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46.1 BACKGROUND 

In this chapter, an overview will be presented of the phar­
macokinetic principles that are of major importance in under­
standing the toxicology of organophosphate (OP) insecticides 
in animals and humans. The approach will not entail a compre­
hensive review of the extensive literature, but rather a focused 
presentation highlighting important principles by utilizing spe­
cific examples for this class of insecticide. 

Organophosphates constitute a large family of insecticides 
that are structurally related, pentavalent phosphorus acid es­
ters. Their insecticidal as well as toxicological mode of action 
is primarily associated with their ability to target and inhibit the 
enzyme acetylcholinesterase (AChE) (Sultatos, 1994). In this 
regard, the acute toxic effects of OP insecticides are associated 
with the capacity of the parent chemical or an active metabolite 
to inhibit AChE enzyme activity within nerve tissue (Murphy, 
1986; Sultatos, 1994). The three major classes of OP insecti­
cides are the phosphorothionates, the phosphorodithioates, and 
the phosphoroamidothiolates (Chambers, 1992; Mileson et al., 
1988). As an example, phosphorothionate insecticides such as 
chlorpyrifos, parathion, and diazinon are weak inhibitors of 
AChE, but once they undergo metabolic activation (desulfura­
tion) to their corresponding oxygen analogs ( oxon), they be­
come extremely potent inhibitors. This enhanced toxicity is 
due to the axon having a high affinity and potency for phos­
phorylating the serine hydroxyl group within the active site of 
AChE (Mileson et al., 1988; Sultatos, 1994). The toxic potency 
is dependent on the balance between a delivered dose to the 
target site and the rates of bioactivation and/or detoxification 
as illustrated in Fig. 46.1 (Calabrese, 1991). The pharmacoki­
netics and biochemical interactions between OPs and AChE 
and the toxicological implications of AChE inhibition are well 
understood. To further illustrate this point, a diagram relating 
OP toxicity with pharmacokinetic disposition and the forma­
tion of key OP metabolites is presented in Figs. 46.2 and 46.3. 
The thionophosphate pesticide diazinon [ 0, O-diethyl-0 -(2-
isopropyl-4-methyl-6-pyrimidinyl) phosphorothioate] is being 
utilized for illustration purposes; however, based on a common 
mode of action, this scheme is readily extended to other OPs. 

Organophosphate insecticides, like all chemical contami­
nants, can gain entry into the body and, based on the detection 
of low levels of OP metabolites in urine within human popula­
tions, there is good evidence for widespread although low level, 
exposures (Aprea et al., 1999; Hill et al., 1995). These expo­
sures can come from numerous sources. For example, ingestion 
of pesticide residues oh foods may account for some of the low­
level body burdens detected, whereas accidental or intentional 
ingestion of OP insecticides is associated with acute poison­
ing, resulting in significantly higher blood, tissue, and urine 
concentrations of relevant OP metabolites (Drevenkar et al., 
1993). Dermal exposure represents a potential exposure route 
during the mixing, loading, and application of OP insecticides 
or from skin contact with contaminated surfaces (Knaak et al., 
1993). Likewise, inhalation of airborne insecticide is feasible 
either during an application or as the result of exposure asso­
ciated with chemical drift (Vale and Scott, 1974). Once the OP 
arrives at a portal of entry, it is available for absorption and, 
based on the bioavailability of a given OP and the exposure 
route, a systemic dose of the parent compound (Fig. 46.3, #1) 
will enter the systemic circulation. Although localized portal 
of entry metabolism (i.e., lung, intestines, skin) is feasible, the 
bulk of the metabolic activation as well as detoxification re­
actions occur within the liver (Sultatos, 1988; Sultatos et al., 
1984). As previously mentioned, phosphorothionates like di­
azinon do not directly inhibit AChE, but must first be metabo­
lized to the corresponding oxygen analog (axon; Fig. 46.2, #2) 
(Iverson et al., 1975; Mticke et al., 1970; Murphy, 1986; Sul­
tatos, 1994). Activation to the axon metabolite (#2) is mediated 
by cytochrome P450 mixed-function oxidases (CYP450) pri­
marily within the liver, although extrahepatic metabolism has 
been reported in other tissues, including the brain (Chambers 
and Chambers, 1989; Guengerich, 1977). In addition, oxidative 
dearylation of the parent compound, forming both 2-isopropyl-
4-methyl-6-hydroxypyrimidine (IMHP, #3) and diethylthio­
phosphate (DETP, #4), represents a competing detoxification 
pathway that is likewise mediated by hepatic CYP450 (Ma and 
Chambers, 1994). These initial activation/detoxification reac­
tions are believed to share a common phosphooxythiran in­
termediate and represent the critical biotransformation steps 
required for toxicity (Neal, 1980). Differences in the ratio 
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OP Pharmacokinetics Balance 

Decreased Toxicity 

Figu~ 46.1 Parameters impacting the organophosphate (OP) insecticide tox­
icity balance. 

of activation to detoxification are associated with chemical-, 
species-, gender-, and age-dependent sensitivity to OPs (see 
Fig. 46.1) (Ma and Chambers, 1994). Hepatic and extrahepatic 
(i .e., blood and tissue) A-esterase can effectively metabolize 
the oxon metabolite (#2), forming IMHP (#3) and diethylphos­
phate (DEP, #4) metabolites. Likewise, B-esterases such as car­
boxylesterase (CaE) and butyrylcholinesterase (BChE) that are 
also well distributed across tissues can metabolize the oxon; 
however, these B-esterases become irreversibly bound (1:1 ra­
tio) to the oxon and thereby become inactivated (Chanda et al., 
1997; Clement, 1984). It is likewise clear from both tissue 
distribution and partitioning studies that phosphothionate OPs 
are generally well distributed in tissue throughout the body 
(Tomokuni et al., 1985; Wu et al., 1996). Finally, due to the 
extensive metabolism, little, if any, parent phosphothionate or 
oxon is available for excretion; however, more stable metabo­
lites such as DEP, DETP, and IMHP are readily excreted in the 
urine (Iverson et al., 1975; Mticke et al., 1970). 

Numerous pharmacokinetic approaches have been applied to 
OP insecticides, including: 

1. Application of pharmacokinetics to understand the overall 
disposition and clearance of OPs 

2. Development and application of pharmacokinetic models 
for quantitative biological monitoring to assess OP 
insecticide exposure in humans 

3. Studies that facilitate extrapolation of dosimetry and 
biological response from animals to humans and the 
assessment of human health risk 

To illustrate the utility of pharmacokinetics in addressing the 
health concerns associated with OP insecticides, several ex­
amples of these types of pharmacokinetic studies with OP in­
secticides will be used to illustrate both their utility and their 

· limitations. 

46.2 PHARMACOKINETIC PRINCIPLES OF 
IMPORTANCE TO ORGANOPHOSPHATE 

INSECTICIDES 

Pharmacokinetics are concerned with the quantitative inte­
gration of those processes associated with the absorption, 
distribution, metabolism, and excretion (ADME) of drugs and 
xenobiotics within the body (Renwick, 1994). Studies on the 
pharmacokinetics of a xenobiotic provide critically useful in­
sights into the toxicological response associated with a given 
agent. In this regard, pharmacokinetics provides quantitative 
data on the amount of toxicant delivered to a target site as well 
as species-, age-, and gender-specific and dose-dependent dif­
ferences in biological response. An important application of 
pharmacokinetics within toxicology has been to provide a re­
alistic estimate of risk by providing a means to quantitatively 
estimate the absorbed dose of a chemical under realistic expo­
sure conditions (Clewell, 1995). 

Toxicology studies are designed to provide a quantitative as­
sessment of toxicity based. on what the chemical agent does 
to the test animals. In, contrast, pharmacokinetics focuses on 
what the animal does to the chemical. Clearly, toxicity and 
pharmacokinetics are integrally related because the extent of 
absorption, retention, metabolic activation, or detoxification is 
ultimately responsible for delivering a dose to a target tissue, 
resulting in observed effects. Pharmacokinetics represent a crit­
ically important tool that, if. used correctly, can quantitatively 
establish a unifying model that describes both dosimetry and 
biological response across exposure routes, species, and chem­
ical agents. This approach is particularly useful for OP insec­
ticides because they share a common mode of action through 
their capability to inhibit AChE activity (Mileson et al., 1988). 
Pharmacokinetic strategies for quantitating dosimetry can be 
developed to measure the parent compound and its active (i.e., 
oxon) or inactive me.tabolites. It is also feasible to link dosime­
try with biologically based pharmacodynarnic (PD) response 
models based on a common mode of action (i.e., AChE inhi­
bition). In general, pharmacokinetic modeling approaches can 
be characterized as empirical or physiologically based and both 
types of models have been applied to understand the toxicologi­
cal response to OP chemicals in multiple species (Brimer et al., 
1994; Gearhart et al., 1990; Pena-Egido et al. , 1988; Sultatos, 
1990; Tomokuni et al., 1985; Wu et al., 1996). 

46.2.1 COMPARTMENTAL 
PHARMACOKINETIC MODELS 

Compartmental models have formed the cornerstone of phar­
macokinetic analysis and as such have been extensively utilized 
to assess bioavailability, tissue burden, and elimination kinet­
ics in various species, including humans. All pharmacokinet­
ics are concerned with the time course by which a chemical 
is absorbed into the systemic circulation, distributed through­
out the body, altered through metabolic transformation, and 
eliminated. Compartmental models are empirical and as such 
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Figure 46.2 Metabolic scheme for the metabolism of the organophosphate (OP) insecticide diazinon. 

Figure 46.3 Compartmental flow diagram illustrating the critical tissue compartments associated with absorp­
tion, distribution, metabolism and excretion of organophosphate (OP) insecticides. The circled numbers (1-4) 
correspond to the parent compound and major metabolic products associated with metabolism of diazinon (see 
Fig. 46.2) that are most likely found within each compartment. 
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Figure 46.4 Single compartment model used to describe the blood and urine time-course of 3,5,6-
trichloropyridinol (TCP) a major metabolite of the organophosphate (OP) insecticide Qhlorpyrifos (CPF). Equa­
tions adapted from Nolan et al. (1984). 

consider the organism as a single- or multicompartment homo­
geneous system. The number and behavior of the compartments 
are primarily determined by the equations chosen to describe 
the time-course data and not the physiological characteristics of 
the organism (Krishnan and Andersen, 1994). In these models, 
the net transfer between compartments is directly proportional 
to the difference in chemical concentration between compart­
ments. However, the rate constants associated with the transfer 
between compartments cannot be experimentally determined 
(Srinivasan et al., 1994). 

Compartmental models range from simple well-mixed 
single-compartment models to more complicated multicom­
partment models that are used to describe the blood and/or 
plasma time course of a chemical or drug. These simple com­
partmental approaches have been broadly utilized to model the 
pharmacokinetics of QP insecticides and their major metabo­
lites (Braeckman et al., 1983; Drevenkar et al., ·1993; Nolan 
et al., 1984; Wu et al., 1996). For example, Nolan et al. (1984) 
developed a one-compartment pharmacokinetic model that ac­
curately describes the blood and urine time course of 3,5,6-
trichloropyridinol (TCP), a major metabolite of the OP insec­
ticide chlorpyrifos, in human volunteers. A diagram of this 
single-compartment model is illustrated in Fig. 46.4. In this 
model, the blood TCP concentration and urinary excretion data 
were simultaneously fit to a single-compartment model using 
the equations shown in the figure. Absorption (ka) and elimina­
tion (ke) are handled as first-order processes, the blood TCP 
concentration is represented by Cb, and F and Va represent 
the fractional absorption and the volume of distribution, re­
spectively. To develop this model, male volunteers were orally 
administered a dose of 0.5 mg chlorpyrifos/kg of body weight. 
Then blood and urine specimens were collected at specified in-
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Figure 46.5 Time-course of 3,5,6-trichloropyridinol (TCP) in the blood and 
urine of male volunteers orally administered a 0.5 mg chlorpyrifos (CPF)/kg of 
body weight dose. Figure adapted from Nolan et al. (1984). 

tervals and analyzed for TCP. The model parameters used to 
describe the time course of TCP and the model fit of the ex­
perimental data are presented in Table 46.1 and Fig." 46.5. The 
model provides an excellent fit of the experimental data and, 
based on the model parameters, it was determined that approx­
imately 72% of the ingested dose was absorbed and eliminated 
in the urine with a half-life of27 h. Based on this model, Nolan 
et al. (1984) suggested that the blood TCP concentration and/or 
urinary excretion rate could be utilized to quantify the amount 
of chlorpyrifos absorbed under actual use conditions. 

Although compartment modeling is extremely useful for in­
terpolation within the confines of the test species and experi­
mental conditions (i.e., exposure routes and dose levels), these 
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Table 46.1 
Selected Model Parameters Describing Blood Concentrations and Urinary Excretion of3,5,6-Trichloropyridinol by Individual Volunteers Following Oral Admin­
istration of the Organophosphate Insecticide Chlorpyrifos 

Absorption Absorption Absorption 

Body weight lag time rate constant half-life 

Parameter (kg) (h) ka(h- 1) (h) 

Range 72-102 0.9-1.9 0.1-2.7 0.4-6.9 

Mean±SD 83,,3 .± 10.3 1.3 ±0.4 1.5 ± 1.2 0.5 

Data obtained from six male volunteers: 
Data ,1dapted from·Nolan et al. (1984). 

models are limited in their capability to extrapolate across dose 
levels, . species, and exposure routes (Krishnan and Andersen, 
1994).,)ro enable extrapolation, physiologically based pharma­
cokine_tic (PBPK) models have emerged as an important tool 
that has seen broad applications in toxicology and more specifi­
cally in human health risk assessment (Andersen, 1995; Clewell 
and Andersen, 1996; Krishnan and Andersen, 1994; Leung and 
Paustenbach, 1995; Mason and Wilson, 1999). 

46.2.2 PHYSIOLOGICALLY BASED 
PHARMACOKINETIC MODELS 

Unlike compartment modeling approaches, PBPK models uti­
lize biologically meaningful compartments that represent indi­
vidual organs such as liver and kidney or groups of organ sys­
tems (i.e., well perfused/poorly perfused) (Mason and Wilson, 
1999). The general model structure is based on an understand­
ing of comparative physiology and ~enobiotic metabolism, a 
chemical's physical properties that define tissue partitioning, 
the rates of biochemical reactions determined from both in vivo 
and in vitro experimentation, and the physiological characteris­
tics of the species of interest (Krishnan and Andersen, 1994). 
PBPK models have been developed to describe target tissue 
dosimetry for a broad range of environmental contaminants 
such as solvents, heavy metals, and pesticides, including OP in­
secticides (Andersen et al., 1987a; Corley et al., 1990; Gearhart 
et al., 1990; O'Flaherty, 1995; Sultatos, 1990). A number ofre­
views have been published on the development, validation, ap­
plication, and limitations of PBPK models in human health risk 
assessment (Andersen, 1995; Clewell, 1995; Clewell and An­
dersen, 1996; Frederick, 1995; Krishnan and Andersen, 1994; 
Leung and Paustenbach, 1995; Mason and Wilson, 1999; Slob 
et al., 1997). 

To illustrate the application of this modeling approach to 
OP insecticides, a PBPK model that also incorporates a phar­
macodynamic (PD) component to describe AChE inhibition 
following diisopropylfluorophosphate exposure in rodents will 
be described (Gearhart et al., 1990). Gearhart et al. (1990) 
developed a basic PBPK/PD model structure that described tar­
get tissue dosimetry and AChE inhibition following an acute 
exposure to diisopropylfluorophosphate in mice and rats. In de­
veloping this model, the authors were primarily interested in 

Model Percentage 

Volume Elimination E!imjnation predicted dose 

distribution rate constant half-life percentage dose recovered 

Yct (ml/kg) (h-1) kc (h) absorbed in urine 

160-204 0.02-0.03 21-32 52-84 49-81 

181 ± 18 0.026 ± 0.005 26.9 72± 11 70± 11 

building a structure that could readily be extended to describe 
the acute effects for a broad range of commercially impor­
tant OP insecticides. A diagram of the PBPK/PD model for 
diisopropylfluorophosphate rn rats is illustrated in Figs. 46.6 
and 46.7. Th~ conceptual representation of the PBPK model 
for diisopropylfluorophosphate is based on the anatomical and 
physiological characteristics of the rat and the major deter­
minants of diisopropylfluorophosphate disposition, which in­
clude esterase binding and hydrolysis, tissue partitioning, and 
diisopropylfluorophosphate volatility (Gearhart et al., 1990; Kr­
ishnan and Andersen, 1994). Because this OP ester does not 
require metabolic activation, like thionophosphate OPs, the hy­
drolysis of diisopropylfluorophosphate by blood and tissue A­
esterase is a major factor in determining the protection against 
AChE inhibition. 

Diisopropylfluorophosphate binds to and inhibits B-ester­
ases, including AChE, BChE, and CaE. Although binding to 
AChE is associated with acute neurotoxicity, the binding to 
BChE and CaE is without adverse physiological effect and as 
such represents a detoxification pathway (Clement, 1984; Fon­
num et al., 1985; Pond et al., 1995). The PBPK/PD model 
compartments included those tissues associated with toxi­
cological response (i.e., brain, lung, and diaphragm), those 
containing high A-esterase activity (i.e., liver, kidney, and 
blood), a fat compartment having the highest tissue/blood par­
titioning, and the remaining tissues being collectively lumped 
(Gearhart et al., 1990). To develop this model, tissue parti­
tioning coefficients (PCs) were determined by the vial equi­
libration technique (Gargas et al., 1989; Sato and Naka­
jima, 1979). In general, the tissue : blood PCs ranged from 
0.77 to 1.63; however, the fat : blood partitioning was 
the highest with a coefficient of 17 .6. The generalized mass 
balance differential equation for calculating diisopropylfluo­
rophosphate tissue concentration and AChE tissue inhibition 
are also presented in Figs. 46.6 and 46.7. Within each tis­
sue compartment, the net concentration of diisopropylfluo­
rophosphate (mg/!) is a function of blood flow to the tis­
sue, chemical partitioning from the blood into the tissue, and 
the loss of diisopropylfluorophosphate due to hydrolysis by 
A-esterase and inhibition of B-esterases (AChE, BChE, and 
CaE). 
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Figure 46.6 Physiologically based pharmacokinetic (PBPK) model structure and mass balance differential 
equations describing the distribution of diisopropylfluorophosphate (DFP) in the rat. Figure adapted from 
Gearhart et al. (1990). 
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Figure 46.7 Pharmacodynamic (PD) model structure and mass balance differential equations describing the 
inhibition of acetylcholinesterase (AChE) by diisopropylfluorophosphate (DFP) in the rat. Figure adapted from 
Gearhart et al. (1990). 
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Gearhart et al. (1990) calculated basal AChE activity (µmol) 
based on a zero-order enzyme synthesis rate (µmol/h) and a 
first-order rate of enzyme degradation (h- 1). A balance be­
tween the bimolecular rate of inhibition and the rate of AChE 
regeneration ahd aging determined the amount of free AChE. 
Similar equations were utilized to quantify the impact of diiso­
propylfluorophosphate on tissue CaE and BChE activity. The 
capability of the diisopropylfluorophosphate model to simulate 
both diisopropylfluorophosphate tissue dosimetry and AChE 
inhibition is 11.yustrated in Figs. 46.8 and 46.9 in mice that 
were administered a single intravenous (iv) dose of 1 mg di­
isopropylfluorophosphate/kg of body weight. The model does 
a reasonably good job of describing brain tissue dosimetry 
and AChE inhibition. In brain, the diisopropylfluorophosphate 
concentration rapidly falls to a fraction of its peak concen­
tratio~ within about 1 min, whereas AChE was rapidly in­
hibite'.d to 20% of control activity. In both cases, the model 
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simulations were consistent with the experimentally derived 
data. 

The development and application of PBPK modeling for hu­
man health risk assessment are not without their challenges and 
limitations. Before a model can be used to assess risk, a deter­
mination must be made concerning the model's capability to ac­
curately predict dosimetry and biological response (Frederick, 
1995). Furthe1more, PBPK/PD models are data intensive, so to 
adequately develop and validate a model generally requires ex­
tensive experimentation to support model parameterization and 
validation (Clewell, 1995). Nonetheless, a consensus opinion 
of an expert scientist panel concluded that biologically based 
risk assessments that include well-validated PBPK/PD models 
can provide the most accurate quantitative assessment of human 
health risk from exposure to environmental chemicals (Freder­
ick, 1995). 
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Figure 46.8 Time-course of free diisopropylfluorophosphate (DFP) concentration (mg/L) in plasma and brain 
in male mice after tail vein injection of 1 mg DFP/kg. Each datum represents the mean ± SD of 5 animals. Solid 
line depicts PBPK/PD model simulation. Figure used with permission from Gearhart et al. (1990). 
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Figure 46.9 (a-c) Time-course of brain acetylcholinesterase (AChE) activity in male mice after tail vein in 
jection of 1 mg diisopropylfluorophosphate/kg. Each datum represents the mean ± SD of 5 animals. Solid line 
depicts PBPK/PD model simulation. Figure used with permission from Gearhart et al. (1990). 

46.3 PHARMACOKINETIC APPROACHES 
APPLIED TO ORGANOPHOSPHATE 

INSECTICIDES 

46.3.1 APPLICATION OF 
PHARMACOKINETICS TO 
UNDERSTAND THE OVERALL 
DISPOSITION AND CLEARANCE OF 
ORGANOPHOSPHATE INSECTICIDES 

Pharmacokinetic studies conducted in multiple species, at var­
ious dose levels, and across different routes of exposure can 
provide important insight into the in vivo behavior of a chem­
ical agent and how it contributes to the observed toxicological 
response in a given species. To illustrate this point, a compar­
ison is made of selected pharmacokinetic parameters obtained 
from a diverse group of studies conducted in animals exposed 
to either parathion or diazinon. As noted in Tables 46.2 and 
46.3, no single study provides all the pertinent information; yet, 

collectively, they provide a consistent qualitative picture of the 
overall pharmacokinetics of these OP insecticides. 

The bioavailability of OP insecticides, defined as the amount 
of systemically available dose, is a function of the extent of 
absorption and first-pass metabolism. Braeckman et al. (1983) 
conducted a pharmacokinetic study in the dog following both 
oral and iv administration of parathion. Comparisons of plasma 
parathion areas under the curve (AUCs) indicated that 1-29% of 
the orally administered parathion was bioavailable. The authors 
suggest that the low systemic oral bioavailability of parathion is 
primarily associated with a rapid hepatic first-pass metabolism 
based on the high hepatic extraction (82-97%) that was deter­
mined after iv administration. Wu et al. (1996) conducted sim­
ilar bioavailability studies in the rat with diazinon. The blood 
time course of diazinon in the rat following iv and oral doses of 
10 and 80 mg/kg, respectively, is presented in Fig. 46.10. The 
results suggest that, following oral administration, absorption is 
rapid (absorption t1;2 = 2.6 h) with peak plasma concentrations 
of diazinon being attained within 2 h postdosing; yet a compar­
ison· of AU Cs, when corrected for administered dose, indicate 
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Table 46.2 
Selected Model Parameters Describing Blood Concentration Pharmacokinetics of Parent Compounds in Various Species Following Exposure to the Organophos­
phate Insecticides Parathion and Diazinon 

Absorption/bioavailability kinetics 

Absorption Hepatic 

Dose Bioavailability t112 extraction 

Species (route) percentage (h) percentage 

Rabbit0 1.5 mg7k~ 100 NIA 

(iv) 

Rabbit" 3 m,glkg 68b 0.021 ± 0.04 

i (oral) 

Piglet< 0.5 mg/kg 100 NIA 

(iv) 

Pigd I . 1 mg/kg 100 NIA 
-):: . 
,, , (iv) 

Pigd ' ' 50mglkg 9.93 ± 5.28 

(dermal) 

Dog• 5 mg/kg NIA 82-97 

(iv) 

Dog' lOmglkg 1-29% 

(oral) 

Rat! 5-10 mg/kg 100 NIA 48-55 

(iv) 

Rat! 80mg/kg 35.5 2.55 

(oral) 

aPena-Egido et al. (1988). 
bEstimated by comparing oral and iv AUC after adjusting for dose. 
cNielsen et al. (1991). 
dBrimer et al. (1994). 
e 

fwu et al. (1996). 

Table46.3 

Elimination kinetics 

Distribution kinetics Two-compa.itment model 

Volume Protein Elimination Clearance 

distribution binding t112r:x t112fi ketJ/2 Cl 

vdss (11kg) percentage (h) (h) (h) (1/h/kg) 

14.24 ± 6.34 5.08± 3.06 3.99 ± 1.13 

7.58 ± 6.45 0.13 ±0.29 1.08 ± 0.27 2.54 ± 1.67 6.59 ± 3.36 

2.6 ± 0.9 97 ± 1 3.0 ± 1.5 

9.76 ±5.65 3.6 ± 1.08 4.42 ± 1.20 

99 

99 

20.01 ± 11.27 89.1 0.33 ± 0.10 4. 70 ± 1.84 - 4.69 ± 0.8 

22.93 ± 4.82 89.1 2.86 ± 0.58 4.60 ± 1.05 

Tissue Concentration, Tissue Plasma Ratio and Partition Coefficients Following Exposure to the Organophosphate Insecticides Parathion and Diazinon 

14C-Parathion° 

0.5 mg/kg; iv; 

piglet 3 h postdosing 

Tissue ng/g 

Blood/plasma 262± 145 

Liver 1254±638 

Kidney 1360±546 

Lung 421 ±92 

Muscle 484± 92 

Heart 302± 85 

Fat 

Brain 215 ±76 

a Nielsen et al. (1991 ). 
bGearhart et al. (1994). 

· cwu et al. (1996). 

dTomokuni et al. (1985). 
ewell-perfused tissue. 
f Poorly perfused tissue. 

Tissue/plasma 

ratio 

4.78 

5.19 

1.60 

1.85 

1.15 

0.82 

Parathionb 

partition 

coefficient (PC) 

Tissue/blood 

5.21 

5.21 

5.21' 

2.551 

101.2 

4.56 

Paraoxonb Diazinon< Diazinond 

partition 10 mg/kg; iv; 20 mg/kg; iv; 

coefficient (PC) rat 4 h postdosing mouse 5 h postdosing 

Tissue/plasma Tissue/plasma 

Tissue/blood ng/g ratio ng/g ratio 

-130 35 

6.62 .325 ± 25 2.50 120 3.42 

6.62 790 ±60 6.08 3000 85.7 

6.62' 

3.621 

10.22 

2.31 280± 10 2.15 160 4.57 



938 CHAPTER 46 Organophosphate Pharmacokinetics 

10 
Peak Plasma Concentration (2 hr) 

•, / 
~ 0 

• ~< ....................... , ... ! .......... . 
e , 4'....... ~ Oral 80 mg/kg 

+\ .................. o .--- AUC 6.44 ± 1.31 mg hr-1 L-1 ', ............... ~ ........... .. 
\ ,. --- --- -·-- - - - - -• .. ---iv 10 mg/kg 

- - - - - - - -• ~ AUC 2.27 ± 0.47 mg hr-1 L-1 

0.01.---.----------------------
0 2 3 4 5 6 7 8 9 

Time (hrs) 

Figure 46.10 Plasma time-course of diazinon (DZN) in rats following intravenous (iv) and oral administration 
of 10 and 80 mg DZN/kg of body weight, respectively. Data extracted from Wu et al. (l996). 

that only about 35% of the oral dose was systemically bioavail­
able. The hepatic extraction ratio for diazinon ranged from 48 
to 55% and was qualitatively consistent with the findings of 
Braeckman et al. (1983) for parathion in the dog as well as 
chlorpyrifos in mice (hepatic extraction ratio ''·46%) (Sultatos, 
1988). Rapid oral absorption (t1;2 = 0.02 h) and lower oral 
bioavailability ("' 68 % ) were also demonstrated in a study in 
which rabbits were administered iv and oral doses of parathion 
(Pena-Egido et al., 1988). Likewise, in vivo animal models also 
suggest that dermal absorption and systemic bioavailability of 
OP insecticides will be quite low (Brimer et al., 1994). 

Once these OP compounds have been absorbed, systemic 
distribution throughout the body tissues is rapid (Vale, 1998). 
For example, a high volume of distribution was observed rang­
ing from 3 to 14 and from 20 to 23 l/kg in several different 
species administered parathion or diazinon, respectively (see 
Table 46.2). A cross-species comparison of the tissue distribu­
tion data: following parathion or diazinon exposure is consistent 
with the large volume of distribution, suggesting that the OP 
tissue concentration follows the order of kidney > liver > 
lung/muscle/heart> brain (see Table 46.3). Phosphorothioates 
such as diazinon and parathion are more lipophilic than their 
respective oxon metabolites and therefore can be sequestered 
in the fat compartment, which may account for prolonged in­
toxication and observed clinical relapses (Vale, 1998). Gearhart 
et al. (1994) determined the PCs for both parathion and the 
toxic metabolite paraoxon (see Table 463) . In general, the PCs 
for parathion and paraoxon are comparable; however, parathion 
has an order of magnitude (101 vs. 10.11) greater affinity than 
paraoxon for fat. 

The systemic distribution, elimination kinetics, metabolic 
transformation, and target site availability of a drug or chemical 

are often dependent on the extent of reversible plasma/serum 
protein binding (Renwick, 1994 ). For example, as shown in 
Table 46.2, parathion and diazinon are extensively bound to 
plasma protein (ranging from 89 to 99%) and the extent of 
binding is concentration independent. This response is likewise 
consistent with the findings of Sultatos et al. (1984), who re­
ported that chlorpyrifos is approximately 97% bound to mouse 
plasma proteins over a broad concentration range. This high de­
gree of protein binding in conjunction with the high volume 
of distribution also suggests that tissue binding may in fact be 
more important than plasma binding in determining the overall 
disposition and clearance of OPs (Braeckman et al., 1983). 

Although the OP insecticides parathion and diazinon are 
well distributed throughout the body and extensively bind to 
both plasma and tissue proteins, they are both rapidly cleared 
from the body primarily in the urine as degradation metabolites 
of the parent OPs [i.e., p-nitrophenol, 2-isopropyl-4-methyl-6-
hydroxyprimidine (IMHP)] (Iverson et al., 1975; Mticke et al., 
1970; Nielsen et al., 1991; Vale, 1998). The overall systemic 
clearances for both parathion and diazinon are quite fast and 
comparable, ranging from 4 to 6.6 1/h/kg, and are consistent 
with the rapid blood/plasma terminal phase half-life (2.5-5 h; 
see Table 46.2). 

As previously indicated, comparative species pharmacoki­
netic analysis is useful for understanding the in vivo behavior of 
OP insecticides. Although generalization to all OP agents is un­
wise, these types of comparative analyses do provide important 
insights. In summary, the oral absorption of both parathion and 
diazinon is rapid with peak plasma concentrations being ob­
tained within a few hours of exposure. However, oral bioavail­
ability is low and appears to be at least partially associated with 
a high rate of hepatic first-pass metabolism. Although these OP 



46.3 Pharmacokinetic Approaches Applied to Organophosphate Insecticides 939 

insecticides are extensively bound to plasma proteins, they are 
equally well distributed throughout the body's tissues and the 
parent phosphorothioates can sequester within the fat compart­
ment. Nonetheless, the overall clearance is quite fast and is most 
likely associated with the rapid metabolism and elimination of 
the OP metabolites. 

46.3.2 DEVELOPMENT OF 
PHARMACOKINETIC MODELS FOR 
QUANTITATIVE BIOLOGICAL 

'/ 

MONITORING TO ASSESS 
OR,GANOPHOSPHATE INSECTICIDE 
EXPOSURE IN HUMANS 

In assessing human exposure to chemical agents, biological 
monitq)):ing (biomonitoring) is an important quantitative mea­
sure ci,fi the amount of chemical agent that is systemically ab­
sorbed. This approach entails the quantitation of the chemical 
or its metabolites in biological fluids (i .e., blood, urine, ex­
haled breath) and offers the best means of accurately assess­
ing exposure because it measures actual, rather than potential, 
exposure (Woollen, 1993). However, to accurately predict hu­
man dosimetry from occupational and/or environmental expo­
sure to xenobiotics, human volunteer pharmacokinetic studies 
conducted under controlled conditions are of vital importance 
(Wilks and Woollen, 1994; Woollen, 1993). 

Both occupational and environmental exposures to OPs are 
primarily associated with dermal exposure; accounting for more 
than 90% of the absorbed dose (Aprea et al., 1994). There­
fore, an understanding of the percutaneous absorption of OPs is 
critical for quantitatively determining a systemic dose. The ex­
tent of dermal bioavailability for a number of 14C-labeled OP 
insecticides has been determined in humans utilizing both in 
vivo studies in volunteers and in vitro dermal penetration with 
skin obtained from cadavers (Wester et al., 1983, 1992, 1993). 
A summary of the percentage absorption following in vivo and 
in vitro dermal exposure to the OP insecticides diazinon, isofen­
phos, and malathion is illustrated in Fig. 46.11. 

The general experimental design of these studies entailed 
three major components. First, human volunteers were adminis­
tered a topical dose of a known concentration of 14C-labeled OP 
for a specified exposure period. The extent of absorption was 
determined by quantitating the amount of 14C excreted in the 
urine and remaining on the skin surface. Second, in vitro percu­
taneous absorption was determined using a glass flow-through 
penetration cell in which the percentage absorption through hu­
man cadaver skin was determined by the amount of radiotracer 
that transferred into the receptor fluid . Finally, to calculate the 
in vivo percentage absorption, rhesus monkeys were given a 
14C-labeled OP as an iv dose. The percentage dose absorbed 
in humans was calculated from the ratio of 14C excreted in the 
urine after topical (humans) and iv (monkey) dosing. The in 
vivo absorption for the three OP insecticides diazinon, isofen­
phos, and malathion in human volunteers following a topical 
application is very low, ranging from 2.5 to 3.9% of the ap­
plied dose. The percentage absorption as determined in vitro 

was likewise comparable for isofenphos (3.64% ± 0.48), but 
slightly higher and considerably more variable for diazinon 
(14.1 % ± 9.2). Percutaneous absorption studies conducted in 
humans are of particular importance because it is known that 
dermal absorption in animals, such as the rat, is often greater 
than in humans (Wester and Maibach, 1983). For example, 
Knaak et al. (l 990) conducted a dermal absorption study in 
rats with isofenphos and reported that 47% of the applied dose 
was absorbed, which is 12-fold higher than the results seen in 
human volunteers. The major limitation associated with the ex­
perimental design of Wester et al. (1983, 1992, 1993) is that the 
quantitation of only 14C provides no information on the specific 
form of the compound (i.e., parent or metabolite) that is system­
ically available. Nonetheless, these studies provide important 
quantitative information on the extent of dermal absorption. 

To better understand the systemic pharrnacokinetics of OPs 
and to develop pharmacokinetic models that can be utilized 
for biomonitoring, controlled human studies that quantitate the 
time course of parent chemical or metabolites in blood and 
urine are key. Nolan et al. (1984) conducted a controlled human 
pharmacokinetic study to follow the fate of a major metabolite, 
3,5,6-trichloropyridinol (TCP), which is excreted in the urine 
following both oral and dermal administration of chlorpyrifos. 
Griffin et al. (1999) also conducted a controlled human study 
with chlorpyrifos in human volunteers, but quantitated the uri­
nary excretion of the dialkylphosphate metabolite. 

A selection of comparative pharmacokinetic parameters 
from the controlled human chlorpyrifos studies is presented in 
Table 46.4. Overall, the pharmacokinetic results obtained using 
TCP or dialkylphosphate in human volunteers are entirely con­
sistent with each other. For example, following oral adminis­
tration, chlorpyrifos is rapidly absorbed with maximum plasma 
concentration and excretion being obtained by 6 and 7 h post­
dosing for TCP and dialkylphosphate, respectively. The extent 
of absorption was quite good, based on the amount of metabo­
lite (70-93%) recovered in the urine. In comparison, the dermal 
absorption was consistently slower with peak concentrations of 
metabolite being achieved by 17-24 h postdosing for both stud­
ies. Also, the amount recovered based on TCP and dialkylphos­
phate metabolites in the urine was 1.35 and 1 %, respectively, 
suggesting limited dermal absorption of chlorpyrifos. Nolan 
et al. (1984) reported an elimination half-life of 26.9 h follow­
ing oral administration, whereas Griffin et al. (1999) reported 
half-lives of 15.5 and 30 h for dialkylphosphate following oral 
and dermal exposure to chlorpyrifos, respectively. The increase . 
in the urinary elimination half-life following dermal exposure 
is most likely associated with a delay in chlorpyrifos absorp­
tion through the skin. However, differences in the rates of TCP 
and dialkylphosphate kinetics are also a possible explanation 
(Griffin et al., 1999). Nonetheless, the elimination half-life for 
chlorpyrifos based on either TCP or dialkylphosphate clearance 
is consistent. 

These types of pharmacokinetic data are being used to de­
velop models to biomonitor for OP exposure. Nolan et al. 
(1984) developed a one-compartment pharmacokinetic model 
having the same volume of distribution and elimination rate 
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Table 46.4 

Figure 46.11 Summary of human dermal penetration (in vivo/in vitro) for the organophosphate (OP) insecti­
cides diazinon, isofenphos and malathion. 

' Comparison of Oral and Dermal Pharmacokinetic Parameters Describing the Blood Concentration and Urinary Excretion of 3,5,6-Trichloropyridinol (TCP) and 
Dialkylphosphate (DAP) by Volunteers Following Exposure to the Orgahophosphate Insecticide Chlorpyrifos 

Exposure Absorption Absorption Absorption Elimination rate Elimination Model predicted Percentage dose 

route/ Dose rate rate constant half-life constant half-life percentage dose recovered in 

metabolite (mg/kg) (ng/cm2/h) ka (h- 1) (h) keCh- 1) (h) absorbed urine 

Oral 

TCpa 0.5 1.5 ± 1.2 0.5 0.0258 ± 0.0051 26.9 72± 11 70±11 
DAPb 0.014< 15.5 93 (range 55-115) 

Dermal 

TCP• 5 0.0308 ± 0.01 22.5 1.35 ± 1.02 1.28 ± 0.83 
DAPb 0.41 456 30 1.00 

aNolan et al. (1984). 

bGriffin et al. (1999). 
cEstimated based on average body weight (71 kg). 
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constant to describe blood and urinary TCP kinetics following 
oral and dermal exposure to chlorpyrifos (see Fig. 46.4). Simi­
larly, the quantitative measurement of urinary dialkylphosphate 
is increasingly' being used for biomonitoring for OP exposures 
(Gargas et al.; 1989). The development of pharmacokinetic 
models that are capable of describing the uptake, distribution, 
and elimination of OP insecticides based on the quantitation of 
major degradation metabolites represents an extremely useful 
and simple approach for exposure biomonitoring. 

46.3.3 THE APPLICATION OF 
PHARMACOKINETICS FOR 
QUANTIFYING EXPOSURE TO 
ORGANOPHOSPHATE INSECTICIDES 

The al\ility to more accurately quantitate human exposure to 
OP insecticides has been enhanced by the use of biomon­
itoring approaches linked to pharmacokinetic ~nalysis. This 
has successfully been used to estimate agricultural worker ex­
posures during and after the application of insecticides, to 
evaluate secondary exposures within cross-sectional epidemi­
ology studies, and to assess dosimetry in persons who have 
been acutely poisoned either accidentally or through intentional 
self-administration (Drevenkar et al., 1993; Lavy et al., 1993; 
Loewenherz et al., 1997). 

Historically, workplace exposure to chemicals has been 
controlled through environmental monitoring that has primar~ 
ily focused on the measurement of the chemical contaminant 
in the ambient air. However, because airborne concentrations 
may not be linearly correlated with absorption, this approach 
does not provide an accurate assessment of the internal dose 
(Franklin et al., 1986). In agricultural settings, worker expo­
sure studies have incorporated personal external monitoring 
to estimate the amount of chemical available from inhala­
tion (i.e., breathing-zone sampling pumps) and dermal absorp­
tion (i.e., patch method and hand washes) . Where feasible, 
these studies have also incorporated biomonitoring (i.e., uri­
nary metabolites) to quantitate the amount of absorbed dose 
(Chester, 1993; Franklin et al., 1981, 1986). Franklin et al. 
(1981, 1986) estimated exposure of workers to the OP insec­
ticide azinphos-methyl (guthion) utilizing · both external per­
sonal monitoring and urinary biomonitoring of alkylphosphate 
metabolite. When patch data were utilized to calculate expo­
sure and plotted against total urinary metabolite excretion, no 
correlation was observed (Franklin et al., 1981). However, the 
authors did report a much better correlation when the amount 
of alkylphosphate metabolite excreted in the urine was com­
pared against the amount of active ingredient sprayed. This 
relationship is illustrated in Fig. 46.12, where the amount of 
alkylphosphate metabolite excreted in the urine increases with 
increasing amounts of active ingredient. 

Because agricultural workers routinely apply numerous pes­
ticides and are often sequentially exposed to OP insecticides 
within a relatively short time span, a number of exposure stud­
ies have been conducted to evaluate mixed OP insecticide expo­
sures. Hayes et al. (1980) evaluated the occupational exposure 

of pest control operators in which the bulk of the pesticide 
applications (~ 80%) involved the combined use of the OP 
insecticides vaponite, diazinon, and chlorpyrifos. Worker bio­
monitoring was based on blood AChE determination and the 
quantitation of dimethyl- and diethylphosphate and dimethyl­
and diethylphosphothioate metabolites in the urine. The authors 
reported that external air monitoring did provide information 
regarding the levels and types of OP exposures, but did not pro­
vi_de adequate information on the degree to which these OPs 
were absorbed. The urinary alkylphosphate levels provided sen­
sitive quantitative information on absorption and excretion of 
these pesticides. However, because the alkylphosphate metabo­
lites are not specific to any one OP, this approach is indicative 
only of general OP exposures to these mixtures and cannot be 
used to quantitatively assess individual OP dosimetry. 

More recently, Lavy et al. (1993) conducted a comprehen­
sive year-long biomonitoring study of tree nursery workers, 
who are routinely exposed to multiple pesticides. In this study, 
it was recognized that as many as 28 pesticides are regularly 
used and 17 of the most common pesticides were selected for 
monitoring, including, a number of OPs. Evaluation of the hu­
man and animal pharmacokinetic data suggested that adequate 
metab_olism information was available on 8 of the selected pes­
ticides to support biomonitoring. In this year-long study, 3134 
urine specimens were analyzed, but only 42 of these contained 
measurable pesticide metabolites (1.3%) and were composed 
of only three pesticides (benomyl, bifenox, and carbaryl) (Lavy 
et al., 1993). In addition, based on a calculated margin of safety, 
the exposure levels were clearly below a level that would be of 
concern to human health. 

Biomonitoring strategies have also been successfully applied 
to quantitatively assess secondary exposures to OP insecticides 
resulting from both acute and chronic exposures. Richter et al. 
(1992) quantitated diethylphosphate in the urine of individuals 
who were symptomatic for OP exposure and resided in a house 
that had been sprayed with diazinon approximately 4.5 months 
earlier. In this particular study, very high levels of urinary 
diethylphosphate were observed in family members, whereas 
cholinesterase activity, although slightly depressed, was well 
within the range of "normal." The quantitation of urinary di­
ethylphosphate was used to establish a persistent household 
exposure to diazinon residues as the most likely explanation. 
This study clearly illustrates the utility of urinary OP metabo­
lites for quantitative biomonitoring of exposure. 

Biomonitoring based on the measurement of OP metabo­
lites has also been used to compare pesticide exposure in 
children who live in proximity to high spray areas (i.e., or­
chards) and whose parents/guardians are pesticide applicators 
(Loewenherz et al., 1997). Based on known pesticide use pat­
terns, it was determined that OP insecticide exposure would 
be primarily associated with azinphos-methyl, chlorpyrifos, 
and phosmet. Therefore, the -study focused on the quantita­
tion of the alkylphosphate metabolites ( dimethylthiophosphate, 
dimethyldithiophosphate, dimethylphosphate) in the children's 
urine. Loewenherz et al. (1997) collected and evaluated 160 
spot urine specimens from 88 children and reported detectable 
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Figure 46.12 Relationship between the amount of alkyl phosphate (dimethylthiophosphate; DMTP) metabolite 
in urine of workers and the amount of active ingredient (a.i.) sprayed. Data obtained from Franklin et al. (1981). 

levels of these metabolites in 27 and 47% of the reference 
children and applicator children, respectively. In addition, the 
biomonitoring data suggest that the children of applicators had 
a significantly higher dose than the reference children (0.021 
vs. 0.005 µg/1, respectively). 

Biomonitoring of parent OPs and metabolites in blood and 
urine has also been used to provide a quantitative assessment 
of dosimetry in human poisoning victims following acute high­
dose exposures (Drevenkar et al., 1993; Vasilic et al., 1992). 
Although acute AChE depression (i.e., 50% of baseline) is used 
to substantiate OP poisoning, the analysis of intact pesticides 
or specific metabolites in body fluids (bloodfurine) can be used 
to identify the specific causative chemical agent(s) (Ellenhom 
and Barceloux, 1988; Lotti et al. , 1986). The utilization of phar­
macokinetic models such as the one developed for chlorpyrifos 
(Nolan et al., 1984) can be extremely useful for the estimation 
of dosimetry under these acute exposure scenarios. 

To illustrate this point, a two-compartment pharmacokinetic 
model was used to fit pharmacokinetic data obtained from a poi­
son victim who ingested a commercial insecticide formulation 
containing chlorpyrifos (Drevenkar et al., 1993). These same 
data have been modeled utilizing a PBPKIPD model developed 
for the quantitation of chlorpyrifos, chlorpyrifos-oxon, and TCP 
in the rat and human (Timchalk and Nolan, 1998). The time 
course and PBPKIPD model-predicted TCP and chlorpyrifos 
concentration in the blood and serum of human volunteers and 
following oral ingestion for a single poison victim are pre-

sented in Fig. 46.13. The model adequately reflects the data 
from these limited human samples; more important, these ex­
amples illustrate the strength of using pharmacokinetic models 
for quantitating dosimetry under both controlled and noncon­
trolled conditions. 

In summary, these examples have been presented to illustrate 
the practical application of pharmacokinetics to assess expo­
sure to chemicals. Biomonitoring is clearly an integral compo­
nent of the agricultural pesticide exposure assessment strategy. 
However, the successful application of biomonitoring for quan­
titative dosimetry is primarily limited by a lack of chemical­
specific pharmacokinetic data in humans. 

46.3.4 STUDIES THAT FACILITATE 
EXTRAPOLATION OF DOSIMETRY 
AND BIOLOGICAL RESPONSE FROM 
ANIMALS TO HUMANS AND THE 
ASSESSMENT OF HUMAN 
HEALTH RISK 

Organophosphate insecticides constitute a large class of chem­
ical pesticides that are widely used in the agricultural industry 
and in home applications. This suggests that there is significant 
potential for exposure and the health consequences of these ex­
posures may be impacted by both interindividual and extrinsic 
variability (see Fig. 46.14). For example, extrinsic factors such 
as multiple exposure routes, chemical/drug interactions, and 
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Figure 46.13 (A) Mean blood time-course of 3,5,6-trichloropyridinol (TCP) 
from six human volunteers administered a single oral dose of 0.5 mg chlor­
pyrifos (CPF)/kg of body weight. Data obtained from Nolan et al. (1984). 
(B) Time-course of CPF in the serum of a single poison victim that orally 
ingested a commercial insecticide product containing CPF. The symbols repre­
sent observed data while the line represents the model prediction. Data obtained 
from Drevenkar et al. (1993), 

variable exposure rates may significantly modify the toxicolog­
ical response to OPs. In addition, person-to-person differences 
in metabolism, genetic predisposition, physical environment, 
and age (infant, children, and elderly) are important determi­
nants of pharmacokinetic and/or pharmacodynamic response. 
As previously discussed, Gearhart et al. (1990) developed a 
PBPK/PD model for quantitative OP dosirn~try and AChE inhi­
bition utilizing diisopropylfluorophosphate as a representative 
highly toxic OP (see Figs. 46.6 and 46.7). This PBPK/PD model 
was developed as a prototype that could readily be extended 
to the commercially important OPs. In this respect, the de­
velopment and application of PBPK/PD modeling represents 
a logical approach for assessing risk and understanding the 
toxicological implications of known or suspected exposures to 
various OP insecticides. 

To extend this initial modeling effort, Gearhart et al. (1994) 
modified their original model to incorporate the phosphoroth­
ionate insecticide parathion and its oxon, paraoxon. In addi­
tion, Timchalk and Nolan (1998) built a model to incorporate 
chemical-specific parameters for the OP insecticide chlorpyri­
fos that are based on the models of Gearhart et al. (1990, 1994). 
This model was developed to describe the time course of chlor-

pyrifos, the oxon metabolite, the elimination of TCP, and the 
inhibition of target esterases by the oxon. The chlorpyrifos 
PBPK/PD model incorporates CYP450-mediated activation of 
chlorpyrifos to the oxon and detoxification to TCP. In addition, 
hydrolysis of the oxon by B-esterases (AChE, BChE, and CaE) 
is modeled in the liver, blood, diaphragm, and brain. A dia­
gram outlining the critical features of this model is presented 
in Fig. 46.15. Although this is a preliminary PBPK/PD model 
requiring further validation and refinement, it qualitatively be­
haves consistent with the general understanding of OP toxicity, 
pharmacokinetics, and pharmacodynamic responses. To illus­
trate this point, the model has been used to simulate the serum 
time course of chlorpyrifos and TCP in poisoned humans (see 
Fig. 46.13). In addition, a simulation of the dynamics of tis­
sue esterase inhibition following a single acute exposure to two 
different doses of chlorpyrifos in the rat is qualitatively consis­
tent with observed AChE inhibition kinetics and is illustrated 
in Fig. 46.16. It is anticipated that this basic model structure 
can be readily modified to accommodate other important phos­
phorothioates. Likewise, once validated, _ these models can be 
used as a foundation for understanding complex-mixture in­
teractions, sensitive subpopulations, and the role of metabolic 
polymorphisms in altering dosimetry and biological response. 

46.3.4.1 Organophosphate Mixtures 

Both occupational and residential exposures to OP insecti­
cides often entail simultaneous or sequential contact with OP 

· mixtures (Hayes et al., 1980; Lavy et al. , 1993; Loewen­
herz et al., 1997). The potential for OP interactions has been 
well understood for some time. Early studies demonstrated the 
acute, synergistic, and toxicological interactions between the 
OPs malathion and EPN (ethyl-p-nitrophenyl phenylphqspho­
nothionate) (Frawley et al., 1957). In addition, non-OPs have 
been reported to influence the pharmacokinetic and toxicolog­
ical response of OPs. For example, phenobarbital or alcohol 
pretreatment of mice protects against the acute toxicity of chlor­
pyrifos and parathion, respectively (O' Shaughnessy and Sul­
tatos, 1995; Sultatos, 1988). Wu et al. (1996) reported that 
pretreatment of rats with cimetidine potentiated the acute tox­
icity of diazinon as a result of reducing diazinon total body 
clearance. Likewise, co-administration of diazinon with co­
caine significantly increased the concentration of cocaine and 
norcocaine in the blood and tissues of mice apparently due to 
competition for esterase enzyme detoxification (Benuck et al., 
1989; Kump et al., 1994). A combination of malathion and 
the carbamate pesticide carbaryl alters the fundamental phar­
macokinetic properties of the individual compounds and it has 
been suggested that this may explain some of the observed 
toxicity seen from exposure to this chemical mixture (Waldron­
Lechner and Abdel-Rahman, 1986). 

OP pesticides as a class of compounds share common 
metabolic processes for activation and detoxification as well 
as a common mechanism for toxicological response through 
the inhibition of AChE (Murphy, 1986; Sultatos , 1994). Based 
on similar pharmacokinetic and mode-of-action properties, 
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Figure 46.14 A conceptual model for evaluating the impact of intrinsic/extrinsic factors on human health risk 
from exposure to organophosphate (OP) insecticides. 

the potential for interactions between mixtures of OPs has 
been hypothesized. Organophosphates can interact at a num­
ber of important metabolic steps (see Table 46.5), including 
(1) CYP450-mediated"activation/detoxification, (2) plasma pro­
tein binding, (3) A-esterase detoxification, and (4) AChE bind­
ing/inhibition. The net effect of these interactions (additivity, 
synergy, or antagonism) will be dependent on the specific OP 
mixture, dose' ranges of exposures, and sensitivity of the indi­
vidual. 

Several integrated approaches have been proposed to inves­
tigate the potential for toxicological interactions of chemical 
mixtures (El-Masri et al., 1997). The proposed strategies all 
emphasize the utilization of PBPK modeling. Until recently, the 
majority of these models have focused on 'a single chemical 
exposure. However, exposure to low-dose chemical mixtures 
represents a more realistic exposure scenario. Although sev­
eral PBPK models have been dt veloped for binary and ternary 
mixtures of organic solvents, little is known about the poten­
tial metabolic and toxicological interactions of these .mixtures 
on biological systems (Andersen et al., 1987b; Pelekis and Kr­
ishnan, 1997; Purcell et al., 1990; Tardif et al., 1993, 1995, 
1997). The evaluation of mixtures is complicated by the myriad 
of chemicals, doses, exposure routes, and dynamic responses 
observed, making it impractical to effectively test all possible 
permutations. In this regard, the application of PBPK models 
for mixtures provides a limited means to quantitatively describe 
the disposition of chemicals as a result of exposure to various 
combinations, doses, and routes of administration. 

46.3.4.2 Sensitive Subpopulations (Children 
and Polymorphisms) 

There is currently a significant focus and concern over the po­
tential increased sensitivity of infants and children to the toxic 
effects of chemicals. The importance of this issue is highlighted 
by the National Research Council's report, Pesticides in the 
Diets of Infants and Children , and the passage of the Food 
Q1;1ality Protection Act. It is recognized that children are not 
just "small adults," but rather a unique subpopulation that may 
be particularly vulnerable to chemical insult. Age-dependent 
changes in a child's physiology (i.e., body size, blood flow, 
organ functions) and metabolic capacity (i.e., phase I and II 
metabolism) may significantly impact their response to a chem­
ical insult, resulting in either beneficial or detrimental effects 
(Miller et al., 1997). Clear variability in the capacity to detoxify 
environmental chemicals has been established in both animals 
and humans. However, the current risk assessment paradigms 
do not adequately consider the implications of these differ­
ences on the ri·sk to infants and children. Numerous studies 
have demonstrated that juvenile animals are more susceptible 
to the acute effects of OP insecticides than adults (Benke and 
Murphy, 1975; Brodeur and DuBois, 1963; Gaines and Linder, 
1986; Harbison, 1975; Moser and Padilla, 1998; Pope and Liu, 
1997; Pope et al., 1991). This greater sensitivity has primarily 
been attributed to the lack of complete metabolic competence 
during neonatal and postnatal development (Benke and Mur­
phy, 1975). 
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Table 46.5 
Important Metabolic and Response Interactions for Mixtures of Organophosphate Insecticides 

Parameter Importance 

CYP450 mixed-function Metabolic activation/ 

oxidase metabolism detoxification of parent 

compound 

Reversible plasma protein Systemic transport of 

binding parent compound 

A-esterase metabojism Important metabolic step 

responsible for 

detoxification 

AChE binding/inhibition Toxicological response 

Several recent studies provide important perspective on 
this age-dependent sensitivity and the selected results are il­
lustrated in Fig. 46.17. Atterberry et al. (1997) evaluated 
the developmental changes in brain AChE levels and hepatic 
CaE- and CYP450-mediated metabolism of chlorpyrifos in the 
juvenile rat. They correlated age0dependent chlorpyrifos tox­
icity (Fig. 46.17a) with the capacity to activate and detoxify 
chlorpyrifos (Fig. 46.17b and c). Their results suggest that the 
age-dependent sensitivity of young animals is associated with 
a decreased CaE-mediated hydrolysis and CYP450-mediated 
dearylation capacity in young animals relative to adults. In ad­
dition, it has likewise been suggested that the sensitivity of 
young animals is associated with a lower A-esterase activ­
ity than is found in adults (Mortensen et al., 1996). The im­
portance of A-esterase in protecting against OP toxicity has 
been demonstrated in several studies in which exogenous ad­
ministration of A-esterase can protect against OP poisoning 
in rodents (Costa et al., 1990; Li et al., 1993, 1995; Main, 
1956). 

Mortensen et al. (1996) compared both plasma and hep­
atic A-esterase enzyme activity in adult and neonatal animals 
and reported that neonatal plasma and liver A-esterase activity 
were 9 and 50% of adult activity, respectively. This is con­
sistent with the results of Li et al. (1997), who reported that 
serum A-esterase activity toward paraoxon, chlorpyrifos-oxon, 
and diazoxon were very low at birth, but reached adult levels 
of activity by about 25 days of age in rodents. This time span 
in rodents corresponds to in utero humans to approximately 
in 6 months old. These findings in animals are in agreement 
with observations in which newborns and children less than 6 
months old have lower plasma A-esterase activity than adults 
(Augustinsson and Barr, 1963; Mueller et al., 1983). In addition 
to age-dependent differences in A-esterase activity, a human 
and animal genetic polymorphism has been well established 
(Eckerson et al., 1983; Furlong et al., 1988; Geldmacher-van 
Mallinckrodt et al., 1983). This polymorphism is known to 
result in the expression of a broad range of A-esterase en-

Type of chemical interaction Implication 

Substrate (parent compound) Changes in oxon 

competition for enzyme concentrations 

Substrate (parent compound) Increased levels of "free" 

competition for available parent chemical available 

protein binding sites for metabolism 

Substrate (oxon) competition Changes in oxon 

for enzyme concentrations 

Substrates ( oxon) combine to Increased toxicity due to 

increase inhibition of AChE additive response 

zyme activity within a large segment of the human popula­
tion. 

Although young rats appear to be more sensitive (based 
on LDso and AChE' inhibition) to the acute effects of · OP 
insecticides relative to adults, AChE activity is reported to 
recover faster in young animals (Moser and Padilla, 1998; 
Pope et al., 1991). This more rapid recovery of AChE (La­
jtha and Dunlop, 1981; Moser and Padilla, 1998) is associated 
with a faster synthesis rate as well as higher steady-state en­
zyme levels. The capacity of young rats to recover AChE 
activity faster than adults may be of greater importance in 
dealing with intermittent low-dose exposure to OPs. In sum­
mary, these data suggest that the sensitivity of juvenile an­
imals and humans to the toxic effects of OP insecticides 
may be a function of the maturational stage of develop­
ment for a number of critical metabolic steps. These include 
CYP450-mediated activation/detoxification, hepatic CaE hy­
drolysis binding, and plasma and hepatic A-esterase detoxifi­
cation. 

The application of PBPK/PD modeling offers a unique op­
portunity to integrate age-dependent changes in OP metabolic 
activation and detoxification pathways into a comprehensive 
model that is capable of quantitating dose and response across 
all ages. In this context, PBPK models are being extended 
to the modeling of chemical exposure in developing neonatal 
animals. A number of these models have focused on the in­
corporation of xenobiotic lactational transfer to nursing pups 
(Byczkowski et al., 1994; Fisher et al., 1990; Sundberg et al., 
1998). Based on the potential sensitivity of children to OP 
insecticides, there is a need to develop quantitative models 
that can be used to assess the risk associated with OP ex­
posure in infants and children. However, the.re are currently 
no published models available for OPs that are readily ap­
plicable for quantitating age-dependent changes in dose and 
response. For toxicants that have long residence times within 
the body, there is a need to develop PBPK models that ap­
propriately incorporate growth and maturational development 
of physiological and metabolic function (O'Flaherty, 1991a). 
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O'Flaherty (1991a, b, 1993) has developed a series of PBPK 
models that begin to describe lead kinetics from birth to adult­
hood. Ultimately these models will enable quantitation of 
lead dosimetry over an entire lifetime. It is envisioned that 
the framework of the PBPK/PD model that has been devel­
oped for diisopropylfluorophosphate, parat4ion and chlorpyri­
fos (Gearhart et al., 1990, 1994; Sultatos, 1990; Timchalk 
and Nolan, 1998) can readily be extended to incorporate age­
dependent changes in CYP450, CaE, A-esterase and AchE ac­
tivity. 

In summary, pharmacokinetics and in particular the appli­
cation of PBPK/PD modeling have been shown to be extremely 
useful approaches for dosimetry and biological response extrap­
olation for the assessment of human health risk from chemical 
exposures. The utilization of PBPK/PD modeling to address 
OP insecticide toxicity issues is particularly intriguing since 
these models can be used to assess the health consequences 
of both inter-individual (i.e., age, gender) and extrinsic factors 
(i.e., multiple exposure routes, chemical/drug interactions and 
variable exposure rates) that may significantly modify the toxi­
cological response to OPs. 

46.4 SUMMARY AND CONCLUSIONS 

This chapter has illustrated a number of current and future ap­
plications of pharmacokinetics to assess OP dosimetry, biolog­
ical response and risk in humans exposed to these insecticides. 
Pharmacokinetics is concerned with the quantitative integra­
tion of absorption, distribution, metabolism and excretion and 
can be used to provide useful insight into. the toxicological 
responses associated with OP insecticides. Since OP insecti­
cides share a common mode of action through their capability 
to inhibited AChE activity, it is feasible to develop pharma­
cokinetic strategies that link quantitative dosimetry with bi­
ologically based pharmacodynarnic (PD) response modeling. 
Pharmacokinetic studies that have been conducted with OP in­
secticides in multiple species, at various dose levels, and across 
different routes of exposure have provided important insight 
into in vivo behavior of these OPs. The development and appli­
cation of pharmacokinetic models capable of describing uptake, 
distribution, metabolism, and elimination of OP insecticides in 
humans represent a crucial research element needed for quan­
titative biomonitoring. In this regard, the successful applica­
tion of biomonitoring for quantitating OP dose is primarily 



limited by the lack of this chemical-specific pharmacokinetic 
data in humans. The development and application of PBPKJPD 
modeling for OP insecticides represent a unique opportunity 
to quantitativc_:ly assess human health risk and to understand 
the toxicological implications of known or suspected exposures 
OPs. Validated PBPKJPD models for OPs can be used to con­
sider the potential variability in human response associated with 
both interindividual (i.e., age, gender, polymorphism) and ex­
trinsic variability (i .e., exposure routes and rates, single vs. 
multiple expo~;ures). 

In conclusion, pharmacokinetics have been successfully uti­
lized to better understand the toxicological implications of hu­
mar{ exposure to OP insecticides. Nonetheless, there is still a 
significant need to further develop and refine pharmacokinetic 
models that can be used to accurately assess the risk associated 
with OP insecticide exposures. 
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