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The intrinsic properties of a chemical and its dosage (the
level of exposure) are 2 primary determinants of potential ad-
verse health effects. However, risks from exposures to exogenous
chemicals can also be influenced by variations in target sites, bio-
transformation enzymes, and repair responses in the host that
are often specified genetically and may have significant geneti-
cally determined variations.1 The identification of genetically
conditioned drug reactions paved the way for the development
of the field of pharmacogenetics, that has since evolved to in-
clude any kind of environmental and xenobiotic agents, not just
drugs, yet the term ecogenetics.2 Specific genetic variations that
occur in at least 1% of the population are referred to as genetic
polymorphisms. A polymorphism may have no effect or may be
considered functional if it results in altered function, stability,
and/or level of expression of the resulting protein.3 As part of the
Human Genome Project, the Environmental Genome Project
aims at identifying and characterizing genetic polymorphisms
that my be involved in environmentally induced diseases.

Pesticides represent a large and important class of environ-
mental chemicals, and are often associated with adverse health
effects in non-target species including humans. Among the major
classes of pesticides, the insecticides are of most concern with re-
gard to potential adverse effects on the nervous system. This
stems from the fact that insecticides attack the nervous system of
insects, which shares for the most part the same cellular and bio-
chemical characteristics as mammals. A major class of insecticides
is represented by the organophosphates (OP), triesters of phos-
phoric acid that exert their toxicity primarily by inhibiting the
enzyme acetylcholinesterase (AChE).4 Genetic variations in
AChE and in other targets (eg, butyrylcholinesterase) may render
an individual more of less susceptible to adverse effects of OPs.5

In addition, OPs undergo bioactivation and detoxication
processes that can be affected by genetic polymorphisms in bio-
transformation enzymes. Most OP insecticides are organophos-
phorothioates and require metabolic activation to the
corresponding oxons by a process of oxidative desulfuration cat-
alyzed by cytochromes P450 (CYP). Only OPs with a P = O
moiety can interact with AChE. CYPs, together with
glutathione-S-transferases and several esterases, can also detoxify
OPs. As numerous genetic variants exist for all these enzymes,
such genetic differences can greatly influence the toxicity and
neurotoxicity of OPs. Here, we focus on paraoxonase (PON1), a
polymorphic enzyme that is involved in the detoxication of sev-
eral important OPs.

Paraoxonase (PON1)
Paraoxonase takes its name from the ability to hydrolyze

paraoxon (PO), the highly toxic metabolite of the insecticide
parathion. Other OP substrates of PON1 include chlorpyrifos
oxon (CPO) and diazoxon (DZO), the active metabolites of
chlorpyrifos and diazinon, respectively, as well as the nerve
agents sarin, soman and VX. However, several other OPs with a
P = O moiety (eg, malaoxon, dichlorvos) are not hydrolyzed by
PON1, nor are the organophosphorothioates.6

PON1 is a member of a family of proteins that also
includes PON2 and PON3, the genes for which are clustered in
tandem on the long arm of human chromosome 7 (q21, 22).
PON1 is synthesized in the liver and a portion of PON1 is se-
creted into the plasma, where it is closely associated with high
density lipoprotein (HDL) particles.7 This latter finding
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Abstract
Paraoxonase (PON1) is a liver and plasma
enzyme that hydrolyzes the active metabolites
of several organophosphorus insecticides.
PON1 displays several polymorphisms that
influence both its level of expression and its

catalytic activity, thereby determining the rates
at which a given individual will detoxify a
specific insecticide. Studies in genetically
modified mice have elucidated the role played
by PON1 in modulating the toxicity of
organophosphates. Low PON1 activity during

early development may be involved in the
enhanced sensitivity of the young toward
organophosphate toxicity. Studies in humans
should assess PON1 status of individuals,
which takes into account both genetic
polymorphisms and plasma activity.
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suggested that endogenous substrates for PON1 may be lipids.
Indeed PON1 can metabolize oxidized lipids in both low den-
sity lipoprotein (LDL) particles, as well as HDL particles.8 This
antioxidant capacity of PON1 toward oxidized lipids appears to
be primarily associated with the Q192 alloform (see below).
PON1 knockout mice fed a high-fat diet exhibited larger aortic
arteriosclerotic lesions than wild-type mice,9 while the opposite
was found in transgenic animals expressing human PON1 (L55,
Q192).10 A large number of epidemiological studies have
revealed a small but significant relative risk of the R192 allele for
coronary heart disease.11 However, most of these studies did not
assess PON1 status of individuals (see below), which has been
shown to be a better predictor of vascular disease than PON1
genotypes.12,13 PON1 also displays lactonase activity,14 which
may be involved in its ability to hydrolyze endogenous (eg, 5-
HETE lactone) or exogenous (eg, glucocorticoid-γ-lactone) sub-
strates, as well as bacterial-quorum sensing factors.15

The Genetic Polymorphisms of PON1
Early studies examining plasma paraoxonase levels in

human populations revealed a polymorphic distribution of activ-
ity, with either bi- or tri-modal distribution reported, depending
on the assay used.6,16-18 Individuals could thus be classified as
low, intermediate, or high metabolizers. The molecular basis of
the PON1 activity polymorphisms was elucidated once the
human PON1 cDNA was isolated and sequenced.19 A single
nucleotide polymorphism in the coding region was found to
cause variability in the amino acid present at position 192,
where either glutamine (Q) or arginine (R) could be present.20,21

PON192R was found to be much more efficient in hydrolyzing
PO in vitro than PON1192Q. 

Another polymorphism was identified in the coding region
that resulted in an amino acid substitution at codon 55 [leucine
(L)/methionine (M)]. Earlier papers report the same polymor-
phisms at positions 191 and 54; this apparent discrepancy is due
to the numbering of amino acids in lieu of the initiator methion-
ine which is removed during secretion from the liver. A consensus
was reached in 1998 in Dubrovnik, Croatia, where it was decided
to number the amino acids beginning with the initiator methion-
ine (ie, 192 Q/R and 55 L/M).22 The published literature also
contains references to PON1 A and B alleles; these are the Q and
R alleles, respectively. In addition to PO, PON1192R hydrolyzes
CPO at a faster rate than PON1192Q, while the opposite is true
in case of sarin or soman.23,24 Both alloforms have equivalent
catalytic efficiencies of hydrolysis of DZO.24 With regard to other
non-OP substrates, the PON192Q alloform is more efficient at
metabolizing lipid-peroxides,25 while PON1192R hydrolyzes lac-
tones and thiolactones more readily.26,27

The PON1 55 L/M polymorphisms has been associated
with levels of PON1, with the PON155M alloform displaying
lower activity.28,29 However, this appears to be due to linkage
disequilibrium with a polymorphism in the 5’ regulatory region
of PON1 (C-108T).30-33 The C-108T polymorphism has,
among other polymorphisms identified in this region, the great-
est effect on plasma PON1 levels, with the -108C allele produc-
ing about twice the level of plasma PON1 as the -108T allele.
The nomenclature for this polymorphism, which is in the mid-
dle of a consensus sequence for binding of the transcription fac-
tor Sp1, also needs to be standardized, as it is reported at time to
be at nucleotide position -107. Almost 200 new polymorphisms
have also been identified by sequencing the entire PON1 genes

from 47 individuals.34 Some of these genetic variations can ex-
plain the few discrepancies observed between the PON1192Q
genotyping of certain individuals and their PON1 status, as de-
termined by the 2-substrate assay.34 (See also Figure 1)

Functional Genomics of PON1: The
Determination of PON1 Status

Most studies investigating genetic variability of PON1 rely
on measurement of nucleotide polymorphisms Q192R, L55M,
and C-108T with polymerase chain reaction-based assays. How-
ever, even if an individual were genotyped for all known PON1
polymorphisms, this analysis would not provide the level of
plasma PON1 activity, nor the phase of polymorphisms (ie,
which polymorphisms are on each of an individual’s 2 chromo-
somes). A functional genomic analysis provides a much more
informative approach, as measurement of an individual’s PON1
function (plasma activity) takes into account all polymorphisms
that may affect activity. It should be noted that in a given popu-
lation, plasma PON1 activity can vary by more than 40-
fold,16,23,35 and differences in PON1 protein levels up to 13-fold
are also present within a single PON192 genotype.36

Determination of PON1 status for an individual is accom-
plished through the use of a 2-substrate enzyme assay, utilizing
PO and DZO (Figure 1). For this assay, which has been
described in detail elsewhere,37 plasma is isolated from heparin-
collected blood. Citrate plasma (or serum) can also be used,
though consistency is necessary among samples. EDTA plasma
is not useful, as PON1 activity is calcium-dependent, and
EDTA irreversibly inhibits PON1. Initial rates of DZO and of
PO hydrolysis are measured by monitoring the formation of 2-
isopropyl-4-methyl-6-hydroxypirimidine and p-nitrophenol,
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Figure 1_Determination of PON1 Status. Plot of diazoxonase vs. paraox-
onase activities in plasma of carotid artery disease cases and controls,
coded for PON1Q192R genotype (determined by PCR) (refs. 34, 35). Note
that the 2-substrate assay provides an accurate inference of PON1192
genotype as well as the level of plasma PON1 activities (PON1 status).
Because it is a functional analysis, it provides a 100% accurate deter-
mination of the functional genomics of PON1 status. Newly-discovered
SNPs explain why some individuals have lower PON1 activity than
would be predicted by Q192R genotype alone. Individuals 1-4 geno-
typed as heterozygotes (Q/R192); however, their enzyme analysis indi-
cated homozygosity for Q or R. Complete sequencing of the PON1
genes revealed mutations in one allele, resulting in only one alloform of
PON1 in their serum. The mutations revealed are noted in the figure.
(Note the large variability in PON1 levels, even among individuals of the
same Q192R genotype) (from Ref. 34).
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respectively. This method separates individuals into the 3 pheno-
types of PON1192 activity, (ie, PON1192QQ, PON1192QR and
PON1192RR). In addition, PON activities within a genotype pro-
vide information on the levels of PON1 in the plasma of a given
individual within that genotype group. The PON1 genotype can
be accurately inferred by this analysis, and can be verified by geno-
typing the individuals DNA.37 However, with very few
exceptions, this functional genomics analysis is very accurate, and
does not require verification.12 An example of possible discordance
is an individual who genotypes as a PON1QR heterozygote, but
whose PON1 status functional analysis indicates a PON1192Q or
PON1192R homozygote; this would indicate that one of the alleles
is nonfunctional, because of additional mutations (eg, W194X;
34), and underlines the advantage of the PON1 status analysis
over straight genotyping. It is also important to note that several
recent studies investigating the role of PON1 in coronary heart
disease, have indeed provided evidence that PON1 status (encom-
passing genotype and activity levels) is a much better predictor of
disease than PON1 genotype alone.12,13

Modulation of PON1 Levels
The importance of PON1 status in determining suscepti-

bility or protection from toxicity or diseases, points to the rele-
vance of factors affecting PON1 activity and levels of expression.
Clearly, genetic determinants play a primary role in determining
an individual’s PON1 status; nevertheless, the contribution of
other factors in modulating PON1 activity and levels should not
be overlooked. The potential role of environmental, pharmaco-
logical, life-style, and dietary factors in modulating PON1, as
well as the role of age, gender, and certain physiological and
pathological conditions have been recently reviewed.38,39 Among
the factors discussed, one should mention the lipid-lowering
pharmaceutical drugs statins, which may upregulate PON1
through an interaction with the Sp1 binding site, though other
sites may also be involved.40 Low doses of ethanol may also in-
crease PON1 activity and levels by a similar mechanism,41 while
smoking is associated with reduced serum PON1 activity.42

Lipid-rich diets have differential effects on PON1, depending on
the lipid composition (eg, monoenoic vs. polyenoic fatty acids),
while antioxidants seem to increase PON1 activity, possibly by
protecting the enzyme from oxidative stress-induced inactiva-
tion, though the findings remain controversial.43 Among other
conditions found to affect PON1 activity, 2 should be
mentioned: both insulin-dependent (type 1) and non-insulin
dependent (type 2) diabetes have been consistently associated
with lower serum PON1 activity, independently from the geno-
type. Age is another major determinant of PON1 activity. A
progressive decrease in PON1 activity has been found in elderly
subjects, while neonates and young children have low PON1
activity, which may be even lower in fetuses.44,45 Low PON1
activity during development is believed to represent a relevant
risk factor for increased susceptibility to the toxicity of certain
OPs, as discussed below. 

PON1 Modulates Sensitivity to OP Insecticide
Toxicity

The existence of polymorphisms in PON1 that infer differ-
ent hydrolyzing ability toward several OPs, as well as different
levels of expression, have long suggested that certain individuals

may be more sensitive to OP toxicity. This hypothesis has re-
ceived confirmation from animal studies, though a direct satis-
factory verification in humans is still lacking. Furthermore,
PON1 may represent a relevant factor conferring increased sus-
ceptibility to OP toxicity in the young. 

Earlier studies showed that animals with low PON1 activ-
ity, such as birds, displayed higher sensitivity to OPs.46 Subse-
quent studies indicated that administration of exogenous
purified PON1 to rats or mice increased their resistance to the
toxic effects of OPs such as CPO.47,48 Of practical interest is
that exogenous PON1 could also offer protection against the
toxicity of the parent compound chlorpyrifos, when given before
or even after (up to 3 hours) OP exposure.49 Recombinant
human PON1 (either LR or LQ) expressed from an adenoviral
vector was also shown to protect mice against the toxicity of
chlorpyrifos.50 More recently, it was reported that administration
to mice of recombinant naked DNA (pcDNA/PON1) protected
them from the acute toxicity of soman.51 Overall, these studies
indicate that by artificially increasing serum levels of PON1, it is
possible to decrease the toxicity of certain OPs.

Experiments in genetically modified mice have provided
further information on the role of PON1 in modulating OP
toxicity. PON1 knockout mice have dramatically increased sen-
sitivity to CPO and DZO toxicity, and a slight increased sensi-
tivity to the respective parent compounds, chlorpyrifos and
diazinon.9,24 Administration of purified human PON1 to
PON1 knockout mice to restore plasma PON1, conferred pro-
tection toward CPO and DZO.24 In case of DZO, both
PON1192R and PON1192Q provided equal protection, while in
case of CPO, PON1192R provided about 50% better
protection.24 These latter findings were later confirmed in a
transgenic mouse model in which murine PON1 was
substituted with either hPON1192R or hPON1192Q. Though
both mouse lines expressed similar PON1 levels, hPON1192R
mice were much more resistant to CPO toxicity.52 Table 1
shows a summary of  the CPO experiments. All these findings
can be explained by an analysis of in vitro catalytic activity of
PON1 toward CPO or DZO. Both human PON1192 alloforms
hydrolyze DZO with similar catalytic efficiency; however, in case
of CPO, PON1192R is about twice as efficient as PON1192Q.24 A
surprising finding was obtained when testing PO, the enzyme

Table 1_Toxicity of CPO in Genetically Modified Mice

Brain AChE Activity (% of control)

Wild-type 90
PON1 KO 18
PON KO + hPON1192Q 25
PON1 KO + hPON1192R 85
hPON1192Q-TG 35
hPON1192R-TG 60

Mice were given CPO (2 mg/kg) by dermal exposure and sacrificed after 4h.
This dose of CPO caused only a 10% inhibition of brain AChE in wild-type
mice, but over 80% inhibition in PON1 knockout (KO) mice.
When mice were injected ip with purified hPON1 (916 U of arylesterase activity) 
4h before CPO, hPON1192R provided significant greater protection (only
15% brain AChE inhibition) than hPON1192Q.
Similarly, “humanized” transgenic (TG) mice (expressing either hPON1192Q
or hPON1192R on a KO background) were differentially sensitive to CPO, despite
expressing similar enzyme levels. CPO caused a 40% inhibition of brain AChE
in hPON1192R-TG mice, but 65% inhibition in hPON1192Q-TG mice.
Data adapted from Shih et al. (ref. 9), Li et al. (ref. 24) and Cole et al. (ref. 52).
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after which PON1 was named. PON1 knockout mice were not
more sensitive than wild-type animals to its toxicity, despite the
total lack of PON1 activity in plasma and liver. Furthermore,
neither human PON1192 alloform given to PON1 knockout
mice afforded protection against PO toxicity. These results, too,
can be explained by in vitro kinetic analysis. In vitro, under
physiological conditions, the efficiency of PON1192R is 8 times
greater than that of PON1192Q at hydrolyzing PO; however, the
overall catalytic efficiency is very low, compared to efficiencies
observed for CPO or DZO hydrolysis.24 Thus, PON1 is not
efficient at hydrolyzing PO at low concentrations, indicating
that PON1 may not degrade PO efficiently in vivo, as first sug-
gested by Pond and colleagues.53

This series of studies provide strong evidence that PON1,
whose catalytic activity and level of expression are determined in
humans by polymorphisms in the coding and promoter regions,
plays an important role in modulating the toxicity of some, but
not all, OPs, which are in vitro substrates for this enzyme.
Specifically, levels of PON1, independently of genotype, are im-
portant to confer protection toward DZO; PON1 levels and
Q192R genotype are relevant in case of CPO, with PON1192R
providing greater protection; and PON1 does not play a role in
modulating PO toxicity in vivo. 

Studies in mice expressing either human hPON1Q192 or
hPON1R192 provide a convincing case of extrapolating the re-
sults obtained with animal models to humans; however, direct
and conclusive confirmation in humans of the relevance of
PON1 status in determining relative sensitivity to OP toxicity
is still lacking. In recent years, different situations in Japan, the
Middle East, and the United Kingdom, have called for investi-
gations on the role of PON1 in OP toxicity in humans. The
studies, which dealt with exposure to sarin in the Tokyo sub-
way system following a terrorist attack,54 potential exposure to
sarin and/or other OPs in American and British veterans of the
1991 Gulf War,55,56 and sheep dippers exposed to diazinon in
the United Kingdom57 have been discussed in detail
elsewhere.58 Overall, they are suggestive of a role of PON1
polymorphisms in modulating sensitivity to OPs in humans,
but do not allow any firm conclusion. It appears that more and
better-designed studies are needed in human populations to
address directly the issue of whether an individual’s PON1 sta-
tus may confer protection or increased sensitivity to the toxic-
ity of specific OPs. In particular, the level and nature (ie, the
specific OP involved) of exposure, and the early consequences
of exposure (eg, blood AChE activity), need to be
documented.59 Furthermore, our studies24 clearly point out the
importance of catalytic efficiency in determining whether or
not PON1 can contribute significantly to modulating toxicity
associated with a specific exposure.

An important aspect of these experimental and epidemio-
logical studies lies in the potential role of PON1 in modulating
the developmental toxicity and neurotoxicity of OPs. The toxic-
ity of OPs appears to be influenced by age, with young animals
being more sensitive to the effects of acute exposure.60 Lower
metabolic abilities of young animals are believed to be a major
determinant of their increased sensitivity to OP toxicity. In ro-
dents, PON1 levels are very low at birth and increase postna-
tally, reaching a plateau around 3 weeks.45,61 Low PON1
activity is also seen in human infants, where a plateau is reached
between 6 and 15 months.16,44,45 PON1 levels may even be
lower before birth, as suggested by the finding that premature
babies (33 to 36 weeks of gestation) have 25% lower PON1
activity compared to term babies.44 In addition, an expectant

mother with low PON1 status would be predicted not to be
able to provide protection for the fetus against exposure to
some OPs. Indeed, offspring of mothers with low PON1 status,
exposed in utero to chlorpyrifos, were reported to have signifi-
cant smaller head circumference compared to those born to
mothers with high PON1 activity or those not exposed to
chlorpyrifos.62 As small head size has been found to predict
subsequent cognitive ability, prenatal exposure to chlorpyrifos
may have long term detrimental effects in offspring of mothers
with low PON1 activity. 

Conclusions
Polymorphisms in the PON1 gene influence both the

quantity and the quality of PON1 (ie, PON1 status). Strong
evidence indicates that PON1 levels and, in some cases, the
Q192R polymorphism, determine the efficiency with which an
individual will detoxify a specific OP. Direct proof of this in
human populations still requires carefully conducted studies
where PON1 status is correlated with the degree of exposure and
with early indicators of toxicity. In all cases, human studies
should rely on assessment of PON1 status, rather than straight
genotyping. LM
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