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Abstract

Diazinon (DZN) is an organophosphorus pesticide with the possibility for widespread exposures. The toxicological

effects of DZN are primarily mediated through the effects of its toxic metabolite, DZN-oxon on acetylcholinesterases,

which results in accumulation of acetylcholine at neuronal junctions. A physiologically based pharmacokinetic/

pharmacodynamic (PBPK/PD) model was developed to quantitatively assess the kinetics of DZN and its metabolites

in blood and the inhibition of cholinesterases in plasma, RBC, brain, and diaphragm. Focused in vivo pharmacokinetic

studies were conducted in male Sprague–Dawley rats and the data were used to refine the model. No overt toxicity was

noted following doses up to 100 mg/kg. However, cholinesterases in plasma, RBC, brain and diaphragm were substantially

inhibited at doses of 50 mg/kg. In plasma, total cholinesterase was inhibited to less than 20% of control by 6 h post dosing

with 100 mg/kg. Inhibition of brain acetylcholinesterase (AChE) following 100 mg/kg exposures was approximately 30%

of control by 6 h. Diaphragm butyrylcholinesterase (BuChE) inhibition following 100 mg/kg dosing was to less than 20%

of control by 6 h. The PBPK/PD model was used to describe the concentrations of DZN and its major, inactive metabolite,

2-isopropyl-4-methyl-6-hydroxypyrimidine (IMHP) in plasma and urinary elimination of IMHP. The fit of the model to

plasma, RBC, brain, and diaphragm total cholinesterase and BuChE activity was also assessed and the model was further

validated by fitting data from the open literature for intraperitoneal, intravenous, and oral exposures to DZN. The model

was shown to quantitatively estimate target tissue dosimetry and cholinesterase inhibition following several routes of

exposures. This model further confirms the usefulness of the model structure previously validated for chlorpyrifos and

shows the potential utility of the model framework for other related organophosphate pesticides.
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INTRODUCTION

Diazinon (DZN: O,O-diethyl-O-(2-isopropyl-4-
methyl-6-pyrimidinyl) phosphorothionate]) is a com-
monly used thionophosphorus organophosphate (OP)
pesticide. In addition to the anticipated exposures
associated with pesticide use, DZN and other OPs
have been found in many household and environmental
samples, including; soil, house dust, and food residues

(Butte and Heinzow, 2002; Lewis et al., 2001; MacIn-
tosh et al., 2001).The ubiquitous nature of OP pesti-
cides leads to a for significant OP exposure involving
multiple routes. In this regard, DZN is an optimal
candidate for PBPK/PD model development because
of its extensive use, the existence of kinetic and meta-
bolic studies in the literature, its mechanism of toxicity,
and the ability to use blood/urinary metabolites and
blood cholinesterase inhibition as quantitative biomar-
kers of exposure.

DZN is similar in chemical structure, mechanism of
action, and metabolic profile to another OP for which a
PBPK/PD model has already been developed (Timchalk
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et al., 2002b). The validity of the parameterization of the
original chlorpyrifos model and the robustness of the
current DZN model will be substantially improved by
basing the underlying model structure on identical
principles; a well-designed and functionally correct
model for chlorpyrifos should also sufficiently describe
DZN dosimetry and dynamics following chemical-spe-
cific parameterization. Since exposures to mixtures of
OPs is likely, these individual models built on the same
framework will impart the ability to develop binary
models to describe dual exposures.

A review of the California pesticide use database for
1994 indicated that multiple OP pesticides are used to
control pests in virtually all crop and commercial
applications (i.e. nursery, lawn and garden) within
the state (Cal EPA, 1998). Future aims will be to
construct a mixture PBPK/PD model that describes
the dosimetry and pharmacodynamics of concurrent
exposures to chlorpyrifos and DZN. This mixture
model can be readily modified, through focused
research, to address the impact of variable OP exposure
scenarios and the impact of sensitive sub-populations
on the risk assessment for OP insecticides.

OP pesticides, like DZN, inhibit acetylcholinesterase
(AChE) activity in nerve tissue, resulting in the accu-
mulation of the neurotransmitter acetylcholine, produ-
cing excessive cholinergic stimulation and associated
neurotoxicity, including increased urination/defeca-

tion, lethargy, and death (Lotti, 2001). While DZN
itself has mild AChE inhibitory potential, its oxyge-
nated metabolite, DZN-oxon is much more potent
(Wilson, 2001). Differences in the ratio of activation
to an oxygen analogue and metabolic detoxification are
associated with sensitivity to OPs (Ma and Chambers,
1994; Timchalk et al., 2002a). A metabolic scheme for
the metabolism of DZN is presented in Fig. 1. As
illustrated, CYP450 enzymes catalyze both the activa-
tion of DZN to DZN-oxon as well as the detoxification
of DZN to 2-isopropyl-4-methyl-6-hydroxypyrimidine
(IMHP), and diethylthiophosphate. DZN-oxon is addi-
tionally detoxified by hepatic and extrahepatic A- and
B-esterases to form IMHP and diethylphosphate (Fab-
rizi et al., 1999; Poet et al., 2003; Yang et al., 1971). A
unique feature of PBPK/PD models is their capability
to link dosimetry with biological response. This is
important since a decrement in cholinesterase activity
is routinely utilized as a biomonitor for human expo-
sure to OPs as well as in toxicology studies in animals.
The use of cholinesterase inhibition in risk assessments
can result in a high level of conservatism since this
parameter is sensitive to OP exposures, beyond a level
at which toxicity is observed. The use of cholinesterase
activity as a biomarker, linked to a PBPK model can
eventually lead to a more accurate assessment of risk.

There are three classes of esterases, A, B, and C. A-
esterases (PON; e.g. PON1) are not inactivated by the

Fig. 1. Metabolic scheme for diazinon (DZN) and its major metabolites DZN-oxon and IMHP, and diethyl- and diethylthiophosphate.
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OPs, but do detoxify the oxon metabolite. B-est1 such as
carboxylesterase, butyrylcholinesterase (BuChE), and
AChE stochiometrically bind to the oxon and become
inactivated (for a review see Wilson, 2001). C-esterases
do not interact with OPs (Aldridge, 1971).Since
esterases are distributed throughout the various tissues
of the body, they contribute to the overall detoxification
of DZN-oxon. Plasma and RBC cholinesterase activities
are often used as dose-metrics for assessing OP expo-
sures. Due to extensive metabolism, little, if any, DZN or
DZN-oxon are available for excretion; however, more
stable metabolites such as diethylthiophophate, diethyl-
phosphate, and IMHP form the major metabolites and
are readily excreted in the urine (Iverson et al., 1975;
Mucke et al., 1970) and are thus potentially important
biomarkers of exposure and dose.

It has previously been demonstrated that PBPK/PD
models used to determine the relationships between OP
dosimetry and B-est inhibition will be useful for asses-
sing risk associated with OP exposure (Gearhart et al.,
1990; Timchalk et al., 2002a). Quantification of urinary
metabolites, such as IMHP, and blood cholinesterase
inhibition can both be used as biomarkers for exposure,
since the levels of IMHP and inhibition of cholinesterase
are dependent upon the route and length of exposure,
and metabolism and excretion of DZN and metabolites.
Hence, it is clear that a PBPK/PD model for DZN can be
used to link biomarkers of both dosimetry and dynamic
response to quantitatively assess exposure.

This paper describes the development and validation
of a PBPK/PD model for DZN and its metabolites
based on a previous model for a related OP pesticide,
chlorpyrifos (Timchalk et al., 2002a,b). These models
have been designed to quantitatively integrate tissue
dosimetry and dynamic response (cholinesterase inhi-
bition) in blood and selected tissues with the phar-
macokinetics of the OPs and their more stable
metabolites. To develop the model, pharmacokinetic/
pharmacodynamic studies were conducted in rats to
assess dosimetry and dynamic response over a range of
DZN doses. The model was also evaluated against
available rodent and human dosimetry and cholines-
terase inhibition data from the published literature.

MATERIALS AND METHODS

Chemicals

Chlorpyrifos was kindly provided by Dow Agro-
Sciences (Indianapolis, IN, USA). Diazinon (98.5%

pure), DZN-oxon (90% pure), and IMHP (99% pure)
were purchased from Chem Service, Inc (West Chester,
PA, USA). Toluene (99.8% pure) was purchased from
Burdick and Jackson (Muskegon, MI, USA). Diazinon-
oxon was stored at �80 8C until use, while all other test
materials were stored at room temperature. The
remaining chemicals used in this study were reagent
grade or better and were purchased from Sigma (St.
Louis, MO, USA).

Animals

Adult male Sprague–Dawley rats (275–325 g) were
obtained from Charles River Inc. (Raleigh, NC, USA).
Prior to use, animals were housed in solid-bottom
cages with hardwood chips, and were acclimated in
a humidity- and temperature-controlled room with a
12-h light/dark cycle. Deionized water (reverse osmo-
sis) and PMI 5002 Certified Rodent Diet (Animal
Specialties, Inc. Hubbard, OR) were provided ad libi-
tum.

Animal Exposures

The time-course of DZN and IMHP in plasma and
elimination of IMHP in urine were determined in
Sprague–Dawley rats following oral administration
of a dose solution prepared in corn oil at doses ranging
from 15 to 500 mg DZN/kg body weight. All animals
were fasted �16 h prior to administration of DZN and
dosed between 8.00 and 9.30 a.m. Animals (5/time-
point) were killed by CO2 asphyxiation and tissues
collected at 1, 3, 6, 12, and 24 h post-dosing. Blood was
collected from the posterior vena cava into heparinized
syringes and centrifuged to separate plasma and RBCs.
Aliquots of whole blood were analyzed by gas chro-
matography (GC) for DZN and IMHP concentrations
and cholinesterase activity was determined spectro-
photometrically in plasma and RBCs. The diaphragm
was removed from animals in the 50 and 100 mg/kg
dose groups and quickly frozen in liquid nitrogen for
cholinesterase activity determinations. An additional
group of animals were treated with 500 mg/kg, sacri-
ficed 6 h later and the brain AChE inhibition was
estimated. All tissues were stored at �80 8C until
analysis.

Chemical Analysis

An analytical method was developed to directly
quantify DZN and IMHP in plasma and urine. Chlor-
opyrifos was used as an internal standard and plasma1 Both AChE and BuChE are cholinesterases (ChE).
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and urine were extracted with toluene at a 1:1 ratio (v/
v) at room temperature. The solutions were mixed well
on a vortex mixer and layers were separated by cen-
trifugation. A 1-ml aliquot of the extract was blown
down under gentle N2 stream and reconstituted in
toluene (100 ml to 1 ml) to place the GC response
within the linear range of the calibration curve. Sam-
ples were injected onto a Hewlett-Packard 5890 GC in
duplicate, using an autosampler. The GC was equipped
with nitrogen phosphorus (NPD) and flame ionization
(FID) detectors. The NPD detector was used due to its
increased sensitivity for DZN. Duplicate aliquots of
1 ml were injected onto the columns using an auto-
sampler. Separation was achieved using a Stabilwax-
DB column (15 m � 0:53 mm i:d:� 0:25 mm film
thickness: Restek, Bellefonte, PA, USA). Hydrogen
was used as the carrier gas with a head pressure of
5 psi. Helium was the makeup gas for the NPD detector
while N2 was the makeup gas for FID detector. The
temperature was ramped at a rate of 15 8C/min from 65
to 165 8C, which was held for 2 min and then followed
by a second ramp of 50 8C/min to the final temperature
of 230 8C. The injector and detector temperatures were
275 and 300 8C, respectively. The retention times for
DZN and IMHP were approximately 6.0 and 6.6 min,
respectively. Detection limits were approximately 0.2
and 2 mM for DZN and IMHP, respectively.

Cholinesterase Analysis

Total cholinesterase and BuChE activity in diluted
tissue homogenates were determined using the Ellman
assay (Ellman et al., 1961) as it was modified for a 96-
well plate reader (Mortensen et al., 1996) and
described previously (Kousba et al., 2003). Briefly,
samples were diluted to be within the linear range.
For brain, plasma, diaphragm and RBC, the dilutions
were approximately 1200, 90, 225 and 290 times,
respectively. Wells contained 0.25 ml diluted tissue
homogenate with dithiobisnitrobenzoate and either
acetylthiocholine or butyrylthiocholine at final con-
centrations of 0.1 and 0.4 mM, respectively, and a final
total volume of 300 ml. To determine specific BuChE
activity, butyrylthiocholine was used as a substrate.
Butyrylthiocholine is a specific substrate for BuChE
(Kousba et al., 2003; Lassiter et al., 1998), although it
may have very limited activity compared to acetylthio-
choline (less than 1%) as a substrate for AChE (Taylor
et al., 1995). Total cholinesterase activity was deter-
mined using acetylthiocholine as a substrate. The absor-
bance at 412 nm was monitored over 30–40 min and the
linear portion of the profile of increasing absorbance

with time was fitted with the equation for a straight line,
and the slope of this line was used as a measurement of
uninhibited cholinesterase and BuChE activity. Deter-
mination of RBC cholinesterase activity was estimated
using 6,60-dithionicotinic acid as a coupling agent rather
than the Ellman agent (5,50-dithiobis-nitrobenzoic acid)
in order to avoid the hemoglobin interference at 412 nm
wavelength (Hackathorn et al., 1983).

Model Structure

The model structure was based on absorption, dis-
tribution, metabolism, and excretion (ADME) data
from the open literature and from previously published
PBPK/PD models for related OPs (Gearhart et al.,
1990; Timchalk et al., 2002b). A diagram of the
PBPK/PD model structure is shown in Fig. 2. This
model was developed to describe the ADME time-
course of DZN, DZN-oxon and IMHP and the inhibi-
tion of target cholinesterases in rats and humans. The
model assumes the pharmacokinetic response in rats
and humans is independent of gender. For the purpose
of this model, the competing CYP450 metabolism to
DZN-oxon and IMHP was assumed to occur in the
liver. Detoxification of DZN-oxon by PON was
included in the blood and liver compartments, while
B-est activity (AChE, BuChE and carboxylesterase)
was described in the blood, diaphragm, liver and brain
compartments. Dermal and oral (gavage and dietary)
routes of exposure were included to estimate dosimetry
from potential environmental exposures; in addition,
intravenous (i.v.) and intraperitoneal (i.p.) dosing was
included to facilitate modeling of previously published
studies in the rat. To develop and refine this model,
focused pharmacokinetic and pharmacodynamic stu-
dies were conducted in rats (described in section
‘‘Animal Exposures’’), and the model was further
evaluated against available dosimetry and dynamic
response data from the open literature.

Physiological and metabolic parameters (i.e. tissue
volume, blood flow and metabolic capacity) were
scaled as a function of body weight according to the
methods of Ramsey and Andersen (1984). Equations to
describe the dermal uptake of DZN into the skin
compartment of humans were adapted from Poet
et al. (2000).

To develop any model, several parameter estimates
are required, including: physiological constants, parti-
tion coefficients, and biochemical constants describing
metabolism. These data were obtained from the litera-
ture, determined experimentally, or by optimization of
model output utilizing the computer simulation. The
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PBPK/PD model code for simultaneous solution of
both algebraic and differential equations was devel-
oped in SIMUSOLV1, a computer program containing
a numerical integration, optimization, and graphical
routine, which is based on ACSL, a FORTRAN-based
software. Organ volumes, cardiac output, and tissue
blood flows were obtained from the literature (Brown
et al., 1997) and are summarized in Table 1. The
partition coefficients for DZN were determined using
an algorithm developed by Poulin and Krishnan
(1996). The values and references used for these
parameters are listed in Table 2. This algorithm was
also shown to be effective to determine partition
coefficients for chlorpyrifos (Timchalk et al., 2002b).

Biochemical Constants

The CYP450 mediated metabolism of DZN to either
oxon or IMHP was limited to the liver compartment
and PON mediated metabolism was described in both
the blood and liver, both PON and CYP450 metabolism
were based on Michaelis–Menten kinetics. Parameter
estimates for both CYP450 and PON metabolism of
DZN and DZN-oxon were determined in vitro using
hepatic microsomes in a previous study (Poet et al.,
2003). The in vitro Vmax for microsomal metabolism to
oxon and IMHP were 0.38 and 2.8 nmole/(min mg)
microsomal protein, respectively. The Vmax for DZN
metabolism by rat liver microsomes was extrapolated

Fig. 2. PBPK/PD model, based on the model developed by Timchalk et al. (2002a,b), used to describe the disposition of DZN, DZN-oxon,

and IMHP and the cholinesterase inhibition in rats and humans following oral and dermal exposures. The shaded compartments indicate

tissues in which B-est (AChE, BuChe and carboxylesterase) enzyme activity is described. Model parameter definitions: QC: cardiac output

(l/h); Qi, blood flow to ‘i’ tissue (l/h); Ca, arterial blood concentration of DZN (mmole/L)’ Cvo, pooled venous blood concentration of DZN-

oxon (mmole/L); Cvi, venous blood concentration of DZN draining ‘i’ tissue (mmole/L)’ Cvio, venous blood concentration of DZN-oxon

draining ‘i’ tissue (mmole/L); SA, surface area of skin exposed (Cm2); KP, skin permeability coefficient (cm/h); Kzero, zero-order rate of

absorption of DZN from diet (mmole/h); Fa, fractional absorption (%) of gavage dose; KaS and KaI, first-order rate constant for absorption of

DZN from compartments 1 and 2 (h�1); Ksi, first-order rate constant for transfer of DZN from compartments 1 and 2 (h�1); Ke, first-order

rate constant for elimination of IMHP from compartment 3; Km(1–4), Michaelis–Menten constant for saturable process (mmole/L); Vmax(1–4),

maximum velocity for saturable process (mmole/(kg h)).
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to the whole animal using values measured during
microsomal preparation (n ¼ 6 male rats) of an aver-
age of 15 g liver per rat, 394 g body weight (BW), and
25 mg microsomal protein/g liver. In addition, the Vmax

values used in PBPK models (Vmax,C) are typically
scaled to BW0.74, which is a standard conversion used
to describe the relationship between body surface area,
body weight, and metabolic scaling in vivo.

The blood and urinary elimination of IMHP was
described with a simple one-compartment model using
a first-order rate constant to describe urinary excretion
of IMHP. The one-compartment model was employed
due to its reasonable fit to the data, the lack of tissue
dosimetry data, the low number of parameters needed
and the need of tracking only blood and urinary data for
biomonitoring purposes. The selection of a reasonable
set of elimination rate constants was determined by
evaluating the overall goodness of fit of the model
against the available experimental data in an iterative
process. Once a reasonable set of elimination rate

constants was determined, it was held constant
throughout all data sets. The values and references
used for these parameters are likewise listed in Table 2.

The model structure for the inhibition of cholines-
terase by DZN-oxon in plasma, RBC, brain, and
diaphragm was based on the model structure developed
by Gearhart et al. (1990) for diisopropylfluoropho-
sphate as it was modified by Timchalk et al. (2002b)
for chlorpyrifos (see Fig. 2). Since chlorpyrifos and
DZN are both phosphorothionates, model parameters
for chlorpyrifos reactivation (Kr), and aging (Ka) ori-
ginally from Carr and Chambers (1991) and validated
in the PBPK/PD model for chlorpyrifos (Timchalk
et al., 2002b) were incorporated into the DZN model.
Since the leaving group from these similar pesticides is
identical, the reactivation rates should be very close or
identical and aging is solely dependent on enzyme
kinetics, regardless of compound. Apparent bimolecu-
lar inhibition (Ki) parameters for AChE and BuChE
blood and tissue activities were estimated by fitting the
experimental data (Table 3). The initial estimates for
diazinon-oxon interaction with B-esterases (AChE,
BuChE and carboxylesterase) were based on the values
determined by Timchalk et al., 2002a,b, describing
CPF-oxon dynamics; however the final values were
determined using model optimization against the avail-
able in vivo data or by using in vitro parameter
estimation, when available.

The total amount of RBC AChE in the rat was
calculated based on the experimentally determined
total RBC AChE enzyme activity in control animals
(Timchalk et al., 2002b). The recovery of RBC AChE
enzyme activity was based on the rate of RBC replen-
ishment, assuming a lifespan of 50 and 122 days in the
rat and human, respectively, as described (Timchalk
et al., 2002b).

RESULTS

Rat Pharmacokinetics/Pharmacodynamics

For target oral doses of 50 and 100 mg DZN/kg,
actual doses administered were �97% of target at 48.8
and 97.4 mg/kg, respectively. No overt toxicity was
observed in any animal post-dosing. Oral absorption
parameters that resulted in the best fit of the data are
given in Table 2. Based upon in vitro ultrafiltration
experiments, DZN was reported to be 89% bound to
plasma proteins (Wu et al., 1996). This value was
applied to the model by binding up DZN in the blood

Table 1

General physiological parameters used in the PBPK/PD model for

DZN

Rat Human

Body wt (kg) 0.295–0.340 83

Tissue volume (% body weight)

Blooda 6 7

Brain 1.2 2

Diaphragm 0.03 0.03

Liver 4.0 3.0

Rapidly perfused 4.0 4.0

Slowly perfused 78 63

Fat 7.0 21

Skinb 10.0 3.5

Flows (l/h)

Alveolar ventilation 6.1–6.8 394

Cardiac output 6.1–6.8 394

Percentage of cardiac output

Liver 25 23

Brain 3 11

Diaphragm 0.6 0.6

Rapidly perfused 43 40

Slowly perfused 14 14

Fat 9.0 5.0

Skinb 5.8 5.8

Parameters relating to the skin compartment were obtained from Jepson

and McDougal (1997) and Brown et al. (1997).
a All parameters except those relating to the skin compartment were

obtained from Brown et al. (1997).
b Values are for total skin. The skin compartment in the PBPK/PD

model was comprised solely of the area of the skin under the exposure cell.

The remainder of the skin was included in the slowly perfused

compartment.
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compartment as a constant fraction. This simple bind-
ing format resulted in a reasonable fit to the data and no
kinetic rate constants were used to describe dynamic
binding. Although the extent of DZN-oxon plasma
protein binding has not been determined experimen-
tally, it was assumed that DZN-oxon would exhibit a
similar fractional binding (see Table 2). The time-
course of DZN in plasma and the model predictions

are shown in Fig. 3. Measured peak blood levels at 3 h
post-dosing were 559 � 22:1 and 982 � 190 nmole/L
for the 50 and 100 mg/kg doses, respectively. The
PBPK/PD model accurately predicted the overall
DZN blood time-course profile and the simulated peak
blood levels were 504 and 967 nmole/L, respectively.

The time-course of plasma IMHP concentrations
was also quantified at 1, 3, 6, 12 and 24 h post-dosing

Table 2

DZN-specific parameters used in the PBPK/PD model

Parameter DZN DZN-oxon Estimation methoda

Partition coefficientsb

Brain/blood 28 10 Calculated

Diaphragm/blood 5 2 Calculated

Fat/blood 360 120 Calculated

Liver/blood 18 7 Calculated

Rapid perfused/blood 8 2 Calculated

Slowly perfused/blood 5 2 Calculated

Skin/Blood 5 5 Calculated

Metabolic constantsc

CYP450 DZN-to-oxon (liver)

Km,1 (mmole/L) 25 Fitted

Vmax,C1 (mmole/(h kg)) 14 Measured

CYP450 DZN-to-IMHP Measured

Km,2 (mmole/L) 200 Measured

Vmax,C2 (mmole/(h kg)) 180 Measured

PON oxon-to-IMHP (liver) Measured

Km,3 (mmole/L) 270 Measured

Vmax,C3 (mmole/(h kg)) 63000 Measured

PON oxon-to-IMHP (blood) Measured

Km,4 (mmole/L) 270 Measured

Vmax,C4 (mmole/(h kg)) 63000 Measured

Oral absorption parameters (Wu et al., 1985d)

KaS (stomach; h�1) 0.068 0.10 Fitted

KaI (intestine; h�1) 0.058 0.59 Fitted

Ksi (transfer stomach-intestine; h�1) 0.21 0.48 Fitted

Fa (fractional Abs.; %) 0.80 0.80 Fitted

Dermal absorption parameters (human)

Kp (permeability coefficient; cm h�1) 1.3 � 10�4 Fitted

IMHP model parameters (human)

Vd (L) 0.25 Fitted

Ke (h�1) 0.29 12 Fitted

K1 (first-order rate of loss) 0.55 0

Plasma protein binding

DZN (%) 0.89 Fixede

DZN-oxon (%) 0.89 Fixed

a The model parameters were calculated using an algorithm (calculated), measured in independent experiments (measured), estimated by optimizing the

model to the data (fitted), or fixed from reports in the literature (fixed).
b Partition coefficients were calculated based on the algorithm of Poulin and Krishnan (1996).
c Metabolic rate constants for the CYP450-mediated metabolism of DZN to IMHP or DZN-oxon and for the PON-mediated metabolism of DZN-oxon

were determined in vitro (Poet et al., 2003) and scaled for use in the model as described in the text.
d Oral absorption parameters were optimized independently for data obtained in this study using an oil vehicle and data from the study of Wu et al., which

employed a 5% Tween 20 vehicle.
e Wu et al. (1985).
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and urinary concentrations were quantified at 12 and
24 h (Fig. 4). These data indicate that DZN is exten-
sively metabolized to IMHP. Peak plasma IMHP
levels were reached at 3–6 h and the plasma IMHP

concentrations were proportional to dose. The PBPK/
PD model predicted that peak blood concentrations of
9.81 and 18.5 mmole/L IMHP would be achieved by
5 h post-dosing for the 50 and 100 mg/kg dose groups,
respectively. Blood levels of IMHP were appreciably
higher than levels of the DZN parent. Blood levels of
DZN and IMHP were not quantified from the 15 mg/kg
exposure due to analytical detection limits.

To fit the urinary and plasma IMHP data, a first-order
process of elimination of IMHP in the 1-compartment
submodel (See Fig. 2) due to further metabolism was
also included. The model slightly under-predicted the

Table 3

Cholinesterase parameters used in the model

Enzyme turnover rate (Enz. Hydro./h)

AChE 1.17Eþ07

BuChE 3.66Eþ06

Carboxylesterase 1.09Eþ05

Enzyme activity (mmole/(kg h))

Brain AChE 4.40Eþ05

Diaphragm AChE 7.74Eþ04

Liver AChE 1.02Eþ04

Plasma AChE 1.32Eþ04

Brain BuChE 4.68Eþ04

Diaphragm BuChE 2.64Eþ04

Liver BuChE 3.00Eþ04

Plasma BuChE 1.56Eþ04

Brain carboxylesterase 6.00Eþ03

Diaphragm carboxylesterase 3.18Eþ05

Liver carboxylesterase 1.94Eþ06

Plasma carboxylesterase 4.56Eþ05

Enzyme degradation rate (h�1)

Kd,1, brain AChE 0.01

Kd,2, diaphragm AChE 0.01

Kd,3, liver AChE 0.1

Kd,4, plasma AChE 0.1

Kd,5, RBC AChE 0.008

Kd,6, brain BuChE 0.01

Kd,7, diaphragm BuChE 0.01

Kd,8, liver BuChE 0.1

Kd,9, plasma BuChE 0.1

Kd,10, brain carboxylesterase 7.54E�04

Kd,11, diaphragm carboxylesterase 0.001

Kd,12, liver carboxylesterase 0.001

Kd,13, plasma carboxylesterase 0.0033

Bimolecular inhibition rate (mmole/h)a

Ki,1–4, all tissues AChE 525

Ki,6–9, all tissues BuChE 1700

Ki,10, all tissues carboxylesterase 0.5

Reactivation rate (h�1)

Kr,1–4, AChE 1.43E�02

Kr,5, RBC AChE 4.00E�02

Kr,6–9, BuChE 1.43E�02

Kr,10–13, carboxylesterase 1.43E�02

Aging rate (h�1)

Ka,1–5, AChE 1.13E�02

Ka,6–9, BuChE 1.13E�02

Ka,10–13, carboxylesterase 1.13E�02

RBC life-span (days) 50

Except where noted (a), all parameters were obtained from the model for

chlorpyrifos, as described previously (Timchalk et al., 2002b) and resulted

in reasonable fits to the DZN data. basic.
a Inhibition rate constants (Ki,) for DZN-oxon were optimized for this

DZN model.

Fig. 3. Experimental data (symbols) and simulations (lines) for

the concentration of DZN in the blood of rats administered DZN

by oral gavage at dose levels of 50 (~), 100 (&) mg/kg. The data

represent the mean � S:D: of five animals per treatment group.

Fig. 4. Experimental data (symbols) and simulations (lines) for

the blood kinetics and urinary elimination of IMHP in rats

administered the DZN by oral gavage at dose levels of 15 (*), 50

(~) and 100 (&) mg/kg. The data represent the mean � S:D: of

five animals per treatment group. Blood levels of IMHP were not

measured from the 15 mg/kg dose due to analytical limits of

detection.
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amount of IMHP excreted for the 15 and 50 mg/kg
dose groups. This may suggest that urinary elimination
may follow a saturable process, rather than a first-order
elimination. Since the data is limited to just 2 time
points, the model was not modified to improve the fit
and the more simple description of urinary elimination
was maintained. The amount of IMHP formed was
proportional to dose.

The ability of the model to predict the inhibition of
AChE, BuChE and carboxylesterase in plasma, RBC,
brain, and diaphragm were also assessed. To differ-
entiate the contribution of AChE and BuChE from the
total plasma cholinesterase response, acetylthiocholine
was used as a substrate for total cholinesterase and
butyrylthiocholine was used to specifically quantify
BuChE inhibition. Inhibition rate constants for AChE,
BuChE, and carboxylesterases were optimized in an
iterative manner to best fit all data sets using the same
parameter for each type of cholinesterase, regardless of
tissue (Table 3). This methodology was used as an
internal validation of the inhibition parameters, which
should be more influenced by the type of esterase, and
not be dependent upon tissue type. All other esterase
parameters were held constant from the chlorpyrifos
PBPK/PD model developed by Timchalk et al.
(2002b). Due to the similarity of inhibition between
the 15 and 50 mg/kg doses, it was necessary to use a
lower Michaelis–Menten constant (KM) to describe the
production of oxon from the value determined in in
vitro experiments (Table 2: Poet et al., 2003).

The time-course for plasma total cholinesterase,
plasma BuChE, and RBC AChE inhibition following
oral administration of 15, 50, and 100 mg DZN/kg of
body weight are presented in Fig. 5. Plasma BuChE was
not measured in the 15 mg/kg dose group. Model pre-
diction of total cholinesterase activity in plasma (see
Fig. 5A) were �40–80% inhibited by 6 h post-dosing
following oral exposure to 15, 50, and 100 mg DZN/kg,
and showed minimal recovery through 24 h. The data
from the 50 and 100 mg/kg dose groups appeared to be
inverted. This could be due to sample collection error or
to the similar extent of inhibition above 50 mg/kg and
natural variability. The measured cholinesterase inhibi-
tion was greater than predicted by the model for the
15 mg/kg dose group. Plasma BuChE response was
particularly sensitive to DZN (see Fig. 5B) since both
the 50 and 100 mg/kg response showed near complete
inhibition, which was maintained through 24 h post-
dosing. The data indicated that the maximal level of
RBC AChE inhibition was from �20 to 60% following
the 15, 50, and 100 mg DZN/kg doses, respectively,
which represents less inhibition relative to the plasma

cholinesterase response. Similar to the plasma esterase
inhibition compared to model predictions, measured
inhibition was greater in RBCs than predicted by the
model for the 15 mg/kg dose group.

Model parameterizations for the plasma cholinester-
ase and RBC AChE were based on a previous model by
Maxwell et al. (1987) as it was modified by Timchalk
et al. (2002b) and rate constants optimized to describe
DZN-specific inhibition kinetics. For DZN-oxon the
apparent bimolecular inhibition (Ki) rate constants for
BuChE and AChE were determined to be 1700 and
525 mM�1 h�1 by optimization of the cholinesterase
and BuChE inhibition data sets, respectively. The Ki for
carboxylesterase was set at 0.5 mM�1 h�1 and the
parameter estimates for enzyme reactivation (Kr) and
aging (Ka) were held constant at the values determined
for chlorpyrifos-oxon (Timchalk et al., 2002b), and are

Fig. 5. Experimental data (symbols) and simulations (lines) for

the inhibition of plasma total cholinesterase, BuChE, and RBC

AChE in Sprague–Dawley rats administered DZN by oral gavage

at doses of 15 (*), 50 (~) and 100 (&) mg/kg. The data

represent the mean � S:D: of five animals per treatment group.
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presented in Table 3. The PBPK/PD model provided a
reasonable simulation of plasma cholinesterase and
BuChE inhibition; in both cases achieving maximal
inhibition between 3–6 h post-dosing. With regards to
RBC AChE inhibition, the PBPK/PD model reason-
ably simulated the inhibition time-course achieving
maximal inhibition at �8 h post-dosing and little
enzyme recovery though 24 h post-dosing.

Selected brain samples from the animals dosed with
the target of 100 mg/kg and additional animals dosed
with 15 and 500 mg/kg were analyzed for AChE
activity and the experimental results and model simu-
lations are presented in Fig. 6. The data demonstrated a
clear dose-dependent inhibition of AChE with max-
imum inhibitions of 20, 70 and 90% of control activity
for the 15, 100 and 500 mg/kg dose groups. The Ki used
to describe the inhibition was assumed to be equal to
the Ki determined for AChE in plasma, and the Kr and
Ka were likewise held constant as previously described.
Taken in its entirety, the model fits to this data are
reasonable. The model underpredicts brain inhibition
at earlier timepoints from the lowest dose (similar to
blood and RBC esterase inhibition). At the 500 mg/kg
dose, inhibition is essentially maximal, and the over-
prediction of inhibition relative to the 6 h data point
reflects the difference between experimentally deter-
minable percentage inhibition and maximal inhibition
mathematically estimated by the model.

Oral dosing with DZN resulted in a dose-dependent
reduction in both total cholinesterase and BuChE
activity in the diaphragm (Fig. 7). BuChE activity
dropped to �20% of control by 6–12 h and remained
depressed over the 24 h period following the 100 mg/
kg target dose. Total diaphragm cholinesterase was
inhibited to a lesser extent than was BuChE alone,
with maximal inhibition of approximately 40% of
control by 6 h post-dosing. PBPK/PD model para-

meters for AChE and BuChE enzyme activity and
inhibition were held constant based upon previous data
fits (see Fig. 5) and were not optimized specifically for
the diaphragm. Parameters optimized for brain and
blood resulted in a reasonably good simulation of both
the total cholinesterase and BuChE inhibition kinetics
in this tissue.

Model Validation from the Open Literature

To further evaluate the PBPK/PD model response,
available dosimetry and dynamic data were obtained
from the literature and the PBPK/PD model was appro-
priately modified to accommodate alternative routes of
administration. Plasma DZN concentrations have been
reported following i.v. and oral exposures (Wu et al.,
1996) and i.p. exposures (Tomokuni et al., 1985). Wu
et al. (1996) emulsified DZN in a 5% Tween 20:saline
vehicle to administer 10 and 80 mg/kg doses for i.v.
and oral studies, respectively. Oral absorption para-
meters were optimized for this vehicle (see Table 2). As
was observed in the earlier model for chlorpyrifos,
using a single first-order process to describe oral
absorption resulted in a more rapid rise to peak con-
centrations than the data suggested. Therefore, oral

Fig. 6. Experimental data (symbols) and simulations (lines) for

the inhibition of brain AChE in Sprague–Dawley rats administered

DZN by oral gavage at doses of 15 (^), 100 (&), and 500 (*)

mg/kg. The data represent the mean � S:D: of five animals per

treatment group.

Fig. 7. Experimental data (symbols) and simulations (lines) for

the inhibition of diaphragm total cholinesterase (ChE) and BuChE

in Sprague–Dawley rats administered DZN by oral gavage at

doses of 50 (&) and 100 (*) mg/kg. The data represent the

mean � S:D: of five animals per treatment group.
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absorption for this vehicle was described using a two-
compartment gastrointestinal tract model as described
previously (Staats et al., 1991; Timchalk et al., 2002b).
The time-course of DZN in the blood following oral
and i.v. administration and the model simulations are
presented in Fig. 8. The time-course of the blood DZN
for the 80 mg/kg dose is comparable to the results
observed in the current study following doses of 50 and
100 mg/kg (see Fig. 3), which were accurately simu-
lated by the PBPK/PD model. The peak blood con-
centration, however, was �4� greater in this study. To
fit the higher peak, the description of the transfer to the
intestinal compartment and from that compartment
into the blood were much faster (Table 2). The fraction
of oral absorption was equivalent to the current study at
80%.

Following i.v. administration (Wu et al., 1996), a
more biphasic kinetic profile was observed, with the
terminal phase (3–8 h post-dosing) paralleling the
response following oral administration (Fig. 8). To
fit the data, a slightly higher dose than the reported
target (10 mg/kg) was employed. The fit of the model
to the data is shown with a 15 mg/kg estimated deliv-
ered dose. Dosing of an emulsified solution containing
Tween may be difficult and may have result in higher
dosing than anticipated.

An i.p. absorption rate constant (0.3 h�1) was opti-
mized to fit the data of Tomokuni et al. (1985) from a
100 mg DZN/kg dose, but only after the dose adjust-
ment of 60 percent. The use of a percentage absorbed
through the i.p. route is unusual; however, it was
necessary to fit the data. The time-course of plasma,
liver, and brain DZN concentration along with plasma
cholinesterase inhibition were assessed and the data
and model simulations are presented in Fig. 9. Peak

plasma DZN concentrations were achieved rapidly
(within 1 h post-dosing), and the plasma time-course
was comparable to that observed following the 100 mg/
kg oral administration in the current study (see Fig. 3).
Again, the PBPK/PD model accurately simulated the
DZN plasma time-course over 24 h post-dosing. At 8
and 24 h post-dosing DZN concentrations in brain
were approximately 1.9 and 0.4 mmole/L, respectively,
and the model did a good job of predicting these
concentrations. The concentration of DZN in liver at
8 h, however, was considerably lower than predicted by
the model.

Inhibition kinetics of cholinesterase were also
described in these two studies (Tomokuni et al.,
1985; Wu et al., 1996). The data of Wu et al. (1996)
and Tomokuni et al. (1985) suggest a higher inhibition
of RBC AChE than total plasma cholinesterase
(Figs. 10 and 11). This is inconsistent with the model,
which predicts more similar plasma cholinesterase
inhibition relative to RBC inhibition. The data of
Wu et al. (1996) was generated in male Wistar rats,
compared to the Sprague–Dawley rats employed in
these studies, and methods used to measure esterase
activity were different.

At these concentrations, the model was more sensi-
tive to estimations of Km for the metabolism of DZN to
the oxon than to Ki rates for inhibition of plasma

Fig. 8. Experimental data from Wu et al. (1996) and simulations

(lines) for the concentration of DZN in the plasma of Sprague–

Dawley rats administered DZN by oral gavage or i.v. administra-

tion at doses of 80 and 10 mg/kg, respectively. The fit of the

model to estimate blood DZN and cholinesterase (see Fig. 10) was

improved using a dose i.v. of 15 mg/kg.

Fig. 9. Experimental data from Tomokuni et al. (1985) and

simulations (lines) for the concentration of DZN in (A) plasma,

and (B) brain (^), and liver (&) of rats administered DZN by

i.p. administration at a dose of 100 mg/kg.
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cholinesterase. The fit of the plasma inhibition data
from Wu et al., was improved considerably by dou-
bling the Km as assessed using the Maximum Log
Likelihood Function (LLF) of SimusolvTM (data not
shown). The LLF of Simusolv gives a percent variation
explained, which is frequently used as a criteria to
assess the quality of the model fit to the data, with
100% indicating a perfect fit. The LLF parameter was
improved from less than 80 to over 95% when the Km

for the metabolism of DZN to the oxon is doubled for
these simulations.

Model Fit against Human Oral and Dermal Data

To evaluate the capability of the PBPK/PD model to
simulate the DZN dosimetry in humans, dosimetry data
was sought. Only a recently reported controlled human
DZN dermal and oral pharmacokinetic study was
found, and results from this study were modeled
(Garfitt et al., 2002). Human-specific physiological
parameters were applied to the model (see Table 2).

Oral and dermal absorption parameters were opti-
mized to fit the urinary elimination of combined
diethylphosphate and diethylthiophosphate following
a single oral exposure to 11 mg DZN/kg administered
in 200 mL of water and an occluded dermal dose of
100 mg to five volunteers (four men and one woman).
The kinetics of the combined diethylphosphate and
diethylthiophosphate metabolites should be similar to
those of IMHP (see Fig. 1), so a one-compartment
model was added to the PBPK model, constructed on
the same principles of the IMHP compartment, to
describe the combined diethylphosphate and
diethylthiophosphate kinetics. To fit the oral elimina-
tion data and decrease the number of variables neces-
sary to optimize based on the limited data set, intestinal
absorption parameters and fractional absorption were
set to 0. Only oral absorption (Kas) and urinary elim-
ination were fit to the data. All other parameters were
held constant from the parameters optimized in the rat
model. The optimized oral absorption rate was con-
siderably higher than estimated in the rat, at 0.32 h�1,
and a very fast urinary elimination rate of 12 h�1 was
needed (Fig. 12A). Using the assumption that the
urinary elimination rate was reasonably accurate, an
estimation of dermal absorption rate was achieved. The
dermal dose was applied in 400 ml of ethanol over
80 cm2 of skin (inner forearm) and was maintained on
the skin for 8 h. An optimized skin permeability coef-
ficient (KP) of 1:3 � 10�4 cm/h resulted in a good fit to
the data (Fig. 12B), this is similar to the KP calculated
for chlorpyrifos (Timchalk et al., 2002b; Table 4).
Based on these assumptions, the fit of the PBPK/PD
model to the oral and dermal absorption data was good,
with more than 95% of the variability of the data
explained by optimizing the KP using the LLF function
of SimusolvTM, but this is to be expected since model
parameters were optimized to these data sets.

DISCUSSION

The potential toxicity of an OP insecticide is depen-
dent upon a combination of the amount delivered to the

Fig. 10. Experimental data from Wu et al. (1996) and simulations

(lines) for the inhibition of plasma total cholinesterase after oral

and i.v. dosing with DZN to Wistar rats in a Tween 20:saline

vehicle.

Fig. 11. Experimental data from Tomokuni et al. (1985) and

simulations (lines) for the inhibition of (A) plasma total

cholinesterase (ChE) and B) RBC AChE after i.p. dosing with

100 mg/kg DZN.
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target systems and the balance between bioactivation
and detoxification (Timchalk, 2001). The neurotoxicity
of DZN is primarily mediated through its toxic meta-

bolite, DZN-oxon, and its ability to effectively inhibit
AChE in nerve tissues. This PBPK/PD model was
developed using the framework from a recently pub-
lished PBPK/PD model for chlorpyrifos (Timchalk
et al., 2002b) as a quantitative tool for assessing
DZN dosimetry and cholinesterase inhibition in rats
and humans. These PBPK/PD approaches are ideally
suited for assessing dosimetry and biological responses
following exposures and the development of ‘‘family’’
models that can be used for related chemicals or
metabolites is an important expansion of this capability
(Barton et al., 2000).

To provide needed data on DZN dosimetry and
cholinesterase inhibition for model development, rat
pharmacokinetic/pharmacodynamic studies were con-
ducted. In addition, available published rat and human
kinetic and dynamic studies were used to further
validate the PBPK/PD model. Overall, this PBPK/
PD model successfully predicts plasma DZN and
IMHP and urinary IMHP kinetics, and cholinesterase
inhibition kinetics in plasma, RBC, diaphragm and
brain following DZN exposure from several routes.
This model also was used to predict urinary elimination
of combined diethylphosphate and diethylthiopho-
sphate from dermal and oral exposures in human
volunteers (Garfitt et al., 2002).

Fig. 12. Experimental data from Garfitt et al. (2002) and

simulations (lines) for the urinary elimination of diethylpho-

sphates following oral (11 mg/kg) and dermal (3.5 mg/kg)

exposures in human volunteers.

Table 4

Comparison of model parameterization for DZN and chlorpyrifos

Parameter Diazinon Chlorpyrifosc

Metabolic constantsa

CYP450 parent-to-oxon (liver)

Km,1 (mmole/L) 25 2.9

Vmax,C1 (mmole/(h kg)) 14 80

CYP450 DZN/CPF-to-IMHP/TCPb

Km,2 (mmole/L) 200 24

Vmax,C2 (mmole/(h kg)) 180 273

PON oxon-to-IMHP/TCP (liver)

Km,3 (mmole/L) 270 240

Vmax,C3 (mmole/(h kg)) 63000 74421

Oral absorption parameters

KaS (stomach; h�1) 0.068 0.01

KaI (intestine; h�1) 0.058 0.50

KsI (transfer stomach-intestine; h�1) 0.21 0.50

Fa (fractional Abs.; %) 0.80 0.80

Dermal absorption parameters

Kp (permeability coefficient; cm/h) 1.3 � 10�4 4.8 � 10�5

Bimolecular inhibition rate (mmole/h)

Ki all tissues AChE 525 243

Ki all tissues BuChE 1700 2000

Ki all tissue carboxylesterase 0.5 20

a Timchalk et al. (2002b).
b CPF—chlorpyrifos, TCP—trichloropyridinol, the inactive metabolite of chlorpyrifos.
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Blood levels of DZN and IMHP were quantified
from the animals in the 50 and 100 mg/kg dose levels
and used to optimize oral absorption parameters. Blood
levels were not quantified from the 15 mg/kg dose
groups due to analytical limits of detection. The model
was validated using blood concentration data from the
published literature following i.v., i.p. and oral dosing.
However, to fit the i.p. dosing data, a fractional uptake
of 60% was added to the model. A fractional i.p. dose is
not typically used as the dose is usually thought of as
100% absorbed. This fractional uptake was needed no
only to fit the blood and brain dosimetry data, but also
to fit the plasma cholinesterase inhibition data. The fit
of the model to these multiple data sets requiring this
unusual fractional absorption may suggest a depot or
binding at the dosing site, and would potentially be an
important opportunity for further studies. Interestingly,
recent work by Domoradzki et al. (2004) has shown
that the majority of a dose of chlorpyrifos injected
subcutaneously in a DMSO vehicle remained at the
injection site for an extended period of time. Overall,
the PBPK/PD model reasonably simulated both the
DZN dosimetry and cholinesterase inhibition time-
course data from the current study and from previously
published studies in which animals were exposed to
single oral, i.v., and i.p. doses of DZN (Tomokuni et al.,
1985).

Previous studies have indicated that DZN is exten-
sively metabolized, with IMHP and hydroxylated
metabolites of IMHP representing the major metabo-
lites (Mücke et al., 1970; Iverson et al., 1975; Poet et al.,
2003). The results of the current pharmacokinetic and
pharmacodynamic study indicate that DZN is rapidly
absorbed following oral administration and likewise
undergoes extensive metabolism with IMHP account-
ing for �30% of the dose recovered in the urine by 24 h
post-dosing, which is consistent with �23% of the dose
being recovered as IMHP in the urine following oral
administration of a 4 mg/kg DZN dose (Mücke et al.,
1970). Peak levels of both DZN and IMHP in blood
were achieved by 3 h post-dosing. In addition, over the
dose-range evaluated, the kinetics of both DZN and
IMHP were linear. To fit the urinary elimination of
IMPH, a first-order non-specific loss of IMHP within
the compartment was added to the model to account for
potential further metabolism of IMHP. There is evi-
dence that homologous metabolites of similar OP
pesticides, such as chlorpyrifos, undergo glucuronida-
tion in rats (Bakke et al., 1976) and humans (Nolan
et al., 1984) and a glutathione metabolite of DZN has
been identified in houseflys and pillwort plants (Clark
et al., 2003; Ding and Yeo, 1986).

A number of in vivo studies in both animals and
humans have suggested that the oral bioavailability of
OP insecticides is significantly less than 100%.
Braeckman et al. (1983) reported that only 1–29%
of orally administered parathion was bioavailable in
dogs. The oral bioavailability of chlorpyrifos from a
corn oil vehicle was 80% in rats (Timchalk et al.,
2002b). In humans, the bioavailability of orally admi-
nistered chlorpyrifos ranged from as low as 20–35 to
70% depending upon the physical form of the CPF
when administered (Nolan et al., 1984; Timchalk et al.,
2002b). Wu et al. (1996) suggested that only 35% of the
80 mg/kg oral dose was systemically bioavailable; the
PBPK model estimation indicated an 80% oral bioa-
vailability fit both the data from the current study and
the data from Wu et al. These results with DZN are
consistent with the variability seen when evaluating the
oral bioavailability of other related OPs such as chlor-
pyrifos and parathion (Timchalk et al., 2002b; Braeck-
man et al., 1983). It has recently been suggested that
intestinal metabolism could result in significant first-
pass detoxification effectively decreasing the oral bioa-
vailability of these OPs (Poet et al., 2003). Cook and
Shenoy (2003) used single-pass intestinal perfusion
techniques and recently reported that chlorpyrifos
was >99% absorbed in the intestines. This coupled
to the recent finding of Poet et al. (2003) that demon-
strated intestinal CYP450 and PON metabolism of
chlorpyrifos suggests that localized intestinal metabo-
lism may account for the lower systemic bioavailability
of chlorpyrifos and related OPs like DZN. The question
of bioavailability is of critical importance, particularly
when interpreting cholinesterase response in the
absence of understanding how much of the DZN
was systemically available; hence DZN pharmacody-
namic response data should include concurrent bioa-
vailability assessment and further experimentation is
needed.

The 15–500 mg/kg DZN doses from this focused in
vivo pharmacokinetic study were generally well toler-
ated although the limited number of animals adminis-
tered the 500 mg/kg dose did appear to display mild
signs of excessive cholinergic stimulation (i.e.
increased urination/defecation; lethargy; soiled fur).
The lethal oral dose for DZN was reported to be
2000 mg/kg (Takahashi et al., 1991), 4-times greater
than the maximal dose delivered in the current study.
Even lacking overt toxicity, esterase inhibition was
measured at even the lowest dose. Although no attempt
was made to quantify the formation of DZN-oxon,
there was an inhibition of cholinesterase activity in all
tissues sampled over the dose range evaluated, which is
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consistent with the model predicted levels of DZN-
oxon formed. No in vivo or in vitro Ki values for DZN-
oxon were available. Apparent Ki values for chlorpyr-
ifos inhibition of AChE and BuChE have been reported
(Timchalk et al., 2002b) and were used as starting
parameters for optimizations. Apparent Ki for these
enzymes should be consistent, regardless of tissue;
therefore, optimizations in this model took advantage
of investigating several tissues (plasma, RBC, brain,
and diaphragm) to validate a single Ki value for cho-
linesterase inhibition in all tissues concurrently. The
model accurately reflected the overall trends associated
with plasma, RBC, brain, and diaphragm cholinester-
ase activities. Using the LLF function of SimusolvTM,
all fits were 80% or better to any given data set, with the
exception of data from diaphragm cholinesterase inhi-
bition. The least amount of background data was
known for this tissue.

Relative sensitivities of the B-esterases to DZN
exposure were BuChE > AChE > carboxylesterase,
which follows the same trend observed previously
for chlorpyrifos (Timchalk et al., 2002b). Relative to
chlorpyrifos, DZN estimated apparent Ki were lower
for BuChE and carboxylesterase, but 3-times higher for
AChE (Table 4). The sensitivity of BuChE was higher
than the sensitivity of AChE to inhibition following
treatment with diisopropylfluorophosphate (Gearhart
et al., 1990) and chlorpyrifos (Amitai et al., 1998;
Timchalk et al., 2002b). Likewise, in the current study,
BuChE was slightly more sensitive than AChE to the
inhibitor effects of DZN-oxon since plasma and dia-
phragm cholinesterase (AChE þ BuChE) inhibition
were less than BuChE inhibition alone (Figs. 5 and
7). To reasonably simulate this response, the bimole-
cular inhibition rate constants (Ki) optimized to fit the
data were 525 and 1700 mM�1 h�1 for AChE and
BuChE, respectively. The model predictions for appar-
ent Ki were based solely on model-predicted levels of
DZN-oxon, however, there are limited reports of poten-
tial other DZN metabolites with cholinesterase inhibi-
tory potential (Imaizumi et al., 1993). Thus, the
apparent Ki may be a composite of more than just
inhibition by DZN-oxon.

While the physiological purpose of AChE in the
nervous system has been well described (Wilson,
2001), the role of BuChE has not been fully deter-
mined, although several investigators suggest that
BuChE inhibition is a significant non-enzymatic detox-
ification pathway that protects against AChE inhibition
by OPs (Sultatos, 1994; Chambers et al., 1990; Yang
and Dettbarn, 1998). Since BuChE is more sensitive to
OP inhibition, Amitai et al. (1998) proposed that it

could be given intravenously as an exogenous scaven-
ger against AChE inhibition, and recent work in our
laboratory has suggested that BuChE is a potential
target enzyme for OP insecticide biomonitoring for
nontraditional matrixes such as saliva as well as in
plasma, where it is routinely evaluated (Kousba et al.,
2003).

Although the model successfully estimated brain
cholinesterase inhibition (Fig. 6), it under predicted
brain DZN concentrations reported by Tomokuni et al.
(1985); (Fig. 9). It is feasible that other processes that
are more complicated than simple solubility, which is
described using the partition coefficient, may be
involved in determining the amount of DZN and
DZN-oxon in the brain. For example, it has been
previously reported using in vitro metabolism studies
that the brain was capable of CYP450 metabolism of
chlorpyrifos to chlorpyrifos-oxon, suggesting that
localized metabolism could contribute to brain dosi-
metry for the oxon (Chambers and Chambers, 1989).
Conversely, Van Tellingen (2001) suggested that the
activity of p-glycoproteins within the blood:brain bar-
rier may function to decrease the ability of many
compounds, like DZN-oxon, to penetrate the brain
based on their lipophilicity as determined by their
octanol/water partition coefficient. In this regard, the
related OP insecticide chlorpyrifos-oxon has been
shown to be transported by brain p-glycoproteins
(Lanning et al., 1996), making it plausible that
DZN-oxon may likewise be transported by p-glyco-
protein. Although the use of partition coefficients
without modifications result in good estimation of
cholinesterase inhibition, indicating that predicted
DZN-oxon levels are reasonably estimated by the
model, the inability of the model to predict the brain
DZN concentrations reported by Tomokuni et al.
(1985) suggest the need for further research.

In the process of refining the model to fit the avail-
able data, several key model parameters that impact the
model fit to data sets were noted. The parameter with
the strongest affect to data fit across the most scenarios
was plasma protein binding of DZN and, to a slightly
lesser extent, DZN-oxon. The extent of plasma protein
binding reported by Wu et al. (1996) was employed in
this model and not varied. An additional parameter that
was found to only be important for some data sets was
the Michaelis–Menten constant for the metabolism of
DZN to DZN-oxon.

As previously noted, much of the model structure
was based on the chlorpyrifos PBPK/PD model
described by Timchalk et al. (2002b). Although the
uses, metabolic scheme, and biological effects of these
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two chemicals are analogous, DZN pharmacokinetics
have some key differences. Most notably, the CYP450-
mediated metabolism of DZN to either the active DZN-
oxon or deactivated product, IMHP, have much lower
affinities (higher KM) than for either the activation or
deactivation of chlorpyrifos (Table 4). In addition, the
DZN bimolecular inhibitory rate constant for BuChE is
lower than these constants are for chlorpyrifos. The net
effect is a lesser extent of inhibition of cholinesterase
following exposures to DZN compared to chlorpyrifos.
In particular, decreasing the KM for the metabolism to
DZN-oxon would result in an increase in the amount of
DZN-oxon and concomitantly a drastically higher
inhibition of cholinesterase. The other kinetic differ-
ences between the two chemicals have less influence
on model-prediction of esterase inhibition. This sug-
gests that the toxicity of DZN will be much lower than
that of chlorpyrifos, due mostly to the amount of
bioactivation of the parent pesticide. The oral LD50

for chlorpyrifos in rats is 95–270 mg/kg whereas the
LD50 for DZN has been reported to be between 76 and
415 mg/kg in rats depending on formulation, gender,
and species (ATSDR, 1996). It has been suggested that
the earlier formulations of DZN were more toxic due to
breakdown products in the dosing solutions. LD50

estimations from more recent formulations (1980–
1996) range from 300–460 mg/kg. In this study, all
of the five animals dosed with 500 mg/kg survived and
showed only minor overt toxicity.

Occupational and environmental exposures to OPs
are likely primarily associated with the dermal route.
However, evidence indicates that DZN is not well
absorbed through the skin since less than 4% of the
DZN dermally applied to human volunteers for 24 h
was absorbed (Wester et al., 1993). Other OPs also
show limited dermal absorption (Franklin, 1984; Grif-
fin et al., 1999; Nolan et al., 1984; Timchalk et al.,
2002b; USEPA, 1992; Wester et al., 1983). In the
current PBPK/PD model, the absorption of DZN from
dermal application in human volunteers was described
using a permeability coefficient of 1:3 � 10�4 cm/h.
The permeability coefficient used for DZN is similar to
the value (4:8 � 10�5 cm/h) used to describe the
absorption of chlorpyrifos (Timchalk et al., 2002a,b).

Garfitt et al. (2002) found no cholinesterase inhibi-
tion in the plasma of the human volunteers following
oral and dermal exposures. Likewise, the PBPK/PD
model predicts no inhibition (predicted activity is
greater than 99% of control) following either the oral
or dermal exposures in plasma, RBC, diaphragm, or
brain (data not shown). Therefore, at these exposure
levels (11 mg/kg oral and approximately 3.5 mg/kg

dermal), cholinesterase inhibition in blood would not
be a sufficient biomarker of exposure. The lack of
cholinesterase inhibition also suggests that these expo-
sure levels may not result in any adverse effects in
humans. The effects of repeated exposures at these low
levels is a potential area for further research.

In summary, this PBPK/PD model is capable of
quantifying target tissue dosimetry and dynamic
response in rats and humans and can be used to link
metabolism to cholinesterase inhibition across species
and strengthen the biological base for risk assessments.
The capability of the model to accurately predict
dosimetry and cholinesterase inhibition is limited by
the accuracy of the model parameters and the limita-
tions of the experimental data. Additional research is
needed to better understand the potential role of gut
metabolism and protein binding in modifying dosime-
try particularly following low dose exposures. In addi-
tion, better characterization of the bimolecular
inhibition rate constants and associated reactivation
and aging rates for the interaction of DZN-oxon with
B-est would be helpful for future model refinement.
With the development of this PBPK/PD model for
DZN a future aim will be to link this model with
the chlorpyrifos model to assess the pharmacodynamic
responses from exposures to a mixture of the two
chemicals.
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