic Biol Med 38:153–163

6. Mackness MI, Arrol S, Abbott C, Durrington PN (1993)
Protection of low-density lipoprotein against oxidative modi-
fication by high-density lipoprotein associated paraoxonase.
Atherosclerosis 104:129–135

7. Aviram M, Rosenblat M, Bisgaier CL, Newton RS, Primo-
Parmo SL, La Du BN (1998) Paraoxonase inhibits high-den-
sity lipoprotein oxidation and preserves its functions. A possi-
ble peroxidative role for paraoxonase. J Clin Invest
101:1581–1590

8. Durrington PN, Mackness B, Mackness MI (2001)
Paraoxonase and atherosclerosis. Arterioscler Thromb Vasc
Biol 21:473–480

9. Ferretti G, Bacchetti T, Busni D, Rabini RA, Curatola G
(2004) Protective effect of paraoxonase activity in high-den-
sity lipoproteins against erythrocyte membranes peroxidation:
a comparison between healthy subjects and type 1 diabetic
patients. J Clin Endocrinol Metab 89:2957–2962

10. Getz GS, Reardon CA (2004) Paraoxonase, a cardioprotective
enzyme: continuing issues. Curr Opin Lipidiol 15:261–267

11. Shih DM, Gu L, Xia YR, Navab M, Li WF, Hama S,
Castellani LW, Furlong CE, Costa LG, Fogelman AM, Lusis
AJ (1998) Mice lacking serum paraoxonase are susceptible to
organophosphate toxicity and atherosclerosis. Nature
394:284–287

12. Tward A, Xia YR, Wang XP, Shi YS, Park C, Castellani LW,
Lusis AJ, Shih DM (2002) Decreased atherosclerotic lesion
formation in human serum paraoxonase transgenic mice.
Circulation 106:484–490

13. Draganov DI, Stetson PL, Watson CE, Billecke SS, La Du BN
(2000) Rabbit serum paraoxonase 3 (PON3) is a high density
lipoprotein-associated lactonase and protects low density
lipoprotein against oxidation. J Biol Chem 275:33435–33442

14. Mochizuki H, Scherer SW, Xi T, Nickle DC, Majer M,
Huizenga JJ, Tsui LC, Prochazka M (1998) Human PON2
gene at 7q21.3: cloning, multiple mRNA forms, and missense
polymorphisms in the coding sequence. Gene 213:149–157

15. Ng CJ, Wadleigh DJ, Gangopadhyay A, Hama S, Grijalva
VR, Navab M, Fogelman AM, Reddy ST (2001)
Paraoxonase-2 is a ubiquitously expressed protein with
antioxidant properties and is capable of preventing cell-
mediated oxidative modification of low density lipoprotein.
J Biol Chem 276:44444–44449

16. Humbert R, Adler DA, Disteche CM, Hassett C, Omiecinski
CJ, Furlong CE (1993) The molecular basis of the human
serum paraoxonase activity polymorphism. Nat Genet
3:73–76

17. Deakin SP, James RW (2004) Genetic and environmental fac-
tors modulating serum concentrations and activities of the
antioxidant enzyme paraoxonase-I. Clin Sci 107:435–447

18. Harel M, Aharoni A, Gaidukov L, Brumshtein B,
Khersonsky O, Meged R, Dvir H, Ravelli RB, McCarthy A,
Toker L, Silman I, Sussman JL, Tawfik DS (2004) Structure
and evolution of the serum paraoxonase family of detoxify-
ing and anti-atherosclerotic enzymes. Nat Struct Mol Biol
11:412–419

19. Mackness B, Durrington PN, Mackness MI (1999)
Polymorphisms of paraoxonase genes and low-density
lipoprotein lipid peroxidation. Lancet 353:468–469

28

20. Ruiz J, Blanche H, James RW, Garin MC, Vaisse C,
Charpentier G, Cohen N, Morabia A, Passa P, Froguel P
(1995) Gln-Arg192 polymorphism of paraoxonase and
coronary heart disease in type 2 diabetes. Lancet
346:869–872

21. Serrato M, Marian AJ (1995) A variant of human paraox-
onase/arylesterase (HUMPONA) gene is a risk factor for
coronary artery disease. J Clin Invest 96:3005–3008

22. Garin MC, James RW, Dussoix P, Blanche H, Passa P, Froguel
P, Ruiz J (1997) Paraoxonase polymorphism Met-Leu54 is
associated with modified serum concentrations of the enzyme.
A possible link between the paraoxonase gene and increased
risk of cardiovascular disease in diabetes. J Clin Invest
99:62–66

23. Sanghera DK, Saha N, Aston CE, Kamboh MI (1997) Genetic
polymorphism of paraoxonase and the risk of coronary heart
disease. Arterioscler Thromb Vasc Biol 17:1067–1073

24. Odawara M, Tachi Y, Yamashita K (1997) Paraoxonase poly-
morphism (Gln192-Arg) is associated with coronary heart
disease in Japanese noninsulin-dependent diabetes mellitus. J
Clin Endocrinol Metab 82:2257–2260

25. Zama T, Murata M, Matsubara Y, Kawano K, Aoki N,
Yoshino H, Watanabe G, Ishikawa K, Ikeda Y (1997) A
192Arg variant of the human paraoxonase (HUMPONA)
gene polymorphism is associated with an increased risk for
coronary artery disease in the Japanese. Arterioscler Thromb
Vasc Biol 17:3565–3569

26. Sanghera DK, Aston CE, Saha N, Kamboh MI (1998) DNA
polymorphisms in two paraoxonase genes (PON1 and PON2)
are associated with the risk of coronary heart disease. Am J
Hum Genet 62:36–44

27. Pati N, Pati U (1998) Paraoxonase gene polymorphism and
coronary artery disease in Indian subjects. Int J Cardiol
66:165–168

28. Pfohl M, Koch M, Enderle MD, Kuhn R, Fullhase J, Karsch
KR, Haring HU (1999) Paraoxonase 192 Gln/Arg gene poly-
morphism, coronary artery disease, and myocardial infarction
in type 2 diabetes. Diabetes 48:623–627

29. Aubo C, Senti M, Marrugat J, Tomas M, Vila J, Sala J, Masia
R (2000) Risk of myocardial infarction associated with
Gln/Arg 192 polymorphism in the human paraoxonase gene
and diabetes mellitus. The REGICOR Investigators. Eur
Heart J 21:33–38

30. Imai Y, Morita H, Kurihara H, Sugiyama T, Kato N, Ebihara
A, Hamada C, Kurihara Y, Shindo T, Oh-hashi Y, Yazaki Y
(2000) Evidence for association between paraoxonase gene
polymorphisms and atherosclerotic diseases. Atherosclerosis
149:435–442

31. Sen-Banerjee S, Siles X, Campos H (2000) Tobacco smoking
modifies association between Gln-Arg192 polymorphism of
human paraoxonase gene and risk of myocardial infarction.
Arterioscler Thromb Vasc Biol 20:2120–2126

32. Osei-Hyiaman D, Hou L, Mengbai F, Zhiyin R, Zhiming Z,
Kano K (2001) Coronary artery disease risk in Chinese type 2
diabetics: is there a role for paraxonase 1 gene (Q192R) poly-
morphism? Eur J Endocrinol 144:639–644

33. Watzinger N, Schmidt H, Schumacher M, Schmidt R, Eber B,
Fruhwald FM, Zweiker R, Kostner GM, Klein W (2002)
Human paraoxonase 1 gene polymorphisms and the risk of
coronary heart disease: a community-based study. Cardiology
98:116–122

N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk



34. Chen Q, Reis SE, Kammerer CM, McNamara DM, Holubkov
R, Sharaf BL, Sopko G, Pauly DF, Merz CN, Kamboh MI;
WISE Study Group (2003) Association between the severity
of angiographic coronary artery disease and paraoxonase gene
polymorphisms in the National Heart, Lung, and Blood
Institute-sponsored Women’s Ischemia Syndrome Evaluation
(WISE) study. Am J Hum Genet 72:13–22

35. Li J, Wang X, Huo Y, Niu T, Chen C, Zhu G, Huang Y, Chen
D, Xu X (2005) PON1 polymorphism, diabetes mellitus, obes-
ity and risk of myocardial infarction: modifying effect of dia-
betes mellitus and obesity on the association between PON1
polymorphism and myocardial infarction. Genet Med 7:58–63

36. Antikainen M, Murtomaki S, Syvanne M, Pahlman R,
Tahvanainen E, Jauhiainen M, Frick MH, Ehnholm C (1996)
The Gln-Arg191 polymorphism of the human paraoxonase
gene (HUMPONA) is not associated with the risk of coronary
artery disease in Finns. J Clin Invest 98:883–885

37. Suehiro T, Nakauchi Y, Yamamoto M, Arii K, Itoh H,
Hamashige N, Hashimoto K (1996) Paraoxonase gene poly-
morphism in Japanese subjects with coronary heart disease.
Int J Cardiol 57:69–73

38. Herrmann SM, Blanc H, Poirier O, Arveiler D, Luc G, Evans
A, Marques-Vidal P, Bard JM, Cambien F (1996) The
Gln/Arg polymorphism of human paraoxonase (PON 192) is
not related to myocardial infarction in the ECTIM Study.
Atherosclerosis 126:299–303

39. Rice GI, Ossei-Gerning N, Stickland MH, Grant PJ (1997)
The paraoxonase Gln-Arg 192 polymorphism in subjects with
ischaemic heart disease. Coron Artery Dis 8:677–682

40. Ombres D, Pannitteri G, Montali A, Candeloro A, Seccareccia
F, Campagna F, Cantini R, Campa PP, Ricci G, Arca M (1998)
The Gln-Arg192 polymorphism of human paraoxonase gene
is not associated with coronary artery disease in Italian
patients. Arterioscler Thromb Vasc Biol 18:1611–1616

41. Ko YL, Ko YS, Wang SM, Hsu LA, Chang CJ, Chu PH,
Cheng NJ, Chen WJ, Chiang CW, Lee YS (1998) The Gln-
Arg 191 polymorphism of the human paraoxonase gene is not
associated with the risk of coronary artery disease among
Chinese in Taiwan. Atherosclerosis 141:259–264

42. Cascorbi I, Laule M, Mrozikiewicz PM, Mrozikiewicz A,
Andel C, Baumann G, Roots I, Stangl K (1999) Mutations
in the human paraoxonase 1 gene: frequencies, allelic link-
ages, and association with coronary artery disease.
Pharmacogenetics 9:755–761

43. Hasselwander O, Savage DA, McMaster D, Loughrey CM,
McNamee PT, Middleton D, Nicholls DP, Maxwell AP, Young
IS (1999) Paraoxonase polymorphisms are not associated
with cardiovascular risk in renal transplant recipients. Kidney
Int 56:289–298

44. Heijmans BT, Westendorp RG, Lagaay AM, Knook DL, Kluft
C, Slagboom PE (2000) Common paraoxonase gene variants,
mortality risk and fatal cardiovascular events in elderly sub-
jects. Atherosclerosis 149:91–97

45. Aynacioglu AS, Kepekci Y (2000) The human paraoxonase
Gln-Argl92 (Q/R) polymorphism in Turkish patients with
coronary artery disease. Int J Cardiol 74:33–37

46. Jarvik GP, Rozek LS, Brophy VH, Hatsukami TS, Richter RJ,
Schellenberg GD, Furlong CE (2000) Paraoxonase (PON1)
phenotype is a better predictor of vascular disease than is
PON1(192) or PON1(55) genotype. Arterioscler Thromb Vasc
Biol 20:2441–2447

47. Turban S, Fuentes F, Ferlic L, Brugada R, Gotto AM,
Ballantyne CM, Marian AJ (2001) A prospective study of
paraoxonase gene Q/R192 polymorphism and severity, pro-
gression and regression of coronary atherosclerosis, plasma
lipid levels, clinical events and response to fluvastatin.
Atherosclerosis 154:633–640

48. Arca M, Ombres D, Montali A, Campagna F, Mangieri E,
Tanzilli G, Campa PP, Ricci G, Verna R, Pannitteri G (2002)
PON1 L55M polymorphism is not a predictor of coronary
atherosclerosis either alone or in combination with Q192R
polymorphism in an Italian population. Eur J Clin Invest
32:9–15

49. Ferre N, Tous M, Paul A, Zamora A, Vendrell JJ, Bardaji A,
Camps J, Richart C, Joven J (2002) Paraoxonase Gln-
Arg(192) and Leu-Met(55) gene polymorphisms and enzyme
activity in a population with a low rate of coronary heart dis-
ease. Clin Biochem 35:197–203

50. Wheeler JG, Keavney BD, Watkins H, Collins R, Danesh J
(2004) Four paraoxonase gene polymorphisms in 11212 cases
of coronary heart disease and 12786 controls: meta-analysis
of 43 studies. Lancet 363:689–695

51. Christiansen L, Bathum L, Frederiksen H, Christensen K
(2004) Paraoxonase 1 polymorphisms and survival. Eur J
Hum Genet 12:843–847

52. Rea IM, McKeown PP, McMaster D, Young IS, Patterson C,
Savage MJ, Belton C, Marchegiani F, Olivieri F, Bonafe M,
Franceschi C (2004) Paraoxonase polymorphism PON1 192
and 55 and longevity in Italian centenarians and Irish nonage-
narians. A pooled analysis. Exp Gerontol 39:629–635

53. Mackness B, Davies GK, Turkie W, Lee E, Roberts DH, Hill
E, Roberts C, Durrington PN, Mackness MI (2001)
Paraoxonase status in coronary heart disease: are activity and
concentration more important than genotype? Arterioscler
Thromb Vasc Biol 21:1451–1457

54. Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (2001) Executive Summary of
The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And
Treatment of High Blood Cholesterol In Adults (Adult
Treatment Panel III). JAMA 285:2486–2497

55. Isomaa B, Almgren P, Tuomi T, Forsen B, Lahti K, Nissen M,
Taskinen MR, Groop L (2001) Cardiovascular morbidity and
mortality associated with the metabolic syndrome. Diabetes
Care 24:683–689

56. Reaven G (2002) Metabolic syndrome: pathophysiology and
implications for management of cardiovascular disease.
Circulation 106:286–288

57. Senti M, Tomas M, Fito M, Weinbrenner T, Covas MI, Sala J,
Masia R, Marrugat J (2003) Antioxidant paraoxonase 1 activ-
ity in the metabolic syndrome. J Clin Endocrinol Metab
88:5422–5426

58. Martinelli N, Girelli D, Olivieri O, Stranieri C, Trabetti E,
Pizzolo F, Friso S, Tenuti I, Cheng S, Grow MA, Pignatti PF,
Corrocher R (2004) Interaction between smoking and PON2
Ser311Cys polymorphism as a determinant of the risk of
myocardial infarction. Eur J Clin Invest 34:14–20

59. Girelli D, Russo C, Ferraresi P, Olivieri O, Pinotti M, Friso S,
Manzato F, Mazzucco A, Bernardi F, Corrocher R (2000)
Polymorphisms in the factor VII gene and the risk of myocar-
dial infarction in patients with coronary artery disease. N Engl
J Med 343:774–780

N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk 29



60. Olivieri O, Bassi A, Stranieri C, Trabetti E, Martinelli N,
Pizzolo F, Girelli D, Friso S, Pignatti PF, Corrocher R (2003)
Apolipoprotein C-III, metabolic syndrome, and risk of coro-
nary artery disease. J Lipid Res 44:2374–2381

61. Bozzini C, Girelli D, Tinazzi E, Olivieri O, Stranieri C, Bassi
A, Trabetti E, Faccini G, Pignatti PF, Corrocher R (2002)
Biochemical and genetic markers of iron status and the risk of
coronary artery disease: an angiography-based study. Clin
Chem 48:622–628

62. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher
DF, Turner RC (1985) Homeostasis model assessment:
insulin resistance and beta-cell function from fasting plasma
glucose and insulin concentrations in man. Diabetologia
28:412–419

63. Cheng S, Grow MA, Pallaud C, Klitz W, Erlich HA, Visvikis
S, Chen JJ, Pullinger CR, Malloy MJ, Siest G, Kane JP (1999)
A multilocus genotyping assay for candidate markers of car-
diovascular disease risk. Genome Res 9:936–949

64. Malin R, Laine S, Rantalaiho V, Wirta O, Pasternack A, Jokela
H, Alho H, Koivula T, Lehtimaki T (2001) Lipid peroxidation
is increased in paraoxonase L55 homozygotes compared with
M-allele carriers. Free Radic Res 34:477–484

30

65. Kakafika AI, Xenofontos S, Tsimihodimos V, Tambaki AP,
Lourida ES, Kalaitzidis R, Cariolou MA, Elisaf M, Tselepis
AD (2003) The PON1 M55L gene polymorphism is associat-
ed with reduced HDL-associated PAF-AH activity. J Lipid
Res 44:1919–1926

66. Tomas M, Elosua R, Senti M, Molina L, Vila J, Anglada R,
Fito M, Covas MI, Marrugat J (2002) Paraoxonase1–192
polymorphism modulates the effects of regular and acute
exercise on paraoxonase1 activity. J Lipid Res 43:713–720

67. Letellier C, Durou MR, Jouanolle AM, Le Gall JY, Poirier JY,
Ruelland A (2002) Serum paraoxonase activity and paraox-
onase gene polymorphism in type 2 diabetic patients with or
without vascular complications. Diabetes Metab 28:297–304

68. Barbieri M, Bonafe M, Marfella R, Ragno E, Giugliano D,
Franceschi C, Paolisso G (2002) LL-paraoxonase genotype is
associated with a more severe degree of homeostasis model
assessment of IR in healthy subjects. J Clin Endocrinol Metab
87:222–225

69. Ford ES, Giles WH, Dietz WH (2002) Prevalence of the meta-
bolic syndrome among US adults: findings from the third
National Health and Nutrition Examination Survey. JAMA
287:356–359

N. Martinelli et al.: Metabolic syndrome and PON1 polymorphisms interaction and CAD risk


