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Clinical Toxicology of Organophosphates
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ABSTRACT

Paraoxonase (PON1) is an HDL-associated enzyme capable of hydrolyzing multiple
substrates, including several organophosphorous insecticides and nerve agents, oxidized
lipids, and a number of drugs or pro-drugs. Several polymorphisms in the paraoxonase
(PON1) gene have been described, which have been shown to affect either the catalytic
efficiency of hydrolysis or the expression level of PON1. This review discusses the relevance
of these polymorphisms for modulating sensitivity to organophosphorous compounds. Animal
studies characterizing the PON1 polymorphisms have demonstrated the relevance of PON1 in
modulating OP toxicity and have indicated the importance of an individual’s PONI status
(i.e., genotype and phenotype taken together) rather than genotyping alone. Nevertheless,
direct confirmation in humans of the relevance of PON1 status in conferring susceptibility to
OP toxicity is still elusive. Recent studies examining the involvement of PONI status in
determining OP susceptibility of Gulf War veterans, sheep dippers, and individuals poisoned
with chemical warfare agents represent a step in the right direction, but more studies are
needed, with better documentation of both the level of exposure and the consequences of

exposure.
INTRODUCTION properties of the chemical, its dosage, and genetically
determined variations in the host. Such variations, which
Adverse health effects from exposure to exogenous often involve target proteins or biotransformation
chemicals, including pesticides, depend on the intrinsic enzymes, have been studied for some time in relation
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to differences in drug effectiveness or adverse drug
reactions in the field of pharmacogenetics, and more
recently as they relate to exposures to environmental
agents, hence the term ecogenetics (1). Genetic
polymorphisms may lead to enzyme variants with higher
or lower activity and/or with different levels of
expression. An example of the effects of such
polymorphisms is represented by paraoxonase (PONT1),
a liver and plasma enzyme whose physiological role lies
in its ability to metabolize oxidized lipids (2,3). PONI is
also involved in the metabolism of a number of drugs and
pro-drugs (4), but its most studied role is in the
metabolism of organophosphorus compounds (5). This
brief review will focus on the polymorphisms of human
PONTI and on their significance in modulating sensitivity
to organophosphate toxicity.

TOXICITY AND METABOLISM OF
ORGANOPHOSPHORUS COMPOUNDS

A number of organophosphorus compounds (OPs)
include toxic triesters of phosphoric acid. Approxi-
mately 80 OPs are currently used as insecticides,
while other OPs have been used as drugs (e.g.,
trichlorfon for schistosomiasis or ecothiophate for
glaucoma), or as nerve agents in chemical warfare
(e.g., sarin or soman) (6). Exposure to OPs is
associated with three distinct syndromes: a cholinergic
syndrome, as a consequence of inhibition of
acetylcholinesterase (AChE) and accumulation of
acetylcholine at muscarinic and nicotinic receptors
throughout the body; a still poorly defined intermedi-
ate syndrome, characterized by weakness of respirat-
ory, neck, and proximal limb muscles, which occurs
hours to days after the onset of severe cholinergic
over-stimulation; and a delayed polyneuropathy, which
is caused only by certain OPs, and can be described
as dying-back axonopathy, whose primary event
appears to be inhibition of another enzyme, neuro-
pathy target esterase (NTE) (7). Only OPs with a
P=0 moiety can interact with AChE or NTE. Since
most OP insecticides are organothiophosphates, they
require metabolic activation to their corresponding
oxygen analogs. Such activation is mediated by
various isozymes of cytochrome P450, which are
also involved in the detoxication of OPs. In addition,
OPs can be detoxified hydrolytically by the action of
A-esterases (8). One of these A-esterases is para-
oxonase (PONI1), which can hydrolyze the oxygen
analogs of various commonly used OP insecticides
and some nerve agents (9).
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ROLE OF PARAOXONASE (PON1) IN
ORGANOPHOSPHATE METABOLISM

Paraoxonase (PONI1) is a high-density lipoprotein
(HDL)-bound enzyme present primarily in plasma and
liver. In vitro, PON1 can hydrolyze a number of
organophosphate oxons such as chlorpyrifos oxon,
diazoxon, paraoxon, as well as nerve agents such as
sarin or soman, suggesting that it may play an important
role in OP detoxication in vivo, and hence modulate their
toxicity. Initial indirect evidence for such hypotheses
came from cross-species comparisons. Birds, which have
no or very low plasma PONI activity, were more
sensitive than rats to the toxicity of various OPs (10). In
turn, rats were found to be more sensitive to the toxicity
of OPs than rabbits, which have a seven-fold higher
plasma PONT activity (11). A more direct approach was
provided by studies in which exogenous PONI from
rabbit serum was shown to protect rats from the toxicity
of paraoxon (12). More recently, similar experiments
utilized i.v. injections of PON1, purified to homogeneity
from rabbit serum, which raised rat plasma PONI1
activity toward paraoxon and chlorpyrifos oxon by 9- and
50-fold, respectively (13). When rats were challenged
with either OP, significant protection (assessed by
measuring inhibition of AChE in different tissues) was
observed. Protection was more evident in the case of
chlorpyrifos oxon and was also present when OP
exposure occurred by the dermal route, which represents
an important route of occupational exposure (13).
Further experiments, which followed a similar protocol,
extended these findings to mice (14). It was also found
that by administering purified PON1 by the i.v. 4+ i.m.
route, serum PONI1 levels could be increased for an
extended period (t1/2 > 30h) and that exogenous PON1
could also afford protection against the toxicity of
chlorpyrifos, the parent compound used as an insecticide,
when given before or even after (up to three hours) OP
exposure (14,15).

OP toxicity has also been investigated in PONI
knockout (PON1~/7) mice, which were produced by
targeted disruption of exon 1 of the PONI1 gene (16).
PONI1~’~ mice have no plasma or liver hydrolytic
activity toward paraoxon and diazoxon, and a very low
level activity toward chlorpyrifos oxon (17). PON1~/~
mice have dramatically increased sensitivity to chlorpyri-
fos oxon and diazoxon, and a slightly increased sensitivity
to the respective parent compounds chlorpyrifos and
diazinon (16,17). Surprisingly, PON1~/~ mice did not
show an increased sensitivity to paraoxon, the OP after
which PON1 was named, despite a total lack of
paraoxonase activity in plasma and liver (17).
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Altogether, these animal studies provide evidence
that PON1 plays a relevant role in modulating the
toxicity of specific OPs. Indeed, increasing plasma PON1
activity by injection of purified PON1 or abolishing both
plasma and liver activity, as in the PON1~'~ mice,
causes significant decreases or increases, respectively, in
OP toxicity.

PARAOXONASE POLYMORPHISMS AND THEIR
SIGNIFICANCE

Earlier studies measuring PON1 activity (utilizing
either phenylacetate or paraoxon as substrates) in serum
from human subjects of Caucasian origin revealed a
bimodal or trimodal distribution (18,19). On the basis of
enzymatic tests, humans could be divided into three
serum PONI phenotypes, with low, intermediate, and
high activity. Studies in the early 1990s led to the
purification, cloning, and sequencing of human PONI1
(20-22). The PON1 cDNA encodes a protein of 355
amino acids, from which only the amino-terminal
methionine residue is removed during secretion and
maturation. Physical mapping placed the human PON1
gene on chromosome 7 q21-22 (23).

Two polymorphisms were observed in the PONI
coding sequence: a Gln (Q)/Arg (R )substitution at
position 192, and a Leu (L)/Met (M) substitution at
position 55 (23,24). PON1 192 and 55 genotypes have
been established in several populations (25), utilizing a
PCR method (23). The polymorphism at position 192 has
been the most studied, with gene frequencies of
PON1q 9, ranging from 0.75 for Caucasian of northern
European origin to 0.31 for some Asian populations (25).
The Lss and R;q, alleles are in strong disequilibrium,
with approximately 98% of the R, alleles having L at
position 55 (25).

In addition to these two polymorphisms in the
coding region of PONI, five polymorphisms have been
found in the noncoding region of the PON1 gene (26—
28). These are at positions — 108 (C/T), — 126 (G/C),
— 162 (A/G), —832 (G/A) and —909 (C/G). The most
significant of these promoter region polymorphisms
turned out to be that at position — 108, which
contributes 22.4% of the variation in PON1 expression,
while the polymorphism at position — 162 contributes
only 2.4% (29).

The coding region polymorphisms of PON1 have
been investigated for effects on the catalytic efficiencies
of hydrolysis of specific substrates. The L/M poly-
morphism at position 55 does not affect catalytic activity
(23,24) but has been associated with variability of plasma
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levels, with PON1yyss individuals having lower PON1
activity (29-31). This effect, however, seems to be
related primarily to linkage disequilibrium with the
— 108 promoter polymorphism (25). The Q/R poly-
morphism at position 192, on the other hand,
significantly affects the catalytic efficiency of PONI.
Initial studies indicated that the PONlg 9, isozyme
hydrolyzed paraoxon more readily than PONlgi9,
(23,24). Further studies indicated that this polymorphism
was substrate-dependent, as the PON1gq9, isoform was
found to hydrolyze diazoxon, sarin, and soman more
rapidly than PON1g9; in vitro (32).

Because individuals homozygous for the PON1g 9z
allele appeared to have higher average diazoxonase
activity than individuals homozygous for the PON1g;9,
allele (32,33), it was hypothesized that the two isoforms
would provide different degrees of protection against
diazoxon when injected into PON1~"" mice. However,
when either isoform was injected into PON1~/~ mice at
equivalent levels, there was no significant difference
observed in the extent of protection from AchE inhibition
by diazoxon (17). A major difference between the
conditions of the in vitro PON1 diazoxonase assays and
the in vivo experiments was the high concentration of
NaCl (2 M) used in the in vitro assays. For population
studies, the high salt conditions provide a better
resolution of PON1 9, phenotypes/genotypes. However,
the conditions of the in vitro assay do not reflect
physiological conditions, where concentrations are
approximately 150mM Na* and 110mM CI~. When
the effect of NaCl on diazoxon hydrolysis by the two
human PONI isoforms was investigated in vitro, it was
found that the PON1 9, isoform was stimulated by high
NaCl concentrations, whereas the PON 1y 9, isoform was
inhibited by high salt (17). Under physiological
conditions (150mM NaCl) both PONI1,9, isoforms
exhibited similar catalytic efficiency of diazoxon
hydrolysis, thus providing an explanation for the in
vivo results in PON1~/~ mice.

In the case of chlorpyrifos oxon, the PONlg 9,
isoform had been shown to hydrolyze this compound at a
slightly higher rate than the PON1q;9, isoform (32,33).
Unlike the situation for diazoxon, in vivo results were
consistent with the initial in vitro findings. PON1~/~
mice that received the PON1g 9, isoform had a 1.7-fold
higher plasma chlorpyrifos oxonase activity than those
that received the PONlg 9, isoform, and PONlg,9,
provided more protection against chlorpyrifos oxon
toxicity (17). Furthermore, regardless of the NaCl
concentration used in in vitro assays, PONlgjg;
hydrolyzes chlorpyrifos oxon more efficiently than
PON1 ;92 (17). Recent in vivo experiments in transgenic
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mice expressing human PONlg;9, or PON1g9, on a
mouse PONT1 null background confirmed and expanded
these findings. The two lines of transgenic mice express
the same level of PON1 protein or mRNA, yet the
PONI1g9p mice are significantly more resistant to
chlorpyrifos oxon toxicity than the PONlgi9, mice
(Cole, Costa, and Furlong, unpublished observations).
The PON1g9, isoform hydrolyzes paraoxon better
than the PON1q;9, isoform at all NaCl concentrations
(33). Yet neither isoform when injected into PON1~/~
mice conferred protection against paraoxon toxicity (17).
Furthermore, even hPONIR-Tg mice, transgenic mice
expressing the human PON1g;9, gene in addition to the
endogenous mouse PON1, showed a similar sensitivity
as wild-type mice to paraoxon exposure (17). The
surprising results obtained with paraoxon can be
explained by additional experiments in which the
catalytic efficiency of each purified human plasma
PONI1 4, isoform was tested under more physiological
conditions (17). Though the efficiency of PON1g;9, was
more than seven-times greater than that of the PONg;9,
isoform, the catalytic efficiencies for hydrolysis of
paraoxon by either PON1,9, isoform were very low
compared with those for hydrolysis of diazoxon and
chlorpyrifos oxon (Table 1). This confirms the
hypothesis that PON1 is not efficient at hydrolyzing
paraoxon at low concentrations, suggesting that meta-
bolic enzymes other than PON1 are primarily responsible
for detoxifying paraoxon in vivo (34,35). The better
catalytic efficiency of PON1g 9, for chlorpyrifos oxon
(Table 1) is in agreement with the previously discussed
studies. Similarly, the higher rate of diazoxon hydrolysis
by the PON1g,9, isoform is compensated by the better
affinity of the PON1g 9, isoform for diazoxon, resulting
in nearly identical catalytic efficiencies (Table 1), again
in agreement with the results of the in vivo studies.
Altogether, these in vitro and in vivo studies have
clarified the relative role of the two PON1 4, isoforms in
modulating the toxicity of certain OPs. As said earlier, a
promoter region polymorphism affects the level of PON1
expression, which represents a second major determinant
for determining the “PONI1 status” of an individual
(14,33). By plotting rates of diazoxon hydrolysis against
paraoxon hydrolysis at high salt concentrations (2M
NaCl), an accurate inference of PON1;9, genotypes as
well as PON1 activity levels for individuals can indeed
be made (33,36). Results from animal studies with OPs,
as well as from human studies on cardiovascular disease
(36,37), do indeed indicate that PON1 status, comprised
of both plasma PONI levels and PON1,9, genotype,
rather than simple PON1,9, genotyping, is the best
descriptor of an individual’s pharmacogenomic profile
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for PON1. Indeed, even within a group of individuals
homozygous for the PONlgrj9p or PONlgq, allele,
enzyme activity can vary by at least 13-fold, depending
on the substrate (32).

CLINICAL RELEVANCE OF PON1
POLYMORPHISMS

The early finding that human serum PONI1 activity
presented a bimodal distribution has long led to the
hypothesis that low metabolizers may be more sensitive
to the toxicity of OPs. The studies summarized have
characterized the PON1 polymorphisms responsible for
different catalytic activities and levels of expression,
have demonstrated the relevance of PON1 in modulating
OP toxicity in various animal models, and have indicated
the importance of an individual’s PON1 status. Never-
theless, direct confirmation in humans of the relevance of
PONI1 status in determining relative sensitivity to OP
toxicity is still elusive. In recent years, however, three
situations, in Japan, the Middle East, and the United
Kingdom, have called for investigations in the role of
PONT1 in OP toxicity in humans.

On March 20, 1995 the subway system in Tokyo was
subjected to a terrorist attack with sarin gas that left 12
people dead and over 5,000 injured (38,39). Sarin is
metabolized by PONI, and in an in vitro assay,
homozygotes for the PON1gq, allele were found to
hydrolyze sarin approximately 10 times better then
individuals homozygous for the PON1g o, allele (32). In
the Japanese population, the prevalence of the PON1g 9,
genotype was found to be 0.66, compared with 0.25-
0.30 for various Caucasian populations (25,40). Thus,
Japanese individuals may have been more prone to sarin
toxicity because of the low sarin hydrolyzing activity of
PONI1R 9, for sarin. However, among 10 of the victims
of the Tokyo attack, 7 expressed the PONg 9, genotype,
with 6 Q/R heterozygotes and 1 Q/Q homozygote (41).
Thus, the genotype which confers high hydrolyzing
activity toward sarin did not appear to provide protection
from acute sarin poisoning. However, two issues should
be considered: first, no evidence of the levels of PON1
were provided. In a Caucasian population, the range of
sarinase activity ranged from O to 758 U/L among
individuals with either the QQ or QR genotype (32).
Second, exposure to sarin in these seven individuals was
indeed massive, as it caused death either instantly or,
with one exception, in less then 48 h (41). Such high-dose
exposure would be expected to overcome any potential
protection afforded by the PON1g,9, genotype. Third,
the catalytic efficiency of sarin hydrolysis by PONI is
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Table 1. Catalytic efficiency determines the in-vivo efficacy of PONI for detoxifying OP compounds.

Paraoxon Diazoxon Chlorpyrifos-oxon
PON1™* PON1~/~ 192Q 192R  PONI"T PON1~/~ 192Q 192R  PON1"* PON1~/~ 192Q 192R

*Brain ChE activity 77 =15 53 =13 419 34*11 102=%5 20+7 6822 81=*17 n.d. at 14+1 28=11 87=*13

(% of control) 2mg/kg?
*Diaphragm ChE 75+18 57 +7 54+8 57+12 55+ 4 2+7 47*13 56*13 n.d. at 19 +3 47+5 77+x15

activity (% of 2mg/kg?

control)
"Km (mM) — — 0.81 0.52 — — 2.98 1.02 — — 0.54 0.25
®Vmax (units/mg) — — 0.57 3.26 — — 222 79 — — 82 64
bCatalytic effi- — — 0.71 6.27 — — 75 77 — — 152 256

ciency

(Vmax/Km)

#Toxicity (ChE inhibition) associated with dermal exposure to OP compounds (0.3 mg/kg, paraoxon; 1mg/kg, diazoxon; 2 mg/kg, chlorpyrifos-oxon) of wild-type
(PON1™*) and PON1 knockout (PON1~/7) mice injected with either purified human PON19,q (192Q) or PON1,9,r (192R) 4 hr prior to exposure. Data are expressed as
percent = SEM of ChE values for control mice receiving acetone alone.

®Paraoxonase, diazoxonase, and chlorpyrifos-oxonase activities were determined in vitro (in 0.15M NaCl), using purified human plasma PONI1,95q or PON1,¢:r
isoforms (17).
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low, and is probably similar to the case of paraoxon
hydrolysis, where one PON1,4; isoform hydrolyzes sarin
with better efficiency, but still not efficiently enough to
provide protection.

Among the almost 700,000 U.S. troops that were
deployed to the Persian Gulf area in 1990—1991, a large
number of veterans have had a range of unexplained
illnesses including chronic fatigue, muscle and joint pain,
loss of concentration, forgetfulness, and headache (42).
Men and women who served in the Gulf War theater
were potentially exposed to a wide range of biological
and chemical agents, including sand, smoke from oil well
fires, solvents, petroleum fuels, pyridostigmine bromide,
depleted uranium, anthrax and botulinum toxoid
vaccinations, insecticides, and nerve agents (42).
A recent study investigated PON1 genotypes and plasma
enzyme activity in a group of 25 ill Gulf War veterans
and 20 controls (43). PONlg;9, homozygotes or
PONI1g/r192 heterozygotes were reported to be more
likely to have neurologic symptom complexes than were
individuals homozygous for PON1g¢; (43). In addition,
low activity of the plasma PON1g,9, isoform appear to
correlate with illness better than the PON1 genotype or
the activity levels of the PON1g 9, isoform (43). This
single study raises the possibility that the PONlg;o,
genotype (low sarin-hydrolyzing activity) may represent
a risk factor for illness in Gulf War veterans. However,
because of the very small size of the study, such findings
necessitate further confirmation in a larger population
(44). Furthermore, PON1, as well as PON2 and PON3,
appear to play a major role in protecting against
oxidative stress. Thus, this role of the PON proteins
should also be considered.

In a similar study, PON1 activity, concentration, and
genotype were determined in a group of 152 Gulf War
veterans from the United Kingdom who self-reported the
presence of symptoms associated with the Gulf War
syndrome (45). In Gulf War veterans, plasma paraoxon-
hydrolyzing activity was 50% less than in a control
group. PON1 concentration, measured by an ELISA
assay, was slightly (14%) but significantly reduced,
while plasma diazoxonase activity did not differ between
the two groups. The low activity and the lower serum
concentration were independent of the PON1 genotype in
the veterans (45). Thus, the results of this study were
different from those of Haley et al. (43). Though in both
cases a reduced plasma paraoxonase activity was found,
in one case it was attributed to an over-representation of
the low-activity PONI1 isozyme (43), whereas in the
other it was common to all PON1 genotypes (45).
Though the latter study suggests that this group of
veterans may have a decreased capacity to hydrolyze
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some OP insecticides, such as paraoxon or chlorpyrifos
oxon, its significance is hampered by the lack of
information on the extent of exposure to such compounds
among the veterans.

In recent years, the possible relationship between
exposure of sheep dippers to OPs and chronic central
and/or peripheral nervous system abnormalities has been
investigated (46). Since one of the often-used OPs is
diazinon, Cherry et al. (47) sought to investigate whether
genetic polymorphisms of PON1 would play a role in
such ill-health effects. Cases (175) were recruited among
individuals who were ill and who believed this was
because of exposure to sheep dip; the referent group
consisted of 234 individuals that had also used diazinon
in sheep dipping, but did not complain of any illness. The
allele frequency of the PONlg;9, polymorphism was
0.35 in cases versus 0.23 in referents, and diazoxonase
activity was lower in cases than referents (47). The
authors of this study concluded that these findings
suggest that OPs may have contributed to the ill health of
people who dip sheep. However, it should be noted that
the enzymatic assay was carried out at high NaCl
concentration; thus, for the reasons discussed earlier,
these results do not fully demonstrate that PON1 status is
a key factor in a potential higher sensitivity to diazinon
toxicity. Future studies may want to make use of the two-
substrate assay (with diazoxon and paraoxon as
substrates) to clearly infer PON1 genotypes and
phenotypes, as well as a determination of rates of
phenylacetate hydrolysis to quantify PON1 levels among
the different PON1,9, genotypes, because the rates of
phenylacetate hydrolysis do not significantly differ
between the two PON1 9, isoforms.

Finally, a recent study in Turkey examined serum
paraoxonase activity, PON1 concentration and PON1 55
and 192 polymorphisms in a group of 28 patients acutely
poisoned with various OPs (48). The percentage of
PON1Q192 homozygotes was higher among patients
(86%) than controls (59%); however, no significant
associations were found between the severity of
symptoms upon admittance or time in hospital with
PONI1 activity, concentration or L55M or QI192R
polymorphisms (48). Serum paraoxonase activity was
30% lower in poisoned patients than controls and was
back to control levels after five months. As the
concentration of PON1 did not differ between groups,
the authors suggested that OPs may inactivate PONI
directly or, more likely, that the reduced activity was the
result of an artifact due to in vitro competition by the
intoxicating OP (48).

These studies in human populations, albeit with
several shortcomings, are nevertheless of interest, as they
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try to address the issue of whether an individual’s PON1
status may confer protection or increased sensitivity to
the toxicity of specific OPs. Clearly, more studies are
needed, where better indications of the level and nature
(i.e., the specific OP involved) of exposure and the
consequences of exposure are documented.

CONCLUSIONS

The animal studies summarized in this review
provide evidence that PON1 plays a relevant role in the
metabolism of certain OPs and modulates their acute
toxicity. Of interest is that the toxicity of paraoxon, the
OP after which PON1 was named, is not significantly
influenced by PONI1. Careful in vitro studies carried out
under physiological conditions, together with in vivo
studies in various lines of PONI1 transgenic mice, have
been shown to be extremely useful in dissecting the
functional significance of the PON1 polymorphisms.

Polymorphisms in the PON1 gene influence both the
quantity and the quality of PONI (i.e., PONI1 status).
Strong evidence indicates that PON1 levels and, in some
cases, the Q192R polymorphism, determine the effi-
ciency with which an individual will detoxify a specific
OP. However, direct proof of this in human populations
is still lacking and will require carefully conducted
studies where PON1 status is correlated with the degree
of exposure and with signs and symptoms of toxicity.

Animal studies have also pointed out the potential
therapeutic use of PONI in treating individuals for
exposures to OP insecticides or nerve agents. Engineer-
ing recombinant PON1 variants with high catalytic
efficiencies toward specific compounds may indeed
prove to be a useful addition to the treatment of OP
intoxication.
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