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bstract

There is strong evidence from both animal- and in vitro-models that paraoxonase (PON1) is involved in the onset of cardiovascular disease.
n humans there is no consensus on this issue and therefore we investigated the effect of PON1 genotype and activity on the incidence of
oronary heart disease (CHD) and acute myocardial infarction (AMI) in a large prospective cohort of 17,357 middle-aged women. We applied a
ase-cohort design using the CHD (n = 211) and AMI cases (n = 71) and a random sample from the baseline cohort (n = 1527). A weighted Cox
roportional hazards model was used to estimate age- and multivariate-adjusted hazard ratios (HR) for the PON1 genetic variants (192Q > R
nd −107C > T) and tertiles of the PON1 arylesterase- and paraoxonase activities. Neither the PON1 genetic variants, nor the PON1 activities
ffected the incidence of CHD in general, but, an increased paraoxonase activity was associated with a higher risk of AMI: the second and third
ertile HR were 1.31 and 2.07, respectively (P-trend = 0.029, multivariate model). In the subgroup of never-smokers, paraoxonase activity was
ssociated with an increased risk for AMI: the second and third tertile HR were 4.1 and 4.7, respectively (P-trend = 0.009, multivariate model).

dditionally, when compared to the lowest paraoxonase tertile in never-smokers, the highest paraoxonase tertile in current-smokers showed a
9.2-fold higher risk for AMI (95%CI: 5.3–69.5, P < 0.0001, multivariate model). In conclusion, this study shows that in middle-aged women
araoxonase activity was associated with an increased risk for AMI and that the risk was modified by the effects of smoking.

2007 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Serum paraoxonase (PON1) is a high-density lipoprotein
HDL)-associated enzyme which can hydrolyze lactones [1],
nd several non-physiological substrates, including arylesters

nd organophosphates [2,3]. Animal experimental work
ndicates that PON1 may be involved in atherogenesis:

∗ Corresponding author at: Lipid Metabolism Laboratory, Jean Mayer
nited States Department of Agriculture Human Nutrition Research Center
n Aging at Tufts University, 711 Washington Street, Boston, MA 02111,
SA.

E-mail address: thomas.vanhimbergen@tufts.edu
T.M. van Himbergen).

i

c
d
A
(
p
h
v

021-9150/$ – see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.atherosclerosis.2007.11.018
ON1-deficient mice are more prone to develop atherosclero-
is than wild-type mice when fed a high-fat/high-cholesterol
iet [4]. Several lines of evidence suggest that the PON1
nvolvement in atherogenesis is due to its ability to attenuate
he oxidative modification of lipoprotein particles (reviewed
n [5]), however, conclusive evidence remains to be delivered.

In vivo, there is a wide inter-individual variation in PON1
oncentration and activity. This variation is for a major part
etermined by common genetic variants in the PON1 gene.

glutamine (Q)-to-arginine (R) transition at position 192

192Q > R) affects the PON1 hydrolytic activity towards
araoxon (paraoxonase activity), paraoxon is most efficiently
ydrolyzed by the 192R isoform [2,6]. The 55L > M genetic
ariant in the coding region and the −107C > T genetic vari-
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nt in the promoter region of the enzyme affect the serum
oncentration of PON1, with the highest PON1 concentra-
ions are found in individuals who are carrier of the 55LL
nd −107CC genetic variants, respectively [7]. In order to
iochemically characterize PON1, serum concentrations can
e measured directly with an enzyme-linked immunosorbent
ssay (ELISA) [8], or estimated by monitoring the rate of
ydrolysis toward phenylacetate (arylesterase activity) [9].
ogether, the 192Q > R, 55L > M and −107C > T polymor-
hisms are the bases for an up to 13-fold inter-individual
ariation in PON1 enzyme activity and concentration [10].

Epidemiological studies on the role of PON1 in cardio-
ascular disease have reported conflicting results (reviewed in
11]). A meta-analysis among 43 investigations demonstrated
o effect for the 55L > M and −107C > T polymorphism and
slightly increased risk for carriers of the R-allele at posi-

ion 192 for developing coronary heart disease (CHD) [12].
he main conclusion of this meta-analysis was to study the

elation of PON1 genotype to CHD risk in large prospective
opulations. Furthermore, because PON1 is also influenced
y lifestyle factors like smoking and alcohol consumption
13–15], it has been recommended to measure PON1 activ-
ty and concentration in addition to genotype [10,16–18]. Up
o now, only two prospective investigations on PON1 activity
nd concentration and CHD outcome have been published,
emonstrating either that low paraoxonase activity was an
ndependent risk factor for coronary events [19], or no asso-
iation between PON1 paraoxonase activity and CHD [20].

In the current study, we investigated the effects of PON1
enotypes, as well as paraoxonase- and arylesterase activ-
ty on the risk for developing CHD in a large prospective
ohort of middle-aged women. We separately investigated
he relation between PON1 and the occurrence of an acute

yocardial infarction (AMI) as the most acute and serious
linical manifestation of CHD.

. Materials and methods

.1. Population

The study population consist of 17,357 postmenopausal
omen, aged between 49 and 70, who participated in the
rospect-EPIC study [21]. As previously described in detail,
ll women underwent a physical examination, filled out a
uestionnaire relating to lifestyle and medical factors, and
onated a 30-mL non-fasting blood sample at the time of
ecruitment [22]. Data on morbidity were obtained from
he Dutch Centre for Health Care Information, which holds

standardized computerized register of hospital discharge
iagnoses. All diagnoses were coded according to the Inter-
ational Classification of Diseases, ninth Revision (ICD-9).

sing the ICD-9 codes, we categorized cardiovascular dis-

ase (ICD-9 390–459) as CHD (ICD-9 410–414) including
MI (ICD-9 410), the latter was also analyzed as a separate
isease outcome. The diagnosis of CHD or AMI was the pri-
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ary reason for hospitalisation. Whenever multiple events
ccurred during follow-up, the first diagnosis was taken as
ndpoint. The database was linked to the cohort on the basis
f birth date, gender, postal code, and general practitioner
ith a validated probabilistic method [23]. All women signed

n informed consent form prior to study inclusion and the
tudy was approved by the Institutional Review Board of the
niversity Medical Center Utrecht.

.2. Design

We selected all 303 first fatal and non-fatal CHD events
hat arose during follow-up until 1st January 2000. From the
7,357 women in the total cohort we randomly selected a
ample of 10% (n = 1736). Women who did not consent to
inkage with vital status registries or who were not trace-
ble were not included. Women who reported a diagnosis
f cardiovascular disease (ICD-9; 390–459) at baseline, who
ad missing questionnaires or blood or DNA samples, or a
aily energy intake below 500 kcal/day were excluded from
he analyses. For some women multiple reasons applied for
xclusion resulting in a total number of 1527 women in the
ub-cohort, that remained in the analyses and 211 CHD cases
f which 71 were AMI cases. For all case subjects follow up
nded at the date of diagnosis or at the date of death due to
ardiovascular disease.

.3. Laboratory measurements

Biochemical measurements, including HDL and LDL
holesterol levels, were performed using standard labora-
ory procedures [22]. Serum PON1 enzyme activities towards
araoxon and phenylacetate and the PON1 −107CT, 55L > M
nd 192Q > R genotypes were determined by methods previ-
usly described [24].

.4. Statistical analyses

Baseline variables were tested for a normal distribution
nd comparisons among the random cohort and disease out-
ome were performed using the two-sample T-test for normal
istributed continuous variables, the Mann–Whitney test for
on-normal distributed continuous variables and the �2 test
or categorical variables. The �2 test was used both to test if
enotype frequencies deviated from Hardy–Weinberg equi-
ibrium expectations and to evaluate the significance of the
inkage disequilibrium between the two polymorphisms.

The hazard ratios (HR) for PON1 genotype, paraoxonase-
nd arylesterase activity with CHD and AMI were evalu-
ted in Cox-proportional-hazard models with an estimation
rocedure adapted for case-cohort designs according to
nweighted method by Prentice [25], using the SAS macro

ritten by Barlow et al. [26]. Results were summarized as
R with 95% confidence intervals (95%CI). In the model,

he common genetic variants −107CC and 192QQ served as
eference category. As for the PON1 activity, paraoxonase-
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Table 1
Baseline characteristics

Variable Random cohort,
n = 1527

Coronary heart
disease, n = 211

Acute myocardial
infarction, n = 71

P-value* P-value†

Age (years) 57 ± 6 61 ± 6 62 ± 6 <0.001 <0.001
Body mass index (kg/m2) 25.8 ± 3.9 26.8 ± 3.9 26.4 ± 4.0 0.001 0.245
Systolic blood pressure (mm Hg) 133 ± 20 143 ± 22 146 ± 25 <0.001 <0.001
Diastolic blood pressure (mm Hg) 79 ± 11 82 ± 11 84 ± 13 0.001 <0.001
LDL cholesterol (mmol/L) 3.9 ± 0.9 4.4 ± 1.0 4.4 ± 1.0 <0.001 <0.001
HDL cholesterol (mmol/L) 1.6 ± 0.4 1.4 ± 0.3 1.4 ± 0.4 <0.001 0.001
Smoking, current/past/never 351/529/652 72/55/84 32/16/23 <0.001 <0.001
Alcohol consumption (g/day) 3.9 (0.4–14.1) 1.4 (0.03–9.5) 1.7 (0.03–8.2) <0.001 0.004
Paraoxonase activity (U/L) 114 (62–240) 115 (64–211) 152 (73–235) 0.466 0.241
Arylesterase activity (U/mL) 87 ± 25 82 ± 23 83 ± 24 0.005 0.144

Age, body mass index, systolic blood pressure, diastolic blood pressure, LDL cholesterol, HDL cholesterol and PON1 arylesterase activity are reported as
means ± S.D. Alcohol consumption and paraoxonase activity are presented as median values and the interquartile range. *For the comparison of the coronary
heart disease cases with the random cohort. †For the comparison of the acute myocardial infarction cases with the random cohort.

Table 2
Distribution HDL cholesterol and PON1 paraoxonase and arylesterase activities among PON1 −107C > T, 55L > M and 192Q > R genotypes in the random
cohort (n = 1527)

−107C > T 55L > M 192Q > R

CC CT TT LL LM MM QQ QR RR

Number of
subjects

412 752 341 601 703 210 785 589 140

HDL
cholesterol
(mmol/L)

1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4 1.6 ± 0.4

Paraoxonase
activity (U/L)

206 (85–291) 102 (63–237) 71 (40–156)* 214 (98–309) 92 (58–208) 47 (30–70)* 65 (46–84) 224 (170–267) 382 (316–460)*

Arylesterase
a

104 ± 22 86 ± 21 68 ± 21* 98 ± 23 83 ± 22 70 ± 23* 84 ± 24 89 ± 25 94 ± 25*
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tion of alcohol was lower in both the CHD and AMI cased.
Finally, paraoxonase activity was increased in the AMI cases
and arylesterase activity was significantly lower in the CHD
cases, when compared to the random cohort.

Table 3
Coronary heart disease and acute myocardial infarction hazard ratios (with
95% confidence intervals) by PON1 −107C > T, 55L > M and 192Q > R
genotype

Coronary heart disease
hazard ratios (95%CI)

Acute myocardial infarction
hazard ratios (95%CI)

−107C > T
CC 1.00 (reference) 1.00 (reference)
CT 0.93 (0.66–1.31) 0.97 (0.56–1.69)
TT 0.79 (0.51–1.20) 0.67 (0.32–1.39)

55L > M
LL 1.00 (reference) 1.00 (reference)
LM 0.93 (0.68–1.29) 0.86 (0.51–1.44)
MM 0.76 (0.47–1.22) 0.62 (0.27–1.41)
ctivity (U/mL)

DL cholesterol and arylesterase are reported as means ± S.D. Paraoxonase a

nd arylesterase activity were divided in to tertiles, where the
owest activity tertile was used as the reference group. The

odels were adjusted for age and HDL-cholesterol, smoking
tatus and alcohol consumption. In the test for trend analysis
P-trend), the −107C > T, 55L > M and 192Q > R polymor-
hisms and the tertiles of paraoxonase activity were added
o the model as a continuous variable. Because smoking sta-
us strongly predicted AMI incidence, we also investigated
he effects of paraoxonase activity on AMI incidence in sub-
roups of current-smokers, past-smokers and never-smokers,
ontrolling for age, HDL-cholesterol and alcohol consump-
ion.

All statistical analyses were performed using SAS version
.1.

. Results

Table 1 shows the baseline characteristics of the random
ohort, the CHD and the AMI cases. When compared with the
andom cohort, the CHD and the AMI cases were older, had

igher blood pressures and higher levels of LDL-cholesterol
nd lower levels of HDL-cholesterol. The body mass index
as only significantly higher in the CHD cases. There was
graded increase for the percentage of smokers with the

1

H

s presented as the median value and the interquartile range. *P-trend < 0.001.

everity of CHD (23% in the random cohort, 34% in the
HD cases and 45% in the AMI cases), and the consump-
92Q > R
QQ 1.00 (reference) 1.00 (reference)
QR 1.06 (0.78–1.44) 1.39 (0.83–2.32)
RR 0.78 (0.43–1.42) 1.37 (0.59–3.21)

azard models were adjusted for age.
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Table 4
Coronary heart disease and acute myocardial infarction hazard ratios (with 95% confidence intervals) by tertiles of paraoxonase- and arylesterase activity

Coronary heart disease hazard ratios (95%CI) Acute myocardial infarction hazard ratios (95%CI)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Paraoxonase activity
<73 (U/L) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
73–204 (U/L) 1.08 (0.76–1.54) 1.10 (0.77–1.56) 1.07 (0.75–1.55) 1.34 (0.71–2.54) 1.34 (0.71–2.53) 1.31 (0.69–2.50)
>204 (U/L) 1.04 (0.72–1.50) 1.14 (0.78–1.65) 1.18 (0.80–1.72) 1.74 (0.94–3.24)* 1.88 (1.01–3.50)†,‡, 2.07 (1.11–3.84)§,||

Arylesterase activity
<76 (U/mL) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
76–97 (U/mL) 0.98 (0.70–1.38) 1.08 (0.76–1.52) 1.07 (0.75–1.51) 0.87 (0.49–1.54) 0.92 (0.51–1.64) 0.91 (0.50–1.64)
>97 (U/mL) 0.74 (0.50–1.08)¶ 0.90 (0.60–1.34) 1.01 (0.67–1.51) 0.85 (0.46–1.56) 0.92 (0.49–1.74) 1.17 (0.62–2.19)
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HDL-cholesterol and alcohol are presented in Fig. 1. In
people who have never smoked, increased paraoxonase activ-
ity was an AMI risk factor: the second and third tertile
of paraoxonase activity HR were 4.1 (95%CI: 0.9–18.5,

Fig. 1. Combined effects of paraoxonase activity (in tertiles) and smoking
status (current-, past- and never-smoking) on the incidence of AMI. The
odel 1 was adjusted for age, model 2 was adjusted for age and HDL-cho
lcohol consumption. *P-trend = 0.062, †P = 0.046 when compared to the ref
|P-trend = 0.029, ¶P-trend = 0.107.

In the random cohort, the distribution of the 192Q > R,
5L > M and −107C > T polymorphisms did not deviate
rom the Hardy−Weinberg equilibrium. Furthermore, there
as significant linkage disequilibrium between these poly-
orphisms (χ2 P-value < 0.001). HDL-cholesterol levels

nd the PON1 activities among PON1 genotypes in the
andom cohort are shown in Table 2. No differences in
DL-cholesterol levels were observed among the 192Q > R,
5L > M and −107C > T polymorphisms. There was an evi-
ent relationship between the PON1 genotypes and the PON1
ctivity measurements. The −107C > T and 55L > M poly-
orphisms had the strongest influence on the arylesterase

ctivity, with the highest arylesterase activity found in
ndividuals with the −107CC or the 55LL genotype. The
92Q > R polymorphism had the strongest influence on the
araoxon hydrolysis, with the highest paraoxon hydrolytic
ctivity found in carriers of the 192RR genetic variant. There
as also an association of the 192Q > R polymorphism with

he arylesterase activity (P-trend < 0.001), and the −107C > T
nd 55L > M polymorphisms with the paraoxonase activity
P-trend < 0.001).

Table 3 shows the relationship of the PON1 genetic vari-
nts −107C > T, 55L > M and 192Q > R with the HR for CHD
nd AMI. Overall, the effects of these genotypes on CHD and
MI incidence were too weak to draw conclusions.
The hazard ratios for tertiles of paraoxonase- and

rylesterase activity to develop CHD or AMI are presented
n Table 4. Although not reaching statistical significance,
he increased arylesterase activity tended to associate with

lower incidence of CHD in the age-adjusted model (sec-
nd and third tertile HR: 0.98 and 0.74, P-trend = 0.107).
his effect, however, declined in the multivariate-adjusted
odels. In general, there was no apparent effect of PON1

araoxonase- and arylesterase activity on the incidence of
HD. When investigating the role of PON1 on the inci-
ence of AMI, paraoxonase activity tended to associate with

higher incidence of AMI in the age-adjusted model, haz-

rd ratios for the second and third tertile were 1.34 and 1.74,
espectively (P-trend = 0.062). The strength of the associa-
ion of paraoxonase activity with AMI became stronger after

h
i
s
a
P

l and model 3 was adjusted for age, HDL-cholesterol, smoking status and
group, ‡P-trend = 0.045, §P = 0.022 when compared to the reference group,

dditional adjustments for HDL-cholesterol, smoking status
nd alcohol consumption, with the highest tertile significantly
ssociated with a twofold increased incidence of AMI (HR:
.07, 95%CI: 1.11–3.84, P = 0.022).

In this study, menopausal status or the use of hormone
eplacement therapy did not have an effect on the PON1
ctivities (data not shown). Smoking status, however, did
ffect the PON1’s activities: in the random cohort, paraox-
nase and arylesterase activities were lower in smokers when
ompared to people who have never smoked (paraoxonase:
52 U/L versus 163 U/L, age-adjusted P-difference = 0.12.
rylesterase: 84 U/mL versus 88 U/mL, age-adjusted P-
ifference = 0.006). The combined effects of smoking and
araoxonase activity on AMI incidence adjusted for age,
azard ratios (HR) and 95% confidence intervals (95%CI) are displayed
n the bars and represent the comparison with the low paraoxonase/non-
moking reference group. HR are controlled for age, HDL-cholesterol and
lcohol consumption. *HR: 4.7 (1.2–18.5), P = 0.026. **HR: 1.6 (0.4–7.0),
= 0.532.
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= 0.063) and 4.7 (95%CI: 1.2–18.5, P = 0.026), respectively
P-trend = 0.009). In addition, the high-paraoxonase/current-
mokers subgroup had a 19.2-fold increased risk for AMI
ncidence (95%CI: 5.3–69.5, P < 0.0001) when compared to
he low-paraoxonase/never-smokers subgroup. On the other
and, the effects of paraoxonase activity on AMI outcome
id not reach statistical significant when considered in a sub-
roup of smokers (HR 1.4, 95%CI: 0.5–3.7, P = 0.47, for the
igh paraoxonase activity tertile versus the low paraoxonase
ctivity tertile. Data not shown).

. Discussion

In this cohort of women, we found no evidence for a rela-
ionship between PON1 genetic variants, PON1 activity and
HD in general, or between the PON1 genetic variants and
MI. Increased paraoxonase activity, however, was an AMI

isk factor. In addition, when the highest paraoxonase activity
ertile in current-smokers was compared to the lowest paraox-
nase activity tertile in never-smokers, the combined effects
f paraoxonase activity with smoking status predicted a more
han 19-fold increased risk for AMI incidence.

In order to place our findings into perspective, it is impor-
ant to realize that paraoxon is most efficiently hydrolyzed by
he PON1-192RR genetic variant [2,3]. Previous studied on
he role of the 192Q > R genetic variant have demonstrated
hat the PON1Q allozyme possesses a greater ability than
ON1R allozyme in protecting LDL from oxidation [27,28],
nd that the PON1Q variant was more potent than the PON1R
ariant in reducing oxidized lipids in human atherosclerotic
esions [29]. Based on these findings one can hypothesize that
he PON1 192RR is the less favorable genetic variant for the
isk for developing cardiovascular disease. Many studies on
he effects of the 192Q > R polymorphism and cardiovascular
isease have been performed during the recent years and as
ndicated by a meta-analysis among 43 studies involving a
otal of 11212 CHD cases and 12786 controls, subjects with
he 192R-allele have a significant 1.12-fold increased risk
or CHD [12]. While it is questionable whether this slight
ncrease in relative risk found for the 192R-allele has a rele-
ant impact on CHD, it does support our recent finding, that
levated paraoxonase activity (caused by the 192R variant)
t baseline predicted an increased risk to develop AMI.

Although PON1 can hydrolyze a wide range of substrates,
t should be borne in mind that recent studies have demon-
trated that PON1 is in fact a lactonase, catalyzing both
he hydrolysis and the formation of a number of lactones
1,30,31]. The PON1 paraoxonase activity is a poor reflec-
ion of PON1 native activity and its in vivo role remains
argely unclear. Arylesterase activity, on the other hand, is

ediated by the same His115–His134 dyad which is responsi-

le for PON1’s native lactonase activity [32], and is thought
o be a better reflection of PON1 anti-oxidative potential.
nterestingly, we find that baseline arylesterase activity is sig-
ificantly lower in CHD cases and tend to be lower in AMI

p
p
T
w

lerosis 199 (2008) 408–414

ases when compared to the random cohort. However, since
his relationship did not reach statistical significance in the

ultivariate model, it is questionable whether arylesterase
ctivity plays a biologically relevant role in the onset of CHD.

Relative to the number of PON1 genetic studies on
he onset of cardiovascular disease, there have been a few
ase–control studies that have included a quantification of
ON1 activity and concentration (reviewed in [17]) and
tudies on a direct relationship between PON1 paraoxonase
ctivity and the incidence of cardiovascular disease are scarce
19,20]. Before drawing firm conclusions from case–control
tudies, it must be stressed that a major limitation of the
ase–control study design is that blood is drawn after the
ardiovascular event has taken place. One cannot distinguish
hether PON1 activity contributed to the manifestation of

he event or, conversely, the event itself influenced the PON1
ctivity. To overcome this problem a prospective study design
s needed. Our study is the third prospective investigation
n the effects of PON1 activity and concentration to cardio-
ascular endpoints. Previously, prospective investigations on
ON1 in relation to cardiovascular disease risk were per-
ormed in the Caerphilly study [19], and very recently in
he PRIME study [20]. Mackness et al. reported in the Caer-
hilly study that low serum PON1 activity toward paraoxon
as an independent risk factor for coronary events in men
ith preexisting CHD, while no relationship was observed

n men without preexisting CHD [19]. They did not observe
ny increased risk associated with PON1 concentration. The
RIME study, a multi center prospective investigation in
0,593 middle-aged men, reported no effect of PON1 paraox-
nase activity or the 55L > M genotype on CHD outcome.
he PRIME study did not investigate the effects of a PON1
oncentration measure in relation to cardiovascular disease
isk. In the current study, we observed a non-significant
rend for PON1 concentration (arylesterase activity) and
HD outcome. Conversely, it was remarkable that elevated
araoxonase activity was a risk factor for AMI. Although
he PRIME study did not find any effect for paraoxonase
ctivity, our observation that increased paraoxonase activ-
ty is a risk factor for cardiovascular outcomes instead of
eing protective, seems to be in conflict with the findings
f Mackness et al. in the men with preexisting CHD. There
re, however, some essential differences between the Caer-
hilly study and the current study which may account for
he variation in study outcome. (1) The Caerphilly study was
imited to men, while our study was restricted to women. A
ecent study among a general population showed that PON1
ctivity may be different between men and in women [33].
urthermore, PON1–gender interactions have been reported

n relation to clinical outcome [34]. (2) The participants of
he Caerphilly study were in the fasting state when blood was
onated, while the current study used non-fasting blood sam-

les. There is evidence that PON1 activities are lower in the
ostprandial state when compared to the fasting state [35]. (3)
he Caerphilly study observed effects in a subgroup of men
ith preexisting CHD, while we have excluded all women
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ith preexisting CHD at baseline. PON1 levels and/or activ-
ty may diminish after an inflammatory acute phase response,
s seen in animals and humans [36–39], raising the possibil-
ty that in the Caerphilly study the PON1 status may have
een altered due to a previous CHD event. Therefore, when
omparing the two studies, it cannot be excluded that gender
ifferences and/or differences due to prandial and inflam-
atory status may have influenced the effect of PON1 on

he CHD outcome. Overall, the results of the three prospec-
ive investigations do not provide convincing evidence that
ON1 paraoxonase activity is a strong risk factor for CHD

n the general population. Furthermore, based on subgroups
f men with preexisting CHD and AMI cases no univocal
onclusions can be drawn regarding paraoxonase activity
nd therefore further prospective investigations are needed
o understand these apparently contradictory results.

In this study, paraoxonase activity was a risk factor for
MI only and not for CHD in general. CHD is an umbrella-

erm covering different stages of (chronic stable and acute)
eart problems. One of the first steps in atherogenesis is the
ormation of a lipid-rich plaque, which forms the basis for
ll forms of CHD [40]. At a later stage in the atherosclerotic
rocess, the physiological disruption of the atherosclerotic
laque and, as a result, the formation of a thrombotic occlu-
ion, causes the most acute and serious clinical manifestations
f CHD, i.e. AMI [41]. Our findings that paraoxonase was
risk factor for AMI, suggest that PON1 may be of impor-

ance in the later stages of atherosclerosis. This does not only
arrant further investigation on the role of PON1 in plaque

nstability and thrombosis, but also suggests that important
ffects of PON1 will be missed when all forms of CHD are
rouped as a common CHD outcome.

Many population studies have shown that smoking is a
ajor risk-factor for cardiovascular disease and accordingly,
e found that the percentage of smokers was higher among
eople who developed an AMI. With regard to PON1, in
ur study the PON1 activities were lower due to the effects
f smoking. As a result, there was a significant relation-
hip between PON1 and AMI in people who have never
moked and while a trend was observed in smokers this
elationship did not reach statistical significance. These data
uggest that smoking, to some extent, reduces the harm-
ul effects of high paraoxonase activity which leads to an
ncreased risk for developing an AMI. Reconciling these
pparently contradictory results it must be stressed that the
isk for AMI incidence was strikingly higher for the combi-
ation of high-paraoxonase/current-smokers when compared
o low-paraoxonase/never-smokers. And although these find-
ngs must be viewed with some reservedness since they were
ased on a small number of cases per subgroup, they do under-
ine the importance of stratifying for smoking status when
nvestigating the effect of PON1 on cardiovascular disease.
Previously, we found an association between PON1 geno-
ypes and HDL-cholesterol levels in patients with familial
ypercholesterolemia and hypothesized that PON1 enhances
he function of the HDL particle [42]. In this general popu-
lerosis 199 (2008) 408–414 413

ation of women, we observed a positive correlation for both
rylesterase- and paraoxonase activity with HDL-cholesterol
evels, however, the strength of the association of paraox-
nase activity with the incidence of AMI was only marginally
ffected by adjustments for HDL-cholesterol levels. These
ndings suggest that the mechanism by which paraoxonase
ctivity forms a risk factor for AMI incidence was not primar-
ly via an interaction with the function of the HDL-cholesterol
article. It must be noted that the exact physiological func-
ion of PON1 is still unclear, but the anti-oxidative properties
f PON1 [43], and a secondary inflammatory response [44],
ay alternatively be important parameters for the occurrence

f AMI.
Finally, we will address the strengths and weaknesses of

ur investigation. We were aware that the small number of
HD cases was a limitation to our study. At the time of inves-

igation, there were only 211 cases of CHD (of which 71 cases
f AMI) in the total cohort of 17,357 women, and it can be
xpected that more events will occur during a longer period
f follow-up. Nevertheless, our prospective study design was
till highly favorable over findings from case–control studies,
ecause we could be sure that the effects of PON1 preceded
he onset of CHD, and so, we could assess a causal role of
ON1 in this process.

In conclusion, several animal models and in vitro stud-
es have suggested a protective function of PON1 against
he onset of cardiovascular disease. On the other hand, we
emonstrated that PON1’s paraoxonase activity was a risk
actor for the incidence of AMI and that this risk was modified
n smokers. Future (prospective) investigations are needed to
onfirm this hypothesis.
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