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Abstract Organophosphate (OP) and N-methyl-carbamate (CB) insecticides are
widely used in agriculture in the US and abroad. These compounds — which inhibit
acetylcholinestersase (AChE) enzyme activity — continue to be responsible for a
high proportion of pesticide poisonings among US agricultural workers. It is pos-
sible that some individuals may be especially susceptible to health effects related
to OP/CB exposure. The paraoxonase (PON1) enzyme metabolizes the highly toxic
oxon forms of some OPs, and an individual’s PON1 status may be an important
determinant of his or her sensitivity to these chemicals. This chapter discusses
methods used to characterize the PON1 status of individuals and reviews pre-
vious epidemiologic studies that have evaluated PON1-related sensitivity to OPs
in relation to various health endpoints. It also describes an ongoing longitudinal
study among OP-exposed agricultural pesticide handlers who are participating in
a recently implemented cholinesterase monitoring program in Washington State.
This study will evaluate handlers” PONI1 status as a hypothesized determinant of
butyrylcholinesterase (BuChE) inhibition. Such studies will be useful to determine
how regulatory risk assessments might account for differences in PON1-related
OP sensitivity when characterizing inter-individual variability in risk related to
OP exposure. Recent work assessing newer and more sensitive biomarkers of OP
exposure is also discussed briefly in this chapter.
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1 Introduction

Since the 1970s, the use of organophosphate (OP) and N-methyl-carbamate (CB)
insecticides has increased dramatically in the US (Reigart and Roberts, 1999). In
2007, approximately 589,000 Ibs of azinphos-methyl, chlorpyrifos, and carbaryl
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(three common OP/CB insecticides) were applied in apple orchards in Washington
State alone (WASS, 2007). OP/CBs are also widely used to treat other crops
including pears, cherries, grapes, hops, and potatoes (WSUCE, 2001; WASS, 2008;
Smith, 2006).

Acute effects of OP/CB exposure have been well documented; inhibition of
neuronal acetylcholinesterase (AChE) enzyme activity is the main mechanism of
OP/CB toxicity (Ecobichon, 2001). AChE hydrolyzes the neurotransmitter acetyl-
choline, and thereby plays a critical role in regulating nerve transmissions in the
central and peripheral nervous systems (Ecobichon, 2001). Cholinesterases (ChE)
are also found in blood in two different forms; AChE is associated with red blood
cell membranes, and butyrylcholinesterase (BuChE) is present in serum (Wilson,
2001). Both AChE and BuChE inhibition are considered to be surrogate markers of
early biologic effects related to OP/CB exposure (USEPA, 2000). Generally, AChE
inhibition is considered to be a better marker of toxicity, whereas BuChE inhibi-
tion is a more sensitive marker of exposure because it is inhibited more effectively
than AChE by most OP/CBs including chlorpyrifos, diazinon, and malathion (Lotti,
1995, 2001; Yuknavage et al. 1997).

2 ChE Monitoring in Washington State

In 2004, the Washington State Department of Labor and Industries (L&I) initiated
a ChE monitoring program for agricultural pesticide handlers who are exposed to
toxicity class I or I OP/CBs (WAC, 2004). In this program, handlers (e.g., agricul-
tural workers who mix, load, or apply pesticides) are tested for AChE and BuChE
activities annually prior to the OP/CB spray season (i.e., at baseline), and during the
spray season if they are exposed for 30 or more hours in a 30-day period. AChE
or BuChE inhibition from baseline levels can lead to work practice evaluations or
removal from continued OP/CB exposure (with wage protection) depending on the
degree of ChE inhibition observed. The goals of this monitoring program are to
identify and correct unsafe work practices, and to prevent further exposure among
handlers with ChE inhibition before they experience symptoms of pesticide-related
illness.

3 Health Effects of OP/CB Exposure

Among agricultural workers in the US, OP/CBs continue to be responsible for a
high proportion of pesticide poisonings due to their high toxicity and widespread
use in agriculture (Reigart and Roberts, 1999). In an analysis of acute pesticide
poisonings among US agricultural workers from 1998 to 2005, Calvert et al. noted
that OP/CBs were implicated more frequently than any other class of pesticides
(Calvert et al. 2008). In addition to acute poisonings, there is also growing concern
about a variety of health endpoints that may be associated with chronic exposure
to OP/CB insecticides (McCauley et al. 2006). In particular, there is some evidence
of associations between OP exposure and chronic neurologic effects (Kamel et al.
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2005; Kamel and Hoppin, 2004; Rothlein et al. 2006) and various types of cancer
(Alavanja et al. 2004).

4 Sensitivity to OP/CB Toxicity

It is possible that some individuals may be especially susceptible to health effects
related to OP/CB exposure. High density lipoprotein (HDL)-associated paraoxonase
(PONT) is thought to be one important determinant of an individual’s sensitivity to
some OP insecticides, based primarily on evidence from studies in animal models
(Cole et al. 2005; Li et al. 2000; Shih et al. 1998). PON1 hydrolyzes the highly toxic
oxon forms of several widely used OPs, including chlorpyrifos and diazinon. Studies
in transgenic mice have clearly demonstrated that low plasma PON1 activity is asso-
ciated with greater brain AChE inhibition following exposure to chlorpyrifos oxon
and diazoxon (the oxon forms of chlorpyrifos and diazinon) (Li et al. 2000). Also,
a Q/R polymorphism at position 192 in the PONI coding region affects the cat-
alytic efficiency of the enzyme for chlorpyrifos oxon metabolism. In a study by Cole
et al. of mice expressing equivalent levels of the different alloforms of humanized
PONI, greater brain AChE inhibition was observed among mice with the Q alloform
relative to the R alloform following chlorpyrifos oxon exposure (Cole et al. 2005).

Several important points should be considered regarding PON1-mediated sensi-
tivity to OP exposure: (1) PON1 status is most relevant for protecting against direct
exposure to the oxon forms of OP insecticides (Li et al. 2000; Shih et al. 1998); (2)
most — if not all — OP exposures include oxon residues (CalEPA, 1996; Yuknavage
et al. 1997); and (3) the safety studies for OPs such as chlorpyrifos were carried out
with the highly pure parent organophosphorothioate (Nolan et al. 1984).

5 Characterizing PON1 Status

An individual’s functional PON1 Q192R genotype can be determined using a two-
substrate enzymatic analysis. In this analysis, paraoxonase (POase) and diazoxonase
(DZOase) activities are measured in plasma samples, and the results are plotted
on a graph (Fig. 1). Methods for these assays and the two-substrate enzymatic
analysis have been described previously (Furlong et al. 1989; Jarvik et al. 2000;
Richter and Furlong, 1999). Previous studies have found that there is generally
excellent agreement between predicted Q192R genotype determined by the two-
substrate analysis and observed genotype using polymerase chain reaction (PCR)
assays (Jarvik et al. 2003).

In addition to assessing functional Q192R genotype, it is also useful to character-
ize the level of plasma PONI activity by measuring arylesterase (AREase) activity
in plasma samples using phenylacetate as the substrate. AREase activity is con-
sidered to be a good surrogate for PON1 concentration in plasma since its rate of
hydrolysis is not affected by the Q192R polymorphism (Furlong et al. 1993, 2006).
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6 Previous Epidemiologic Studies

Despite convincing evidence in animal models, relatively few epidemiologic studies
have evaluated PON1 status as a determinant of OP sensitivity. Mackness et al. con-
ducted a case—control study of self-reported chronic ill health among sheep dippers
exposed primarily to diazinon (Mackness et al. 2003). Cases were individuals who
believed that their chronic ill health was due to exposure to sheep dip, and controls
were sheep dippers who were believed to be in good health. The investigators found
that farmers in the lowest quintile of DZOase activity had a 2.5-fold higher risk of
chronic ill health. Another study by Lee et al. evaluated PONI Q192R genotype
among OP-exposed fruit farm workers in South Africa (Lee et al. 2003). Relative to
RR individuals, those who were either QR heterozygotes or QQ homozygotes were
almost three times as likely to report multiple (>2) symptoms of chronic OP toxicity
(e.g., abdominal pain, headache, gait disturbance, and limb numbness, among other
symptoms). In a case—control study of acute OP intoxication, Sozmen et al. (2002)
found that cases had a significantly higher frequency of the PONI Q192 alloform
and lower POase activity than controls. They also found that POase activity was
lower among cases with low BuChE activity upon hospital admission relative to
cases with higher BuChE activity, suggesting a protective effect of PON1 against
BuChE inhibition.

7 PONI1 Status and BuChE Inhibition Among Pesticide
Handlers

In 2006, we began a study to evaluate BuChE inhibition in relation to PON1 status
among OP-exposed agricultural pesticide handlers in Washington State. Pesticide
handlers in the statewide ChE monitoring program are recruited through two collab-
orating clinics in eastern Washington during the OP/CB spray season (April-July).



Biomarkers of Sensitivity and Exposure in Washington State Pesticide Handlers 23

Blood samples for determination of PON1 status and self-reported OP/CB expo-
sure information are collected at the time of follow-up ChE testing. Data from the
2006 and 2007 spray seasons have been analyzed, and results have recently been
published (Hofmann et al. 2009). We focused on the outcome of BuChE inhibition
in this analysis for several reasons. First, BuChE is more sensitive than AChE to
inhibition by many OPs including chlorpyrifos, which was the most widely used
OP among study participants (Amitai et al. 1998; Lotti, 2001). Second, there was
little evidence of substantial AChE inhibition among study participants or among
all handlers in the statewide monitoring program. Among the 472 handlers in the
state monitoring program who had baseline tests and at least one follow-up test in
2006, mean AChE inhibition was 1.8%, and only two handlers had “AChE depres-
sion” at the work practice evaluation threshold of >20% inhibition (ChESAC, 2006).
Finally, high variability in AChE measurements was observed in analyses of data
from the state monitoring program in 2007 (16.7% CV) (Kalman and van Belle,
2007); this would likely have obscured any associations between PON1 status and
AChE inhibition in our study.

Our study approach has several strengths. By recruiting participants from the
recently implemented Washington State ChE monitoring program, we have estab-
lished a cohort of agricultural pesticide handlers with confirmed recent OP exposure.
Because pesticide handlers (i.e., mixer/loader/applicators) are considered to be more
highly exposed to pesticides than agricultural workers who perform other activ-
ities, this population is ideal for evaluating PON1-mediated susceptibility to OP
exposure. Previous studies of PON1-related susceptibility among individuals with
occupational OP exposure have relied on self-reported health outcomes such as
chronic ill health (Mackness et al. 2003) or symptoms of chronic toxicity (Lee et al.
2003). In this study, we used BuChE inhibition as a quantitative biomarker of OP-
related effects as our primary outcome. Finally, some previous studies have relied
exclusively on PONI genotype. For some OPs (i.e., chlorpyrifos), the Q192R poly-
morphism is important as it affects the catalytic efficiency of hydrolysis. However,
plasma PONT activity level is important for all OPs that are metabolized by PON1 at
physiologically relevant rates (Li et al. 2000). Plasma PON1 activity has been shown
to vary widely among individuals with the same Q192R genotype (Costa et al. 2005;
Eckerson et al. 1983; Furlong et al. 2006). Determination of both PONI genotype
and level of plasma PONT activity in this study allows for a better characterization
of overall PONI status than Q192R genotype alone (Richter and Furlong, 1999).

However, there are also several limitations to our study methods. The cross-
sectional design limits our ability to infer a causal relationship between plasma
PONT activity and BuChE inhibition, because PONI1 activity may be modified to
some extent by certain medications (e.g., statins), dietary habits (e.g., vitamin C and
E intake), and environmental exposures (e.g., smoking) (Durrington et al. 2002;
Jarvik et al. 2002). However, most previous studies suggest that plasma PON1
activity tends to be relatively stable over time and is mostly regulated by genetic
factors, particularly the C-108T promoter polymorphism (Brophy et al. 2001a, b;
Durrington et al. 2002; Ferre et al. 2003; Furlong et al. 2000; Jarvik et al. 2002;
Leviev and James, 2000; Suehiro et al. 2000; Zech and Zurcher, 1974). Nonetheless,
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it is possible that some exposures that modulate plasma PON1 activity may also
affect BuChE activity or recovery following OP/CB exposure. Future studies with
prospective collection of blood specimens for determination of PONI status are
needed.

Other studies may also benefit from recent work evaluating new biomarkers of
OP exposure. Several previous studies have found that acylpeptide hydrolase (APH)
is particularly sensitive to inhibition by some OPs, in that biological effects can be
observed at levels of OP exposure that do not inhibit traditional biomarkers such as
AChHE (Quistad et al. 2005; Richards et al. 1999). Moreover, there are several other
advantages of using APH as a biomarker of OP exposure. Whereas BuChE is rel-
atively short-lived in serum, APH is present in red blood cells and therefore has a
longer life span. Consequently, it may be possible to detect exposures that occurred
during the preceding several months. Using mass spectrometry (MS), it should
be possible in some cases to identify which particular OP compound resulted in
APH inhibition. MS analyses should also provide a more accurate measure of expo-
sure when used with appropriate heavy isotope-labeled internal standard biomarker
proteins spiked into the starting samples.

8 Conclusions

Based on evidence from extensive research in animal models and some epidemio-
logic studies, regulatory risk assessments should take differences in PON1-related
sensitivity to OP insecticides into consideration when characterizing inter-individual
variability in risk related to OP exposure. At some point in the future, biologic
monitoring for PONT1 status among pesticide handlers may be warranted to identify
individuals who are at particularly high risk of OP-related health effects. However,
issues of test validity as well as the ethical and legal aspects of genetic testing in
the workplace need to be addressed before such a program could be implemented
(Battuello et al. 2004).
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