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Abstract

The organophosphorus insecticide chlorpyrifos has been widely used. Its active metabolite 

chlorpyrifos-oxon (CPO) is a potent anticholinesterase and is detoxified by paraoxonase-1 

(PON1). PON1 activity is influenced by numerous factors including a Q192R polymorphism. 

Using forty human blood samples bearing homozygous genotypes and either high or low activity 

phenotypes (as determined by high concentration assays of paraoxon and diazoxon hydrolysis) the 

serum PON1 hydrolysis of high (320 μM) and low (178 nM) CPO concentrations was assessed 

using direct or indirect spectrophotometric methods, respectively. PON1 activity at high CPO 

concentration reflected the phenotype and genotype differences; subjects with the high activity 

phenotype and homozygous for the PON1R192 alloform hydrolyzed significantly more CPO than 

subjects with the low activity phenotype and/or PON1Q192 alloform (High RR=11023±722, Low 

RR=9467±798, High QQ=8809±672, Low QQ=6030±1015 μmoles CPO hydrolyzed/min/L 

serum). However, PON1 hydrolysis of CPO at the lower, more environmentally relevant 

concentration showed no significant differences between the PON1192 genotypes and/or between 

high and low activity phenotypes (High RR=231±27, Low RR=219±52, High QQ=193±59, Low 

QQ=185±43 nmoles CPO/min/L serum). Low CPO concentrations were probably not saturating, 

so PON1 did not display maximal velocity and the PON1 genotype/phenotype might not influence 

the extent of metabolism at environmental exposures.
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1.1 INTRODUCTION

The phosphorothionate insecticide chlorpyrifos is a widely used organophosphorus (OP) 

insecticide and the question of its safety has been raised. Phosphorothionates are 

bioactivated by cytochromes P450 to their oxon metabolites (Neal, 1967). Chlorpyrifos is a 

moderately toxic insecticide (rat oral LD50 155 mg/kg; Gaines, 1969) and can be 

bioactivated to chlorpyrifos-oxon (CPO), a potent inhibitor of acetylcholinesterase (AChE; 

E.C. 3.1.1.7) (Aldridge and Davison, 1953) displaying an IC50 (30 min incubation) for rat 

brain AChE of 4 nM (Chambers et al., 1990). Inhibition of AChE can lead to excess 

acetylcholine in the peripheral and central nervous systems causing cholinergic 

overstimulation (Costa, 2008).

Paraoxonase-1 (PON1; E.C. 3.1.8.1) is synthesized in the liver and circulates in the plasma 

associated with both apolipoprotein A1 and high density lipoproteins (Sorenson et al., 1999). 

PON1 protects against the acute toxic effects of several OP anticholinesterases through 

hydrolysis of the parent compounds or their active metabolites (oxons) (Aldridge and 

Davison, 1953). In fact, paraoxonase takes its name from its ability to hydrolyze paraoxon, 

the active metabolite of the OP insecticide parathion (Furlong, 2008).

Differences in PON1 activity have been linked to common polymorphisms in both coding 

and promoter regions (Adkins et al., 1993; Leviev and James, 2000). A common 

polymorphism in the coding region of PON1 is PON1 Q192R, which influences enzyme 

activity measured in vitro (Adkins et al.,1993). This polymorphism involves a change from 

the ancestral arginine (R) to glutamine (Q) at position 192 (www.ncbi.nlm.nih.gov/

projects/SNP Reference SNP (refSNP) Cluster Reports 854560 and 662 accessed 

2/12/2013).

The involvement of PON1 in the in vivo detoxication of CPO and diazoxon, the active 

metabolite of the OP insecticide diazinon, has been demonstrated with transgenic animals. 

Although mice with a deleted Pon1 gene are more susceptible to the toxic effects of CPO 

and diazoxon than wild mice, surprisingly they are not more susceptible to paraoxon (Cole 

et al., 2005; Li et al., 2000; Shih et al., 1998). Studies also found that administration of 

PON1 protein, whether recombinant or purified from plasma, confers additional tolerance of 

chlorpyrifos and CPO (Costa et al., 1990; Li et al., 1995; Li et al., 2000; Stevens et al., 
2008). The effect of the Q192R polymorphism on the catalytic efficiency of PON1 varies 

based on the substrate involved (Adkins et al., 1993; Davies et al., 1996; Humbert et al., 
1993; Li et al., 2000). The PON1R192 alloform provided higher catalytic efficiency of CPO 

hydrolysis than the PON1Q192 alloform in both in vitro and in vivo testing (Li et al., 2000). 

Studies using humanized transgenic mice (Pon1 gene replaced with human PON1 genes 

coding for either PON1Q192 or PON1R192) indicated that mice with PON1R192 were 

significantly more resistant to toxicity from a high dosage of CPO than mice with 

PON1Q192, even though the amount of PON1 protein was the same for both (Cole et al., 
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2003; 2005). Therefore, at high dosages of CPO, the PON1 status, i.e., both the activity level 

of the PON1 enzyme (phenotype) and the PON1192 polymorphism (genotype), were 

important determinants of susceptibility. However, these studies did not determine whether 

PON1 status influenced susceptibility at lower, more environmentally relevant levels of 

CPO. In routine exposures to chlorpyrifos, CPO would not be expected to be present at high 

levels because of the kinetics of formation from chlorpyrifos by cytochromes P450. 

Additionally, because of CPO's high potency as an anticholinesterase, high level 

environmental or occupational exposures would not be tolerable. The detoxication of CPO 

by paraoxonase at low (<5 μM) concentrations has been studied (Sogorb et al., 2008; Sogorb 

and Vilanova, 2010), but this research did not investigate the influence of genotype on the 

ability of PON1 to degrade CPO.

The present study utilized serum collected previously during a study involving the PON1192 

genotyping and PON1 phenotyping (i.e., activity levels for select substrates) of African 

American and Caucasian male and female subjects (Coombes et al., 2011). The PON1192 

genotype was determined using a restriction fragment length polymorphism assay and the 

PON1 phenotype was assessed with two substrates, paraoxon and diazoxon. A subset of 

samples and data from forty subjects from the original study sample was chosen who had 

PON1192QQ or PON1192RR genotypes and either high or low activities towards the two 

substrates (Figure 1). The in vitro PON1-mediated hydrolysis of high and low CPO 

concentrations was assessed using either a direct or indirect spectrophotometric method, 

respectively. The indirect method allows for quantitation of CPO hydrolysis using a lower, 

more environmentally relevant nanomolar concentration than the high micromolar 

concentration required by the direct assay for spectrophotometric quantification of the 

hydrolysis product (Chambers et al., 1994). The indirect assay measures the CPO remaining 

following PON1 hydrolysis by assessing the inhibition of an exogenous source of AChE by 

the residual CPO. AChE inhibition can be measured at CPO concentrations well below the 

detection limits of the direct spectrophotometric method and, therefore, the indirect method 

can measure CPO concentrations that are more reflective of realistic exposure levels.

1.2 MATERIALS AND METHODS

Subjects of the original study sample were enrolled for blood collection from the clinical 

practice of Cardiology Associates of North Mississippi, LLC, for the previously described 

study (Coombes et al., 2011). Serum was stored at −70°C until analysis of PON1 activity 

with CPO. Written informed consent had been obtained from all participants and the study 

protocol was approved by both the Institutional Review Board (IRB) of Mississippi State 

University and the IRB of North Mississippi Medical Center; the latter provides oversight 

for studies performed at Cardiology Associates.

Chlorpyrifos-oxon was synthesized as previously described and was at least 95% pure 

(Chambers and Chambers, 1989). All other chemicals were purchased from Sigma Chemical 

Company (St. Louis, MO). Paraoxon, chlorpyrifos-oxon, and diazoxon are all potent 

anticholinesterases and were handled with appropriate protection for personnel.
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Paraoxonase and diazoxonase activities were determined by the hydrolysis of paraoxon or 

diazoxon, respectively, and were reported earlier for the entire study sample in Coombes et 
al. (2011). Paraoxonase and diazoxonase assays conducted in the presence of 2 M NaCl 

were used to identify four subgroups within the study sample. A subject's PON1 phenotype 

was designated as “high” or “low” based on the level of diazoxonase and paraoxonase 

enzyme activities in a plot typically used for assignment of functional genotype (Eckerson et 
al., 1983). Clusters of ten individuals in each of four subsets whose PON1 phenotypes fell 

within one of four groups (high QQ, low QQ, high RR, or low RR) were selected from the 

original study sample (Figure 1). The activities for each of these four clusters of ten 

individuals each are reported in Table 1.

The PON1192 genotype for each individual was originally determined using a restriction 

fragment length polymorphism assay as reported in Coombes et al. (2011). Subjects selected 

for this study were homozygous for either the PON1Q192 alloform (QQ) or the PON1R192 

alloform (RR). Heterozygous subjects (QR) were excluded.

1.2.1. Direct Assay of Chlorpyrifos-oxonase Activity

PON1 hydrolysis of a high concentration of CPO used the method described in Furlong et 
al. (1989) with our minor modifications (Pond et al., 1996). Briefly, human serum samples 

(20 μl serum/ml 0.1 M Tris-HCl buffer at pH 7.4) containing either 1mM EDTA to prevent 

PON1 activity or 2 mM CaCl2 to stimulate PON1 activity were incubated with shaking at 

37°C. CPO in ethanol (320 μM final concentration) was added and the reaction was 

terminated with 2% sodium dodecyl sulfate (SDS) after 15 min. Absorbance was determined 

at 315 nm. Differences between the Ca2+-fortified and the EDTA samples were used to 

calculate 3, 5, 6-trichloropyridinol produced. Data were expressed as micromoles CPO 

hydrolyzed/min/L serum.

1.2.2 Indirect Assay of Chlorpyrifos-oxonase Activity

The indirect assay of hydrolysis toward a low concentration of CPO was performed as 

described in Chambers et al. (1994) and Pond et al. (1996) with a few modifications. Human 

serum samples (10 μl serum/ml 0.1 M Tris-HCl buffer at pH 7.4) containing either 1 mM 

EDTA or 2 mM CaCl2 were incubated with shaking at 37°C for 15 min. Iso-OMPA in 

ethanol (tetraisopropylpyrophosphoramide, 10 μM final concentration) was added followed 

by incubation for 5 min. to inhibit serum butyrylcholinesterase that could stoichiometrically 

destroy CPO.

CPO in ethanol (final concentration, 178 nM) was added to initiate the reaction. This CPO 

concentration was selected to result in about 90% AChE inhibition following the PON1 

assay with EDTA buffer to account for any non-PON1-mediated CPO hydrolysis. After 15 

min, electric eel AChE (0.075 unit/ml final concentration) was added followed by another 15 

min incubation. The reaction mixture was diluted with Tris-HCl buffer (0.05 M, pH 7.4) to a 

final concentration of 0.015 unit electric eel AChE/ml.

AChE activity was measured by our modification (Chambers and Chambers, 1989) of the 

technique of Ellman et al., (1961). A 15 min incubation was conducted to allow 0.01 M 

eserine sulfate to inhibit AChE in the blanks. Acetylthiocholine iodide in ethanol (1 mM 

Coombes et al. Page 4

Toxicol Lett. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



final concentration) was added followed by a 15 min incubation. The reaction was stopped 

by addition of 5% SDS/2.6 mM DTNB [5,5′-dithio-bis (2-nitrobenzoic acid)] and the 

absorbance was measured at 412 nm. A standard curve of CPO concentration versus percent 

inhibition of electric eel AChE was used to determine the nanomolar concentration of 

residual CPO. Samples were analyzed in triplicate and data were expressed in nanomoles 

CPO hydrolyzed per min per liter of serum.

1.2.3 Statistical Analysis

Two-way ANOVA (PROC GLM) with Tukey adjustment of the least square means was 

performed with SAS for Windows 9.1.3 (SAS Institute Inc., Cary, NC, USA) to determine 

statistically significant differences of CPO hydrolysis among the four groups. Paraoxonase 

and diazoxonase data for these selected subjects failed to meet ANOVA assumptions and 

were analyzed for statistically significant group differences using Kruskal-Wallis. To 

determine which groups differed, Wilcoxon rank sum testing was used with Bonferroni's 

correction to adjust for the effect of multiple pairwise comparisons. All statistical 

comparisons used a p≤0.05 significance level.

1.3 THEORY

This study compared low and high substrate concentrations in assays of human serum 

PON1-mediated detoxication of chlorpyrifos-oxon to determine whether genotype and 

phenotype differences were apparent at more environmentally relevant levels of 

chlorpyrifos-oxon.

1.4 RESULTS

1.4.1 Hydrolysis using Direct Assay

Serum of subjects homozygous for the PON1R192 alloform with a high activity phenotype 

(high RR) hydrolyzed significantly more CPO than serum of subjects homozygous for the 

PON1Q192 alloform with a high activity phenotype (high QQ) (p<0.001). Serum of RR 

homozygous subjects with a low activity phenotype (low RR) hydrolyzed significantly more 

CPO than serum of homozygous QQ subjects who expressed the low activity phenotype 

(low QQ) (p<0.001). Within the RR homozygous group, the serum of those with a high 

activity phenotype (high RR) hydrolyzed significantly more CPO than the serum of those 

with the low activity phenotype (low RR) (p<0.001). Similarly, serum of the high QQ group 

hydrolyzed significantly more CPO than subjects who were QQ and expressed a low activity 

phenotype (low QQ) (p<0.001).

As a point of comparison, the activities of these four subsets in hydrolyzing paraoxon and 

diazoxon were calculated, using the data from the previous study (Coombes et al., 2011) on 

only the 40 subjects selected to be in the subset for the present study. Serum of subjects 

homozygous for the PON1R192 alloform with a high activity phenotype (high RR) 

hydrolyzed significantly more paraoxon (p<0.001) than the serum of subjects from any of 

the other groups. Serum of QQ homozygous subjects with a high activity phenotype (high 

QQ) hydrolyzed significantly more diazoxon (p<0.001) than serum from any other group 

(Table 1).
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1.4.2 Chlorpyrifos-oxon Hydrolysis using the Indirect Assay

There were no significant differences observed in the hydrolysis of CPO between subjects 

homozygous for the PON1R192 or PON1Q192 alloforms (p=0.075). There were also no 

significant differences in the hydrolysis of CPO between subjects expressing high or low 

activity phenotypes (p= 0.742 for QQ homozygotes; p= 0.528 for RR homozygotes). 

Subjects who were high RR did not hydrolyze CPO more efficiently than high QQ subjects 

(p=0.077) and low RR subjects did not hydrolyze CPO more efficiently than QQ subjects 

who expressed a low activity phenotype (p=0.124) (Table 2).

1.5 DISCUSSION

In this study using human serum, values for PON1 hydrolysis of a high concentration CPO 

(320 μM) measured by direct assay agree with previous work, such as the humanized mouse 

models, that found both serum PON1 phenotype and PON1192 genotype to be important 

determinants of CPO sensitivity (Cole et al., 2005; Li et al., 2000; Shih et al., 1998). Our 

data indicate that differences in serum PON1 phenotypes are important for predicting 

sensitivity towards high concentration CPO since subjects having high PON1 phenotypes 

hydrolyzed significantly more CPO than subjects with low PON1 phenotypes. Additionally 

at the high CPO concentration, subjects homozygous for the PON1R192 alloform hydrolyzed 

significantly more CPO than subjects with the PON1Q192 alloform. These results support 

previous findings on the importance of the PON1 Q192R polymorphism as a determinant of 

hydrolytic efficiency in both in vitro and in vivo testing at high concentrations of CPO (Li et 
al., 2000). Therefore genotype would be expected to influence the degree of toxicity in very 

high exposures to chlorpyrifos, such as occurs in an accidental poisoning.

Hydrolysis of CPO has been studied at low substrate concentrations, confirming the 

importance of PON1 in detoxifying CPO (Sogorb et al., 2008; Sogorb and Vilanova, 2010). 

However this is the first study, to our knowledge, to examine the influence of the PON1 
Q192R SNP on human PON1-mediated serum hydrolysis of CPO at a lower, more 

environmentally relevant concentration (i.e., 178 nM). However, no significant differences 

were demonstrated between the PON1192 genotypes and/or between high and low serum 

PON1 phenotypes at this lower CPO concentration, contrasting with our high CPO 

concentration data discussed above as well as with studies of others using direct assay 

methods and high concentrations of CPO (Cole et al. 2005; Jansen et al., 2009; Li et al., 
2000; Shih et al., 1998). Therefore, at a low concentration more reflective of levels that 

would occur under realistic exposure scenarios, neither PON1192 genotypes nor serum 

PON1 phenotypes influence the capacity of PON1 to metabolize CPO. Presumably these 

low CPO concentrations were unable to saturate the PON1 enzyme, and therefore PON1 was 

not functioning at maximal velocity, as evidenced by the much lower activities observed 

with the indirect assay compared to the direct assay. This explanation is supported by work 

showing that the paraoxonase maximal velocity (Vmax) differs significantly for all the 

PON1192 genotypes but the Michaelis constant (KM) does not (Poh and Muniandy, 2009). If 

CPO hydrolysis exhibits the same relationships, at high substrate concentrations enzyme 

velocity is equal to Vmax, and the genotypic differences would have the dominant effect. At 

low substrate concentrations, however, KM dominates the kinetic equation so its lack of 
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significant differences among Q192R genotypes would explain the present results showing 

no genotypic differences at a low CPO concentration.

1.6 CONCLUSIONS

Because of the high potency of CPO as an anticholinesterase (4 nM; Chambers et al., 1990) 

and the expectation that CPO would be generated from chlorpyrifos relatively slowly by 

cytochromes P450, at environmentally relevant concentrations it is unlikely that PON1 

genotype/phenotype would influence appreciably an individual's ability to metabolize CPO.
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Highlights

• The influence of the human PON1 Q192R SNP on serum hydrolysis of CPO 

was examined.

• PON1 hydrolysis of high (320 μM) and low (178 nM) CPO concentrations was 

assessed.

• High CPO concentration PON1 activity reflected phenotype and genotype 

differences.

• Low CPO concentration PON1 activity showed no phenotype or genotype 

differences.

• PON1 genotype/phenotype might not affect hydrolysis rate in environmental 

exposures.
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FIGURE 1. 
Plot of diazoxonase activities versus paraoxonase activities in the presence of 2M NaCl of 

human sera showing the separation of homozygous QQ (◇) from homozygous RR (Δ) in the 

original study sample (top) and the groups selected for the study as high QQ (solid oval 

outline), low QQ (solid square outline), high RR (dashed circle outline), and low RR (dashed 

rectangular outline) (bottom). Data derived from Coombes et al. (2011).
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TABLE 1

Direct assay measurement of substrate hydrolysis by human serum PON1. Activities are expressed as 

micromoles of substrate hydrolyzed per minute per liter of serum, means ± SD, n=10. [Data on paraoxon and 

diazoxon were calculated for this subset of subjects only, but were collected for and methods were described 

in the Coombes et al. (2011) study.] Values within a substrate with the same superscript letter are not 

statistically different (p≤0.05).

Substrate High RR Low RR High QQ Low QQ

Chlorpyrifos-oxon 11,023 ± 722A 9,467 ± 798B 8,809 ± 672B 6,030 ± 1015C

Paraoxon 720 ± 40A 530 ± 53B 259 ± 53C 139 ± 21D

Diazoxon 9,255 ± 1,040A 5,699 ± 669B 13,250 ± 381C 6,892 ± 620D
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TABLE 2

Indirect assay measurement of chlorpyrifos-oxon hydrolysis. Activities are expressed as nanomoles of 

chlorpyrifos-oxon hydrolyzed per minute per liter of serum, means ± SD, n=10. Values with the same 

superscript letter are not significantly different (p≤0.05) as determined by ANOVA with Tukey adjustment. ^

High RR Low RR High QQ Low QQ

231 ± 27A 219 ± 52A 193 ± 59A 185 ± 43A
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