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Abstract
Mouse blood contains four esterases that detoxify organophosphorus compounds:
carboxylesterase, butyrylcholinesterase, acetylcholinesterase, and paraoxonase-1. In contrast
human blood contains the latter three enzymes but not carboxylesterase. Organophosphorus
compound toxicity is due to inhibition of acetylcholinesterase. Symptoms of intoxication appear
after approximately 50% of the acetylcholinesterase is inhibited. However, complete inhibition of
carboxylesterase and butyrylcholinesterase has no known effect on an animal’s well being.
Paraoxonase hydrolyzes organophosphorus compounds and is not inhibited by them. Our goal was
to determine the effect of plasma carboxylesterase deficiency on response to sublethal doses of 10
organophosphorus toxicants and one carbamate pesticide. Homozygous plasma carboxylesterase
deficient ES1−/− mice and wild-type littermates were observed for toxic signs and changes in
body temperature after treatment with a single sublethal dose of toxicant. Inhibition of plasma
acetylcholinesterase, butyrylcholinesterase, and plasma carboxylesterase was measured. It was
found that wild-type mice were protected from the toxicity of 12.5 mg/kg parathion applied
subcutaneously. However, both genotypes responded similarly to paraoxon, cresyl saligenin
phosphate, diisopropylfluorophosphate, diazinon, dichlorvos, cyclosarin thiocholine, tabun
thiocholine, and carbofuran. An unexpected result was the finding that transdermal application of
chlorpyrifos at 100 mg/kg and chlorpyrifos oxon at 14 mg/kg was lethal to wild-type but not to
ES1−/− mice, showing that with this organochlorine, the presence of carboxylesterase was
harmful rather than protective. It was concluded that carboxylesterase in mouse plasma protects
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from high toxicity agents, but the amount of carboxylesterase in plasma is too low to protect from
low toxicity compounds that require high doses to inhibit acetylcholinesterase.

Keywords
organochlorine; organophosphates; pesticides; carboxylesterase knockout mouse

1. Introduction
The acute toxicity of organophosphorus poisons is due to inhibition of acetylcholinesterase.
Carboxylesterase acts as a bioscavenger by stoichiometrically binding and inactivating
organophosphorus poisons (OP), thereby reducing the number of OP molecules available for
inhibiting AChE [1]. Studies in rats have concluded that plasma carboxylesterase plays a
major role in protecting rats from the toxicity of parathion, paraoxon, chlorpyrifos, soman,
sarin, and tabun, but not dichlorvos, diisopropylfluorophosphate, and VX [1–4].

Carboxylesterase in mouse plasma is a 70 kDa glycoprotein product of the ES1 gene on
mouse chromosome 8, where it is one of 16 homologous carboxylesterase genes and
pseudogenes. Humans have no carboxylesterase in plasma, whereas laboratory animals
including mice, rats, guinea pigs, and rabbits have abundant carboxylesterase in plasma [5].
The presence of carboxylesterase in the plasma of mice makes them poor models for studies
of organophosphorus intoxication in humans.

ES1 carboxylesterase in plasma is distinct from the carboxylesterases in liver and intestine,
which are transcribed from the CES1 and CES2 gene clusters on chromosome 8 and not
from the ES1 gene. Humans and all mammals have CES1 and CES2 carboxylesterases in
liver, intestine, and other organs [6]. Carboxylesterase in rat plasma, but not in liver,
intestine, and other organs is inhibited by toxic doses of soman, suggesting that the
carboxylesterase in plasma is the most important OP detoxifying carboxylesterase [7,8].

In a previous report we described the plasma carboxylesterase knockout mouse (ES1−/−),
created as a small animal model for studies that mirror human response to organophosphorus
agents [9]. These mice have no detectable carboxylesterase activity in plasma, but have
normal carboxylesterase activity in liver, intestine, and other organs. Our goal in the present
report was to compare the response of ES1−/− and ES1+/+ wild-type mice to various
organophosphorus toxicants and one carbamate pesticide.

Materials and methods
2.1. Materials

The following were from Chem Service Inc. (West Chester, PA): chlorpyrifos (PS-674);
chlorpyrifos oxon (Met-674B); trichloropyridinol (Met-674A); parathion (PS-95); paraoxon
(PS610); and dichlorvos (PS-89).

The following were from Sigma-Aldrich (St. Louis, MO): carbofuran (# 426008); DFP (#
D0879); Cremophor EL (C5135); and Polyethylene glycol average Mn 400 (#202398).

Diazinon was from Ciba-Geigy Corp. (Switzerland). CBDP was a gift from Dr. Wolf-
Dietrich Dettbarn (Vanderbilt University, Nashville, TN) and Dr. David Lenz (US Army
Institute of Chemical Defense, Aberdeen Proving Gd, MD). It was custom synthesized by
Starks Associates, Buffalo, NY and was 99.5% pure. The nerve agent model compounds,
cyclosarin thiocholine S(p) and tabun thiocholine S(p) were custom synthesized in the
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laboratory of Dr. John R. Cashman (Human BioMolecular Research Institute, San Diego,
CA) as described [10]. The stereoisomers had the S(p) configuration, which is more reactive
with acetylcholinesterase than the R(p) configuration [10].

2.2. ES1 knockout mouse
Animal work was conducted in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the U.S. National Institutes of Health. Formal approval to
conduct animal experiments was obtained from the Institutional Animal Care and Use
Committee (IACUC) of the University of Nebraska Medical Center. C57BL/6 mice
completely deficient in plasma carboxylesterase activity were created by homologous
recombination of the ES1 gene on mouse chromosome 8 [9]. The ES1 gene was inactivated
by deleting exon 5 and introducing a frame shift for amino acids translated from exons 6 to
13, thus deleting the catalytic triad residues Ser, Glu, His. The ES1−/− mice are healthy and
fertile. They have normal acetylcholinesterase, butyrylcholinesterase, and paraoxonase-1
activity in plasma and organs. ES1+/− mice were bred to create ES1+/+, ES1+/− and ES1−/
− mice. This breeding protocol allowed siblings to be utilized in experiments, reducing the
possibility of effects from genetic drift when comparing the response of wild-type and
knockout mice to intoxication.

The ES1 knockout mouse in strain C57BL/6 is available from The Jackson Laboratory
Repository (Bar Harbor, ME) http://jaxmice.jax.org/query where it is listed as JAX Stock
No. 014096 C57BL/6-Ces1ctm1.1Loc/J. An alternative name for the ES1 gene is Ces1c. The
Jackson Laboratory provides heterozygous animals that must be bred to produce animals
completely deficient in plasma carboxylesterase.

2.3. Determination of ES1 phenotype
Pups were phenotyped by assaying plasma carboxylesterase activity of blood collected from
the saphenous vein. Carboxylesterase activity was measured with alpha-naphthyl acetate
[4,11] in the presence of eserine to inhibit AChE and BChE and in the presence of EDTA to
inhibit paraoxonase-1. Measured activity was 9–13 u/ml in ES1+/+, 4–7 u/ml in ES1+/− and
0.5–0.7 u/ml in ES1−/− plasma of adult mice. The residual activity in ES1−/− plasma was
due to hydrolysis of alpha-naphthyl acetate by albumin [12,13].

2.4. Challenge with organophosphorus compounds and a carbamate pesticide
Adult male ES1+/+ and ES1−/− mice (n=3–6/genotype) were challenged with
organophosphorus compounds or a carbamate pesticide to determine differences in toxicity
and in effects on plasma BChE, AChE and carboxylesterase activities. Dose finding
experiments were conducted in ES1+/+ mice to find non-lethal doses that would produce
toxic signs or significantly decrease esterase activity. Challenge compounds were delivered
subcutaneously (sc) with the exception of chlorpyrifos and chlorpyrifos oxon, which were
delivered transdermally. Challenge compounds, doses, and delivery solvents were as
follows: chlorpyrifos (CF) 100 mg/kg in acetone; chlorpyrifos oxon (CPO) 14 mg/kg in
acetone; trichloropyridinol 100 mg/kg in acetone; parathion 15 mg/kg in ethanol; paraoxon
0.2 mg/kg in 50% ethanol; carbofuran 1.0 mg/kg in 5% dimethylsulfoxide; CBDP 20 mg/kg
in polyethylene glycol 400; DFP 4 mg/kg in 2% ethanol/saline solution; diazinon 50 mg/kg
in 7% Cremophor EL/10% ethanol/saline solution; dichlorvos 7.5 mg/kg in saline;
cyclosarin thiocholine 0.05 mg/kg in ethanol; tabun thiocholine 6.0 mg/kg in ethanol.
Toxicant solutions were freshly prepared immediately before use.
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2.5. Functional observational battery
Mice were observed for the behavioral toxic signs described by McDaniel and Moser [14]
including posture, involuntary motor movements, tremors, seizures, convulsions, palpebral
closure, reactivity to being handled, lacrimation, salivation, piloerection, gait, mobility,
arousal, stereotypy, straub tail, vocalization, righting reflex, and temperature. Mice
challenged with a single sublethal dose displayed many of these toxic signs, but none had
convulsions or stereotypical behavior.

2.6. Temperature
Axial body temperature was measured with a digital thermometer, Thermalert model TH-5,
attached to a surface Microprobe MT-D, type T thermocouple (Physitemp Instruments,
Clifton, NJ). Temperature was recorded prior to challenge, at 5 minute intervals for the first
hour post-challenge, hourly through 8 hours, and finally at 24, 48, and 96 hours post dosing.

2.7. Determination of carboxylesterase, AChE, and BChE activity
Blood was collected prior to challenge and at various times post dosing via the saphenous
vein (50 μl) into heparinized collection tubes. Plasma carboxylesterase, AChE, and BChE
activities were determined at each time point. Paraoxonase-1 activity was not measured
because paraoxonase is not inhibited by organophosphorus compounds. Mice have a
significant amount of soluble AChE in plasma [15], whereas humans have negligible AChE
in plasma, but have membrane bound AChE on red blood cells where AChE constitutes the
Yt blood group antigen [16].

All three enzyme activities were measured at 25°C in a 2-ml reaction volume using a Gilford
spectrophotometer interfaced with a MacLab data recorder (ADInstruments Pty Ltd, Castle
Hill, Australia).

Carboxylesterase activity was determined by monitoring the hydrolysis rate of alpha-
naphthyl acetate [4,11]. Three microliters of plasma were added to 1.9 ml of 0.1 M
potassium phosphate buffer pH 7.0 in the presence of 0.01 mM eserine (to inhibit AChE and
BChE) and 1.3 mM EDTA (to inhibit paraoxonase-1). The samples were incubated at 25°C
for 15 minutes to allow complete inhibition of AChE, BChE, and paraoxonase. After
incubation, 100 μl of 0.1 M alpha-naphthyl acetate in ethanol was added to the cuvette and
the rate of hydrolysis was followed at 321 nm. The extinction coefficient for the reaction
product was 2220 M−1cm−1.

AChE and BChE activities were assayed at 412 nm using an extinction coefficient of 13,600
M−1cm−1 [17]. AChE activity was assayed by adding 3 μl of plasma to 2 ml of 0.1 M
potassium phosphate pH 7.0, containing 1 mM acetylthiocholine and 0.5 mM
dithiobisnitrobenzoic acid, at 25°C in the presence of 0.01 mM ethopropazine to inhibit
BChE. BChE activity was assayed by adding 3 μl of plasma to 2.0 ml of 0.1 M potassium
phosphate pH 7.0, containing 1 mM butyrylthiocholine and 0.5 mM dithiobisnitrobenzoic
acid at 25°C.

A unit of AChE, BChE, or carboxylesterase activity was defined as one micromole of
substrate hydrolyzed per minute. The concentrations of AChE, BChE, and carboxylesterase
in mouse plasma are 0.2 mg/L, 2.6 mg/L, and 80 mg/L respectively [5]. The subunit
molecular weights are 70 kDa for AChE, 85 kDa for BChE, and 70 kDa for
carboxylesterase. These molecular weights are heavier than the protein molecular weights
calculated for the primary amino acid sequences because they include the mass of N-linked
glycans. Database codes for these mouse enzymes are: AChE (GenBank ID gi:49845;
UniProt ID P21836), BChE (GenBank ID gi:191580; UniProt ID M99492), and ES1
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carboxylesterase (GenBank ID gi:247269929; UniProt ID P23953; previously gi:6679689,
which is 97% identical to the updated version gi:247269929).

2.8. Statistics
Comparison of means was by paired samples t-test with 95% confidence interval (± standard
deviation). Analysis was conducted using SPSS software (IBM Corporation Chicago, IL).

3. Results
3.1. Plasma carboxylesterase protects against parathion challenge

3.1.1. Parathion—Parathion is a phosphorothioate pesticide (Figure 1). Its toxicity is
mediated through its oxon metabolite, paraoxon, which is generated by cytochrome P450
enzymes in the liver [18,19]. ES1−/− and ES1+/+ mice (n=3 per genotype) were treated sc
with 12.5 mg/kg parathion. Inhibition of plasma AChE, BChE, and ES1 carboxylesterase
activities began to be apparent 0.5 hours after treatment. Inhibition levels increased with
time reaching maximum levels at 6 to 24 hours (Figure 2A, 2B, 2C). The lag between
exposure to parathion and inhibition of plasma esterases reflects the time to induce the
cytochrome P450 enzymes that activate parathion to paraoxon. At 6 hours post dosing,
plasma AChE was significantly more inhibited in ES1−/− than in ES1+/+ mice (73.1±4.6%
versus 56±2.3%) (Table 1). At the same time, BChE was equally inhibited in both genotypes
(71–76%) and ES1 in wild-type mice was inhibited 85%. One ES1−/− mouse was dead at
24 hours post dosing. Surface body temperature of ES1−/− mice dropped from 38 to 33 °C
at 3 hours, and to 30 °C at 6 hours (Figure 2D). Behavioral toxic signs observed in ES1−/−
mice at 6 hours post-dosing included muscle fasciculation, flattened posture, heavy mucus
covering the eyes, palpebral closure, decreased handling reaction, ataxic gait, reduced
mobility, decreased arousal and piloerection. Surface body temperature of ES1+/+ mice
dropped 2 °C at 6 hours, but mice displayed no behavioral toxic signs. By 48 hours post
dosing, body temperatures had recovered to baseline in both genotypes and all mice were
free of behavioral toxic signs. These results indicate that plasma carboxylesterase plays a
role in reducing the toxicity of parathion.

3.1.2. Paraoxon—Paraoxon is the active metabolite of parathion (Figure 1). Mice (n=3
per genotype) were challenged sc with 0.2 mg/kg paraoxon. There was no lag time between
administration of paraoxon and the appearance of behavioral toxic signs. AChE and BChE
inhibition at 0.5 hours post dosing (Figure 3A, 3B) was equivalent between the genotypes
(61–71% for BChE and 57–61% for AChE). There was 91% inhibition of ES1 in the wild-
type mice (Figure 3C). Behavioral toxic signs and changes in body temperature through 4
hours were similar for both the ES1+/+ and ES1−/− mice. Behavioral toxic signs were the
same as in the parathion treated animals. Body temperature dropped from 38 to 28 °C at 1
hour post-dosing (Figure 3D). Both AChE and BChE activities recovered to baseline by 24
hours in both genotypes while carboxylesterase ES1 activity in the wild-type mice was 60%
of baseline by this time point. By 24 hours body temperature had returned to normal and all
behavioral signs of toxicity were gone in both genotypes. We conclude that although mouse
plasma carboxylesterase protected against parathion toxicity it played no significant role in
protection against the active metabolite paraoxon.

3.2. Wild-type mice die, but ES1 knockouts survive challenge with chlorpyrifos and
chlorpyrifos oxon

3.2.1. Chlorpyrifos (CF)—Chlorpyrifos is a phosphorothioate, organochlorine pesticide
(Figure 1). Chlorpyrifos is metabolically activated by oxidative desulfuration to the oxon.
The oxon, but not the parent compound, is toxic. Mice (n=6 per genotype) were treated by
transdermal application with 100 mg/kg CF. No toxic signs were evident until 6 h post
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dosing when wild-type ES1+/+ mice, but not ES1−/− mice, started to display decreased
surface body temperature (Figure 4D) and decreased motor activity. At 6 hours post dosing,
AChE activity was inhibited 70% in both genotypes, BChE activity was inhibited 75–77%
in both genotypes, and there was complete inhibition of ES1 carboxylesterase activity in the
wild-type mice (Table 1). At 24 hours post-dosing, the ES1−/− mice had no behavioral toxic
signs, but 4 of the 6 ES1+/+ wild-type mice were moribund with behavioral signs of
cholinergic toxicity including mucus covered eyes, flattened posture, piloerection, and
whole body tremor. There was also a drop in body temperature from 38 to 32 °C in the
ES1+/+ mice (Figure 4D). At 48 h post-dosing, all wild-type mice were moribund or dead,
whereas the ES1−/− mice displayed no signs of toxicity. These observations are precisely
opposite to expectation.

Additional observations include the following. At 24 hours post-dosing with chlorpyrifos,
plasma AChE activity in ES1−/− mice had partially recovered to 53% inhibition (Figure
4A). In contrast, plasma AChE activity in wild-type mice had not recovered, with the
inhibition level remaining at 70%. At 24 h post-dosing, BChE activity in both genotypes
(Figure 4B) was more inhibited than at 6 h (BChE was 92% inhibited in ES1−/− mice and
99% inhibited in ES1+/+ mice). At 24 h, carboxylesterase activity in wild-type plasma was
still 99% inhibited (Figure 4C). Surface body temperatures of CF-treated mice were normal
up to 6 hours. At 24 and 48 hours, there was a significant drop in the body temperature of
ES1+/+ mice correlating to their moribund status (Figure 4D). Baseline AChE activity was
recovered in the ES1−/− mice by 9 days while BChE activity had not recovered by 25 days
post-dosing. We conclude that plasma carboxylesterase has an effect opposite to that
expected. Rather than protecting from chlorpyrifos toxicity, plasma carboxylesterase
increased the toxicity of chlorpyrifos. This observation in mice differs from the reported
protective effect of carboxylesterase in chlorpyrifos treated rats [1,2].

3.2.2. Chlorpyrifos oxon (CPO)—Chlorpyrifos oxon (Figure 1) is produced by
oxidative desulfuration of chlorpyrifos through the action of cytochrome P450 enzymes
[20]. The oxon is very toxic. Mice (n=6 per genotype) were treated transdermally with 14
mg/kg CPO. At 0.5 h post dosing, plasma AChE activity was inhibited 59–63% in both
genotypes, plasma BChE was inhibited 91% in both genotypes and plasma ES1
carboxylesterase activity was completely inhibited in the wild-type ES1+/+ mice (Figure
5A, 5B, 5C). Between 2 and 6 hours post-dosing, mice of both genotypes had flattened
posture, abnormal gait, decreased response to handling, and a drop in body temperature. At
24 h, ES1+/+ mice were either moribund (n=4) or dead (n=2) while the ES1−/− mice
appeared to have recovered. At 24 h, the body temperature of ES1−/− mice was back to
normal (Figure 5D) and they were free of behavioral toxic signs. At 24 h, plasma AChE
activity in ES1−/− mice had partially recovered to an average inhibition of 53% compared
to 63% inhibition in the moribund ES1+/+ mice. At 24 h, BChE activity was inhibited 84%
in the ES1−/− mice and 89% in the moribund ES1+/+ mice. Baseline AChE activity was
recovered in the ES1−/− mice by 6 days while BChE activity was recovered by 15 days
post-dosing. Carboxylesterase activity was still completely inhibited in ES1+/+ mice at 24 h
and could not be measured at later times because all ES1+/+ mice were dead. We conclude
that chlorpyrifos oxon, like its parent compound chlorpyrifos, is more toxic to wild-type
mice than to mice deficient in plasma carboxylesterase.

3.2.3. Trichloropyridinol—3,5,6-trichloro-2-pyridinol is released from both chlorpyrifos
and chlorpyrifos oxon by hydrolysis of the ester bond (Figure 1). Wild-type mice would be
expected to produce more of this metabolite than ES1−/− mice, because wild-type mice
have more carboxylesterase. The possibility was tested that the higher levels of
trichloropyridinol in wild-type mice might explain their greater susceptibility to poisoning
by chlorpyrifos and chlorpyrifos oxon compared to ES1−/− mice. Mice (n= 3 per genotype)
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were treated transdermally with 100 mg/kg trichloropyridinol dissolved in acetone. The dose
and route of exposure were identical to those for chlorpyrifos. Mice showed no toxic signs at
any time up to 48 hours. Hanley et al. have also shown that trichloropyridinol is nontoxic
[21]. It was concluded that poisoning by trichloropyridinol did not explain why wild-type
mice, but not carboxylesterase deficient mice, died after treatment with chlorpyrifos or
chlorpyrifos oxon.

3.3. Response of wild-type and ES1−/− mice to carbofuran, CBDP, DFP, diazinon,
dichlorvos, cyclosarin thiocholine, and tabun thiocholine suggests a minor protective role
of plasma carboxylesterase

3.3.1. Carbofuran—Carbofuran is a carbamate pesticide (Figure 1) that inhibits rat
carboxylesterase at doses that do not significantly inhibit AChE [22], suggesting that
carboxylesterase could protect against acute toxicity from carbofuran. To test the
contribution of plasma carboxylesterase to protection against carbofuran toxicity we
compared the effect of carbofuran on wild-type and plasma carboxylesterase knockout mice.
ES1+/+ and ES1−/− mice (n=3 per genotype) were treated sc with 1 mg/kg carbofuran.
Carbofuran-inhibited cholinesterases spontaneously reactivate with a half-life of about 2 h
[23]. Therefore plasma samples were analyzed for activity immediately after collection to
limit the degree of enzyme reactivation. AChE in both genotypes was inhibited to a greater
extent (52%) than was BChE (26–29%) (Table 1). Plasma carboxylesterase activity was
94% inhibited in wild-type mice, confirming that carboxylesterase is more sensitive than
AChE to inhibition by carbofuran. Behavioral signs of toxicity were similar for both
genotypes including straub tail, ataxic gait, muscle fasciculations, clonic tremor, flattened
posture, bugged eyes, salivation, lacrimation, arched back, and decreased arousal. The
surface body temperature of ES1−/− mice dropped to 30–31°C by 0.5 h and remained at that
low temperature for 1 h before beginning to rise (Figure 6A). The body temperature of
ES1+/+ mice dropped to 31.5°C for only 15 min. After 2 hours, both genotypes had
completely recovered normal body temperature and showed no behavioral signs of toxicity.
By 24 h post dosing, the activity of plasma AChE, BChE and ES1 had returned to normal
(data not shown). We conclude that plasma carboxylesterase has only a minor role in
protection from carbofuran toxicity.

3.3.2. CBDP—CBDP is a cyclic organophosphorus compound (Figure 1) that is used to
inhibit rodent carboxylesterase in studies designed to equalize species responses to nerve
agents [24]. CBDP is the active metabolite of tri-o-cresyl phosphate, a chemical implicated
in aerotoxic syndrome [25]. The rate constant for inhibition of human BChE by CBDP is
100-fold faster than for inhibition of AChE [25]. It was of interest to determine the
contribution of plasma carboxylesterase to protection from CBDP toxicity. Mice (n=3 per
genotype) were treated sc with 20 mg/kg CBDP. At 30 min post dosing, AChE was inhibited
32% in wild-type and 40% in ES1−/− plasma, while BChE and ES1 carboxylesterase
activity were inhibited 98 to 99%, respectively (Table 1). The nearly complete loss of
plasma BChE and ES1 activity was not accompanied by behavioral signs of toxicity. The
only notable sign of intoxication was a 1 degree increase in surface body temperature in both
genotypes (Figure 6B). Body temperature returned to normal by 24 h post dosing. Although
AChE activity was 20% less inhibited in wild-type than in ES1−/− plasma, the levels were
not significantly different. We conclude that plasma carboxylesterase may afford only minor
protection against AChE inhibition by CBDP.

3.3.3. Diisopropylfluorophosphate (DFP)—DFP is a research chemical (Figure 1) that
is sometimes used as a surrogate for the nerve agent sarin. At one time DFP was used for the
treatment of glaucoma [26]. Mice (n=3 per genotype) were challenged sc with 4.0 mg/kg
DFP. AChE and BChE plasma activities were not significantly different between the
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genotypes at 30 minutes post-dosing (60–70% inhibited AChE and 55% inhibited BChE;
Table 1). ES1 carboxylesterase activity was inhibited 84% in wild-type mice at 30 min post
dosing. ES1−/− mice had significantly lower surface body temperatures than wild-type
mice, from 1–3 hours post dosing with a recovery of body temperature by 4 hours post-
dosing (Figure 6C). Both genotypes displayed similar behavioral toxic signs including mild
muscle fasciculation, decreased handling response, decreased arousal and hunched posture
through 4 hours post-dosing. We conclude that plasma carboxylesterase has a minor
protective role in mice against DFP toxicity.

3.3.4. Diazinon—Diazinon is an OP pesticide (Figure 1) whose toxicity is mediated
through its metabolite diazoxon. The rate constant for inhibition of human BChE by
diazoxon is 100-fold faster than for inhibition of AChE [27]. Mice (n=3 per genotype) were
challenged sc with 50 mg/kg diazinon. At 2 h post-dosing, plasma AChE was inhibited 88%
in wild-type and 94% in ES1−/− mice, BChE was inhibited 82% in both genotypes, and ES1
was inhibited 100% in wild-type (Table 1). At 2–4 hours, all mice developed mild
behavioral toxic signs including mucus covered eyes, palpebral closure, hunched posture,
reduced handling reaction and reduced arousal. No behavioral toxic signs were observed at
24 hours post dosing. AChE activity had recovered to baseline levels in all animals by 48
hours while BChE activity was still inhibited 40% in both genotypes at 11 days post dosing
(data not shown). Body temperatures in both genotypes dropped 2°C at 4 h post-dosing but
returned to normal by 24 h (Figure 6D). We conclude that mouse plasma carboxylesterase
does not have a significant role in protection from the toxicity of diazinon.

3.3.5. Dichlorvos—Dichlorvos is an active OP pesticide (Figure 1) that does not require
activation to become a cholinesterase inhibitor. Dichlorvos is inactivated by paraoxonase-1
(“arylesterase” or “A-esterase” in the older literature) and is considered relatively nontoxic
[28,29]. Carboxylesterases have been reported to be unimportant in detoxication of
dichlorvos in mice [29]. Mice (n=3 per genotype) were challenged sc with 7.5 mg/kg
dichlorvos. ES1−/− mice had significantly greater inhibition of plasma AChE at 30 minutes
post dosing (54% inhibition) compared to ES1+/+ mice (33% inhibition) while BChE
inhibition was equivalent between the genotypes. ES1 carboxylesterase was inhibited 80%
in wild-type mice (Table 1). Behavioral toxic signs were similar for both genotypes. These
signs were severe including muscle fasciculation, ataxic gait, splayed hindlimbs, straub tail,
decreased arousal, mobility and handling reaction. AChE and BChE activities had recovered
by 48 hours post dosing in both genotypes. Decreases in surface body temperature post-
dosing were equivalent between the genotypes, dropping to 27.5°C at 8 h and returning to
normal by 24 h (Figure 6E). We conclude that plasma carboxylesterase in mice plays a
minor role in protection from dichlorvos toxicity.

3.3.6. Cyclosarin thiocholine—Cyclosarin thiocholine is a nerve agent model
compound that differs from authentic cyclosarin by the presence of a thiocholine group in
place of a fluoride ion (Figure 1). Thiocholine is a poorer leaving group than fluoride,
making the model compound less reactive and less toxic than authentic cyclosarin [10]. The
thiocholine nerve agent model compounds are quaternary amines and positively charged but
nevertheless appear to get into the brain (unpublished observations). Because
carboxylesterase is resistant to inhibition by positively charged inhibitors [30] it was
expected that carboxylesterase would have no significant role in protection from the toxicity
of this model compound. Mice (n=3 per genotype) were challenged sc with 0.05 mg/kg
cyclosarin thiocholine. Behavioral toxic signs were similar between the genotypes including
hunched posture, palpebral closure, decreased handling reaction and arousal, decreased body
tone, lacrimation, salivation, reddened paws and nose, ataxic gait, and straub tail. Plasma
AChE was significantly more inhibited at 30 minutes post dosing in the ES1−/− mice (68%)
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than in +/+ mice (32%) (p<0.02) while 9% of the plasma carboxylesterase was inhibited in
the wild-type mice at this time point (Table 1). The concentration of carboxylesterase in
plasma is about 400-fold greater than the concentration of AChE, suggesting that
carboxylesterase scavenged more of the cyclosarin thiocholine than was able to react with
AChE, even though the carboxylesterase inhibition level was only 9%. By 1 hour post
dosing, BChE was inhibited about 70% in both genotypes, whereas AChE activity had
returned to normal. BChE activity returned to normal after 5 days. ES1 carboxylesterase
inhibition remained constant at 9%, through 24 hours. Surface body temperature in both
genotypes dropped to an average of 30°C at 1 h post-dosing and returned to normal by 24 h
(Figure 6F). We conclude that plasma carboxylesterase has a minor protective role against
the toxicity of cyclosarin thiocholine.

3.3.7. Tabun thiocholine—Tabun thiocholine is a nerve agent model compound (Figure
1) that differs from authentic tabun by the presence of a thiocholine group in place of
cyanide. Thiocholine is a poorer leaving group than cyanide, making tabun thiocholine less
reactive and less toxic [10]. Mice (n=3 per genotype) were challenged sc with 6.0 mg/kg
tabun thiocholine. Plasma AChE inhibition at 30 minutes post dosing was about 80% for
both genotypes. Almost complete inhibition of BChE was found for both genotypes. Plasma
carboxylesterase was inhibited 24% in the wild-type mice (Table 1). At 24% inhibition,
carboxylesterase scavenged about 100 times more of the OP than was scavenged by AChE,
and about 10 times more than was scavenged by BChE. Behavioral toxic signs and surface
body temperature (Figure 6G) were similar between the genotypes. Behavioral toxic signs
included hunched flattened posture, myoclonic jerks, palpebral closure, decreased handling
reactivity, ataxic gait, decreased mobility and arousal, straub tail, vocalization when held,
and decreased body temperature through 4 hours. At 24 hours mice had no behavioral toxic
signs; their body temperature and plasma AChE activity had returned to normal, though
BChE activity was still inhibited 85%. In conclusion, plasma carboxylesterase has a minor
role in protection against the toxicity of tabun thiocholine.

4. Discussion
4.1. Carboxylesterase as a bioscavenger of OP

In agreement with Karanth and Pope (2001) we found that plasma carboxylesterase
contributed to protection from the toxicity of parathion [1]. However, plasma
carboxylesterase had only a minor role in protection from the toxicity for most of the
compounds tested. An explanation for the latter finding takes into account the relative
amounts of plasma carboxylesterase and toxicant in a 25 g mouse. The total amount of ES1
carboxylesterase in the wild-type mouse is estimated to be a minimum of 2 nmole. The OP
compounds used in our study were administered in amounts slightly less than lethal. Table 1
shows the doses of OP. Conversion of mg/kg into nmoles/kg (based on a 25 g mouse)
indicates that OP amounts between 5 nmoles (for cyclosarin- thiocholine) and 4100 nmoles
(for diazinon) were administered per mouse. After cyclosarin- thiocholine, the next lowest
doses were for paraoxon (18 nmoles) and DFP (540 nmoles). It is clear that stoichiometric
scavenging by carboxylesterase could provide significant protection against only cyclosarin-
thiocholine and paraoxon. Cyclosarin-thiocholine is cationic and therefore does not react
well with carboxylesterase [30]. Nevertheless, plasma AChE was less inhibited in wild-type
than in ES1−/− mice, suggesting some protection by plasma carboxylesterase. In rats the
toxicity from paraoxon was barely enhanced by depletion of carboxylesterase through
reaction with CBDP [4], making the absence of a difference between wild-type and ES1−/−
mice for paraoxon in our study within experimental error of the result with rats.
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The dose of parathion that we used was about 60-fold higher than the dose of paraoxon, yet
plasma carboxylesterase protected mice from parathion toxicity. This observation can be
partly explained by the fact that parathion is itself not toxic, and that it must be
metabolically activated to the toxic oxon. The lag time observed between administration of
parathion and appearance of toxic signs suggests that induction of cytochrome P450
desulfuration enzymes is required before activation can occur. Therefore, activation would
be expected to take time. Consequently, the toxic oxon would be slowly produced and
slowly released into the circulation [31] where it could be scavenged by carboxylesterase.
We have no explanation for the observation that AChE activity is restored to normal 72 h
after parathion at a time when BChE activity is still inhibited. If BChE were more sensitive
than AChE to inhibition by paraoxon, or if paraoxon-inhibited BChE aged more rapidly than
paraoxon-inhibited AChE, then BChE should have remained inhibited at 24 h in Figure 3B.
However, both AChE and BChE activities returned to normal in 24 h, suggesting that there
are no significant differences in the rates of inhibition and aging.

We agree with Maxwell that plasma carboxylesterase has no effect on the toxicity of DFP
[4]. Maxwell used CBDP to deplete carboxylesterase in rats, whereas our study used mice
genetically engineered to have no carboxylesterase in plasma. The lack of protection from
DFP toxicity is explained as follows. DFP reacts poorly with AChE (2.9×104 M−1min−1)
[30] and therefore causes toxicity only at high doses, i.e. doses that are much higher than the
concentration of carboxylesterase in the subject. Even though DFP reacts readily with
carboxylesterase (3.5×106 M−1min−1) [30], the carboxylesterase is used up before it can
absorb a significant fraction of DFP, thereby affording no protection.

The time post-dosing when body temperature dropped correlated well with behavioral toxic
signs and with reduced plasma AChE activity. However, the level of inhibition did not
predict body temperature. For example at 6 h the parathion-treated ES1−/− mice had 73% of
their plasma AChE activity inhibited and a drop in body temperature from 38 to 30 °C. In
contrast the diazinon-treated ES1−/− mice had 93% of their plasma AChE activity inhibited
at 2 h, and a drop in body temperature of 2 °C. Hypothermia lasting up to 24 h is a
characteristic response of rodents to anticholinesterases [32].

4.2. Unexpected result: ES1+/+ mice are more sensitive than ES1−/− mice to chlorpyrifos
and chlorpyrifos oxon

ES1+/+ mice became severely intoxicated by 6 hours after treatment with chlorpyrifos or
chlorpyrifos oxon and were moribund or dead by 24–48 h. In contrast, ES1−/− mice showed
the same behavioral signs of intoxication as the wild-type at 6 h, but recovered from the
toxic effects by 24–48 h. This observation is contrary to the expectation that plasma
carboxylesterase protects from the toxicity of OP. It was a surprise to find that mice with no
plasma carboxylesterase, and therefore with reduced OP scavenging capacity, fared better
than wild-type mice with the higher OP scavenging capacity afforded by the presence of
carboxylesterase.

CPO and CF were applied transdermally, whereas all other toxicants were applied
subcutaneously. The route of administration does not explain why wild-type mice are more
sensitive to chlorpyrifos and chlorpyrifos oxon than carboxylesterase deficient mice because
the route of administration was the same for wild-type and ES1−/− mice.

A possible explanation for this unexpected result is based on literature reports that
organochlorines including chlorpyrifos induce the expression of cytochrome P450 isomers
[33–35] and that cytochrome P450 isomers are capable of both dearylation (inactivation)
and oxidative desulfuration (activation) of phosphorothioates. The dearylation step
detoxifies chlorpyrifos by removing trichloropyridinol, whereas oxidative desulfuration
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activates the phosphorothioate by replacing the phosphoryl thiol with oxygen [36]. Some
cytochrome P450 isomers are more proficient at dearylation than at oxidative desulfuration
[37,38]. Chlorpyrifos induces the expression of isomers that are more active at dearylation
(inactivation) than at desulfuration (activation) [37,39]. The levels of induced cytochrome
P450 correlate with the amount of chlorpyrifos in circulation, so that higher levels of the
detoxifying isomer are expected in response to higher levels of chlorpyrifos [33].

We hypothesize that in ES1−/− mice, which lack plasma carboxylesterase, higher levels of
chlorpyrifos reached the liver microsomes, causing more cytochrome P450 to be induced.
We further hypothesize that more of the detoxifying isomers than of the activating isomers
were induced. Consequently, CPO and CF were more quickly inactivated in the ES1−/−
mice than in the ES1+/+ mice. Support for this hypothesis comes from a study in rats which
found that treatment with chlorpyrifos induced 4-fold more dearylation than desulfuration,
whereas treatment with parathion induced 4 to 8-fold more desulfuration than dearylation
[39]. This hypothesis is expected to apply only to a limited range of chlorpyrifos or
chlorpyrifos oxon doses. We found that higher doses of either compound were lethal to
animals of both genotypes, while lower doses caused no differences in toxic effects.

This hypothesis does not apply to chlorpyrifos oxon because the oxon is not a major
substrate for any P450 isomer. Furthermore, the oxon does not need to be metabolized to be
toxic, so the likelihood of induction of differential P450 gene expression is much smaller for
the oxon than for chlorpyrifos.

Not all phosphorothioates showed this paradoxical effect. Parathion and diazinon caused
greater toxicity in the ES1−/− mice. The most obvious difference between these OP and
chlorpyrifos (or chlorpyrifos oxon) is the organochlorine nature of the latter. This suggests
that the protective CYP orthologs are induced specifically by organochlorines and not by
phosphorothioates in general. In support of this suggestion, a study in rats found that
treatment with chlorpyrifos induced 4-fold more dearylation than desulfuration, whereas
treatment with parathion induced 4 to 8-fold more desulfuration than dearylation [39].

Induction of new, detoxifying cytochrome P450 enzymes takes time. A time-dependent
induction of protective cytochrome P450 is consistent with the observation that both wild-
type and ES−/− mice displayed the same toxic signs over the first 6 hours, but that the ES−/
− mice had a better long term outcome. Dearylation inactivates chlorpyrifos and
chlorpyrifos oxon by removing the trichloropyridinol group, but trichloropyridinol by itself
is nontoxic [21] (and the results from this paper).

4.3. AChE activity returns to normal within 48 hours
We observed return of plasma AChE activity to baseline levels within 48 hours after
treatment with a variety of OP. Gupta et al. found that AChE activity in brain and muscle
recovers by 48–72 h after treatment of rats with soman [8]. It is generally accepted that
AChE is irreversibly inhibited by OP, although limited spontaneous reactivation has been
reported. Examples of spontaneous reactivation include 1) an in vitro study of human
erythrocyte dimethylphosphoryl-AChE which spontaneously regained 75% active enzyme
within 2 h [40]; and 2) a study on homogenates of mouse brain inhibited with dichlorvos
which showed that AChE regained 50% of its original activity in 2 h [41]. In contrast
homogenates of mouse brain inhibited with paraoxon did not regain AChE activity [41]. In
neither of these examples did reactivation restore full activity. It follows that the return to
normal plasma AChE activity cannot be due simply to reactivation, but most likely involves
the synthesis of new molecules of AChE as well. This would be especially true for the
regain of AChE activity in our in vivo mouse studies with paraoxon where no reactivation
would be predicted based on the example above. Synthesis of new AChE after treatment of
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an organism with OP is supported by gene expression studies that have shown that mRNA
for AChE in brain increases when mice are treated with sarin [42]. New synthesis is also
supported by the observation that AChE levels can rise above baseline after treatment with
OP. For example, cultured chick myoblasts treated briefly with paraoxon had 2-fold more
AChE activity compared to control cells [43]. Treatment of mice with a variety of OP
increased plasma AChE activity 2.5-fold, a result attributed to induction of AChE synthesis
[44].

5. Conclusion
Plasma carboxylesterase had only a minor role in protection from sublethal doses of the
majority of toxicants tested. This result agrees with the finding of Maxwell [4] that plasma
carboxylesterase is protective only against OP that are effective AChE inhibitors at low
doses, notably the OP nerve agents. Less reactive OP, such as those used in the present
report, must be administered in high doses to achieve AChE inhibition and toxicity. High
doses far exceed the binding capacity of endogenous plasma carboxylesterase, thus
explaining the lack of protection in mice against less potent OP. Thus, the wild-type mouse
is as good a model as the ES1 knockout mouse for studies with OP pesticides. We predict
that the ES1−/− mice will be more sensitive than ES1+/+ mice to highly reactive nerve
agents such as soman and sarin.
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Abbreviations

AChE acetylcholinesterase

BChE butyrylcholinesterase

CBDP cresylbenzodioxaphosphorin

chlorpyrifos or CF O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate

chlorpyrifos oxon or
CPO

O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphate

diazinon O,O-diethyl-O-(2-isopropyl-6-methyl-pyrimidine-4-
yl)phosphorothioate

cyclosarin thiocholine 2-[(dimethylamino)(ethoxy)phosphorylthio]-N,N,N-
trimethylethanaminium iodide (Sp)

dichlorvos O,O-dimethyl 2,2-dichlorovinyl phosphate

DFP O,O-diisopropyl fluorophosphate

ES1 plasma carboxylesterase

ES1−/− homozygous carboxylesterase knockout mouse

ES1+/− heterozygous carboxylesterase knockout mouse

ES1+/+ wild-type mouse

NCBI National Center for Biotechnology Information

OP organophosphorus compound
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paraoxon O,O-diethyl O-p-nitrophenyl phosphate

parathion O,O-diethyl O-p-nitrophenyl phosphorothioate

sc subcutaneously

tabun thiocholine 2-[(dimethylamino)(ethoxy)phosphorylthio]-N,N,N-
trimethylethanaminium iodide (Sp)
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Highlights

Plasma carboxylesterase does not protect mice from most OP pesticides

High pesticide doses exceed the binding capacity of plasma carboxylesterase

Chlorpyrifos at 100 mg/kg is lethal to wild-type but not ES1 knockout mice
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Figure 1.
Structures of chemicals used for challenge trials. The Chemical Abstracts Service (CAS)
registry number is given for each compound.
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Figure 2.
Parathion challenge. A) plasma AChE activity; B) plasma BChE activity; C) plasma
carboxylesterase activity; D) surface body temperature. Mice were challenged with 12.5 mg/
kg parathion sc (n=3 per genotype). Points are shown ± std dev. Wild-type mice, ES1+/+,
are represented by white bars and white squares. ES1−/− mice are represented by black bars
and black squares. ES1−/− mice had background plasma carboxylesterase activity of 0.6 u/
ml due to hydrolysis of alpha-naphthyl acetate by albumin [12]. In the body temperature
panel, measurements marked with an “a” are significantly different from those marked with
a “b” based on a two tailed t-test p≤0.05.
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Figure 3.
Paraoxon challenge. A) plasma AChE activity; B) plasma BChE activity; C) plasma
carboxylesterase activity; D) body temperature. Mice were challenged with 0.2 mg/kg
paraoxon sc (n=3 per genotype). Points are shown ± std dev. Wild-type mice, ES1+/+, are
represented by white bars and white squares. ES1−/− mice are represented by black bars and
black squares.
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Figure 4.
Chlorpyrifos challenge. A) plasma AChE activity; B) plasma BChE activity; C) plasma
carboxylesterase activity; D) surface body temperature. Mice were challenged with 100 mg/
kg chlorpyrifos (CF) transdermally (n=6 per genotype). Points are shown ± std dev. Wild-
type mice, ES1+/+, are represented by white bars and white squares. ES1−/− mice are
represented by black bars and black squares. At 24 h, 4 of the 6 ES1+/+ mice were
moribund. At 48 h all wild-type mice (ES1+/+) were moribund or dead, whereas ES1−/−
mice had no signs of toxicity. In the body temperature panel, measurements marked with an
“a” are significantly different from those marked with a “b” based on a two tailed t-test
p≤0.05.
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Figure 5.
Chlorpyrifos oxon challenge. A) plasma AChE activity; B) plasma BChE activity; C)
plasma carboxylesterase activity; D) body temperature. Mice were challenged with 14 mg/
kg chlorpyrifos oxon (CPO) transdermally (n=6 per genotype). Points are shown ± std dev.
Wild-type mice, ES1+/+, are represented by white bars and white squares. ES1−/− mice are
represented by black bars and black squares. At 24 h the wild-type mice (ES1+/+) were
either moribund (n=4) or dead (n=2) while the ES1−/− mice had no toxic signs. In the body
temperature panel, measurements marked with an “a” are significantly different from those
marked with a “b” based on a two tailed t-test p≤0.05.

Duysen et al. Page 21

Chem Biol Interact. Author manuscript; available in PMC 2013 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Average surface body temperatures of mice after challenge with a single sublethal dose of a
variety of toxicants. Points are shown ± std dev. Panel A, carbofuran (1 mg/kg); panel B,
CBDP (20 mg/kg); panel C, DFP (4 mg/kg); panel D, diazinon (50 mg/kg); panel E,
dichlorvos (7.5 mg/kg); panel F, cyclosarin thiocholine (0.05 mg/kg); and panel G, tabun
thiocholine (6 mg/kg). The organophosphorus compounds were applied subcutaneously (n=
3 per genotype). Wild-type mice, ES1+/+, are represented by white circles. ES1−/− mice are
represented by black squares. Measurements marked with an “a” are significantly different
from those marked with a “b” based on a two tailed t-test p≤0.05.
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