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Narrative review
The growing importance of PON1 in cardiovascular health:
a review
Muiruri Machariaa, Mogamat S. Hassanb, Diane Blackhurstc, Rajiv T. Erasmusd

and Tandi E. Matshae
The wide acceptance of the oxidation theory of

atherogenesis has prompted attention to antioxidant

mechanisms, particularly the prevention of lipid oxidation by

high-density lipoprotein-associated proteins like

paraoxonase 1 (PON1) enzyme. PON1 is a calcium-

dependent enzyme that has interested toxicologists since

its discovery as an organophosphate hydrolase. There is a

growing interest in the enzyme’s importance in

cardiovascular health prompted by evidence that it may

have a role in lipid metabolism and the development of

atherosclerosis via its antioxidant effects. PON1 is capable

of hydrolyzing homocysteine thiolactone, a metabolite of

homocysteine that can impair protein function leading to

endothelial dysfunction and vascular damage. Although this

lactonase activity has been suggested to be PON1’s native

activity, the enzyme’s specific physiological role and

substrate remain unclear. In this review, we summarize

developments in the field of PON1 research relating to
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cardiovascular health, and highlight those that perhaps

warrant further research.
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Introduction
The burden of coronary heart disease (CHD) is projected

to rise from around 47 million disability-adjusted life-

years (DALYs) globally in 1990 to 82 million DALYs in

2020.1 The WHO uses DALYs lost as an indicator of the

total burden of a disease rather than simply the resulting

deaths. The basis of CHD is regarded to be atherosclero-

sis for which current hypothesis identifies oxidized low-

density lipoprotein (LDL)-induced inflammation as the

key process linking altered vessel wall with other risk

factors such as immune response and genetic factors.2

Much interest in recent years has therefore focused on

mechanisms that impede lipid peroxidation, particularly

the prevention of LDL oxidation by high-density lipo-

protein (HDL). HDL is a key player in lipid transport,

especially reverse cholesterol transport (RCT), and

reduces the accumulation of lipid peroxides on LDL

by a mechanism that is mainly mediated by several

HDL-associated enzymes, of which paraoxonase 1

(PON1) is important.3 Plasma PON1 activity is decreased

in individuals who have had a myocardial infarction4–6 or

those with types 1 and 2 diabetes,7–10 whereas in mice,

PON1 deficiency is associated with increased vulner-

ability to atherosclerosis.11–14 This evidence led to the

hypothesis that lowered PON1 status may contribute to

excess mortality from cardiovascular disease (CVD) and
other complications associated with oxidative stress, such

as diabetes. The enzyme has therefore received a lot of

attention over the past two decades in the area of cardio-

vascular health. The purpose of this review is to sum-

marize developments in the field of PON1 research

relating to cardiovascular health and to highlight the ones

that may warrant further research.

Discovery of paraoxonase 1
Paraoxonase 1 was identified in the early 1950s following

Abraham Mazur’s description of an animal enzyme

capable of hydrolyzing organophosphate compounds.15,16

It was subsequently named after its ability to hydrolyze

paraoxon, the toxic metabolite of the organophosphate

pesticide parathion.15,16 PON1 also mediates the

hydrolysis of several other organophosphates (e.g. chlor-

pyrifos and diazoxon) and nerve gases such as soman and

sarin, and hence plays a protective role in mammals

against poisoning due to chronic exposure to these toxic

compounds.17 Not surprising, the enzyme was for a long

time of more interest to toxicologists for its organopho-

sphate-modulating ability. Interest in its role in cardio-

vascular health was promoted after reports in 1991

indicated that the enzyme could protect against the

build-up of lipid peroxides in LDL,18 suggesting a
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potential antiatherogenic role for PON1. Nonetheless,

the enzyme’s precise physiological role remains unclear.

The paraoxonase family
In humans, the PON family has three members – PON1,

PON2 and PON3 – whose genes are located next to each

other on chromosome 7.19 The contiguity and significant

structural homology between the three genes suggest

that they may have originated from the duplication of

a common genetic precursor; the genes share about 65%

similarity at the amino acid level and approximately 70%

similarity at the nucleotide level. In humans, PON3 is

expressed in both the liver and kidneys, whereas the

expression of PON1 is largely restricted to the liver.20,21

They are both released into the blood where they are

associated with HDL. An extra PON1 codon at posi-

tion 106 (lysine) differentiates it from the other two

PONs.20,21 In contrast, PON2 is absent in blood, but

is more widely expressed in various tissues including

the heart, kidney, liver, lung, placenta, small intestine,

spleen, stomach and testis.22 All three share the lactonase

activity (Table 1). Much interest is currently being

directed towards understanding PON2 and PON3, but

PON1 remains the most studied and best understood of

the three enzymes.

Structure of paraoxonase 1
The PON1 gene product is a 43-kDa protein of 355

amino acids from which only the terminal methionine

residue is removed during secretion and maturation as the

retained leader sequence is necessary for the enzyme’s

linkage to the HDL particle.23 Three-dimensional

studies by Harel et al.24 showed that PON1 is a six-bladed

b-propeller, with each arm comprising of four b-sheets.

Sheathed in the inner channel of the protein are two

calcium atoms required for the enzyme’s catalytic activity

and structural stability. Three helices are attached on

top of the propeller and they hinge the enzyme to the

HDL particle. The elucidation of the enzyme’s three-

dimensional structure and binding pattern revealed

the orientation of its active site towards the surface of

the HDL particle and uncovered PON1’s catalytic mech-

anisms that account for its broad substrate specificity.

The xenobiotic nature of most compounds metabolized

by the enzyme (organophosphates, nerve gases and

aromatic esters) suggests they are not PON1’s physio-

logical substrates. Rather, the prevailing notion is that the
pyright © Italian Federation of Cardiology. Un

Table 1 Basic features of the paraoxonase family20–22

PON1 PON 2 PON 3

Amino acids 355 354 354
Tissue specificity Liver Ubiquitous in lungs Liver,

placenta, liver, heart kidney
Localization Plasma Cells Plasma
Activity Paraoxonase Lactonase Lactonase

Lactonase Esterase
Esterase
au
hydrolytic activity towards cyclic esters (lactones) is the

native activity of PON1 – a view supported by structure–

activity studies indicating that lactones are PON1’s pre-

ferred substrate.24 The lactonase activity is believed to

have been conserved throughout the enzyme’s evolution,

since it is shared by all three members of the PON family;

indeed, the term lactonase has been suggested as more

fitting for the PON family as PON2 and PON3 lack any

notable paraoxonase activity.22

Polymorphisms, concentration and activity
Circulating levels and activity figures for normal individ-

uals as quoted in the literature vary greatly depending on

the conditions and substrate used. Moghtaderi et al.,25 for

example, mention 95.5 IU/l using paraoxon as the sub-

strate and 69.1 KU/l when phenylacetate was used,

whereas Marsillach et al.26 reported 362.9 U/l for paraoxon

hydrolysis and a concentration of 62.1 g/l using ELISA.

Plasma PON1 levels and activity in human populations

show a wide inter-individual variation which is largely

determined by common genetic polymorphisms in the

coding and promoter regions of the PON1 gene. The

most common variations in the promoter region are those

at positions 107, 126, 162, 824 and 907.27 The C107T

polymorphism is a profound determinant of the enzyme’s

genetic expression and contributes to 22.4% of the vari-

ation in PON1 plasma levels.28 Two polymorphisms have

been reported in the PON1 coding region: a leucine (L)

to methionine (M) substitution at position 55 (L55M),

and a glutamine (Q) to arginine (R) substitution at

position 192 (Q192R). The Q192R polymorphism

accounts for a profound substrate-specific variation in

the hydrolytic activity of the enzyme and is more com-

prehensively studied. The PON1R192 isoform hydro-

lyzes paraoxon at a higher rate than the PON1Q192

isoform; however, the PON1R192 is eight times less

efficient in hydrolyzing three types of organophosphates,

namely diazoxon, sarin and soman.29 The L55M isoforms

do not affect catalytic activity but are instead associated

with different levels of plasma PON1 proteins (Table 2).

The PON1M55 allele has lower plasma levels of PON1

than the PON1L55 allele, which results from strong

linkage disequilibrium between L55M and T107C

of the promoter region which has low promoter

ability.30,31 The PON1L55 allele is also in strong linkage

disequilibrium with the PON1R192 allele, with 98% of

PON1R192 alleles having leucine at position 55, indicat-

ing that individuals who metabolize paraoxon rapidly

tend to have higher PON1 enzyme levels.31 Genetic

polymorphisms, especially Q192R, L55M and C107T,

are responsible for an up to 13-fold inter-individual

variation in PON1 enzyme activity and concentration.32

There are notable variations in PON1 activity between

populations, with those of non-European descent show-

ing higher levels partly due to the prevalence of higher-

activity Q192R alleles. In some Asian populations, for

example, the frequency of the low-activity Q192 gene is
thorized reproduction of this article is prohibited.
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Table 2 Summary of the effect of common PON1 variants on enzyme activity and levels

Variant Effects activity Effects levels References

Q192R QQ highest on phenylacetate (Phe), lactonase and sarinase activity;
RR: highest paraoxonase and arylesterase activity

29,33,34,65

L55M LL: highest paraoxonase, arylesterase and lactonase activity Highest on LL 33,34,36,56
C107T Phenylacetate activity highest on CC Highest on CC 33,35,37,39
A162G With Phe activity highest on AA 33,37
A824G With Phe activity highest on AA 35,37,38
C907G With Phe activity highest on GG 33,35,37,38
only 0.31 compared to 0.75 in Caucasians of northern

European origin.40 These variations translate into differ-

ences in susceptibility to organophosphate and nerve

gases toxicity41 and possibly CVD.42,43

Paraoxonase 1 and cardiovascular health
There is ample evidence for inverse association between

the concentration of plasma HDL and the incidence of

CHD, indicating that HDL is protective against the

development of atherosclerosis.44,45 Reverse-cholesterol

transport, the process whereby excess cholesterol is

removed from the peripheral tissues and returned to

the liver for excretion, is believed to be a key mechanism

via which HDL protects against the establishment of

atherosclerosis. HDL, however, has other antiathero-

sclerotic functions which contribute to its protective

effect, including, but not limited to, antioxidative,

anti-inflammatory and antifibrinolytic actions.46 Interest

in PON1’s possible involvement in cardiovascular health

has steadily grown since Mackness et al.18,47 showed that

the enzyme was primarily responsible for the antioxidant

function of HDL. These findings were later confirmed

and PON1 was also shown to reverse the effects of

oxidized LDL.48

In-vitro inhibition of low-density lipoprotein oxidation by
paraoxonase 1
Oxidation of LDLs is thought to trigger atherogenesis

partly by up-regulating the secretion of monocyte

chemotactic protein-1 (MCP-1) which ultimately leads

to the formation of atheroma, as well as contributing to

the impairment of endothelial function.49 Endothelial

dysfunction implies altered response of arterial vessels

to stimuli that induce release of nitric oxide and is

primarily thought to be a consequence of reduced nitric

oxide due to exposure to increased oxidative stress.49

In-vitro studies showed that human PON1-containing

HDL and isolated PON1 completely inhibited the

ox-LDL-stimulated MCP-1 production by the endo-

thelial cells, whereas HDL isolated from ostrich, which

lacks PON1 like all birds,50 was unable to inhibit MCP-1

production.51 The inhibition of MCP-1 production

suggests an early involvement of PON1 against athero-

sclerosis. Apart from inhibiting oxidation of LDL, PON1

was also shown to protect HDL from oxidation, partly by

hydrolyzing oxidized cholesteryl esters and phospholi-

pids in the oxidized lipoproteins, thus preserving its

antiatherogenic ability.52
opyright © Italian Federation of Cardiology. Una
The macrophage is a key cell in the initiation of athero-

sclerosis and the HDL-mediated promotion of choles-

terol efflux during reverse cholesterol transport. In the

atherosclerotic setting, the level of reduced glutathione

(GSH) in these cells is diminished, whereas lipid per-

oxides are increased, thus enhancing the generation of

more oxidants in the form of superoxide anions.53,54

Macrophages from PON1 null mice were isolated and

transfected with human PON1, which led to a reduction

in peroxide levels and superoxide release, along with

an increase in GSH.55 The effect of HDL from three

mice sources (wild-type, human PON1 transgenic, and

PON1 knockout) on macrophage binding and cholesterol

efflux was evaluated; HDL from PON1 transgenic

mice increased cholesterol efflux from macrophages

and induced the formation of lysophosphatidylcholine

(LPC) in the macrophages via PON1’s phospholipase

activity on arachidonic acid.56,57 LPC is believed to

enhance HDL binding to macrophages thus enhancing

RCT, and has also been shown to inhibit superoxide

anion release and macrophage-mediated LDL oxi-

dation.57 The enzyme may therefore have an influence

on HDL binding to macrophages and on RCT. This

implies that PON1 plays a protective role in the early

stages of atherogenesis – a theory supported by recent

evidence of a reduction in atherosclerotic lesion size in

mice over-expressing human PON1 (see next section).58

Paraoxonase 1 studies in murine models of
atherosclerosis
Several animal models have been used to assess the

validity of PON1’s suggested effects in vivo. In a much

cited study, HDL isolated from PON1 knockout mice

failed to protect LDL from oxidation, whereas HDL

from human PON1 transgenic mice impaired monocyte

chemotaxis and protected LDL against oxidation.59

When these knockout mice were subjected to a hyperch-

olesterolemic diet they showed increased susceptibility

to atherosclerotic lesions compared to wild-type counter-

parts.11 The possible involvement of PON1 in early

atherosclerosis was also evaluated in knockout mice on

a normal-fed diet.12 Compared with wild-type counter-

parts, the knockout mice had higher levels of superoxide

radical and leukocyte adhesion molecules – P-selectin

and intercellular adhesion molecule-1. These knockout

mice were recently associated with reduced expression of

scavenger receptor class B1 (SR-BI) in macrophages
uthorized reproduction of this article is prohibited.
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which diminished the capacity of these cells to bind

HDL.13

In a PON1 over-expression animal model, the increased

enzyme was redistributed in HDL where it conferred more

protection without altering the lipoprotein’s profile.60 In

another study, Mackness et al.61 used adenovirus-mediated

PON1 gene transfer to over-express human PON1 in mice

with combined leptin and LDL receptor deficiency, a

model of metabolic syndrome that is characterized by

serious health problems leading to atherosclerosis. They

showed that expressing human PON1 inhibited the devel-

opment of atherosclerosis, reducing total plaque volume

and the amount of ox-LDL and macrophages in the

plaques. These effects were not accompanied by overall

changes to the lipid or HDL profile, and the authors

concluded that the mechanism involved was via reduction

of LDL oxidation. Collectively, these reports support

PON’s antiatherogenic hypothesis as an integral com-

ponent of HDL’s antioxidant pool and certainly indicate

a need for more studies designed to evaluate the enzyme’s

ability to shrink, or at least slow, the progression of the

atherosclerotic lesion.

Paraoxonase 1 and cardiovascular disease
Numerous studies have evaluated the association

between PON1 genotype and phenotype and the
pyright © Italian Federation of Cardiology. Unau

Table 3 CVD-related association studies of four PON polymorphisms

Reference Year Polymorphism

Qi et al.70 2006 Q192R, C311S
Baum et al.71 2006 Q192R
Blatter Garin et al.72 2006 Q192R, L55M, T(
Qin et al.73 2006 S311C, T(�107)C
Kotur-Stevuljevic et al.74 2006 Q192R
Kerkeni et al.6 2006 Q192R, L55M
Ameno et al.75 2006 Q192R
Rios et al.76 2007 Q192R, L55M
Saeed et al.77 2007 Q192R, L55M, C
Guxens et al.78 2008 Q192R, C311S
Jalilian et al.79 2008 C311S
Özkök et al.80 2008 Q192R, L55M
Gamboa et al.81 2008 Q192R
Najafi et al.82 2008 T(�107)C
Bhattacharyya et al.83 2008 Q192R
Balcerzyk et al.84 2008 Q192R
Troughton et al.85 2008 L55M
Aydin et al.86 2009 Q192R, L55M
Mendonça et al.87 2009 Q192R, L55M
Katakami et al.88 2009 Q192R
Izar et al.89 2009 Q192R
Taşkiran et al.90 2009 Q192R, L55M
Agrawal et al.91 2009 Q192R, L55M
Birjmohun et al.92 2009 Q192R, L55M
Mohamed et al.93 2009 Q192R
Mukamal et al.94 2009 Q192R, L55M
Koubaa et al.95 2009 Q192R, L55M
Kaman et al.96 2009 Q192R, L55M
Sesal et al.4 2009 Q192R, L55M
Zhou et al.97 2009 L55M
van Himbergen et al.98 2009 Q192R, L55M, T(
Lakshmy et al.99 2010 Q192R, L55M
Wang et al.100 2010 S311C
Gluba et al.101 2010 Q192R, S311C

AMI, acute myocardial infarction; CAD, coronary artery disease; CHD, coronary heart
development of atherosclerosis and CHD, but findings

have been conflicting.62,63 Two meta-analyses have

associated the R192 allele (but not C107T or L55M)

with a small increase in the relative risk (RR) of CVD

(RR¼ 1.11 and 1.12).64,65 Moreover, this effect resulted

mainly from small studies, whereas larger studies, which

are less vulnerable to statistical bias, had no significant

contribution. For an etiologically multifactorial disease

like CVD, however, it may be unrealistic to expect a

simple relationship between prevalence/onset and a

single risk allele. The enzyme’s activity is considered a

good predictor of CVD risk independent of the lipid

profile or lipid-lowering therapy.66 This relation may

be more pronounced in individuals already at high risk

for atherosclerosis. In diabetic patients, for example,

lower than normal PON1 activity reliably predicted car-

diovascular events in a Japanese study.67 Because of the

close linkages between the various polymorphisms

associated with PON1 level and activity, it is now recom-

mended to assess the genotype, activity and concen-

tration in order to fully describe the enzyme’s role

(Table 3).32,68,69

Cardiopharmacologic considerations
The relation of PON1 with antilipidemic drugs has

attracted considerable attention due to their favorable

modulation of the lipid profile. In this regard statins are
thorized reproduction of this article is prohibited.

done in the past 5 years64

Ethnicity End points

Chinese CHD
Chinese MI

107)C Swiss CAD
Chinese CHD
Serbian CHD
Tunisia CAD
Japanese CHD
Brazilian CAD

311S, T(�107)C Pakistani MI
Spanish AMI
Iranian CAD
Turkish CAD
Mexican CHD
Iranian CAD
American CAD
Polish CAD
French; British CHD
Turkish CAD
Portuguese CAD
Japanese CHD
Brazilian MI
İzmir CAD
Indian CHD
British CAD
Egyptians CAD
American CHD
Tunisia CAD
Turkish CAD
Turkish CHD
Chinese CHD

107)C Dutch CHD
Indian AMI
Chinese CHD
Polish MI

disease; MI, myocardial infarction.
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the best studied class of drugs. Statins lower cholesterol

levels and prevent cardiovascular events by inhibiting

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase –

the rate-limiting enzyme for hepatic and tissue synthesis

of cholesterol. The enzyme’s inhibition enhances the

uptake of LDL in the liver by up-regulating the LDL

receptors. Many, but not all, studies investigating the

relation between statin therapy and PON levels have

observed an incremental effect on the enzyme’s status.102

Feeding rabbits on a hypercholesterolemic diet was

accompanied by a marked reduction in PON1 activity

and an increase in oxidative stress biomarkers which were

reversed and improved by atorvastatin therapy.103,104

In humans, 4–6-month treatment with statins was associ-

ated with elevated PON1 activity in dyslipidemic

patients.105,106 A few studies, however, did not find any

such effect.107–109 When two statins were evaluated

together in hyperlipidemic patients, atorvastatin, but not

simvastatin, was associated with a significant increase in

PON1 activity, suggesting that statin classes may affect

PON1 status differently.110 Statins influence PON status

by limiting oxidative stress and increasing HDL-C

level.106,111 Another suggested mechanism is via pharma-

cogenetic interactions between the PON1 gene and the

sterol regulatory element-binding protein-2 (SREBP2)

which may directly up-regulate PON1.112,113 The

up-regulation, considered a class attribute as it was

demonstrated for several statins in HepG2 or HEK293

cells, was suggested to occur via the mevalonic acid-

derived farnesyl pyrophosphate (FPP) pathway.114 This

pathway produces numerous bioactive signaling molecules

which regulate transcriptional and post-transcriptional

events that affect various biological processes. It is, how-

ever, noteworthy that in HuH7 cells, statins (simvastatin,

pravastatin and fluvastatin) decreased PON1 promoter

activity – a contradictory finding that was suggested to

be due to differences in the cell line used or in the version

of promoter assessed.114,115

The statin-responsive element is localized at the

proximal end of the promoter on the C (�107) T poly-

morphism, which is consistent with the critical role for

this polymorphism in influencing serum PON1 concen-

trations and activities in vivo.113 The C107T single

nucleotide polymorphism lies within an Sp1 (transcrip-

tion factor) binding site and impairs Sp1–PON promoter

interaction, which suggests that the polymorphism would

also influence any interaction between Sp1 and

SREBP2.113 Experimental evidence has shown that

SREBP2 enhances the binding of Sp1 to the C allele

without affecting the T allele.113 Consistent with this,

Deakin et al.115 showed that a 2-month treatment with

simvastatin increased PON1 activity in patients homo-

zygous for the �107C allele but not in �107TT homo-

zygotes. Although Tomas et al.116 and Christidis et al.
could not find differences in the therapeutic response,

several studies have nonetheless confirmed this influence
opyright © Italian Federation of Cardiology. Una
of PON1 polymorphisms on the effect of statins on

PON1, albeit differing on the specific variant involved.

Nagila et al.117 showed that PON1 T(�107) C polymor-

phism, but not L55M and Q192R, has a significant

influence on PON1 activity towards paraoxon after

atorvastatin treatment, whereas Mirdamadi et al.118 found

a significant change in AB þ BB phenotype (of the

Q192R genotype) after atorvastatin, simvastatin and

fluvastatin treatment. Taken together, these data

indicate a pharmacogenetic interaction between statin

and the PON1 gene and suggest that some individuals

may derive greater benefit from statin therapy with regard

to modulation of PON activity.

Fibrates are used as antiatherosclerotic and hypo-

lipidemic agents and act as agonists of the peroxisome

proliferator activated receptor alpha (PPAR-a) – a tran-

scription factor involved in lipid metabolism. Although

there are several potential PPAR-a-binding sites on the

PON1 promoter, the activation of the promoter by

fibrates is very variable. Although fenofibric acid acti-

vated the PON1 promoter by up to 70%, the activation

by bezafibrate was only modest and totally lacking in

the case of clofibric acid and gemfibrozil, which indicates

that this activation is not a class effect.114 Epidemio-

logical data have largely supported this variability. Treat-

ment with bezafibrate and gemfibrozil for 8 weeks or

with micronized fenofibrate for 3 months did not signifi-

cantly influence serum PON1 activity in dyslipidemic

patients.119 Turay et al.120 found that treatment with

ciprofibrate was associated with a substantial but non-

significant decrease in PON1 activity in patients with

familial combined hyperlipoproteinemia. In contrast,

3-month treatment with gemfibrozil and ciprofibrate

significantly enhanced PON1 activity in patients with

various dyslipidemias.120–123 In all these studies, the

most consistent feature accompanying the fibrate therapy

was the significant decrease in plasma triglyceride levels

and increase in apolipoprotein A-1 and plasma HDL-C

levels, which suggest this as the mode via which the drugs

influence PON1 levels.

Several studies have investigated the influence of

other drugs relevant to cardiovascular health on PON1

status.124–129 These include rosiglitazone, probucol,

orlistat, ezetimibe zofenopril and nebivolol. In general,

drugs that have antioxidative properties seem to enhance

PON1 status, decreasing oxidative insult and boosting

lipid profile. Perhaps the most notable development

regarding PON1’s pharmacological role was the recent

studies that challenge the current view of clopidogrel

pharmacogenomics and the role of cytochrome P450

(CYP) enzymes in the drug’s bioactivation. Clopidogrel

is an antithrombotic drug used to prevent strokes and

heart attacks in high-risk patients and since it is ingested

as a prodrug, it must be biotransformed into its active

metabolite.130 This transformation is generally believed

to proceed via two CYP-mediated enzymatic steps
uthorized reproduction of this article is prohibited.
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yielding a biologically active thiol metabolite. The

drug’s thiophene ring is first oxygenated leading to

2-oxo-clopidogrel, a thiolactone metabolite. In the

second step, the thiolactone ring is oxidatively opened

yielding an intermediate reactive sulfenic acid meta-

bolite that is eventually reduced to the corresponding

active thiol. The thiol inhibits adenosine diphosphate

(ADP)-stimulated platelet aggregation by irreversibly

binding to platelet P2Y12 receptors.131 The efficiency

of this activation differs among individuals and is thought

to account for the inter-individual differences seen in

clopidogrel’s efficacy. Up to 55% of CHD patients may

fail to respond to treatment, thus remaining at a greater

risk for stent thrombosis – a lethal clotting condition.132

Recently, Bouman et al.132 reported that the second step

is not mediated by CYP enzymes but by PON1, which in

effect is the primary determinant of the drug’s efficacy.

They further indicated that this activity is less efficient in

Q192Q carriers, thus putting them at a substantially

higher risk for stent thrombosis (12.9 times), diminished

PON1 plasma activity, reduced plasma levels of the

active drug, and lower platelet inhibition than R192R

homozygous individuals. Attempts by various groups to

replicate these findings have been unsuccessful,133–140

but it has now been shown that there are indeed two

metabolic pathways for the opening of the thiolactone

ring. The previously described P450-mediated redox

bioactivation leading to the more bioactive cis isomers

and a second PON 1-dependent hydrolysis that leads to

an ‘endo’ isomer.141 The cis isomers detected in this

study were the same ones found in the sera of patients

treated with clopidogrel and in very similar proportions

as well. This led the authors to suggest that the
pyright © Italian Federation of Cardiology. Unau

Fig. 1

Liver

Blood

PON1

A
PON1

Biological effects and modulation of PON1 (modified from reference142). A
low-density lipoprotein; PON1, paraoxonase 1.
P450-dependent pathway is the main route for clopido-

grel biotransformation. The bioactivity of the ‘endo’

isomer in general or its specific relevance in the meta-

bolism of clopidogrel has not been investigated.

Diet and lifestyle as determinants of
paraoxonase 1 status
Numerous factors are known to influence PON1 status

(Fig. 1). The effect of diet and lifestyle factors on PON

status is outlined here only briefly as it lies outside the

scope of this review. For more detailed assessment, read-

ers are referred elsewhere.142–144 Since PON1 activity is

influenced by the size and profile of the HDL particle,102

fats and oils that may impact on HDL are likely to

influence PON1 concentration and activity. Proathero-

genic diets and foods rich in used cooking oil (has high

levels of oxidized lipids) were associated with decreased

PON1 levels.145–147 The fatty acid composition of phos-

pholipids may affect PON1 activity, as was shown when a

high intake of oleic acid from olive oil was associated with

elevated levels of HDL levels and PON1 activity in a

cohort of 654 men.148 It was later shown that oleic acid

protects PON1 from oxidative inactivation, whereas poly-

enoic fatty acids inhibited PON1 activity.149

Generally, polyphenols and antioxidant vitamins (C and E)

have been shown to increase PON activity and expression

in numerous in-vitro and animal studies, as reviewed

elsewhere.142–144 These effects appear to be via activation

of the aryl hydrocarbon receptor (AhR), protein kinase A,

PPAR-g, and xenobiotic response element (XRE)-like

sequence within the PON1 promoter.142–144 Nonetheless,

the wine polyphenol, resveratrol, a known antagonist of

AhR, was still able to increase PON1 activity and gene
thorized reproduction of this article is prohibited.

Action of PON1

Inhibition of LDL oxidation
Hydrolysis of certain organophosphates
Metabolism of certain pharmaceutical
compounds

PON1 modulated by
Environmental chemicals
Pharmaceutical compounds
Smoking
Diet
Alcohol
Age
Certain physiological/pathological
conditions

po A1

HDL

po A1, apolipoprotein A-1; HDL, high-density lipoprotein; LDL,
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expression in HuH7 cells. The authors suggested that

AhR-mediated gene activation may be ligand and

promoter-dependent where different ligands modulate

the receptor’s interaction with the PON promoter. It is

worth noting that polyphenols such as naringenin can

increase PON1 gene expression but still show inhibitory

effects on either enzyme or protein, suggesting divergent

mechanisms for these two processes.150,151 Studies evalu-

ating dietary boost of PON status in humans have been less

promising, with the consistent exception of pomegranate

juice.152–155 Surprisingly, PON1 activity has been nega-

tively correlated with high intake of vegetables, a habit

considered healthy and well associated with decreased risk

for CHD.156,157 This phenomenon was more pronounced

in individuals having the 192R and 55L genotype,

suggesting a genetic involvement.

Many human studies have assessed how lifestyle habits

modulate PON1 status by evaluating pro or antiathero-

sclerotic factors. Smoking, a rich source of pro-oxidants,

was associated with reduced serum PON1 activity.158–160

In-vitro studies showed that cigarette smoke inhibits the

enzyme directly by modifying its free thiols; though a

genetic involvement was also suggested by the enhanced

risk of myocardial infarction in smokers carrying the

PON1 192QQ genotype.161,162 The possible modulation

of PON1 by alcohol in humans and animals has been

examined and found to be generally favorable.142,143

PON1 activity was 395% higher in light drinkers compared

to controls, but it was decreased to 45% in heavy drin-

kers.163 It is hypothesized that alcohol may modulate

PON1 activity by affecting protein kinase C (PKC), which

may phosphorylate and regulate Sp1’s binding to the

promoter region of PON1.164 Over-expression of Sp1

enhances PON1 promoter activity, but in contrast, over-

expression of PKC diminishes the promoter activity.164

Oxidative stress resulting, for example, from strenuous

physical activity, has been associated with decreased

PON1 activity.165–167 In contrast, regular, moderate

physical activity has been shown to lower oxidative stress

and improve lipoprotein metabolism including increasing

HDL levels. The hypothesis that physical activity and

oxidative stress can influence PON1 status has therefore

been variously investigated. In a study assessing the

impact of regular physical activity on the relation

between cigarette smoking and PON1 status in healthy

humans, PON1 activities were significantly higher in

physically active smokers and nonsmokers than in their

nonactive matches.168 More recently, Goldhammer

et al.169 found that 12 weeks of aerobic exercise signifi-

cantly increased serum PON activity in CHD patients

without affecting HDL and triglyceride levels. This

finding suggests that moderate physical activity modu-

lates CVD risk by improving the quality of the HDL

particle rather than by lowering cholesterol levels. Other

studies, however, have found no such effect and underlie

the need for more studies.
opyright © Italian Federation of Cardiology. Una
Age and development are also known to influence

PON1 activity. In both rodents and humans, PON1 status

is very low at birth, but gradually increases with age, and

plateaus in adulthood. This has been suggested to mirror

increased risk from environmental toxicants. In humans,

there is evidence for age-related decline in PON activity

which may be linked to oxidative stress-related con-

ditions and may have relevance to the increased inci-

dence of atherosclerosis with age.170 Other determinants

of PON1 status include environmental factors, gender,

pathophysiological/disease conditions, as well as anxiety.

The QTL on chromosome 17 has shown a significant sex-

specific effect on PON1 activity, accounting for 6% of the

additive genetic variance in males and 20% in females.171

Sex-specific QTL effects on variation in PON1 activity

may explain sex differences in clinical presentation and

outcomes of coronary artery disease.172,173 Anxiety was

inversely correlated with PON activity in one study, thus

raising the possibility for involvement of the nervous

system in the regulation of plasma antioxidant status.174

In conclusion, although there has been considerable

progress in understanding the PON1 enzyme, its precise

physiological substrate and function still remain incon-

clusive. It may predominantly be a thiolactonase, but its

esterase activity may be equally important. PON1 was

first identified as an organophosphate hydrolase but

has emerged as a cardio-protective agent after demon-

stration that it could inhibit lipid oxidation – a key

step in atherosclerosis. Through numerous in-vitro and

experimental animal studies, PON1 has been shown to

be an important player in HDL’s athero-protective pro-

perties, thus providing the momentum to unravel the

complexities behind the pathogenesis of CVD. The

enzyme’s status in vivo is determined by several common

polymorphisms in its gene. In humans, PON1 has been

associated with a wide spectrum of diseases, from CVD

and cancer13,60 to autism61 and Alzheimer’s disease.62

Several studies support a relationship between PON1

polymorphisms and the development of CVD, with

indications that certain polymorphisms confer a cardio-

protective phenotype to the carriers. The polymorphisms

also seem relevant to the enzyme’s interaction with

pharmacologic agents relevant to cardiovascular health,

including statins and fibrates, as well as prodrugs such as

clopidogrel. This suggests that some individuals may

derive greater benefit from therapy due to their genetic

make-up. The current debate and efforts to elucidate the

exact involvement of PON1 in the bioactivation of

clopidogrel only point to the need for more better

designed studies to clearly understand the roles of

PON1 and its modulation. This may enable the devel-

opment of PON1 agonists that can boost antioxidant

defenses while helping to prevent atherosclerosis and

other noncommunicable oxidative stress-related dis-

eases that have emerged as the leading killers of this

century.
uthorized reproduction of this article is prohibited.
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