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Abstract
Paraoxonase (PON1) is an A-esterase capable of hydrolyzing the active metabolites (oxons) of a
number of organophosphorus (OP) insecticides such as parathion, diazinon and chlorpyrifos.
PON1 activity is highest in liver and in plasma. Human PON1 displays two polymorphisms in the
coding region (Q192R and L55M) and several polymorphisms in the promoter and the 3’-UTR
regions. The Q192R polymorphism imparts differential catalytic activity toward some OP
substrates, while the polymorphism at position –108 (C/T) is the major contributor of differences
in the levels of PON1 expression. Both contribute to determining an individual's PON1 “status”.
Animal studies have shown that PON1 is an important determinant of OP toxicity. Administration
of exogenous PON1 to rats or mice protects them from the toxicity of specific OPs. PON1
knockout mice display a high sensitivity to the toxicity of diazoxon and chlorpyrifos oxon, but not
of paraoxon. In vitro catalytic efficiencies of purified PON192 alloforms for hydrolysis of specific
oxon substrates accurately predict the degree of in vivo protection afforded by each isoform.
Evidence is slowly emerging that a low PON1 status may increase susceptibility to OP toxicity in
humans. Low PON1 activity may also contribute to the developmental toxicity and neurotoxicity
of OPs, as shown by animal and human studies.
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Introduction
The important discoveries that certain organophosphorus (OP) insecticides could be
enzymatically hydrolyzed by plasma (Mazur, 1946), and that this reaction is catalyzed by
enzymes which were named “A-esterases”, were reported in the 1940s and 1950s (Mazur,
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1946; Aldridge, 1953). Decades later it was shown that recombinant paraoxonase/
arylesterase catalyzes the hydrolysis of paraoxon, the active metabolite of the OP insecticide
parathion (Gan et al. 1991). Earlier studies indicated that the plasma hydrolytic activity
toward paraoxon was distributed polymorphically in human populations (Playfer, 1976;
Eckerson et al. 1983; Mueller et al. 1983), suggesting a possible genetically-based
differential susceptibility to OP toxicity. The molecular basis of the polymorphisms of
paraoxonase 1 (PON1), and their role in the toxicity of OP compounds have since been
extensively investigated. Furthermore, novel important roles of PON1 in the metabolism of
oxidized lipids, in the bioactivation or detoxication of certain drugs, and in the hydrolysis of
quorum sensing factor, have also emerged, highlighting the importance of this enzyme in a
number of biomedical fields. These latter aspects of PON1 are not discussed in this review,
but are the topic of several recent publications (Costa and Furlong, 2002; Mackness et al.
2002; Costa et al. 2003a; Draganov and La Du, 2004; Ozer et al. 2005; Ng et al. 2005;
Camps et al. 2009a).

PON1 and its human polymorphisms
PON1 is a member of a family of proteins that also includes PON2 and PON3, the genes of
which are clustered in tandem on the long arms of human chromosome 7 (q21.22) or mouse
chromosome 6 (Primo-Parmo et al. 1996). PON1 is synthesized in the liver and a portion is
secreted into the plasma, where it associates with high density lipoproteins (HDL) (Sorenson
et al. 1999; Deakin et al. 2002). Low levels of PON1 may also be expressed in a number of
tissues, primarily in epithelia (Marsillach et al. 2008). PON1 received its name from its
ability to hydrolyze paraoxon, its first and most studied substrate. However, PON1 also
hydrolyzes the active metabolites of other OP insecticides (e.g. chlorpyrifos oxon,
diazoxon), as well as nerve agents such as sarin and soman. However, several other OP and
carbamate insecticides are not hydrolyzed by PON1. Furthermore, only PON1 has OP
esterase activity, while all three PONs are lactonases displaying overlapping but distinct
substrate specificities for lactone hydrolysis (Draganov et al. 2005). For example, all three
PONs can hydrolyze a number of acyl-homoserine lactones (acyl-HCL), molecules which
mediate bacterial quorum-sensing signals, important in regulating expression of virulence
factors and in inducing a host inflammatory response (Draganov et al. 2005; Teiber et al.
2008).

The crystal structure for a recombinant PON1 (rPON1) has been elucidated, and has been
shown to be a six-bladed β-propeller, which in the central tunnel contains two calcium ions,
one of which is essential for enzyme activity and the other for stability (Harel et al. 2004).
However, this rPON1 differs from the human enzyme by at least 51 aminoacids (Trovaslet-
Leroy et al. 2011), and the OP esterase activity of human PON1 and rPON1 are substantially
different (Otto et al. 2009). Thus, the 3D structure of human PON1 remains to be
determined.

As mentioned, studies in the early 1980s indicated that the plasma paraoxonase activity in
human populations exhibited a polymorphic distribution, and individuals with high,
intermediate, or low paraoxonase activity could be identified (Eckerson et al. 1983; Mueller
et al. 1983). Within a decade, human PON1 was purified, cloned and sequenced (Gan et al.
1991; Furlong et al. 1991; Hassett et al. 1991), and its major polymorphisms were identified
(Humbert et al. 1993; Adkins et al. 1993). Two common polymorphisms are present in the
PON1 coding sequence: a Gln(Q)/Arg(R) substitution at position 192, and a Leu(L)/Met(M)
substitution at position 55 (Humbert et al. 1993; Adkins et al. 1993). The gene frequency of
PON1Q192 ranges from 0.75 for Caucasians of Northern European origin to 0.31 for some
Asian populations (Brophy et al. 2002). Additional polymorphisms have been found in the
non-coding region of the PON1 gene; a most significant one is that at position –108, with
the –108C allele providing levels of PON1 about twice as high as those seen with the –108T
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allele (Leviev and James, 2000; Suehiro et al. 2000; Brophy et al. 2001a; 2001b). More than
160 single nucleotide polymorphisms, some in the coding regions and others in introns and
regulatory regions of the gene, have been identified by complete re-sequencing of PON1
from several individuals (Jarvik et al. 2003). These polymorphisms have for the most part
not been yet characterized, but may affect splicing efficiency, message stability or efficiency
of polyadenylation. A few of them, however, have explained discrepancies found when
comparing PON1 status (see below) and PCR analysis of codon 192 (Jarvik et al. 2003).

The coding region polymorphisms of PON1 have been investigated for effects on the
catalytic efficiencies of hydrolysis of specific substrates. The L/M polymorphism at position
55 does not affect catalytic activity, but has been associated with plasma PON1 protein
levels, with PON1M55 being associated with low plasma PON1 (Blatter Garin et al. 1997;
Mackness et al. 1998). However, this appears to result primarily from linkage disequilibrium
with the low efficiency –108T allele of the –108 promoter region polymorphism (Brophy et
al. 2002). In contrast, the Q192R polymorphism significantly affects the catalytic efficiency
of PON1. This polymorphism is substrate-dependent, as for example, the PON1R192
alloform hydrolyzes chlorpyrifos oxon and paraoxon more rapidly than PON1Q192 in vitro,
while both PON1 alloforms hydrolyze diazoxon with the same efficiency (Li et al. 2000).

Establishing the PON1 status of individuals
While most studies investigating the association of PON1 polymorphisms with diseases
have examined the single nucleotide polymorphisms (Q192R, L55M, C-108T) with PCR-
based assays, it has become apparent that measurements of an individual's PON1 function
(plasma activity) takes into account all polymorphisms that might affect activity. This
functional genomic analysis is accomplished through the use of a high-throughput enzyme
assay involving two PON1 substrates (usually diazoxon and paraoxon) (Richter et al. 2004),
or two non-toxic compounds (phenylacetate at high salt, and 4-(chloromethyl) phenylacetate
at low salt) (Richter et al. 2008; 2009) (Fig. 1). This approach provides a functional
assessment of the plasma PON1192 alloforms, including the plasma level of PON1 for each
individual, thus encompassing the two factors that affect PON1 levels or activity (position
192 amino acid and plasma alloform levels). This approach has been referred to as the
determination of PON1 “status” for an individual (Richter and Furlong, 1999). For adequate
risk prediction, it is important to know two variables of PON1 (192 genotype and level), as
high catalytic efficiency and high concentrations of PON1 are the two determinants of
PON1 protection. In a given population, plasma PON1 activity can vary up to 40-fold
(Eckerson et al. 1983; Mueller et al. 1983; Davies et al. 1996; Richter and Furlong, 1999),
and differences in PON1 protein levels up to 13-fold are also present within a single
PON1192 genotype in adults (Davies et al. 1996). Several studies investigating the role of
PON1 in cardiovascular disease have provided evidence that PON1 status (encompassing
genotype and activity levels) is a much better predictor of disease than PON1 genotype
alone (Jarvik et al. 2000; Mackness et al. 2001; Zhao et al. 2012; Bayrak et al. 2012).

PON1 modulates the toxicity of OPs: studies in animal models
While PON1 has been known for decades to hydrolyze a number of OP substrates in vitro,
evidence of the role played by this enzyme in modulating the toxicity of OPs in vivo has
emerged only in the past twenty years. Initially, exogenous PON1 was directly injected into
rats or mice to determine whether increasing plasma PON1 levels would protect against OP
toxicity. Administration (by the i.v. route) of the purified rabbit PON1 (as rabbits have high
PON1 activity; Aldridge 1953; Costa et al. 1987) to rats, increased serum PON1 activity
toward paraoxon by 9-fold, and that toward chlorpyrifos-oxon by 50-fold (Costa et al.
1990). Upon challenge with an acute dose of oxons given by various routes (including the
dermal route which is relevant for occupational exposure), administration of PON1 afforded
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significant protection (as indicated by a lower degree of brain and diaphragm
acetylcholinesterase (AChE) inhibition) particularly in case of chlorpyrifos oxon (Costa et
al. 1990). Similarly in mice, administration of rabbit PON1 (i.v.) increased serum
chlorpyrifos oxonase activity by 30-40 fold, and protected animals toward AChE inhibition
by dermally applied chlorpyrifos oxon (Li et al. 1993). Administration of exogenous PON1
provided protection also against the toxicity of the parent compound, chlorpyrifos, given by
the dermal route. Furthermore, PON1 exerted a protective effect even when given after
(0.5-3.0 h) dermal administration of chlorpyrifos, suggesting a potential therapeutic use in
OP poisoning, possibly in combination with other conventional treatments (Li et al. 1995).

PON1 knockout and PON1 transgenic animals have more recently provided new
information on the role of PON1 in modulating OP toxicity. PON1 knockout (PON1-/-)
mice, produced by targeted disruption of exon 1 of the PON1 gene, have no detectable
hydrolytic activity toward paraoxon and diazoxon, and very limited chlorpyrifos-oxonase
activity in plasma and liver (Shih et al. 1998; Li et al. 2000). PON1-/- mice do not differ
from wild-type animals in their sensitivity to demeton-S-methyl, an OP insecticide which is
not a substrate for PON1 (Li et al. 2000). In contrast, PON1-/- mice are dramatically more
sensitive than wild-type animals to the acute toxicity of chlorpyrifos oxon and diazoxon, and
also show a slight increase in sensitivity to the toxicity of chlorpyrifos and diazinon (Shih et
al. 1988; Li et al. 2000). The most surprising finding of these studies was that PON1-/- mice
did not show an increased sensitivity to paraoxon, the substrate after which the enzyme was
named, in spite of having no paraoxonase activity in plasma and liver (Li et al. 2000).

Administration of exogenous PON1 to PON1-/- mice, to restore serum PON1, also restored
resistance to OP toxicity. In these experiments, instead of rabbit PON1 as in the earlier
experiments, purified human PON1Q192 or PON1R192 was injected, by the i.v. route, into
PON1-/- mice to yield equal plasma PON1 levels (Li et al. 2000). PON1R192 provided
significantly better protection than PON1Q192 toward chlorpyrifos oxon, as also confirmed
in a subsequent study by Cowan et al. (2001), who administered recombinant adenoviruses
containing PON1-LQ or PON1-LR genes to BALB/c mice before challenge with
chlorpyrifos oxon. In contrast, both alloforms were equally effective in protecting against
the toxicity of diazoxon (Li et al. 2000), while neither PON1R192 nor PON1Q192 afforded
protection against paraoxon toxicity (Li et al. 2000). The results of these in vivo experiments
have been explained by in vitro kinetic analyses of substrate hydrolysis by purified human
PON1 alloforms. Indeed, in the case of chlorpyrifos oxon, the catalytic efficiency of both
PON1 alloforms is very high, and is higher for the PON1R192 alloform than the PON1Q192
alloform. In the case of diazoxon, the catalytic efficiency is still high (albeit lower than with
chlorpyrifos oxon), and no alloform-specific differences are evident. With paraoxon, the
PON1R192 alloform is much more efficient than the PON1Q192 alloform; however, its
overall catalytic efficiency is too low to protect against exposure, confirming the hypothesis
(Chambers et al. 1994; Pond et al. 1995) that PON1 may not degrade paraoxon efficiently in
vivo. Further support for these conclusions has derived from studies in PON1 transgenic
mice. TgHuPON1R192 mice (i.e. mice expressing human PON1R192 on a knockout
background) were significantly less sensitive to the toxicity of chlorpyrifos oxon than
tgHuPON1Q192 mice, though they have the same level of PON1 protein in liver and plasma
(Cole et al. 2005). Furthermore, tgHuPON1R192 mice are also less sensitive than
tgHuPON1Q192 mice to the toxicity of the parent compound chlorpyrifos (Cole et al. 2005).
Injection of PON1-/- mice with engineered recombinant human PON1 protected them
against the toxicity of diazoxon administered either before or after the enzyme (Stevens et
al. 2008).

These animal experiments indicate that PON1 exerts protection against OP toxicity, and that
protection varies depending on the specific OP compound. In the case of chlorpyrifos oxon,
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both the level of expression and the Q192R genotype are important determinants of
susceptibility, highlighting the importance of assessing PON1 status in potentially exposed
individuals. With diazoxon, protection or susceptibility is dictated primarily by the level of
expression of PON1, independently of the Q192R genotype, stressing the importance of
knowing PON1 levels. In contrast, PON1 status does not seem to play an important role in
modulating sensitivity to paraoxon toxicity.

A further facet of the role of PON1 in modulating OP toxicity is its potential influence on
the outcome of combined OP exposures. Jansen et al. (2009) showed that three OPs
(chlorpyrifos oxon, diazoxon, and paraoxon) potentiate the toxicity of malaoxon, and that
the degree of potentiation is dependent upon PON1 status. Malaoxon is not a substrate of
PON1, but is metabolized in vivo by carboxylesterase (CarE), and inhibition of CarE
potentiates maloxon toxicity (Cohen and Murphy, 1971). Chlorpyrifos oxon, diazoxon, and
paraoxon, at doses that caused only minimal inhibition of brain AChE, significantly
inhibited CarE activity. All these three OPS potentiated the toxicity of malaoxon. However,
the degree of potentiation differed depending on PON1 status. For chlorpyrifos oxon and
diazoxon, a much greater potentiation was observed in PON1-/- mice, which are unable to
detoxify these compounds. When comparing tgHuPON1Q192 and tgHuPON1R192 transgenic
mice in the same experimental paradigm, the potentiation of maloxon toxicity by
chlorpyrifos oxon was more pronounced in tgHuPON1Q192 animals, because of their lower
ability to detoxify this compound. In contrast, no differences were observed in case of
diazoxon. With paraoxon, potentiation of malaoxon toxicity was similar in all mouse
genotypes. These results show that low doses of major OP insecticides can potentiate the
toxicity of malaoxon, and that PON1 status can greatly influence the outcome of the
interaction between the OPs and malaoxon, in a PON1 substrate-dependent manner (Jansen
et al. 2009).

PON1 status and susceptibility to OP toxicity: human studies
As discussed in the previous section, animal studies have clearly indicated that PON1
modulates the toxicity of some OPs. Given that the Q192R polymorphism and the level of
PON1 expression determine PON1 status, one would expect the latter to modulate
susceptibility of humans to OPs. Evidence for a role of PON1 in OP toxicity in humans is
still limited, though important findings have been emerging in the past few years, related to
exposures to OP nerve agents or to OP insecticides.

Studies in Japan, in individuals exposed to the nerve agent sarin in two terrorist attacks
which caused several deaths and thousands of injuries (Suzuki et al. 1995), failed to observe
protection from acute sarin poisoning by the PON1Q192 genotype which confers high
hydrolyzing activity toward sarin (Davies et al. 1996; Yamada et al. 2001). However, the
range of sarinase activity among individuals with the QQ or QR genotype ranges from 0 to
758 U/L (Davies et al. 1996), and no determinations of PON1 status were done in the
Yamada et al. (2001) study. Furthermore, the catalytic efficiency of sarin hydrolysis by
PON1 is low, a situation thus similar (though reversed) to that of paraoxon. Finally, these
individuals were exposed to very high doses of sarin, as all died within 48 h, and this would
overcome any potential protection afforded by the PON1Q192 genotype (Yamada et al.
2001).

Various studies investigated PON1 polymorphisms in military personnel deployed in the
Persian Gulf area in 1990-91, who were exposed to low levels of sarin and of OP
insecticides, in addition, however, to several other biological and chemical agents (IOM,
2000; 2003). Haley et al. (2000) reported that PON1R192 homozygotes or PON1Q/R192
heterozygotes were more likely to have neurologic symptoms than individuals homozygous
for PONQ192. Low activity of the plasma PON1Q192 isoform also appeared to better
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correlate with illness than the PON1 genotype or the activity levels of the PON1R192
genotype (Haley et al. 2000). This small study may suggest low PON1 as a risk factor for
illness in Gulf War veterans, though further confirmation in a larger population is needed
(Furlong, 2000). In another study on Gulf War veterans, plasma paraoxonase activity and
levels of PON1 protein were lower in veterans than in a control group, and these decreases
were independent of the PON1 genotype (Mackness et al. 2000). A third study found that
individuals who were deployed to the Gulf had 25-35% lower median PON1 values than
two other groups, and these differences were not explained by differences in PON1192
genotypes. However, PON1192 genotype and activity were not associated with specific
symptoms; hence the findings remain somewhat inconclusive (Hotopf et al. 2003).

A series of studies investigated the potential role of PON1 in modulating chronic central
and/or peripheral nervous system abnormalities, at times referred to as “dipper's flu”,
associated with exposure of sheep dippers to diazinon. In an initial study, diazoxonase
activity was lower in cases than referents (Cherry et al. 2002); however, in a follow-up study
in the same populations, serum activity toward diazoxon did not differ between cases and
controls (Mackness et al. 2003). Nevertheless, when the two groups were divided into
quintiles according to the capacity of their serum to hydrolyze diazoxon, sheep dippers in
the lowest quintile had a greater risk of reporting ill health than those in the other quintiles
(Mackness et al. 2003). A further study also suggested that the risk associated with PON1
polymorphisms may vary with genotypes of CYP2D6 (which bio-activates diazinon) (Povey
et al. 2007). On the basis of these and of additional similar findings (O'Leary et al. 2005;
Mackenzie Ross et al. 2010; Cherry et al. 2011) it is suggested that diazinon has contributed
to the ill health of those sheep dippers who had a lower ability to detoxify diazoxon.

In one study of South African workers, symptoms consistent with chronic OP toxicity were
significantly more likely among subjects with the QQ or QR genotypes than the RR
genotype (Lee et al. 2003). However, no indication of which OP was involved in exposure
was provided. Another occupational study reported that Brazilian agricultural workers
homozygotes for PON1Q192 presented higher genotoxic effects (as determined by a higher
lymphocyte micronucleus frequency) than other workers (da Silva et al. 2008). However,
this population of workers was exposed to a large number of pesticides; among the few OPs,
none was a known PON1 substrate. Thus, the significance of this finding is obscure, at best.
In a similar study in India, agricultural workers exposed to unknown OP insecticides were
reported to have higher DNA damage in lymphocytes if they had low PON1 status (only
identified as QQ/MM genotypes) (Singh et al. 2011). An additional study investigated the
association between PON1 status, OP exposure and thyroid function in Spain (Lacasana et
al. 2010). Results indicate that impaired thyroid function in OP-exposed agricultural workers
was greater in individuals with lower PON1 activity.

Residential exposure to OPs in a rural community was found to be associated with an
increased risk of Parkinson's disease in carriers of the PON155M variant (low PON activity).
Of interest is that the odds ratios for diazinon (2.2) and for chlorpyrifos (2.6) were
statistically significant, while no increased risk was observed for parathion (Manthripragada
et al. 2010). In a similar study, residential exposure to diazinon and chlorpyrifos was
associated with an increased risk of brain tumors in children with low PON1 activity
(Searles Nielsen et al. 2005).

In another recent study in pesticide handlers in Washington State, exposed to various OPs
(most notably chlorpyrifos) and carbamates, low PON1 catalytic efficiency (Q192) and low
plasma PON1 activity were associated with increased degrees of plasma
butyrylcholinesterase (BuChE) inhibition from baseline levels (Hoffman et al. 2009) (Table
1). In contrast to these findings, however, in workers involved in the manufacturing of
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chlorpyrifos and exposed to this OP, the decreased plasma BuChE activity was not
associated with low PON1 status (Albers et al. 2010).

Overall, the human studies available so far provide initial evidence that low PON1 status
may increase susceptibility to adverse effects of certain OP insecticides. Nevertheless, while
animal studies indicate that PON1 status is an important determinant of sensitivity to acute
toxicity of certain OPs, it is still uncertain whether PON1 status may play a significant role
at lower dose levels of exposure. For example, using a physiologically based
pharmacokinetic and pharmacodynamic (PBPK/PD) model, Timchalk et al. (2002) carried
out a Monte Carlo analysis of the human PON1Q192R polymorphism, and calculated
theoretical brain concentrations of chlorpyrifos oxon for each PON1192 genotype, following
different single doses of chlorpyrifos. The results suggested that PON1 status may influence
chlorpyrifos oxon brain dosimetry, and hence toxicity, at high chlorpyrifos doses, but not at
lower doses, closer to the Reference dose (RfD) (Timchalk et al. 2002). Such conclusion
was also reached by Cole et al. (2005). Further studies in which exposure to OPs and PON1
status are carefully characterized would be needed to ascertain individual susceptibility to
OPs’ adverse effects upon chronic low level exposure. Without such confirmatory studies,
genetic testing in the work place to screen for individual at high risk for OP-induced adverse
health effects appears to be premature (Battuello et al. 2004).

PON1 and the developmental toxicity and neurotoxicity of OPs
In addition to genetic polymorphisms, age is also an important determinant of PON1
activity. Studies in rodents have shown that activity of PON1 in serum and liver is very low
at birth, and increases up to postnatal day 21, with a parallel increase in liver mRNA
(Mortensen et al. 1996; Li et al. 1997; Moser et al. 1998; Karanth and Pope, 2000). A
similar increase was also seen in transgenic mice expressing either the human PON1R192 or
the PON1Q192 alloforms under the control of the human PON1 regulatory sequences,
indicating conservation of the developmental regulatory elements between human and
mouse PON1 (Cole et al. 2003). Low PON1 activity during development may represent a
relevant risk factor for increased susceptibility to the toxicity of certain OP insecticides. The
toxicity of OPs is influenced by age, as young animals are more sensitive than adults to their
acute cholinergic effects (Harbison, 1975; Pope and Liu, 1997; Moser et al. 1998). Such
increased susceptibility is likely due to a lower metabolic detoxication in young animals
(Benke and Murphy, 1975; Murphy, 1982). In case of chlorpyrifos, it has been shown that a
lower hydrolytic detoxication by PON1 accounts for the differential age-related sensitivity
in acute toxicity (Mortensen et al. 1996; Moser et al. 1998; Padilla et al. 2000).

Recent studies in mice have shown that administration of chlorpyrifos oxon (various dose
levels on postnatal days 4-21) causes no inhibition of brain AChE in wild-type and
tgHuPON1R192 mice, but significant inhibition in tgHuPON1Q192 and in PON1-/- mice
(Cole et al. 2011). Thus, low PON1 levels during early development contribute to the greater
sensitivity of young animals to the acute toxicity of certain OPs, and a low PON1 status
(exemplified here by the PON1-/- and the tgHuPON1Q192 mice) may further exacerbate the
neurotoxic effects of OPs. Postnatal repeated exposure to chlorpyrifos oxon also caused
significant alterations in gene expression in the cerebellum, particularly in the domains of
mitochondrial-related genes, oxidative stress, and synaptic transmission, with more
pronounced effects in PON1-/- and tgHuPON1Q192 mice (Cole et al. 2011).

Studies in humans have also shown that serum PON1 activity is very low at birth and
increases over time, reaching a plateau between 6 months and a few years of age, depending
on the study (Augustinsson and Barr, 1963; Ecobichon and Stephens, 1973; Mueller et al.
1983; Cole et al. 2003; Chen et al. 2003; Holland et al. 2006; Huen et al. 2010; Smith et al.
2011). PON1 activity may be even lower before birth, as indeed indicated by data showing a
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24% lower activity in premature babies (33-36 weeks of gestation) compared to term babies
(Ecobichon and Stephens, 1973), and by very low levels of PON1 expression in human fetal
liver (Parker-Katiraee et al. 2008). Furthermore, an expectant mother with low PON1 status
would not be able to provide protection for her fetus against exposure to some OPs (Cole et
al. 2003).

In a study in New York City, offspring of mothers with low PON1 activity exposed in utero
to chlorpyrifos were found to have smaller head circumference compared to those born to
mothers with high PON1 activity or those not exposed to chlorpyrifos (Berkowitz et al.
2004). This finding would suggest that prenatal exposure to chlorpyrifos may be detrimental
in offspring of mothers with low PON1 activity. Another study examined PON1 status in
130 women and their newborns (Furlong et al. 2006). Among newborns, levels of PON1
(measured as arylesterase activity) varied by 26-fold, and among mothers, by 14-fold. On
average, newborns’ PON1 levels were four-fold lower than the mothers’ PON1 levels.
Average PON1 levels in newborns were comparable with hPON1 levels in transgenic mice
expressing PON1Q192 or PON1R192, allowing for prediction of relative sensitivity to
diazoxon and chlorpyrifos oxon. For diazoxon, since it is hydrolyzed by both hPON1
alloforms with the same catalytic efficiency (Li et al. 2000), the range of sensitivity would
be 26-fold in newborns and 14-fold in mothers, with an average fourfold difference between
mothers and newborns, and a range of 65-fold from the most sensitive newborn to the most
resistant mother (Furlong et al. 2006). For chlorpyrifos oxon, since tgHuPON1Q192 mice
were found to be 2.0-2.5-fold more sensitive than tgHuPON1R192 mice (Cole et al. 2005),
the overall predicted variability in sensitivity between newborns and mothers would be
estimated to range between 131 and 165-fold (Furlong et al. 2006). These observations
suggest that most newborns, as well as many mothers, would be expected to be more
susceptible to the acute effects of certain OPs, due to their PON1 status. These
extrapolations would be relevant at high oxon exposure levels; whether they may apply to
lower level of exposure to the parent insecticides needs to be established (Timchalk et al.
2002; Cole et al. 2005).

Additional studies provide evidence that a low PON1 status may be associated with adverse
effects upon developmental exposure to OP insecticides. In infants born to OP-exposed
Mexican-American women in California, shorter gestational age and smaller head
circumference was associated with low PON1 levels (Harley et al. 2011). In the same
population, low PON1 status in children at age two was associated with poorer scores in
various tests for mental and psychomotor development (Eskenazi et al. 2010). Similar
results were reported for a population of New York children (the Mount Sinai Children's
Environmental Health Study); prenatal OP exposure was associated with decrements in
mental development at 12 and 24 months and at 6-9 years, particularly when mothers had a
low PON1 status (Engel et al. 2011).

Dietary and pharmacological approaches for a positive modulation of PON1
Given the role of PON1 in protecting against toxic OP exposures and various diseases,
particularly cardiovascular disease (Costa et al. 2003; Androutsopoulus et al. 2011), and its
decrease in a number of pathological conditions (Camps et al. 2009a), it is not surprising
that continuous efforts are devoted at identifying factors that may increase PON1 activity
and/or expression (Costa et al. 2005; 2011; Camps et al. 2009b; Schrader and Rimbach,
2011). As said, a major determinant of PON1 activity is represented by genetic
polymorphisms; in addition, age and gender may also play a role, with lower activity in
early development and in aging, and a higher activity in females (Costa et al. 2005).

A number of drugs have been shown to increase PON1 levels and/or activity. These include
several cardiovascular drugs, in particular the hypolipidemic statins, and some anti-diabetic
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drugs (e.g. rosiglitazone) (Costa et al. 2005; 2011). However, since such pharmaceutical
drugs also have potential adverse health effects, chronic administration to healthy
individuals with the purpose of increasing PON1 would not be recommended. Most
attention has thus been devoted to identifying dietary intervention strategies that may
increase PON1. Since PON1 is inactivated by oxidative stress (Nguyen and Sok, 2003)
several studies have examined the effects of antioxidants. Two vitamins, ascorbic acid (Vit.
C) and alpha-tocopherol (Vit. E), appear to increase PON1 activity in animals but results in
humans are inconclusive (see Costa et al. 2011 for references). Of particular interest are the
results of in vitro, and of animal and human studies, with various polyphenols. These studies
indicate that quercetin, green tea catechins, resveratrol, and pomegranate juice polyphenols
are capable of increasing PON1 activity and/or levels in both animals and humans (see
Costa et al. 2011 for references). Low alcohol consumption also has a positive effect on
PON1 levels (Rao et al. 2003).

In all cases, increases of PON1 are relatively small, less than 2-fold, most often of about
50% or less. However, as knowledge of the mechanisms regulating PON1 expression
increases, it may be possible to target specific signal transduction pathways or transcription
factors to provide a higher stimulatory effect. An alternative or complimentary approach
would be that of administering exogenous PON1. As discussed earlier, PON1 confers
protection toward the toxicity of OP insecticides by acting as a catalytic scavenger.
Important issues to be addressed in this regard are: 1) engineering PON1 with higher
catalytic efficiency (Stevens et al. 2008); 2) solving the problem of immunogenicity
(Trovaslet-Lery et al. 2011); 3) devising novel modes of PON1 delivery (Zhang et al. 2010);
and 4) addressing the issue of the relatively low half-life of exogenous PON1 (Li et al. 2003;
2005).

Conclusions
Polymorphisms in the PON1 gene influence both the quality and the quantity of PON1 (i.e.
PON1 status). Evidence provided by in vitro and by animal studies indicates that PON1
plays a relevant role in the metabolism of certain OPs and modulates their acute toxicity.
Though these studies provide strong evidence that PON1 levels and, in some cases, the
Q192R polymorphism, determine the efficiency with which an individual will detoxify a
specific OP, further proof in human populations is still needed. In particular, additional
studies are needed where PON1 status is correlated with the degree of exposure (e.g. AChE/
BuChE inhibition, OP-protein adducts) and/or with signs and symptoms of toxicity.
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Fig. 1.
Comparison of two protocols for determining PON1 status. A. Assay utilizing paraoxon and
diazoxon, two highly toxic substrates. B. Assay utilizing two non toxic substrate:
phenylacetate and chloromethyl phenylacetate (CMPA). Genotypes (○, PON1QQ192; ■,
PON1QR192; Δ, PON1RR192) are clearly identified in both assays, together with enzymatic
activity for each genotype. Reproduced with permission from Richter et al. (2008).
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Table 1

Changes in plasma BuChE activity from baseline in pesticide handlers after stratification by PON1Q192R
genotype and plasma PON1 activity

Q192R Genotype PON1 activity

High Moderate Low

RR +0.53% -0.11%
-8.22%

*

QR -2.06%
-6.17%

*
-7.58%

*

QQ
-9.47%

*
-7.23%

*
-12.15%

*

PON1 activity was determined as arylesterase activity: high (>145 U/mL); moderate (124-145 U/mL); low (<124 U/mL).

*
Significantly different from reference group (RR high), p<0.05 or more. Total n was 163; n in individual groups ranged from 7 to 29. Adapted

from Hoffman et al. (2009).
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