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■ Abstract This review focuses on the functional genomics of the human paraox-
onase (PON1) polymorphisms. Levels and genetic variability of the PON1 position 192
isoforms (Gln/Arg) influence sensitivity to specific insecticides or nerve agents and
risk for cardiovascular disease. A more recent area of investigation, the role of PON1
in drug metabolism, is also discussed. We emphasize the importance of considering
both PON1 isoforms and PON1 levels in disease/sensitivity association studies.

INTRODUCTION

Paraoxonase-1 (PON1) is a high-density lipoprotein (HDL)–associated serum en-
zyme whose primary physiological role is to protect low-density lipoproteins
(LDL) from oxidative modifications (1). Early research focused on the obser-
vation that PON1 could hydrolyze organophosphorus (OP) compounds, including
commonly used insecticides (2). Indeed, the enzyme (EC 3.1.8.1) was initially
characterized as an organophosphate hydrolase, and its name derives from one of
its most commonly used in vitro substrates, paraoxon. More recently, in addition to
its role in lipid metabolism and, hence, in cardiovascular disease and atherosclero-
sis, PON1 has been shown to play a role in the metabolism of pharmaceutical drugs.

Early studies, which used the single substrate paraoxon to measure PON1
paraoxonase activity in serum from subjects of Caucasian origin, revealed a bi-
modal or trimodal distribution (3–5). On the basis of enzymatic tests, humans could
be divided into three serum PON1 phenotypes: those with low, intermediate, and

0066-4219/03/0218-0371$14.00 371



25 Nov 2002 10:12 AR AR179-ME54-22.tex AR179-ME54-22.sgm LaTeX2e(2002/01/18)P1: IBC

372 COSTA ET AL.

high PON1 activity, without a clear demarcation between intermediate and high
metabolizers. Studies in the past decade have elucidated the genetics ofPON1
and provided analyses that clearly differentiate among the PON1 phenotypes, as
described below. Two polymorphisms in the coding region (6), as well as five in
the promoter region, have been identified (7–11). The Q192R polymorphism de-
termines catalytic efficiency of hydrolysis of some substrates (12–16), and some
of the promoter polymorphisms, particularly C-108T, help regulate the level of
expression of PON1 (7–11). This review focuses on the functional genomics of
thePON1polymorphisms with respect to their role in determining susceptibilities
to the toxicity of certain pesticides and to cardiovascular disease, as well as their
recently emerging role in drug metabolism.

PON1 STRUCTURE AND POLYMORPHISMS

Studies in the early 1990s led to the purification of rabbit and human PON1s
(6, 18) and subsequent cloning and sequencing of their respective cDNAs (6, 13).
The PON1 cDNA encodes a protein of 355 amino acids from which only the
amino-terminal methionine residue is removed during secretion and maturation
(6). The retained leader sequence is required for the association of PON1 with
HDL particles (19), and indeed PON1 is entirely associated with HDL in human
serum (20). PON1 protein is synthesized mostly in the liver, from which it is
released by a docking process whereby HDL particles transiently associate with
the cell membrane and remove PON1 from the membrane (21). Physical mapping
placed the human PON1 gene on chromosome 7 q21–22 (14). Two polymorphisms
were observed in the PON1 coding sequence: a Gln (Q)/Arg (R) substitution at
position 192 and a Leu (L)/Met (M) substitution at position 55 (6, 13, 14). Us-
ing the PCR method described by Humbert et al. (14) or modifications thereof,
many studies have established PON1 192 and 55 genotypes for individuals in
large populations. The polymorphism at position 192 has been the most studied,
with gene frequencies for PON1Q192 ranging from 0.75 for Caucasians of North-
ern European origin to 0.3 for some Asian populations (11). On the other hand,
the gene frequency for PON1L55 ranges from 0.57 in Caucasian populations to
0.99 in an Oji-Cree population. Several studies have shown that the L55 and R192

alleles are in strong disequilibrium, with∼98% of the R192 alleles having L at
position 55 (11).

The coding region polymorphisms in the PON1 protein have been studied for
effects on the catalytic efficiencies of hydrolysis of specific substrates. The L/M
polymorphism at position 55 has not been found to affect catalytic efficiency (13–
16) but has been associated with the variability of plasma PON1 levels; PON1M55

individuals have lower PON1 levels on average (10, 22, 23). Linkage disequilib-
rium of the PON1M55 allele with promoter polymorphisms appears to explain most
of the differences observed (11), although PON1M55 has been reported to be less
stable than PON1L55 (24). On the other hand, the Q/R polymorphism of position
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192 significantly affects the catalytic efficiency of PON1, in a substrate-dependent
manner (15). Initial studies indicated that the PON1R192 isozyme hydrolyzed
paraoxon more readily than PON1Q192 (13, 14). Further studies suggested that
the effects of this polymorphism may be substrate-dependent, as the PON1Q192

isoform hydrolyzed diazoxon, sarin, and soman more rapidly than PON1R192with
in vitro assays (15).

Additional polymorphisms have been found in the noncoding region of the
PON1 gene (7–11). These polymorphisms are at positions –108 (C/T), –126 (G/C),
–162 (A/G), –832 (G/A), and –909 (C/G), although reports vary somewhat in as-
signment of the base positions (10). The most significant of these promoter region
polymorphisms is that at position –108, which contributes 22.4% of the variation
in PON1 expression, with –108C providing higher levels of plasma PON1. The
polymorphism at position –162 also contributes a small (2.4%) amount (10). Con-
tribution of the 3′ polymorphisms (10) to variability of PON1 expression has not
yet been investigated.

The existence of PON1 coding-region polymorphisms, which affect catalytic
activity toward OPs, and of promoter-region polymorphisms, which affect the
levels of PON1 expression, led to the proposal of determining the “PON1 status”
of an individual (25, 26). By plotting rates of diazoxon hydrolysis against paraoxon
hydrolysis at high salt concentrations (2 M NaCl), an accurate inference of PON1192

genotype, as well as PON1 activity levels for individuals, can indeed be made as
shown in Figure 1 (15, 25–27).

PON1 AND SENSITIVITY TO ORGANOPHOSPHATE
TOXICITY

Many OP compounds are triesters of phosphoric acid. Their major source is from
insecticides, although some have found therapeutic applications. Acute exposure
to OPs causes neurotoxicity, in the form of a cholinergic syndrome, i.e., an over-
stimulation of muscarinic and nicotinic acetylcholine receptors in the central and
peripheral nervous systems, due to accumulation of acetylcholine in the synaptic
cleft resulting from OPs’ inhibition of acetylcholinesterase (28).

Only OPs with a P=O moiety can interact with acetylcholinesterase. Commonly
used insecticides, such as diazinon and chlorpyrifos, that have a P=S bond, need to
be converted to their oxygen analogs. Bioactivation occurs by a process of oxidative
desulfuration catalyzed by cytochrome P450 enzymes. A-esterases, such as PON1,
can hydrolyze, and hence detoxify, a number of insecticidal organophosphates,
including some nerve agents (2, 15).

The existence of polymorphisms in PON1 that confer different hydrolyzing
ability toward OPs, as well as different levels of expression, has long inspired
the hypothesis that certain individuals may be more sensitive to OP toxicity (29).
This hypothesis has received confirmation only in the past decade, primarily from
animal studies. Initial evidence for the role of PON1 in OP toxicity came from
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cross-species comparisons, from animal experiments using purified PON1, and
more recently from studies with PON1 knockout mice. Earlier findings indicated
that birds, which have no to very low plasma PON1 activity, were more sensitive
than rats to the toxicity of various OPs (30). In turn, rats were more sensitive to the
toxicity of OPs than rabbits, whose plasma PON1 activity is seven times higher
(31). Although several other factors may contribute to the species differences in
OP toxicity, these early findings suggested that low plasma PON1 activity would
increase sensitivity to the acute effects of OPs.

A more direct approach was provided by studies in which exogenous PON1
was injected into rats or mice. In a pioneering experiment, Main (29) intravenously
injected into rats a partially purified PON1 from rabbit serum and noted a decrease
in the acute toxicity of paraoxon. More recent studies in rats and mice have con-
firmed and expanded this early finding. Initially, PON1 purified to homogeneity

Figure 1 (a) Plot of diazoxonase vs. paraoxonase activities (26, 27) for carotid artery
disease (CAAD) cases and controls, coded for PON1192 genotypes (determined by
polymerase chain reaction). Note that the two-substrate assay provides an accurate
inference of PON1192 genotype as well as the level of plasma PON1 activities (i.e.,
PON1 status). Reproduced from Reference 27 with permission. (b) Diazoxonase levels
of CAAD patients and controls separated by position 192 genotypes as indicated. Note
the abundance of individuals with low diazoxonase among the PON1QQ cases and
the sparcity of cases with high diazoxonase activity. Diazoxonase activity is a relative
measure of plasma PON1 protein. Means are indicated by horizontal bars. Reproduced
from Reference 27 with permission.
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Figure 1 (Continued)

from rabbit serum (31a) was given by intravenous injection to rats (32). Adminis-
tration of the enzyme raised rat serum PON1 activity toward paraoxon and chlor-
pyrifos oxon by 9- and 50-fold, respectively. When rats were challenged with
either of these OPs, a significant protection [assessed by measuring inhibition of
acetylcholinesterase (AchE) in different tissues] was observed, particularly against
chlorpyrifos oxon. The protection was more prominent in two target tissues (brain
and diaphragm), and was also present when OP exposure occurred by the dermal
route, as is often the case for occupationally exposed workers (32).

Other experiments, which followed a similar protocol, extended these findings
to mice (25). Furthermore, it was found that serum PON1 levels could be increased
for extended periods (t1/2> 30 h) by administering purified PON1 intravenously
and intramuscularly (25). Additional studies indicated that exogenous PON1 could
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also afford protection against the toxicity of chlorpyrifos, the parent compound
used as an insecticide, when given before or even up to 3 h after OP exposure
(33). Recently, recombinant human PON1 (either LR or LQ) expressed from an
adenoviral vector was shown to increase serum paraoxonase activity by about
60% and to protect mice against the toxicity of chlorpyrifos (34). Overall, these
studies indicated that by artificially increasing serum levels of PON1 it is possible
to decrease the toxicity of certain OPs.

More recent experiments have investigated the toxicity of OPs in PON1 knock-
out (PON1−/−) mice, which were produced by targeted disruption of exon 1 of
the PON1 gene (35). PON1−/− mice have no plasma or liver hydrolytic activity
toward paraoxon and diazoxon, and a very low level of activity toward chlorpyri-
fos oxon (16). PON1 knockout mice have dramatically increased sensitivity to
chlorpyrifos oxon and diazoxon and slightly increased sensitivity to the respective
parent compounds chlorpyrifos and diazinon (16, 35). A surprising finding came
from the experiments with paraoxon, the OP after which PON1 was named. PON1
knockout mice did not show increased sensitivity to paraoxon, despite the total
lack of paraoxonase activity in plasma and liver (16).

Further experiments investigated whether administration of purified PON1
would restore plasma (but not liver) PON1 levels, and thereby OP resistance, in
PON1−/−mice. Either human PON1Q192or PON1R192was injected intravenously
into PON1−/− mice, and the effects of OPs on brain and diaphragm AChE were
determined. In the case of chlorpyrifos oxon, both isoforms were protective, and
PON1R192offered about 50% better protection than PON1Q192(16). Both PON1R192

and PON1Q192offered equal protection against diazoxon, and neither human PON1
isoform protected against the toxicity of paraoxon, extending the surprising find-
ings described above. The results from the kinetic analysis of substrate hydrolysis
by purified human PON1192 isoforms provide an explanation for such findings.
Although the PON1R192 isoform is eight times more efficient than the PON1Q192

isoform in hydrolyzing paraoxon (Km/Vm= 6.27 versus Km/Vm= 0.71),
neither isoform hydrolyzes paraoxon as efficiently as diazoxon or chlorpyrifos
oxon (16). This confirms the hypothesis (36) that PON1 is not efficient at hy-
drolyzing paraoxon at low concentrations, suggesting that PON1 may not degrade
paraoxon efficiently in vivo and that other pathways (e.g., cytochromes P450, car-
boxylesterases) are primarily responsible for detoxifying paraoxon in vivo (36, 37).
The catalytic efficiency of PON1Q192 for diazoxon (Km/Vm= 75) was almost
the same as that of PON1R192 (Km/Vm = 77), and the catalytic efficiency of
PON1R192 for chlorpyrifos oxon was significantly higher than that of PON1Q192

(Km/Vm = 256 versus Km/Vm= 150) (16).
In summary, this series of studies provided evidence that PON1, whose catalytic

activity and level of expression are determined by polymorphisms in the coding
and 5′-regulatory regions, respectively, plays an important role in modulating the
toxicity of some, but not all, OPs, which are in vitro substrates for this enzyme.
The catalytic efficiency of hydrolysis of oxons determines whether PON1 provides
protection against a specific OP exposure.
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An additional issue related to the role of PON1 in determining sensitivity to
OP toxicity stems from the possibility that young children may be more sensitive
than adults to the toxic effects of certain pesticides (38). The acute toxicity of OPs
appears to be influenced by age, with young animals being more sensitive (39, 40),
although whether such enhanced sensitivity extends to situations of repeated sub-
lethal exposures is still unclear (41). Furthermore, young animals have been found
especially sensitive to the central neurotoxicity of certain OPs (42), whereas they
appear resistant to organophosphate-induced delayed polyneuropathy (43). There
is an increasing consensus that lower metabolic abilities of young animals are a
major determinant of their increased sensitivity to OP toxicity, as suggested a few
decades ago (39). In particular, studies with chlorpyrifos have concluded that a
lower hydrolytic detoxification by PON1, and perhaps carboxylesterase, accounts
for the differential age-related sensitivity in its acute toxicity (44, 45). Indeed, in
both rats and mice, liver and serum PON1 activity toward different substrates, as
well as liver PON1 mRNA, increases from birth to postnatal day 21 (46). There
is also evidence of a low serum paraoxonase activity, measured with paraoxon (4)
or phenylacetate (47, 48) as substrates, in human infants, which seems to reach
a plateau (whose level is determined by PON1 regulatory-region polymorphisms
and the genetic background of the individual) after one year of age (2, 49).

PON1 AND CARDIOVASCULAR DISEASE

The influence of PON1 and its polymorphisms on cardiovascular disease appears
related to its ability to metabolize oxidized lipids and prevent their formation.
Oxidized LDL is believed to play a central role in monocyte chemotaxis and
macrophage differentiation, which are early events in the progression of atheroscle-
rosis, whereas HDL destroys these biologically active oxidized lipids (reviewed
in Reference 50). PON1, the major enzyme responsible for this protective effect,
is associated with the HDL particle (51). The HDL particle appears to accept
PON1 directly by high-affinity desorption as it is released from the liver, in a pro-
cess that requires both apolipoprotein and phospholipids (21, 52). Mackness et al.
(53) were the first to demonstrate that purified human PON1 could inhibit LDL
oxidation in vitro. Other studies have confirmed and extended this finding, demon-
strating that PON1 both prevents the formation of oxidized LDL and inactivates
LDL-derived oxidized phospholipids once they are formed (51, 54–59). PON1
also protects phospholipids in HDL from oxidation (56). The lipid substrate speci-
ficity of PON1 has not yet been fully defined. PON1 hydrolyzes phospholipid and
cholesteryl ester hydroperoxides and hydroxides derived from arachidonic acid or
linoleic acid (54, 56–58). Purified PON1 can also reduce linoleic acid hydroperox-
ides to linoleic acid hydroxides (58). Watson et al. (54) suggested that PON1 hy-
drolysis of phospholipid hydroperoxides produces aldehyde or ketone derivatives
that then serve as substrates for platelet-activating factor acetylhydrolase (PAF-
AH), generating lysophospholipids such as lysophosphatidyl choline. Ahmed et al.
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(60) demonstrated that oxidized HDL lipids are converted by apolipoprotein A-1
to phosphatidylcholine aldehydes that are subsequently hydrolyzed to lysophos-
phatidylcholine by PON1, without detectable release of lineolate, arachidonate, or
their hydroperoxy or hydroxy derivatives. Thus, PON1 appears to have esterase-
like, peroxidase-like, and phospholipase-like activities that inhibit the formation of
proinflammatory oxidized phospholipids and degrade them once they are formed.

The strongest evidence for the connection between hydrolysis of oxidized lipids
by PON1 and increased susceptibility to atherosclerosis comes from a study of
PON1–/–mice. Mice without PON1 exhibited significantly larger aortic atheroscle-
rotic lesions than wild-type mice when fed a high-fat diet, and HDL from these
mice failed to protect against LDL oxidation and monocyte chemotaxis in an in
vitro co-culture model of the artery wall (35). Thus, mice lacking PON1 were more
susceptible than wild-type mice to both lipoprotein oxidation and atherosclerosis.

Other studies in mice, humans, and other species demonstrated that low plasma
PON1 activity is associated with features of atherosclerosis. In apolipoprotein E
(ApoE) knockout mice, LDL receptor knockout mice, and apoAII-overexpressing
transgenic mice, plasma PON1 levels are greatly reduced and the mice exhibit hy-
percholesterolemia and atherosclerosis (61, 62). Furthermore, adding PON1 back
to HDL from apoAII transgenic mice restored the protective ability of HDL against
lipid hydroperoxide formation (62). HDL isolated from normolipidemic patients
with low plasma PON1 activity was unable to protect against LDL lipid oxidation
(61). Avian HDL is also deficient in PON1 and unable to prevent LDL oxidation
(63). In mice lacking both PON1 and ApoE, very-low-density lipoprotein (VLDL),
intermediate-density lipoprotein (IDL), and LDL contained more oxidized lipid
than did VLDL, IDL, or LDL isolated from mice lacking solely ApoE (64). How-
ever, clearance of LDL was more rapid in PON1−/−mice. Shih et al. (65) attributed
this to increased LDL oxidation, leading to formation of LDL-immunoglobulin
complexes that can be removed by the liver. An atherogenic diet decreases plasma
PON1 activity (61, 66, 67), at least partly due to changes in liverPON1transcription
(66). Van Lenten et al. (68) showed that oxidized 1-palmitoyl-2-arachadonoyl-sn-
glycero-3-phosphorylcholine (ox-PAPC) reduces hepaticPON1expression via an
interleukin (IL)–6-mediated pathway.

Based on the studies described above on the role of PON1 in OP detoxification,
it is likely that variability among individuals in the PON1-catalyzed hydrolysis
of oxidized lipids arises from two sources. The first source of variability is the
polymorphism at PON1Q192R, which results in different, substrate-specific catalytic
efficiencies of hydrolysis for PON1Q192 and PON1R192. The frequent association
of PON1R192 with vascular disease predicts that this isoform would have a lower
catalytic efficiency of hydrolysis of oxidized lipids than PON1Q192. Indeed, this has
been shown to be the case experimentally (55, 57, 58, 69). Aviram et al. (58) found
that both isoforms reduced total lipid-peroxide content of human atherosclerotic
lesion homogenates, with PON1Q192 being twice as efficient as PON1R192. The
second source of variability in PON1 activity is PON1 abundance in the plasma,
which has been largely ignored in studies examining the association of PON1
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with atherosclerosis or other diseases. The magnitude of individual variability in
plasma PON1 levels (up to 13-fold among individuals of the same PON1Q192R

genotype) is probably why PON1Q192Rgenotype alone is not a sufficient predictor
of disease (26). Because determining both PON1Q192Rgenotype and plasma PON1
levels gives a more accurate measure of total PON1 activity, we and others have
emphasized strongly the importance of obtaining both measures, i.e., determining
an individual’s “PON status” (25–27, 70).

As described below, hydrolysis of the cholesterol-reducing drugs lovastatin,
mevastatin, and simvastatin by PON1, and altered paraoxonase activity associated
with statin drug treatment, add additional layers of complexity to the involvement of
PON1 in the progression and treatment of atherosclerosis. Two other paraoxonase
family members, PON2 and PON3, are capable of both preventing the formation
of mildly oxidized LDL and inactivating mildly oxidized LDL once it is formed
(71, 72). Whereas PON3 is produced in the liver and is associated with the HDL
particle, PON2 is ubiquitously expressed and does not appear to be part of HDL.
It will be important to determine the relative contributions of each of these PON
family members to atherosclerosis.

Studies of PON1 genotype as a predictor of human vascular disease have re-
ported mixed results, but overall they suggest that genotype is one of many pre-
dictors of vascular disease. ThePON1192R allele or PON1192RR genotype have
been associated with cardiovascular disease in many (73–80), but not all (81–90),
studies. Table 1 summarizes the simple odds ratios derived from these association
studies.

Although the results ofPON1192genotype-disease association studies are mixed,
when aPON1192genotype association with vascular disease was significant, it was
consistently thePON1192Rallele that was associated with disease. This finding in-
dicates that the association is a true, but weak or variable, positive. It is likely that
the studies’ results are mixed because of the heterogeneity among the populations
studied. There may be more power to detectPON1192 genotype effects in stud-
ies with Japanese cohorts owing to their higherPON1192Rallele frequency (91),
despite their lower incidence of vascular disease.

The PON1192R and PON155L alleles are in strong linkage disequilibrium in
multiple ethnic groups (22, 92–93). ThePON155LL genotype predicted CHD in
several studies, including a Caucasian sample in whichPON1192genotype did not
predict disease (94).PON155 genotype did not predict cardiovascular disease in
other studied cohorts (70, 77, 88, 95), including an Asian Indian sample in which
PON1192 genotype did predict cardiovascular disease (92). Newer data suggest
that thePON1L55M polymorphism is correlated with the plasma PON1 concentra-
tion both through linkage disequilibrium with promoter polymorphisms (10) and
possibly through increased protein turnover of the PON1M55 isoform (24).

PON1 activity level appears to be a better predictor of vascular disease than
genotype. In a sample of 212 predominantly Caucasian men, we found low-
ered PON1 activity in subjects with severe carotid artery disease versus age-
and race-matched controls (27). PON1 activity predicted carotid artery disease
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TABLE 1 Odds ratiosa from previous studies of the PON1192 polymorphism and
vascular diseaseb

Cases/ RR v QR v
Author Year Race controls Outcomec QQ QQ

Studies reporting a positive association
Ruiz 1995 Frenchd 171/263 CHD 2.48 1.97
Serrato 1995 Caucasian 223/247 CHD 2.52 2.05
Odawara 1997 Japanesed 42/122 CHD 10.56e

Zama 1997 Japanese 75/115 CHD 5.97 3.06
Sanghera 1997 Indian 368/666 CHD 1.8 2.54
Sanghera 1998 Indian 157/189 CHD 2.83 2.42
Pati 1998 Indian 120/80 CAD 5 11.67
Pfohl 1999 Germand 170/118 CHD 2.26 1.58
Imai 2000 Japanese 210/431 CAD 3.86 3.21
Ayub 1999 European 50/48 MI 1.44 2.63

Studies reporting no association
Antikainen 1996 Finnish 380/169 CAD 1.71 0.77
Herrmann 1996 European 642/701 MI 1.07 1.19
Suehiro 1997 Japanese 134/252 CHD 0.85 1.21
Rice 1997 European 165/527 MI 1.04 0.93
Ombres 1998 Italian 310/162 CHD 0.85 1.28
Ko 1998 Chinese 218/218 CHD 1.19 1.28
Hasselwander 1999 Caucasian 103/388 CVD 2.04 0.90
Cascorbi 1999 German 1000/1000 CHD 0.9 0.99
Aubo 2000 Spanishd 156/310 MI 0.67 0.89
James 2000 European 137/273 CHD 1.93 1.37

aOdds ratios for RR or QR genotype subjects compared with QQ genotype subjects where not reported were
calculated from the available data.
bSome rounding errors were necessary when the exact numbers of individuals with each genotype were not given,
because they had to be reconstructed from genotype proportions.
cAbbreviations: CHD, coronary heart disease; CAD, coronary artery disease; MI, myocardial infarction.
dEntire sample has type 2 diabetes.
eOR for RR+ QR vs. QQ.

independently of traditional risk factors.PON1192 ( p = 0.75) andPON155 ( p =
0.83) genotypes or haplotype (p = 0.70) did not predict case-control status unless
the activity phenotype was also included as a predictor using logistic regression.
This result suggested that the lowered PON1 activity earlier reported in 50 my-
ocardial infarction survivors (95) was a risk factor, rather than a result, of the
infarction. The earlier study also failed to detect a significant marginal genotype
effect, although the sample was small and, indeed, the odds ratio of thePON1192QR

or PON1192RRgenotype versus thePON1192QQgenotype was 2.42 (Table 1). Two
groups have confirmed an association between lowered PON1 activity and coro-
nary heart disease (CHD) in addition to carotid artery disease (70, 96). James
et al. (96) found that PON1 activity in type 2 diabetic patients was lower in those
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with CHD than in those without CHD. In a study of 417 cases and 282 controls,
Mackness et al. (70) detected significantly lowered PON1 activity in CHD cases.

Like Jarvik et al. (27), Mackness et al. (70) found lowered activity in vascular
disease with a marginal association of thePON1192 andPON155 coding-region
polymorphisms (Table 1). Jarvik et al. (97) subsequently found thatPON1–108and
PON1–162 5′ promoter-region polymorphisms, like the coding-region polymor-
phisms, did not predict case-control status. James et al. (96) reported an associa-
tion of CHD with the lowered-expression,PON1–108TTgenotype as well as with the
PON155 polymorphism, which was in linkage disequilibrium with thePON1–108

site. They did not detect a significant marginal effect ofPON1192 on CHD in the
type 2 diabetics, although the odds ratios for the R-containing genotypes were
above 1 (Table 1).

Mackness et al. (70) found lowered plasma PON1 levels associated with low-
ered PON1 activity in the cases. This suggests that it is the quantity of the enzyme,
not its function, that is reduced. Surprisingly, James et al. (96) did not detect a sig-
nificant decrease in PON1 concentration in cases, despite the significantPON1–107

promoter-region polymorphism effect. However, the trend was toward lower con-
centration in the cases.

Although PON1 activity is a better predictor of disease than genotype,PON1
genotypes remain important in the study of PON1’s role in vascular disease. Careful
studies are needed to delineate the roles of both genetic and environmental influ-
ences on PON1 activity. Gene-by-environment and gene-by-gene interactions can
be expected and will require large sample sizes to detect. One useful method of
examining gene-by-gene interactions uses an elegant mouse genetic/proteomic ap-
proach (98). Despite the significant linkage disequilibrium across the PON1 gene
(10), few recent association studies have considered haplotype as a predictor of
disease. Because of the common variants and the strong linkage disequilibrium,
PON1is amenable to newer methods to assign haplotypes in unrelated individu-
als (99–101). Haplotype analyses will allow future analyses to consider the joint
effects of typed and untyped polymorphic sites. However, PON1 does present the
challenge of multiple functional sites leading to a large number of haplotypes.
Appropriate haplotype groupings will be essential to improving power to detect
haplotype by disease association. Simultaneous consideration of PON1 activity,
haplotypes, and environmental covariates will continue to elucidate the role of
PON1 in vascular disease. However, at this point in time, the two-substrate as-
say (diazoxon and paraoxon) for determining PON1 status is the most informative
approach for examining the relationship between PON1 status and disease (26, 27).

PON1 AND DRUG METABOLISM

In addition to the oxygen analogs of some OP insecticides, the most commonly used
substrate for PON1 has been phenylacetate, which, however, is not a “polymorphic
substrate” for the Q192R polymorphism. Recently, the ability of paraoxonase to
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hydrolyze some novel substrates, most notably lactones and carbonate esters, has
been reported (102, 103). This finding may have several important consequences.

First, PON1 may be involved in the metabolism of pharmaceutical drugs, in
which case the PON1 status of an individual would be relevant to a drug’s effec-
tiveness and/or side effects. Billecke et al. (103) found that the diuretic spirono-
lactone and the hypocholesterolemic drugs mevastatin, lovastatin, and simvastatin
are hydrolyzed by PON1, and that the Q and R isoforms hydrolyze these drugs
with approximately the same efficiency. Pravastatin was found to increase serum
apolipoprotein A1 and HDL cholesterol to a greater extent in men with the RR
genotype ofPON1than in those with the QQ genotype (104). Simvastatin therapy
also increases plasma paraoxonase activity (105), possibly by increasing the tran-
scriptional activity of the PON1 gene (106). The therapeutic response of PON1
activity is independent of PON1192 and PON155 polymorphisms (105).

Second, novel classes of so-called pro-drugs may be developed by incorporating
a lactone or cyclic carbonate moiety into other molecules, which can thus be
inactivated or bioactivated in vivo by PON1. Inactivation has been shown to occur
with glucocorticoidγ -lactones (102) and activation with the antibacterial pro-
drug prulifloxacin (107). The latter is hydrolyzed at a higher rate by type R than
by type Q serum. Interestingly, the free cysteine in position 284 of PON1, which
is not required for the hydrolysis of paraoxon or phenylacetate, is essential for the
lactonase activity of the enzyme (103), as it is essential to protect LDL against
oxidation (57).

Third, PON1 may exert other effects on endogenous substrates, in addition to
protecting LDL from oxidation (57). It has been proposed that PON1 protects
against homocysteinylation by hydrolyzing homocysteine thiolactone, but the cat-
alytic efficiency for this reaction is low (108). Although the Q isozyme is more
efficient in protecting against LDL oxidation, the R type hydrolyzes thiolactones
more readily (103).

Finally, as noted above, two very toxic organophosphates, paraoxon and di-
azoxon, are currently used to determine PON1 status (26). The identification of
novel PON1 substrates of low or no toxicity, which, unlike phenylacetate, are dif-
ferentially hydrolyzed by the 192 R and Q alleles, will simplify the application of
the two-dimensional assay to the study of large populations. One such compound
may be the carbonate ester KB-R4899, which, like paraoxon, is hydrolyzed much
more rapidly by the R than the Q isozyme of PON1 (103).

MODULATION OF PON1 BY DIETARY, LIFESTYLE,
AND ENVIRONMENTAL FACTORS

As discussed above, polymorphisms in the 5′ regulatory region and coding regions
of PON1 determine its level of expression and enzymatic activity toward different
substrates. In humans, PON1 serum arylesterase activity increases from birth to 15–
25 months of age, when it seems to reach a plateau whose level is determined by the
5′ regulatory-region polymorphisms and the genetic background of the individual
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(2). In the adult, PON1 levels are stable and no significant changes have been
observed with age (109, 110). However, efficient PON1 regulatory regions do not
alone guarantee a high PON1 activity level (10). Enzyme inducers, environmental
chemicals, physiological and pathological states, and dietary and lifestyle factors
have demonstrated effects on PON1 activity.

Phenobarbital, a classical enzyme inducer, increases paraoxonase activity and
mRNA levels in rodent liver but not in serum (2, 111, 112). 3-methylcholanthrene
was found to increase both serum and liver PON1 activity in rats (113) but not
in mice (2). Administration of lipopolysaccharide, which mimics gram-negative
infections, causes a transient decrease in serum and liver PON1 activity and in
hepatic mRNA levels (2, 114).

PON1 activity depends on calcium, and the calcium chelator EDTA abolishes
its activity. Other cations, however, have shown an inhibitory effect on PON1
activity. Barium, lanthanum, copper, zinc, and mercurials were found to inhibit
PON1 activity from rat or human liver in vitro (115). In vitro experiments with
purified human enzymes showed that PON1R192was more sensitive than PON1Q192

to inhibition by cadmium, zinc, mercury chloride, and iron, whereas PON1Q192

displayed a higher sensitivity to inhibition by lead (116). In vivo, however, when
mice were treated with cadmium or methylmercury to achieve environmentally
relevant blood concentrations, no inhibition of PON1 activity was found (116).

PON1 activity can vary depending on physiological conditions or pathological
states. For example, serum PON1 activity is significantly decreased during preg-
nancy (5, 117). Low PON1 activity has been found in renal disease (118), diabetes
mellitus (23, 119), various HDL deficiencies (120), and liver cirrhosis (121).

Dietary and lifestyle factors can also affect PON1 activity. Smoking has been
shown to decrease serum PON1 levels and activity (27, 122–124), both of which
appear to normalize relatively soon after cessation. In vitro experiments found
that inhibition of PON1 activity by a cigarette-smoke extract was antagonized by
reduced glutathione (GSH), N-acetylcysteine, and 2-mercaptoethanol, suggesting
that free thiols are central to the inhibitory effects (122). Ethanol and other aliphatic
alcohols have been shown to inhibit serum PON1 activity (125); however, a study
in middle-aged men indicated that daily moderate alcohol consumption increased
serum PON1 activity, with no differences between wine, beer, and spirits (126).
This increase may be due to the consumption of alcohol itself or to that of an-
tioxidants, as similar results were obtained after consumption of red wine (127) or
pomegranate juice (128, 129). A high-fat diet was shown to reduce serum PON1
levels in mice (66, 67); in rats, dietary supplementation with fish oil also decreased
serum PON1, whereas supplementation with the triglyceride triolein increased
PON1 activity (130). Meals rich in thermally stressed olive oil, but not safflower
oil, were found to increase postprandial serum PON1 activity in middle-aged
women but not in men (131).

The hypocholesterolemic drug simvastatin was found to increase serum PON1
activity (105, 106). As discussed above, statins and other lactones are hydrolyzed
by PON1. On the other hand, the lactams, isosteric forms of lactones in which the
ring oxygen is replaced by nitrogen, inhibit PON1. Compounds such as
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δ-valerolactam orε-caprolactam inhibit PON1 activity, with IC50s in the mi-
cromolar range (103).

These limited studies suggest that PON1 levels and activity can be modulated
by dietary, lifestyle, and possibly environmental factors. Although individuals with
inefficient regulatory regions appear unable to express very high levels of PON1
(10), the contribution of exogenous factors to an individual’s PON1 status should
not be discounted.

CONCLUSIONS AND FUTURE PROSPECTS

Polymorphisms in the PON1 gene influence both the quantity and quality of PON1
(i.e., PON1 status) (16, 26, 27). The quality of PON1 is governed by the Q192R
polymorphism, which determines substrate-dependent differences in the catalytic
efficiency of hydrolysis of specific OP substrates, including insecticide metabolites
and several nerve agents. Recent studies indicate that the Q192R polymorphism
also governs the efficiency of detoxification of biologically active oxidized lipids
(54), and hence, the risk for vascular disease (27, 70, 96). Recent data on the role
of PON1 in the metabolism of specific drugs also indicate that PON1 status is
important in determining the pharmacokinetics of metabolism (102, 103, 107).

The solid conclusion from all of these studies is that PON1 levels in all cases
and the Q192R polymorphism in some cases determine the rates at which a given
individual will detoxify a specific insecticide, metabolize harmful oxidized lipids,
and activate or inactivate specific drugs.

Interesting questions remain. It is clear that the 5′ regulatory-region polymor-
phisms influence but do not fully determine PON1 levels. Other as-yet-unidentified
genes must also contribute to the large variability of plasma PON1 levels ob-
served among individuals (15, 26, 27). These influences are often referred to as
genetic background contributions. The recent mouse proteomic research described
by Klose et al. (98) points to a direction for elucidating these influences. Klose
et al. were able to map mouse genes that influenced the levels of specific proteins.

The alignment of the three PON1 genes,PON1, PON3, andPON2, on chro-
mosome 7 provides an excellent system for examining questions of linkage dis-
equilibrium in the human genome. Considerable linkage disequilibrium with the
PON1 gene has already been described (10). It will be interesting to determine
how far outside the PON1 gene the blocks of linkage disequilibrium extend.

Last, but not least, the therapeutic possibilities of PON1, e.g., in treating in-
dividuals for exposure to nerve agents or insecticides or for reducing the risk
of vascular disease, need to be examined. The animal studies described above
(2, 16, 25, 33, 35) indicate that the injection of recombinant PON1 will provide
an efficient catalytic agent for detoxifying specific compounds in humans. The
studies on the importance of catalytic efficiency (16, 36, 37) provide guidelines for
engineering recombinant PON1 variants with catalytic efficiencies that would be
efficacious for treating exposure to specific OP compounds.
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Following the 1995 sarin releases in Japan, we determined a population dis-
tribution of hydrolysis rates for sarin and soman (15). The data showed that, like
the rates of hydrolysis of some OP insecticide metabolites, the rates of agent
hydrolysis were significantly affected by the PON1R192Qpolymorphism. Plasma
from PON1R192 homozygotes demonstrated very low rates of sarin hydrolysis,
whereas plasma from PON1Q192homozygotes exhibited much better rates of sarin
hydrolysis, depending on the level of PON1 present in the plasma. Heterozygotes
exhibited intermediate rates of sarin hydrolysis. The rates of soman hydrolysis
were also somewhat higher for the PON1Q192homozygotes than for the PON1R192

homozygotes.
These observations led to the assumption that individuals with higher rates of

agent hydrolysis might be more resistant to exposure than individuals with low
rates of hydrolysis, i.e., PON1Q192homozygotes might be more resistant to sarin
exposure than PON1R192 homozygotes. Following our studies on the importance
of catalytic efficiency in providing protection against dermal exposures (16), we
concluded that the catalytic efficiency of agent hydrolysis by PON1 is probably
not adequate for significant protection against nerve agent exposure, in contrast
to protection against diazoxon or chlorpyrifos oxon exposures. This conclusion is
consistent with the studies by Yamada et al. (132) on the PON1192 genotypes of
the individuals exposed in the Tokyo subway sarin attack. Based on the current
state of knowledge about PON1 status and possible resistance to nerve agent
exposure, it would not make sense to screen plasma from individuals for high or
low rates of agent hydrolysis. For PON1 to be effective in treating agent exposure,
recombinant PON1 with higher catalytic efficiencies of agent hydrolysis will need
to be engineered.
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