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A PBPK/PD model was developed for the organophosphate insec-
ticide chlorpyrifos (CPF) (O,O-diethyl-O-[3,5,6-trichloro-2-pyridyl]-
phosphorothioate), and the major metabolites CPF-oxon and 3,5,6-
trichloro-2-pyridinol (TCP) in rats and humans. This model
integrates target tissue dosimetry and dynamic response (i.e., esterase
inhibition) describing uptake, metabolism, and disposition of CPF,
CPF-oxon, and TCP and the associated cholinesterase (ChE) inhibi-
tion kinetics in blood and tissues following acute and chronic oral and
dermal exposure. To facilitate model development, single oral-dose
pharmacokinetic studies were conducted in rats (0.5-100 mg/kg) and
humans (0.5-2 mg/kg), and the kinetics of CPF, CPF-oxon, and TCP
were determined, as well as the extent of blood (plasma/RBC) and
brain (rats only) ChE inhibition. In blood, the concentration of ana-
lytes followed the order TCP >> CPF >> CPF-oxon; in humans
CPF-oxon was not quantifiable. Simulations were compared against
experimental data and previously published studies in rats and hu-
mans. The model was utilized to quantitatively compare dosimetry
and dynamic response between rats and humans over a range of CPF
doses. The time course of CPF and TCP in both species was linear
over the dose range evaluated, and the model reasonably simulated
the dose-dependent inhibition of plasma ChE, RBC acetylcholinest-
erase (AChE), and brain (rat only) AChE. Model simulations suggest
that rats exhibit greater metabolism of CPF to CPF-oxon than hu-
mans do, and that the depletion of nontarget B-esterase is associated
with a nonlinear, dose-dependent increase in CPF-oxon blood and
brain concentration. This CPF PBPK/PD model quantitatively esti-
mates target tissue dosimetry and AChE inhibition and is a strong
framework for further organophosphate (OP) model development
and for refining a biologically based risk assessment for exposure to
CPF under a variety of scenarios.

Key Words: physiologically based pharmacokinetics; organo-
phosphate insecticide; chlorpyrifos; esterase inhibition.

Chlorpyrifos ©,0O-diethyl-O-[3,5,6-trichloro-2-pyridyl]

ingredient in DURSBAN and LORSBAN insecticides.
Thionophosphorus organophosphates (OP) are a major sub-
group of broad spectrum OP insecticides that see widespread
commercial application, and their primary toxicological effect
is associated with the inhibition of acetylcholinesterase (AChE,
EC 3.1.1.7) in both central and peripheral nerve tissues (Mur-
phy, 1986; Sultatos, 1994). Phosphorothionates like chlorpyr-
ifos (CPF) do not directly inhibit AChE, but must first be
metabolized to the corresponding oxygen analog (CPF-oxon).
The activation of CPF to CPF-oxon is mediated by cytochrome
P450 mixed-function oxidases (CYP450), primarily within the
liver. However, extrahepatic metabolism has been reported in
other tissues, including brain (Chambers and Chambers, 1989;
Guengerich, 1977). In addition, oxidative dearylation of CPF
to 3,5,6-trichloro-2-pyridinol (TCP) and diethylthiophosphate
represents a competing detoxification pathway that is likewise
mediated by hepatic CYP450 (Ma and Chambers, 1994). In-
testinal CYP450 metabolism of drugs can be substantial (Hall
et al, 1999; Obactet al, 2001; Painet al, 1999; Schmiedlin-
Ren,et al,, 1993; Watkins, 1992; Zhargt al,, 1999), and also
are likely to be important contributors to CPF metabolism.
Intestinal cells also contain multidrug resistance proteins (p-
glycoproteins) that react to CPF-oxon, and would likely be an
additional barrier to oxon absorption (Lanniegal., 1996).
Detoxification reactions are believed to share a common
phosphooxythiran intermediate and represent critical biotrans-
formation steps required for toxicity (Neal, 1980). Differences
in the ratio of activation to detoxification are believed to be
associated with sensitivity to OPs (Ma and Chambers, 1994).
Hepatic and extrahepatic A-esterase (A-EST, EC 3.1.1.1.2) can
effectively metabolize CPF-oxon to TCP (nontoxic metabolite)
and diethylphosphate without inactivating the enzyme (Sulta-
tos and Murphy, 1983). B-Esterases (B-EST) such as carboxy-

phosphorothioate, CAS Registry No. 2921-88-2) is the actl{festerase (Cak, EC 3.1.1.1), and butyrylcholinesterase (BuChE,
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C 3.1.1.8) can likewise detoxify CPF-oxon; however, these
—ESTs become irreversibly bound (1:1 ratio) to the CPF-oxon

Hhd thereby become inactivated (Chaetlal., 1977; Clement,
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represents the primary metabolite of CPF, although glucuro-
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nide and sulfate conjugates of TCP have likewise been ci-(1991). This two-compartment model incorporated 1st-order rate equations
served (Bakkeet al. 1976: Nolaret al. 1984). to describe systemic uptake and transfer between compartments. In addition,

. . . - absorption of CPF from the diet was incorporated into the model to allow for
Based on the extensive underStandmg of the bIOChem@%fsimulation of chronic dietary administration. In the chronic dietary studies

interactjon; between OP§ 'and. AQhE, the. r_elati.onship betW_Q/ﬁ{H CPF, the doses (mg/kg/day) determined were based upon the measured
OP activation and detoxification is of critical importance imate of food consumption per day. To model the data, the absorbed dose was
determining the toxicological response to OP insecticides (Mapressed as a constant zero-order rate (mg/h) over a 12-h interval. This

and Chamber 1984). In this regard Geartetrial. (1990) assumption was reasonable since, in rats, the majority of the daily food intake
' ' pegurs during the lights-off cycle{12 h) (Jochemseet al., 1993). Equations

SUQQeSted that .phyS|oIog|caIIy based pharmaCOkmetlc_ ?Io describe the dermal uptake of CPF into the skin compartment of humans
pharmacodynamic (PBPK/PD) models capable of predictifgye adapted from Poedt al. (2000). In this model, physiological and

the relationship between OP exposure and AChE inhibition af@tabolic parameters (i.e., tissue volume, blood flow, and metabolic capacity)
useful for evaluating the risk associated with a given Oere scaled as a function of body weight, according to the methods of Ramsey

exposure. AIthough a limited number of PBPK/PD models fdnd Andersen (1984). The CYP450-mediated activation and detoxification of
F to CPF-oxon and TCP, respectively, was limited to the liver compartment.

OP insecticides and nerve agents have been published Inﬁg model was linked to the CPF-oxon model that contained equations to

literature (Abbas and Hayton, 1997; Gearhettal, 1990; gescribe the A-EST hydrolysis of CPF-oxon to TCP in both the liver and blood
Maxwell et al, 1988; Sultatos, 1990), there are currently néompartments. The CYP450 activation/detoxification and A-EST detoxifica-
models for the phosphorothionate insecticide CPF. tion of CPF-oxon were all described as Michaelis-Menten processes. Interac-

The primary objective of the research reported herein was!i@s ©of the oxon with B-EST (AChE, BuChE, and CaE) were modeled as
2nd-order processes occurring in the liver, blood (plasma and RBC), brain, and

develop and validate a PBPK/PD model for CPF in rats ar& aphragm. The B-EST enzyme levelgngol) in blood, brain, liver, and

humans. This model quantitatively integrates target tissue qpa‘phragm were calculated based on the enzyme turnover rates and enzyme
simetry and dynamic response describing the pharmacokinetiesiities reported by Maxwedt. al.(1987), and these were based on a balance
of CPF, CPF-oxon, and TCP, as well as the associated chetween basal degradation and enzyme resynthesis. Following exposure to
linesterase (ChE) inhibition kinetics in blood componenfsPF-oxon, the amount of available B-EST was determined by finding a

. . lance between the bimolecular rate of inhibition and the rate of B-EST
(plasma and red blood cell (RBC)) and selected tissues, mc"‘ggg_eneration (reactivation and resynthesis). In this model, TCP was formed by

ing the brain. To develop and validate the model, pharmacgs girect cYP450 metabolic conversion of CPF and through A-EST-mediated
kinetic/pharmacodynamic studies were conducted in both rat@irolysis of CPF-oxon and B-EST binding of CPF-oxon, respectively. The
and humans to quantitate dosimetry and dynamic response dweqd kinetics and urinary elimination of TCP were described with a simple
a range of CPF doses. In addition, the model was furth@e-compartment model utilizing a 1st-order rate of urinary elimination.

evaluated against available dosimetry and dynamic respon%‘_’dz' F_’af?fz?tEFS-hTo_ Ol'ev_e'olp ‘histm‘zde" Si{‘t’_era' Wpf?S_ Oftdata ;Vir_e
: : : required, including physiological constants, partition coefficients, and bio-
data in the pUb“Shed literature. chemical constants describing the metabolism of CPF, CPF-oxon, and the
inhibition of B-EST by CPF-oxon. These data were obtained from the litera-
MATERIALS AND METHODS ture, from experimentation, or by optimization of model output utilizing the
computer simulation. The PBPK/PD model code for simultaneous solution of

Chemicals. Chlorpyrifos was obtained from Dow AgroSciences (Indiaboth algebraic and differential equations was developed in SIMUSOIavV
napolis, IN) and had a chemical purity of 99.896C,-**N-Chlorpyrifos, computer program containing a numerical integration, optimization, and
*C,-"*N-chlorpyrifos-oxon, and®C,-trichloropyridinol were utilized as inter graphical routine, and is based on the Fortran-based software ACSL. The
nal standards for the negative-ion chemical ionization, gas chromatographpues, assumptions, and references used for these parameters are listed in
mass spectrometry (NCI/GC/MS) for CPF, CPF-oxon, and TCP, respectivelyables 1 and 2.

Animals. Male Fischer 344 (F344) rats (Charles River Laboratories Inc., Physiological constants and partition coefficientsOrgan volumes, car-
Raleigh, NC) were utilized for the pharmacokinetic/pharmacodynamic studidigc output, and tissue blood flows were adapted from the DFP model devel-
(time points, 10 min—12 h postdosing) and were 10-11 weeks of age at tiged by Gearheast al. (1990) or obtained from the literature (Browet al.,
time of dosing. Female F344 rats were purchased from the same supplier 48€7). The partitioning coefficients for CPF and CPF-oxon were estimated,
were also utilized to assess the pharmacodynamic response (time point, 2ased on their octanol:water partitioning coefficients and tissue lipid content
postdosing) and were 7 weeks of age at the start of the study. Animals werbased on an algorithm developed by Poulin and Krishnan (1995).
housed one per cage (wire mesh or plastic), and maintained on a 12-Bjochemical constants. The metabolism of CPF to TCP and CPF-oxon is
photocycle, at controlled temperature (22-24°C), and relative humidity (44nediated by CYP450 and is described using Michaelis-Menten kinetics. A
52%) and allowed access to municipal tap water and Purina certified rodegfige of K, and V.. parameters has been determieditro, utilizing tissue
chowad libitum, except where otherwise noted. obtained from both mice and rats (Ma and Chambers, 1994, 1995; Mortensen

Model structure. A diagram of the PBPK/PD model structure developeet al, 1996; Pondet al, 1995; Sultatos and Murphy, 1983; Sultagtsal.,
for CFP and CPF-oxon is illustrated in Figure 1 and is based on the model i®84). The selection of a reasonable set of model parameters was determined
diisopropylflurophosphate (DFP) in rats (Gearhetrtal, 1990). The current by evaluating the overall goodness of fit of the model against the experimental
PBPK/PD model was developed to describe the time course of absorptidata over the range of reported rate constants for enzyme affinity and activities.
distribution, metabolism, and excretion of CPF, CPF-oxon, and TCP, and tBeltatoset al. (1984) previously reported that CPF was extensively bound
inhibition of target esterases by CPF-oxon in the rat and human. The mo@eB7%) to plasma proteins over a broad range of concentrations. It was also
assumes that the pharmacokinetic and pharmacodynamic response in ratsaasdmed that CPF-oxon would exhibit an even higher plasma protein binding
humans is independent of gender, which is consistent with the obsenlmbsed upon oxon reactivity, although the extent of CPF-oxon plasma protein
response in human males and females reported in this study. The absorptidnimding has not yet been experimentally determined. In the current model
CPF following oral administration in corn oil vehicle required the use of atructure, the total amount of absorbed CPF is directly added to the liver
two-compartment uptake model to simulate absorption, according to ®taatsompartment. However, once in the systemic circulation, only nonbound (i.e.,
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FIG. 1. Physiologically based pharmacokinetic and pharmacodynamic model used to describe the disposition of chlorpyrifos (CPF), CPF-oxon, anc
trichloropyridinol (TCP), and B-esterase (B-EST) inhibition in rats and humans following oral (gavage, dietary) and dermal exposure to CRied tissstea
compartments indicate organs in which B-EST (AChE, BuChE and CaE) enzyme activity is described. Model parameter definitions: QC, cardiag;output (I/h
Qi, blood flow to “i" tissue (I/h); Ca, arterial blood concentration of CREMpI/l); Cao, arterial blood concentration of CPF-oxaur(ol/l); Cv, pooled venous
blood concentration of CPRumol/l); Cvo, pooled venous blood concentration of CPF-oxom@l/l); Cv;, venous blood concentration of CPF draining “i” tissue
(wmol/l); Cv;o, venous blood concentration of CPF-oxon draining “i” tissum¢l/l); SA, surface area of skin exposed @nKP, skin permeability coefficient
(cm/h); K,err zero wmol/h) rate of absorption of CPF from diet; Fa fractional absorption (%) gavage dose; KaS and Kal, 1st-order rate constant for absorption
of CPF from compartments 1 and 2 (per h); Ksl, 1st-order rate constant for transfer of CPF from compartments 1 and 2 (per h); Ke, 1st-order rate constant f
elimination of TCP from compartment 3; Km, Michaelis constant for saturable procegsl/l); Vmax;_, maximum velocity for saturable procegsnfol/h).

free) parent chemical or metabolite was capable of entering the tissue cdissue compartments was calculated as previously described (Geeirfedrt
partments. 1990; Maxwellet al. 1987). The CaE enzyme degradation rate (Kd) and Ki
B-esterase (B-EST) inhibition. The model structure for the inhibition of constants were estimated for each tissue by fitting the model to data obtained
B-EST (AChE, BUChE, and CaE) by CPF-oxon in plasma, RBC, diaphragiy Chandaet al. (1997). The Ki parameters for AChE and BuChE blood and
and liver were likewise based on the model structure developed by Gearhatissue activity were estimated by fitting the experimental data from Figure 2.
al. (1990). However, when available, CPF-specific model parameters fbhe esterase recovery rates in the various tissue compartments were obtained
bimolecular inhibition (Ki), reactivation (Kr), and aging (Ka) were incorpofrom a previous study (Gearhat al,, 1990) or by fitting the oral dose plasma
rated into the model (Amitaét al, 1998; Carr and Chambers, 1996). ReactiBuChE data from Nolaet al. (1984).
vation and aging rates were not available for CPF-oxon inhibition of BUChE or In light of the importance of RBC AChE inhibition as a biomarker for OP
CaE so these parameters were set at the rates for CPF-oxon interaction wmiskecticide exposure, RBC AChE inhibition was incorporated into the
AChE. The amount of enzyme.tnol), zero-order synthesis raterfiol/h), and PBPK/PD model structure. The total amount of available RBC AGhBd])
1st-order degradation rate {h of AChE, BUChE, and CaE for each of thein the rat was calculated based on the experimentally determined total RBC



TABLE 1

Parameters used in the Physiologically Based Pharmacokinetic
Model for CPF and CPF-oxon to Describe Dosimetry and Metab-
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AChE enzyme activity in control animals. The Ki rate constant for RBC
inhibition was initially obtained from the literature (Amitat al., 1998), and

the recovery of RBC AChE enzyme was based on the rate of RBC replenish-
ment, assuming a RBC lifespan of 50 and 122 days in the rat and human,
respectively (Schalm, 1961). Initial RBC AChE inhibition simulations in the
rat had a slower enzyme recovery, when compared against the results from a

Parameter Rat ruman Estimation metflod previously published study (Nostrarelt al., 1997). Since RBC AChE resyn-
Percentage of body weight thesis was assumed to be primarily the result of new RBC formation, a slightly
Blood 6 7 Fixed® faster reactivation rate (see Table 2) was required to account for the recovery
Brain 12 2 Fixed® of RBC AChE activity observed 24 h postdosing.
Diaphragm 0.03 0.03 Fix&d
Ef,ter Z 231 ;f;dqc Pharmacokinetic/Pharmacodynamic Studies
z; ")I'V(ljy'ypszr:::d 7; 62 Eﬁg To develop and validate the CPF PBPK/PD model, pharmacokinetic/phar-
Flows (I/h) macodynamic studies were conducted in both rats and humans.
;i‘;‘:;{i:g;’::ht 54 3479 Fixd Rat. The time course of CPF and CPF-oxon in the blood and the activity
Brain 3 114 Fixell® of ChE in the plasma, and AChE in brains of male (F344) rats were determined
Diaphragm 0.6 0.6 Fixdtf following oral administration of 100, 50, 10, 5, 1, and 0.5 mg CPF/kg of body
Fat 9 5.2 Fixe8® weight. An additional group of female rats were administered the same doses
'F-;;eifdly s 232 . 29:10 F':iﬁ; of CPF and plasma; RBC, and selected tissue ChE activity was determined at
Slo’\)/vly pzrfused 14 14 Fixdd 24 h postdosing. The dose solution was prepared in a corn oil vehicle and
Skin 58 5.8 Fixefl administered by gavage, and all animals were fasted for approximately 16 h
Partition coefficients for CPF prior to administration of CPF. Four animals per time point were humanely
g::;“ét’;;ﬁblood 33;3 33;3 %ﬁe‘l'lcc‘:';i‘é anesthetized, sacrificed, and tissues were collected at 10 and 20 min, and 1, 3,
Fat/blood 435 435 Caloulatéd 6, 12, and 24 h postdosing for CPF, CPF-oxon, or ChE analysis. The blood was
Liver/blood 22 22 Calculatéd collected, via cardiac puncture, into heparinized syringes containing an acidic
Rapidly perfused/blood 10 10 Calculafed salt solution (2.5 N acetic acid/saturated sodium chloride), which effectively
2:3nw/lby|§oe(;fused/b|00d 66 66 C‘;iz“l‘:gd halted the enzymatic hydrolysis of CPF-oxon. These specimens were then
Partition coefficients for CPF-oxon analyzed for the presence of CPF and CPF-oxon by NCI-GC-MS as described
Brain/blood 26 26 Calculatéd by Brzaket al (1998). The limit of quantitation (LOQ) for both CPF and
Diaphragm/blood 4.9 4.9 Calculafed CPF-oxon was determined to be 3 nmol/l of blood. An additional blood sample
Es/’é’r’/'s;id 31472 31472 g;"cﬁzfdd was collected at each time point, and centrifuged to separate the plasma and
Rapidly perfused blood a1 81 Calculafed RBC (24 h postdosing only) for analysis of plasma ChE and RBC AChE
Slowly perfused blood 49 49 Calculafed activity. In addition, brains were removed, rapidly frozen by submersion in
Metabolic constants liquid nitrogen, and both the plasma and brains were then stored at —80°C until
C|ZP450 CPVT'“" oxon (liver) . - Foel assayed for esterase activity. Brain and RBC AChE, and plasma ChE activity
v:;x(&m(in:ouh/kg) 80 80 Fiz:a assays were performed with Boehringer Mannheim (Indianapolis, IN) reagents
CYP450 CPF-to-TCP on a Hitachi 914 clinical chemistry analyzer utilizing acetylthiocholine (AcTh)
Kmg (umol/l) 24 24 Fixed as an enzyme substrate, as previously described (Elehah, 1961).
A\_/gsaTX%ié’;Tg/Thé?)(nver) 273 273 Fixel Human volunteer pharmacokinetic study.A double-blind, placebo-con-

Kma (umolell) 240 240 Fixed trolled clinical pharmacokinetic study was conducted at MDS Harris Labora-
VmaxCz (umole/h/kg) 74421 74421 Fixell tory (Lincoln, NE), in accordance with all applicable U.S. guidelines as
AI‘(EST °X°r:/'|t°'T°P (blood) 250 250 e specified in Title 21 of the Code of Federal Regulations (parts 50, 56 and 321)
V:;;érrlin:ollh/kg) 57003 57003 'X,Sixeﬂ and the International Guidelines for Human Testing as promulgated in the

Oral absorption parameters Declaration of Helsinki (1964; amended 1996). The overall objective of this
Kas (stomach; fjf) 0.01 0.01 F_itteﬁ study was to provide needed data to better define the pharmacokinetics of CPF
i;‘ ((L:;‘;Z?e"re?st*c‘):ach_imesﬁne/h) 0-50 . 0-50 . F'“Feiied in humans. In this study, groups of 6 male and 6 female volunteers received a

Fa (fractional absorption; %) 0.80 0.72 Fifed single oral dose of 0, 0.5, 1, or 2 mg CPF/kg of body weight in capsule form.

Dermal absorption parameter The volunteers were confined to the testing facility for the first 24-h posttreat-
Surface area (cf) - 100 Fixed ment period, and their health status was closely monitored during this time,

TCKPPr:’()e(;ge;?ia"zei:s“‘C‘e”‘? cm/h) - 4818 Fitted" providing a mechanism to confirm the presence or absence of cholinergic or
vd () 5 35 Fitted other treatment-related effects. After the initial 24-h interval, the volunteers
Ke (per h) 0.017 0.017 Fittdd were allowed to go home but continued to return to the testing facility for the

Plasma protein binding , collection of additional blood specimens. Blood was collected at each interval
CPF (%) 97 97 Fixed by venipuncture and the targeted collection intervals were 2, 4, 8, 12, 24, 36,
CPF-oxon (%) 98 98 Fixéd

*The model parameters were estimated independently and held fixed (fixed);
measured in independent experiments (measured), calculated utilizing mathéivla and Chambers, 1994.
matical algorithms (calculated ) or estimated by fitting the model to the data’Mortensenet al.,, 1996.
(fitted). Dash indicates that the parameter was not incorporated into the modelNolan et al,, 1984 (human); Dow, unpublished data (rat).

"Gearhartet al., 1990 (rat).
Brown et al, 1997 (human).
YAnderseret al., 1987.
*Poulin and Krishnan, 1995.

‘McDougalet al., 1986.

'Sultatoset al,, 1984 (data only available for CPF; model assumes binding
is slightly higher for CPF-oxon).

“Estimated by fitting model to data from Figure 2.
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TABLE 2
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Parameters Used in the Pharmacodynamic Model for CPF-oxon

Inhibition of AChE, BuChE and CaE

Parameter Rat Human Estimation Metfod
Enzyme Turnover Rate
(Enz. Hydro./hiY)
AChE 1177 1.17E7 Fixed®
BuChE 3.66 E° 3.66 E*® Fixed
CaE 1.09 E® 1.09 ES Fixed®
Enzyme Activity
(wmole/kg/hi™)
Brain AChE 44E° 4.4E" Fixed®
Diaphragm AChE 774 7.74E™ Fixed®
Liver AChE 1.02E* 1.02E" Fixed®
Plasma AChE 1.32E — Fixed®
Brain BUChE 468E* 468E™ Fixed®
Diaphragm BuChE 264 F 264E™ Fixed
Liver BUChE 3.0E* 3.0E™ Fixed®
Plasma BuChE 156 & 1.73E® Fixed’/Fitted?
Brain CaE 6.0 E° 6.0E" Fixed
Diaphragm CaE 3.18F° 3.18E'S Fixed®
Liver CaE 1.94E° 1.94E® Fixed®
Plasma CaE 456 456 E"™ Fixed
Enzyme Degradation Rate
()
Kdj Brain AChE 0.01 0.01 Fixed
Kd, Diaphragm AChE 0.01 0.01 Fixefl
Kds Liver AChE 0.1 0.1 Fixed
Kd4 Plasma AChE 0.1 — Fixed
Kds RBC AChE 0.008 0.0008 Fixed
Kdg Brain BUChE 0.01 0.01 Fixefl
Kd7 Diaphragm BuChE 0.01 0.01 Fixed
Kdsg Liver BUChE 0.1 0.1 Fixed
Kdg Plasma BuChE 0.1 428° Fixed/Fitted
Kdzo Brain CaE 7544 7544 Fitted
Kd11 Diaphragm CaE 0.001 0.001 Fittel
Kds Liver CaE 0.001 0.001 Fittel
Kd3 Plasma CaE 0.0033 0.0033 Fittdd
Bimolecular Inhibition Rate
(M hn)™t
Ki 1.4 All Tissues AChE 243 243 Fitte8
Kis RBC AChE 100 100 Fitted
Kig-g All Tissues BUChE 2000 2000 Fittel
Ki 10 Brain CaE 20 20 Fitted
Ki11 Diaphragm CaE 20 20 Fitted
Ki 1, Liver CaE 20 20 Fitted
Ki1z Plasma CaE 20 20 Fitted
Reactivation Rate (ff)
Kri.4 AChE 1.43E? 1.43E2 Fixed
Krs RBC AChE 40E? 40E? Fitted*
Krg.o BUChE 1.43E2 1432 Fixed/Fitted
Krio.13 CaE 1.43E? 1.43E2 Fixed
Aging Rate (%)
Kaj.s AChE 113 E2 1.13E? Fixed’
Kag.o BUChE 1.13E2 1.13E2 Fixed
Kaio.13 CaE 113 E? 113 E2 Fixed’
RBC life-span (days) 50 122 FixBd

0.5 mg/kg

100
80
60
40

% of Control

Time (hrs)

FIG. 2. Experimental data (symbols) and simulations (lines) for the inhi-
bition of plasma ChE in F344 rats administered CPF by oral gavage at dose
levels of 0.5 (open circle), 1 (open square), 5 (open diamond), 10 (filled circle),
50 (filled triangle) and 100 mg/kg (filled diamond). The data represent the
mean= SD of 4 animals per treatment group. (Note: the data through 12 h
postdosing was obtained in male rats, whereas the 24 h postdosing data point
was obtained in females).

48,72, 96, 120, 144, and 168 h following treatment. In addition to blood, urine
specimens were collected prior to treatment and through 168 h postdosing.
Blood and urine specimens were analyzed for the presence of CPF, CPF-oxon,
and TCP by GC-NCI-MS (Brzalet al, 1998). The LOQ for CPF and
CPF-oxon in blood was 3 nmol/l, whereas the TCP LOQ was determined to be
50 nmol/l. In urine specimens, the LOQ for CPF and CPF-oxon was 3 or 3.5
nmol/l and 1 nmol/l for TCP. In addition, blood specimens were centrifuged to
separate plasma from RBC and the inhibition of RBC AChE was determined
as previously described (Ellmaet al,, 1961). The area-under-the-concentra-
tion curve (AUG,_,) for blood and urinary TCP excretion were determined
using the trapezoidal rule (Renwick, 1994) and the extent of absorption was
calculated based on the amount of TCP recovered in the urine, as described by
Nolanet al. (1984).

RESULTS

Pharmacokinetics/pharmacodynamics of CPF in the rat.
All animals survived the single acute oral administration of
CPF at doses ranging from 0.5 to 100 mg/kg, and the time
course of CPF in the blood and model prediction is presented
in Figure 3. CPF was quantifiable at all 6 time points, only for
those animals administered the 100 mg/kg dose, while none of
the blood samples from the 0.5-mg/kg treatment group had
quantifiable levels of CPF. This limited kinetic data suggests
that CPF was rapidly absorbed and metabolized with peak
blood levels being observeq 8 h postdosing. The blood-CPF

*The model parameters were estimated independently and held fixed (fixed),

measured in independent experiments (measured), or estimated by fitting

Co., Was calculated as 0.4, 1.1, 5.0, and 12rBol/h/l and

model to the data (fitted). Dash indicates that the parameter was not incondas essentially proportional to dose at all levels. However, at

rated into the model.

"Maxwell et al. 1987.

‘Gearhartet al. 1990, (rat).
dCarr and Chambers 1996.

°Estimated by fitting model to data from Figure 4.

'Estimated by fitting model to data on CaE inhibition from Chaeidal., 1997.

9Estimated by fitting model to data from Figure 8.

"Schalm 1961.

'Estimated by fitting model to data from Figure 10.
'Estimated based on RBC life-span.

“Estimated by fitting model to Zhengt al., 2000 and data from Table 4.
'Estimated by fitting model to human oral data in Figure 7.

the highest dose tested (100 mg/kg), there was a small devia-
tion from proportionality that was primarily associated with a
slightly higher observed blood concentration of CPF at 12 h
postdosing. The limited number of quantifiable blood samples
over the dose range evaluated made it difficult to adequately
model these data. Initially, CPF uptake was modeled utilizing
a single 1st-order process, which resulted in a much more rapid
rise to peak concentrations than the data suggested. Therefore,
to better describe the absorption of CPF following oral admin-
istration from a corn oil vehicle, a two-compartment gastroin-
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A. B.

FIG. 3. Experimental data (symbols)
and simulations (lines) for the concentra-
tion of CPF in the blood of F344 rats
administered CPF by oral gavage at dose
levels of (A) 50 (triangle) and 100 mg/kg
(square), (B) 5 (diamond), and 10 mg/kg
i (circle). The data represent the mean
Time (hrs) Time (hrs) SD of 4 animals per treatment group.

umoles/L
umoles/L

testinal (Gl) tract model was utilized as previously describezkperimentally determined parameters were not available for
(Staatset al., 1991). Although this clearly improved the overallCPF-oxon inhibition of CaE. To address this deficiency the
fit, the model did underestimate the peak (3 h) blood CRPXChE model parameters were utilized as a starting point. It has
concentration for all treatment groups. Blood specimens weaueeviously been demonstrated that the sensitivity of esterases
also analyzed for the presence of CPF-oxon, which was orty OP inhibition, based on experimentally determined Ki val-
detectable in a few of the samples obtained from rats admiures for DFP, followed the order: BUChE> AChE > CaE
istered doses greater than 10 mg/kg. In general, the concenf@earharet al., 1990). Similarly, Amitaiet al. (1998) reported
tion of CPF-oxon in the blood, when detectable, had a concehat CPF-oxon had a much larger Ki for BuChE than AChE in
tration that ranged from 2—7 nmol/l (data not shown) which isoth rodents and humans (ki100,000 and 581M/h, re-
~50-140< less than the observed CPF concentration in thespectively). Since a Ki for CaE inhibition was not available for
same samples (100—1000 nmol/l). Although it was feasible @PF-oxon, an apparent Ki was estimated to be.ROh based
identify CPF-oxon in the blood, the observed results were veoy the ratio of Ki's for AChE and CaE reported by Gearledrt
close to the analytical limits of quantitation, which likelyal. (1990). Hence, for all model simulations the Ki for CaE
contributed to the highly variable response observed. Thighibition was held constant at 20M/h, and only the enzyme
variable response and the limited number of quantifiable sadegradation rates (Kd) were optimized to fit the CaE inhibition
ples made it particularly difficult to adequately model theata reported by Chands al. (1997). The CaE model param-
CPF-oxon pharmacokinetics. However, over the dose rangfers were then held constant for all remaining model simula-
evaluated, the model predicted that the observed CPF-ox@mmns (data not shown).
concentrations ranged from 3 to 36 nmol/l blood (data not The time course of plasma ChE and brain AChE inhibition
shown), which, although slightly higher than the measuredere also determined in rats through 24 h of postdosing fol-
concentrations, were reasonably comparative given the limitawing single oral gavage administration of CPF at doses
tions of the data. ranging from 0.5 to 100 mg/kg, and the experimental results
To adequately describe the CPF-oxon stoichiometric inhitinhd model simulations are illustrated in Figures 2 and 4. In
tion of both target (i.e., AChE) and nontarget B-EST (i.ethese experiments, CPF produced a dose-dependent reduction
BuChE, and CaE), the amount of CaE, BUChg, and ACHRE both plasma ChE and brain AChE activity. As might be
were calculated for the liver, plasma, RBC, brain, and di@xpected at any given dose, plasma esterase was inhibited to a
phragm compartments (See Fig. 1). As previously noted, theeater extent than brain. The maximum inhibition of plasma
total number of available B-EST binding sites in the various
tissues were based on a previous study conducted in rats
(Maxwell et al., 1987). The authors reported an overall tiSSUE 100 el e 0 . 1omoke .
B-EST ratio of AChE:BUChE:CakE to be 1:2:2051, which in'g g, ‘
dicates that the overall number of CaE binding sites far exceels g,
the number of sites available for either AChE or BuChE‘g 40
binding in the rat. However, Maxwedt al. (1987) also noted 2 5,
that between tissues there were clear differences in the disthi- ¢ | ‘
bution of B-EST enzymes. Although the plasma ChE in rat 0 4 8 12 16 20 24
contains appreciable amounts of both AChE and BuChE Time (hrs)
(ORNL, 2000), in humans the plasma is devoid of AChE
enzyme (Ecobichon and Comeau, 1973); therefore, 0n|yEIG. 4. Experimental data (symbolg) ‘and simulations (lines) for the inhi-
BUChE and CaE enzyme activity were incorporated into tﬁ)@on of brain AQhE |n_F344 rats gdmlnl_stered CPF py oral gavage at dose
PBPK/PD model describing the plasma esterase in hum levels of 0.5—5 (filled circle), 10 (filled triangle) 50 (filled square) and 100
N 9 P . aﬂa/kg (filled diamond). The data represent the mea8D of 4 animals per
Although reasonable initial parameters were obtainable frofBatment group. (Note: the data through 12 h postdosing was obtained in male
the literature for CPF-oxon inhibition of AChE and BuChE;jats, whereas, the 24 h postdosing data point was obtained in females)
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TABLE 3
Experimental Data (Observed) and Simulations (Predicted) for Red Blood Cell Acetylcholinesterase (RBC AChE) Measured
at 4 and 24 h Postdosing following Oral Administration in Sprague-Dawley and F344 Rats

4 h Postdosing 24 h Postdosing
% Control Ratio % Control Ratio
Dose predicted/ predicted/
(mg/kg) Observed Predicted observed Observed Predicted observed
0.15 100 98.8 0.98 ND ND —
0.45 100 96.5 0.97 ND ND —
0.75 100 94.1 0.94 10249 10.87 95.8 0.93
1 ND ND — 97.3+ 8.87 91.8 0.94
15 68 88.6 1.30 ND ND —
4.5 54 69.7 1.29 ND ND —
5 ND ND — 82.8+ 12.0 69.2 0.84
7.5 27 54.9 2.03 ND ND —
10 ND ND — 70.7+ 10.0 54.2 0.77
15 15 31.0 2.07 ND ND —
50 ND ND — 48.1+9.01 26.1 0.54
100 ND ND — 49.2+ 8.8 16.8 0.34

Note.ND, not determined; 4-h postdosing data extracted from Ztetrad, 2000; 24-h postdosing data determined experimentalky;6 animals/treatment
group. Experimentally determined data are given as me&@D.

ChE was observed at 8 6 h after the 0.5 to 10 mg/kg doses, The extent of RBC AChE inhibition was likewise deter-
and 3 to 12 h after the 50 and 100 mg/kg doses; doses of fathed at 24 h postdosing in rats orally administered CPF at
mg/kg or greater resulted in a maximum inhibition of plasmsingle doses ranging from 0.5 to 100 mg/kg. In addition, single
ChE (~90%). Inhibition of brain AChE occurred at dose levelslose RBC AChE inhibition data (4 h postdosing) at doses
of 10 mg/kg and higher. Maximum inhibition of brain AChEranging from 0.15 to 15 mg/kg was obtained from Zhenal.
occurred from 6 to 12 h postdosing at doses of 10 and $2000). The resulting inhibition and model-simulated predic-
mg/kg, and at 3 to 12 h after the 100-mg/kg dose. tion of the enzyme inhibition at 4 and 24 h postdosing are
The DFP PBPK/PD model developed by Geartetrtal. presented in Table 3. The inhibition of the RBC AChE activity
(1990) estimated the rate of plasma ChE and brain ACfas dose-dependent; however the RBC's were less sensitive to
synthesis and degradation by model optimization against Dfrfibition than plasma ChE, and a no-effect level was seen at
experimental data sets, and their optimum Kd's ranged frogses of 1 mg/kg or less. The apparent Ki for the RBC’s was
0.0'1 to 0.1 per hin mice and rats. The;e synthesis and deggas than for plasma AChE-(L00 vs. 243uM/h, respectively),
dation parameter estimates were likewise used in the currgg the reactivation rate (Kr) was set at 0.04/h to accommodate
model. Amitaiet al. (1998) determined thie vitro Kivalue for - g ¢aster reactivation, through 24 h postdosing, that could not be
CPF-oxon binding kinetics with purified AChE and BuChE, o nted for by RBC resynthesis alone. With these parame-
enzymes to be~48,000, 471, and 228uM/h) for plasma o s the model dose response was consistent with the experi-
BUChE’, _pl_asma ACh',E’ and RBC AChE’ respectively. ,HOV\fhentaI data, although the model slightly underpredicted the
ever, utilizing these Ki parameters in the model °‘.’ere.s“mat§gak 4-h inhibition (pred/obs ratios 0.94-2.07), while slightly
the extent OT plasma BUCh.E a_nd AC.,hE inhibition kinetics (da erpredicting the 24 h postdosing data (pred/obs ratios 0.34—
not shown),' therefore, then V'm.) Ki's were reduced to an 0.94). Overall, the model predictions were generally within a
apparentn vivo Ki to better describe the data (see Table 2). Byactor of 2 of the experimental data
establishing an apparent Ki for BUuChE and AChE enzyme '
activity, the PBPK/PD model reasonably simulated the dose-Model predictions of effects of repeated dietary doses on
dependent inhibition of both the plasma ChE and brain ACHEPF in the rat. The PBPK/PD rat model was developed from
inhibition kinetics over the broad dose range evaluated throutifierature citations and from fitting the data from single-dose
24 h postdosing. The model accurately reflected the oversiidies. The unaltered model was used to predict the effects of
trends associated with plasma ChE and brain AChE inhibitisapeated daily exposure to CPF in the diet. Since the majority
kinetics in the rat, and in particular reflected the large increastlong-term toxicity testing with CPF has been conducted by
in enzyme inhibition at doses of 5 and 50 mg/kg in the plasneantinuously exposing rodents to CPF via the diet, the model
and brain, respectively. incorporated a dietary exposure regimen. The results of the
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Time (days) 15 19 ; 54 38 following 7 to 13 weeks of repeated di-

e e b e etary exposure to CPF.

repeated CPF dietary dosing model simulations on rat braite model simulations, but slight quantitative differences sug-
AChE, RBC AChE, and plasma ChE inhibition in comparisogest that detoxification pathways may be overwhelmed at
to experimental results obtained following 7 to 13 weeks ddwer doses (i.e., between 1 and 5 mg/kg/day) than the current
dietary CPF administration (Yaret al., 2000) are presented inPBPK/PD model predicts. It is conceivable that matrix effects
Figure 5. The model simulation suggested that a steady-stagsociated with corn oil vs. dietary dose preparation and ad-
level of enzyme inhibition was rapidly attained by 3 to 4 dayinistration could result in variable oral bioavailability, which
following initiation of dosing, although the brain AChE inhi-would effectively shift the dose response. To adequately ad-
bition at the highest dose (15 mg/kg/day) appears to continggess this question, additional pharmacokinetic/pharmacody-
to decline through 30 days of exposure. The model also intiamic studies are needed to determine target tissue dosimetry
cated a dose-dependent inhibition in all tissues with the Or%ﬁd dynamic response f0||owing chronic dietary exposure to
of magnitude of inhibition as follows: plasma RBC > brain. CcpF. Nonetheless, until additional data is available, the
Following a 0.1 mg/kg/day dose of CPF, the PBPK/PD modelgpK/PD model provides a reasonable qualitative assessment
accurately described the lack of brain (100% of control), ang the dose-dependent pharmacodynamic response that is ob-

RBC AChE inhibition ¢-98% of control) and minimal plasmaseryed in rats following chronic dietary administration of CPF.
ChE inhibition (~96% of control). The model also predicted L . .
the lack of brain AChE inhibition (100% of control) and slight Pharmacokinetics/pharmacodynamics of CPF in humans.

RBC AChE inhibition (~80% of control) following exposure The rodent PBPK/PD model was extended to incorporate hu-

to a 1 mgCPF/kg/day dose. However, the model underesfi?an physiological constants, and thg metabolic pargmeters
mated the extent of plasma ChE 5% of control) inhibition Weré appropriately scaled as a function of body weight to
relative to the experimental results (46% of control). Simulagnable the model to describe CPF dosimetry and dynamic
ing a continuous dose of 5 mg/kg/day, the model also undégsSponse in humans. When available, parameters derived for
predicted the plasma ChE-§0% vs. 23% of control), and human studiesitf vitro/in vivo) were utilized in the model.
brain AChE inhibition kinetics £80% vs. 55% of control) Specifically, since human plasma ChE activity is primarily
relative to the experimental data, but reasonably estimaf@gsociated with a higher amount of BUChE vs. AChE (Ecobi-
RBC AChE (~50% vs. 55% of control) inhibition. Finally, chon and Comeau, 1973) relative to the enzyme levels in
following a repeated dietary exposure to 15 mg CPF/kg/dd@dent plasma, the amount of BUChE enzyme in the model of
the model reasonably estimated the extent of plasma CREMan plasma was increased (see Table 2) based on available
(~25% vs. 19% of control), brain AChE~(38% vs. 54% of data (Chanet al, 1994). Nolanet al (1984) conducted a
control), and RBC AChE inhibition{30% vs. 38% of control) controlled human study where volunteers were administered
kinetics. The model response suggested that, at desesng single doses of CPF orally (0.5 mg/kg) as well as dermally (5
CPF/kg/day, the CPF-oxon concentration in the brain attainew/kg) and the pharmacokinetic and pharmacodynamic re-
an adequate concentration to overwhelm available detoxifigponses were then determined. This data set was utilized to
tion pathways resulting in significant brain AChE inhibitioncalculate the appropriate elimination rate constant (Ke) and
The experimental data of Yaret al. (2000) is consistent with volume of distribution (Vd) to accurately describe the pharma-
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FIG. 6. Experimental data (symbols) A. B. 100.0 Oral 0.5 mg/kg
from Nola_net al. (1984) and model sim- 10.00 Oral 0.5 mg/kg - j Dermal 5 mg/kg
ulations (lines) of the TCP pharmacoki- / 10.0

S - 3 .
netics in human volunteers administered 3 1.00 Dermal 5 mg/kg %
an oral dose of 0.5 mg CPF/kg or a o  [&FHa g 10
dermal dose of 5 mg CPF/kg. The time § 0.10 e % =
course data of TCP in the blood (A) 0114
represents the mean SD for 6 (oral) L e e 00 | .
and 5 (dermal) male volunteers; (B) the 0 30 60 90 120 150 ’ o 30 60 90 120
amount of TCP excreted in the urine Ti h

ime (hes) Time (hrs)

from the same volunteers.

cokinetics of TCP, and the dermal permeability coefficiemespectively (Nolaret al, 1984, Griffinet al,, 1999). The time
(Kp) that was capable of accurately describing the extent acdurse of plasma BuChE inhibition kinetics following a single
rate of dermal uptake of CPF. Secondly, the plasma BuCloEal (0.5 mg/kg) or dermal (5 mg/kg) dose of CPF in human
enzyme activity and reactivation rate was optimized against thelunteers is presented in Figure 7. As previously noted, the
plasma BuUuChE inhibition data obtained following the singlamount of available plasma BuChE enzyme and the rate of
0.5 mg CPF/kg oral dose. These model parameters were tle@ayme recovery were optimized to fit the plasma BuChE
held constant and model simulations were run against humiahibition time course following the oral 0.5 mg/kg CPF dose.
pharmacokinetic data obtained within this study, and againgte model parameters determined from the oral dosing study
limited pharmacokinetic data available in the literaturevere then held constant and the PBPK/PD model was used to
(Drevenkaret al., 1993). predict the extent of plasma BuChE inhibition following a 5
Nolan et al. (1984) reported that the blood CPF concentrang CPF/kg dermal exposure. Under this dermal exposure
tions following either oral or dermal exposure were extremelcenario, the model predicted maximum plasma BuChE inhi-
low (<0.085 nmol/ml) and exhibited no consistent tempordlition of ~90% of control, which was comparable to the
pattern; however the levels of the major metabolite TCP weobserved 87% seen with the experimental data; likewise the
readily quantifiable in both blood and urine following eithemodel reasonably predicted the enzyme recovery kinetics
dermal or oral administration. Therefore, the PBPK/PD modtirough 200 h postdosing.
was used to characterize the TCP pharmacokinetics. Based ofjodel predictions of effects of single, oral doses of CPF in
the amount of TCP excreted in the urine, it was determined thfman males and femalesThe model parameters for humans
70% = 11 and 1.28%* 0.83 of the oral and dermal dose ofwere derived from the literature and from fitting data from
CPF was absorbed in these volunteers, respectively (NelanNolanet al. (1984). Without altering the model parameters, the
al., 1984). The time course of TCP in the blood and urine @ésults of the controlled human CPF pharmacokinetic study,
these human volunteers, and the resulting model simulaticithducted as part of this project, were also compared against
following either a single oral 0.5-mg/kg or a dermal 5 mg/kghe PBPK/PD model predictions. There were no differences
dose of CPF are presented in Figure 6. Following the oral gbserved in the concentrations or time course of CPF and
dermal dose, peak plasma TCP concentrations were 4.69 gistabolites in these volunteers that was attributable to gender
0.44 umol/l and were attained at both 5 and 24 h postdosingjata not shown). Following oral administration of CPF at

In addition, peak TCP urine excretion was achieved by 24dpses ranging from 0.5 to 2 mg/kg, only 5 of the 12 volunteers
postdosing for both the oral and dermal treatments, and the

time course of urine excretion was very comparable for both
dosing routes. Overall, the model provided a reasonable pre- 100
diction of the route-dependent blood TCP kinetics following® gg
CPF exposure in humans. £
Unlike the simple one-compartment model utilized to de
scribe the fractional absorption of CPF in humans (Nefeal,
1984), the PBPK/PD model was modified to calculate the flux 20
of CPF through the skin as a function of CPF permeability, 0 - w ‘ r f
concentration, area of exposed skin surface, and exposure 0 200 400 600 800
length (Poet, 2000). Hence, the PBPK/PD model calculated a Time (hrs)
permeability coefficient (Kp) of 4.81x 10 cm/h, and as

% of Con

sumed a dermal exposure not exceeding 20 h postapplicatioﬁJG' 7. Experimental data (symbols) from Nol&b al. (1984) and model
simulations (lines) of the plasma ChE inhibition in human volunteers admin-

. . . o .
the .estlmated fractional absorption was 2'3,2 %. This lesunié?ered an oral dose (filled circles) of 0.5 mg CPF/kg or a dermal dose (filled
similar to the 1.28% and-1% dermal absorption based on th@quares) of 5 mg CPF/kg. The time course data represents the-msarfor
recovery of TCP and dialkylphosphate metabolites in the urireemale volunteers.
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the 5 volunteers.

on the study had quantifiable levels of CPF detected inranged from~18% to 38%, which is considerably less that the
limited number of blood specimens and no CPF-oxon wasal bioavailability of the 70% previously calculated for human
detected in any specimens (LO€3 nmol/l). The time course volunteers, using a one-compartment model (No&nal.,

and model simulations of CPF and TCP concentrations in th®84). The observed differences in oral bioavailability in these
blood of 5 volunteers (A—E) orally administered CPF at dos@sstudies are most likely associated with differences in dosage
of 1 or 2 mg/kg are presented in Figure 8. Only one individu&rmulation (i.e., tablet vs. capsule).

in this study, administered a dose of 2 mg CPF/kg, exhibitedUrine specimens were likewise analyzed for CPF, CPF-
any RBC AChE inhibition (Volunteer E). The experimentabxon, and TCP; however, neither CPF nor CPF-oxon was
data and model simulations indicate that CPF blood concatetected in any of the samples. The average TCP blood con-
trations were at least 2 orders of magnitude less than tbentration and urine excretion time course for all human vol-
observed TCP blood concentrations, and all the blood spegitteers (male and female) administered 0.5, 1, or 2 mg CPF/kg
mens taken afte8 h postdosing were below quantitation limitsas single oral doses are presented in Figure 9. Over the dose
for CPF. The model simulation was consistent with a rapiénge evaluated, the kinetics of TCP in blood and urine were
metabolic clearance of CPF, resulting in the formation of TCRnear and proportional to dose. However, the model-predicted
which had a considerably slower elimination rate and wawerage oral fractional absorption for all treatment groups was
readily detectable in the blood of these volunteers through20% of the orally administered dose, which was very close to
160 h post-dosing. Based on the model fit of these experimeéhe AUG,_, estimation of 22.4% absorption of administered
tal data, the extent of oral absorption for these 5 volunteedtese made from the TCP measurements in urine.

2 mefke FIG.9. Experimental data (symbols)
100.0 1 mefke and model simulations (lines) of the TCP

. pharmacokinetics in human volunteers
@ o 100 administered oral doses of 0.5 (filled di-
3 g amonds), 1 (filled triangles), and 2 (filled
g 10 circles) mg CPF/kg. The time course data
of TCP in the blood (A) represents the

! 0.1 - :

. " ; \ " ' mean= SD for 12 male/female volun-
0 30 60 9 120 150 180 0 % 60 %0 120 150 teers; (B) the amount of TCP excreted in

Time (hrs) Time (Hrs) the urine is from the same volunteers.
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FIG. 10. RBC AChE activity in male (A) and female (B) volunteers presented as the me@b for 6 volunteers administered CPF doses of 0 (Control),
0.5, 1, or 2 mg/kg of body weight, and the average control normalized RBC AChE activity (C) for the female 2-mg/kg treatments, with and withotgitime inclu
of a single individual who was a high absorber. The symbols represent the observed data, while the line represents the model simulation. (Mdyevdhis st
conducted in two parts. Part 1 included control 1, 0.5, and 1 mg/kg doses; Part 2 included control 2 and 2 mg/kg dose).

The impact of single oral CPF doses (0.5, 1, or 2 mg/kg) drom the urine (TCP AUG., 5.55 mg/h/kg), which repre
RBC AChE activity was assessed in these same human volganted an estimated absorbed dose of 1.1 mg/kg of CPF. The
teers, and the results are presented in Figure 10. There wasnualel made a reasonable prediction of both the timing and
inhibition of RBC AChE in males at any dose level (Fig. 10A)degree of human RBC AChE activity for the woman with high
There was a slight decrease in RBC AChE activity in femaleabsorption of CPF, and predicted little or no inhibition of the
beginning & 8 h postdosing at the 2 mg/kg dose level (Figother 5 women that had less absorption (Fig. 10C).
10B). The decrease in RBC AChE activity appeared to be dueAlthough only limited CPF blood time course data was
to inhibition in one volunteer (Fig. 10C, Volunteer E). Wheravailable from the controlled human exposure (see Fig. 8) the
data from the single volunteer was removed from the data setpdel was capable of accurately describing the CPF blood
the average RBC AChE activity in the remaining womer= kinetics. To further validate the capability of the model to
5) was virtually indistinguishable from baseline. accurately describe the pharmacokinetics of CPF, the time

Although the oral dose of CPF was 2 mg/kg body weightourse of CPF in serum from an individual who ingested a
the amount absorbed was appreciably less. For the 6 men andcentrated formulation of CPF (Drevenlaral,, 1993) was
5 women that had no RBC AChE inhibition, the urinary TCPnodeled and the results are presented in Figure 11. The subject
AUC,_,, when corrected for average body weight, was €omvas a 25-year-old male reported to have drunk 30—60 ml of a
parable across gender at 2.97 and 2.78 mg/h/kg, respectivelymmercially available insecticide that contained CPF as the
Given an absorbed fraction of 0.70 of CPF that is recoveredaative ingredient. The subject was admitted to the hospital 2 to
urine as TCP (Nolaret al, 1984), the estimated averagés h after ingestion of the pesticide formulation, and CPF was
absorbed dose of CPF was 0.57 mg/kg. The woman witfuantitated in the serum for up to 15 days after poisoning. The
inhibited RBC AChE had about 2 times more TCP recoveresmples were likewise analyzed for CPF-oxon; however the
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100 - namic studies were conducted to provide the needed experi-
mental data to develop and validate the model. Utilizing re-
cently developed sensitive (i.e., low ppb range) analytical
methods (Brzalet al., 1998) it was feasible to quantitate CPF,
CPF-oxon, and TCP followingn vivo exposures to CPF and to

0.1 4 Py . . ° directly link dosimetry with the observed ChE and AChE
inhibition kinetics in both rats and humans.

The PBPK/PD model provides important insights into the
route- and dose formulation-dependent absorption of CPF in
rats and humans. Due to its poor aqueous solubility, CPF dose

FIG.11. Time course of CPF in serum of a single poison victim that oraligolutions are generally prepared in an oil-based matrix (e.g.,
ingested a commercial insecticide product containing CPF (data extracted fregjrn oil) and administered to rodents by oral gavage. Previous
Drevenkaretal.,1993).1_'he symbols represent the observed data while theligfudies have shown that the dosing vehicle can modify the
represents the model simulation. . o .

amount and rate of absorption, and corn oil in particular has

been shown to result in lower peak and increased time to
oxon was not detectable in any of the samples (Dreveekarmaximum blood concentrations (£) (Withey et al, 1983).
al., 1993). The PBPK/PD model was capable of accuratefjence, to describe the uptake of CPF from the Gl tract of rats,
describing the overall pharmacokinetics of CPF in the blodde needed a two-compartment Gl tract model similar to the
following a single acute exposure. Based on the observed CPFe used to describe the uptake of chlorinated solvents (Staats
blood time course, the model estimated that an acutely tog al, 1991). This model modification resulted in a more
dose of~180 mg/kg was needed to achieve the highest coaccurate simulation of CPF uptake than was feasible with the
centrations of CPF (1-1@mol/l) that were detected in the Single-compartment model, although it did not enable the
serum. This predicted dosage is well within the range @&fodel to adequately fit the peak blood (3 h postdosing) CPF
reported acute LR doses (85-504 mg/kg) in animals, and is &oncentration. In addition to a slower overall rate of uptake,
reasonably good approximation of a dosage that is capabledgf to corn oil, the amount of CPF orally absorbed in rats was
producing the reported acute toxicological responses in Hestimated to be-80%. This estimate was based on pharma-
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mans (Gaines 1969; McCollistet al., 1974). cokinetic studies where rats were administeréd-labeled
CPF and thé“C activity was determined in tissues and excreta
DISCUSSION (Dow Chemical, unpublished report). Differences in the extent

of CPF absorption were also clearly evident when comparing

Thionophosphorus organophosphates such as CPF constitiiéchuman CPF pharmacokinetics conducted in this study with
a large class of chemical insecticides that have seen widespraedresults from human kinetic studies conducted under differ-
utilization in both agriculture and home applications. Thent dosing conditions. Nolaet al. (1984) deposited a known
potential for OP insecticides to produce a toxic responsedmount of CPF onto a lactose tablet, which was subsequently
dependent upon the balance between the amount of delivesadillowed with water. This dose preparation resulted #0%
dose to the target site and the rates of bioactivation andfdrthe orally administered dose being recovered as TCP. In
detoxification (Calabrese, 1991). In order to quantitativelyontrast, the CPF dose in the current human kinetic study was
integrate all the physiological, metabolic, and biochemicakrepared by adding CPF and lactose as dry powders into a
factors associated with CPF absorption, distribution, metatdissolvable capsule that was likewise swallowed with water,
lism to CPF-oxon and TCP, and the resulting ChE inhibitiomowever only 20—-35% of this oral dose was recovered as TCP.
a PBPK/PD model was developed for both rats and humalBased on these experimental findings, the extent of CPF ab-
Overall, the results presented here illustrate that the curreetption appears to be dependent upon its physical form when
model can reasonably describe rat and human dosimetry aabininistered. The question of bioavailability is of particular
dynamic response data under a broad range of exposure stgortance when interpreting a ChE response based only upon
narios (acute vs. chronic, oral vs. dermal). However, it is alsbe administered dose, without taking into full consideration
recognized that some model fits could be improved updmow much of that dose was actually absorbed. Therefore,
which supports the need for additional experimental dataterpretation of pharmacodynamic response data would cer-
including better parameter estimates, to facilitate future modelinly be strengthened with a concurrent assessment of bio-
refinement. availability within the same study. This analysis could readily

In developing the CPF model it became obvious that, dbe accomplished by quantitating blood or urinary TCP concen-
though a considerable amount of hazard evaluation reseatretions. However, for the purposes of the rat PBPK/PD model
has been performed on CPF, only a limited number of phatevelopment, the oral absorption of CPF, using a corn oil
macokinetic studies were available for model developmemiosing matrix, was set at 80% for all model simulations. This
Therefore, both rat and human pharmacokinetic/pharmaco@gsumption was made while fully recognizing that it represents
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an oversimplification, since the extent of absorption can lmempound (see Figs. 8 and 11) or metabolites (see Figs. 6, 8,
drastically different depending on the conditions of the do$). Hence this PBPK/PD model provides an integrated assess-
solution (i.e., formulation), dosing method, and variations iment of CPF dosimetry and biological response in both rats and
species, gender, or strain (Kararli, 1995). humans for a number of exposure scenarios.

In reality the majority of both occupational and environmen- The PBPK/PD model integrates CPF dosimetry with a phar-
tal exposures to OPs are primarily associated with the dernmahcodynamic model capable of predicting stoichiometric B-
route, which has been reported to account for more than 9@®&T inhibition, and is consistent with other pharmacodynamic
of the systemically absorbed dose in humans (Apgeal, models such as the one developed for soman in the rat (Max-
1994). Therefore, an understanding of percutaneous absorptigil et al., 1988). The extent and rate of B-EST inhibition and
of OPs is critical for quantitatively determining a systemicecovery is dependent upon the amount of available enzyme,
dose. The extent ofn vivo dermal absorption of CPF inthe Ki, and the amount of time the B-EST is exposed to the
humans has previously been reported as low (1-3%; Geffinavailable oxon (Vale, 1998). As previously noted, the amount
al., 1999; Nolaret al,, 1984). This is consistent with the law of available B-EST binding sitequfmol) in general followed
vivodermal absorption potential reported in humans exposedh® order CaE>> BuChE ~ AChE (Maxwell et al., 1987),
diazinon, isofenphos, and malathion, which ranged from 2.5#hereas the Ki rates followed the order: BuCh& AChE >
3.9% of the applied dose (Westerral,, 1983; 1992; 1993). In CaE. Initial model simulations utilized relatively higher Ki
the current PBPK/PD model, the dermal uptake of CPF iralues determined with purified BUChE and AChE enzyme
humans was well described by estimating a CPF permeabil{gmitai et al., 1998), which severely over predicted the extent
coefficient (Kp) of 4.81x 10°/cm/h utilizing previously pub of ChE and AChE inhibition (data not shown). In this regard,
lished dermal absorption data in humans (Nataral, 1984). Mortenseret al. (1998) noted differences in vitro sensitivity
The model presented herein quantitatively predicts the concéire., 1C;,) of AChE when comparing the inhibition of purified
tration of CPF, CPF-oxon, and TCP in blood, tissues, amthzyme against crude tissue homogenates. Hence it is not
excreta in both rats, and humans following exposure, eithemreasonable to expect that the Ki values determined with
orally or through direct skin contact, with CPF. These resulgurified enzymes would not adequately describe the inhibition
are consistent with TCP being the major metabolite formed thasponse obtained with crude enzyme preparations. Therefore,
attained a blood concentration of 100-fold higher than then apparent Ki was determined for CPF-oxon inhibition of
parent compound (see Fig. 8). Likewise, the pharmacokineBeEST enzymes that was qualitatively consistent with the Ki
studies conducted in rats suggest that levels of CPF in th@lues measured with purified enzymes (Amaéial., 1998).
blood exceed the CPF-oxon concentrations. These resUltee model simulation suggests that BUChE is the most sensi-
clearly indicate that even when employing sensitive analyticie to CPF-oxon inhibition due to a higher apparent Ki (.0
techniques, quantifiable concentrations of both CPF and CPI® wM/h) and relatively low amounts~1600 umol total in
oxon in blood are only obtainable when relatively high doses odit) of available BUChE in the tissues. In contrast, the model
CPF (5 mg/kg) were administered, and even then, it was onpredicts that CaE is the least sensitive to CPF-oxon, and
detectable for a limited time after dosing. This inability t@ppears to be due to the combination of an estimated low
adequately quantitate both CPF and CPF-oxon blood concapparent Ki (2QuM/h), and high amounts of available enzyme
trations over a range of dose levels has made it particula(® x 10° wmol total in rat). Finally, the sensitivity of AChE
challenging to accurately model dosimetry, particularly at lo@nzyme to CPF-oxon inhibition resulted from a moderate (be-
doses €10 mg/kg). tween BuUChE and Cak) apparent Ki (2434/h), and rela-

Biomonitoring of OPs and their metabolites in blood antvely low amounts {1000 wmol total in rat) of available
urine has been used to provide a quantitative assessmenAGhE enzyme. Although these apparent Ki parameter esti-
dosimetry in human poison victims following acute high-dosmates provide a reasonable description of the B-EST inhibition
exposure (Drevenkaat al, 1993; Vasilicet al,, 1992), and for kinetics, it is clear that the model would be further strength-
the assessment of secondary exposures (Loewergieat, ened by experimentally determining these Ki parameters under
1997; Richteret al,, 1992). A major advantage in utilizing thephysiological conditions that more accurately reflectvivo
analysis of intact pesticide or specific metabolites in bodctivity. In addition, uncertainty associated with model esti-
fluids versus ChE depressions is that it enables identificationroates of CPF-oxon concentration raises the possibility that the
specific chemical agent(s) that may be associated with tm@del overestimates of CPF-oxon concentration, particularly
observed esterase inhibition (Ellenhorn and Barceloux, 19&8; high doses, may have contributed to excessive esterase
Lotti et al, 1986), and as previously mentioned, can be useditthibition predictions. Additional quantitative data on CPF-
better determine bioavailabilty. The utilization of PBPK/Pbxon blood and/or tissue concentrations and Ki parameter
models such as the one developed for CPF enables the questimates may help resolve this question.
titative integration of dosimetry with biological response. The Chandaet al. (1997) evaluated the tissue-specific effects of
model can predict the extent of esterase inhibition (see Fig.C@PF on both CaE and ChE, utilizinig vivo and in vitro
based on the observed concentrations of either the pareomparisons. They reported that the maximum inhibition of
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plasma CakE, following an 80-mg CPF/kg dose, wat0% of may be particularly sensitive to dosing rate (Corley,al,
control (Chandat al, 1997), whereas, in the current study, 4994). To illustrate this point, a simulation of the blood CPF
comparable level of plasma ChE (50:50—BuChE: AChEoncentration and plasma ChE response in rats following either
inhibition was achieved at a dose level-eb mg CPF/kg (see a single bolus dose of 10 mg CPF/kg or the same dose frac-
Fig, 2). These results are consistent with the observed difféionated (3X 3.3 mg/kg at 8-h intervals) over a 24-h period is
ences in apparent Ki's, and the amounts of available B-E®fesented in Figure 12. Based on model simulations, the C
enzymes in the rat. Likewise, these results are consistent with blood CPF was~ 0.05 umol/l, whereas the same dose
the observation that B-EST inhibition is an integrated functiowhen fractionated over a 24-h period attained,a,6f ~0.02
of target-tissue dosimetry, esterase affinity for CPF-oxon, apdnol/l. Although the blood concentration for the fractionated
the number of available esterase binding sites in each tisslese was slightly less than half of that obtained following the
compartment. In this regard, improvements in the predictiv®lus administration, repetitive dosing did result in the blood
capability of the current model may be achieved by conductimgvels of CPF being maintained at elevated levels until dosing
studies that better characterize the time course of specifgased {24 h). The potential impact of dividing the dose was
esterase activities (i.e., AChE, BUChE, and CaE) in both blopadrticularly evident when comparing the model simulation of
and tissue compartments over a broad range of CPF exposu®tE inhibition (see Fig. 12 B). Compared to bolus adminis-
It has been generally accepted that the biological basestmition, dividing the dose reduced the peak inhibition-110%
risk assessments are strengthened by the utilization of @m27% of control). These simulations infer that the adminis-
internal dose surrogate versus the administered dose in crdsstion of CPF as a large bolus dose, results in a greater
species extrapolations (Andersen, 1995). A determination mximum plasma ChE inhibition than when the same dose is
dose-rate effect may also be important, since under the Faathinistered over a prolonged time period (i.e., divided).
Quality Protection Act (FQPA) there is concern about the ridkased on these model simulations, future studies should con-
associated with pesticide residue exposures where dermal csider experimentally determining the impact of dose-rate on
tact and/or ingestion of low levels of pesticide residue on fodzbth CPF dosimetry and dynamic response.
constitute important exposure routes (U.S. EPA, 1998). In thisSimulations of the AU, for the concentration of CPF in
case, an evaluation of maximum blood concentratiop,JC blood and CPF-oxon in both blood and brain for rats and
and/or blood AUC is of relevance since these dose surrogalesnans acutely exposed by oral ingestion to a broad range of



48 TIMCHALK ET AL.

CPF-oxon CPF-qxon presented in Figure 14. To compare the responses between rats
LE+01 CPF blood brain and humans, at equivalent systemic c!oses, the oral absorption
T o Eof blood was set at 80%. In the quel simulation, both rat and humgn
5 1'E_03 plasma BuChE have a similar dose response and are essentially
@ depleted at doses between 1 and 10 mg/kg. However in the rat,
E 1.E-05 the available plasma AChE enzyme is not depleted until the
3 1.E-07 dosage is=10 mg/kg. These results are consistent with the
1.E-09 + - . ' : * dose-dependent AUC, simulations for CPF and CPF-oxon
0.001 0.01 0.1 1 10 100 (see Fig. 13) and suggest a plausible relationship between the
Dose (mg/kg) extent of CPF activation, the depletion of nontarget B-EST,

FIG. 13. Simulation of the area under the concentration curve (AUYC and the nonlinear increase in human CPF-oxon blood and brain
for CPF in blood and CPF-oxon in blood and brain in rats (dashed lines) agdncentration at doses1 mg/kg. It is important to realize that
humans (solid lines) following an acute exposure to a broad range of thcassessing plasma esterase activity, a single substrate, acetyl-
doses. thiocholine (AcTh), is routinely utilized for plasma ChE de-

terminations, although AcTh has a greater specificity for AChE
CPF doses (0.001-100 mg/kg) is presented in Figure 13. ffmn for BUChE enzyme (Venkataraman and Rani, 1994;
compare the response at equivalent doses between speciesQRHEL, 2000). This analytical approach has made it particu-
oral absorption was set at 80%. In both rats and humans, thdy challenging to model the rodent esterase response in
AUC,_ followed the order: CPF (blood)> CPF-oxon compartments, like blood, where both AChE and BuChE en-
(blood) > CPF-oxon (brain). Over the dose range evaluatezymes are available to CPF-oxon for binding and inhibition.
the CPF blood AUG, ranged from~4-13-fold higher in Therefore, in accessing the protective role of nontarget B-EST
humans than in rats and demonstrated a slightly increasibg important to carefully consider the contribution of multiple
trend with dose. In contrast, at low doses1( mg/kg), the esterases and the importance of enzyme substrate specificity in
AUC,_, for CPF-oxon (blood and brain) in rats wag—4-fold determining enzyme inhibition.
higher than at comparable doses in humans. However, inRat and human data on inhibition of RBC AChE are also
humans, increasing the dose above 1 mg/kg resulted irc@nsistent with the PBPK model. The model estimates similar
nonlinear “crossover” response so that at high doses the siewvels of CPF oxon in the blood of humans and rats, particu-
ulated human AUg, for CPF-oxon (blood and brain) ex larly at doses around 0.2 to 0.5 mg/kg (Fig. 13). Based upon
ceeded that of the rat{1.1-6-fold). Although these simula-absorbed doses of CPF, humans and rats also had similar
tion results must be evaluated, taking into full consideration tipeofiles of inhibition of RBC AChE. There was no inhibition of
uncertainty in the model predictions of the CPF and CPF-ox®BC AChE in humans that had an absorbed dose of 0.57
concentrations, the simulation is consistent with a responsg/kg, and an absorbed dose of 1.1 mg/kg caused approxi-
where one or more of the detoxification pathways has becomately 25% inhibition in one human volunteer (Fig. 10C). Rats
overwhelmed. given an oral gavage dose of 0.75 mg/kg had no inhibition of

As previously noted, the extent of CYP450 activation dRBC AChE, and an oral dose of 1.5 mg/kg caused about 30%
CPF to CPF-oxon and differences in detoxification are masthibition (4 h postdose, Zhergt al, 2000). Thus, based upon
likely responsible for any observed species-dependent meodeled estimates of blood CPF oxon and RBC AChE inhi-
creased sensitivity. Since tissue and blood B-EST stoichiombition, there appeared to be little difference between rat and
rically bind to oxon and become irreversibly inactivated (Chamuman RBC AChE responses at this dose range.
draet al.,, 1997; Clement, 1984), one reasonable hypothesis isAlthough the current PBPK/PD model describes the phar-
that the dose-dependent depletion of nontarget B-EST is a key
component contributing to the observed species differences in
the dose response for AChE inhibition. Therefore, by compar- 100

Rat Plasma

ing the dose-dependent inhibition of plasma ChE in rats ar 80 7 AChE
humans, it may be possible to iIIustra.te .the potential protec.ti\/‘é 60 Rat Plasma \ Rat Plasma
role of nontarget B-EST. However, it is important to recogniz& 49 - BuChE ChE (AChE + BuChE)

that across species there are marked quantitative differencesin H Pl \

X i 20 4 uman FPlasma *
the amount of available B-EST (Ecobichon and Comead, BuChE > N
1973). For example, as previously noted in rat plasma, ChE is
the sum of both plasma AChE and BUChE activity (Maxvel|
al., 1987), whereas in humans, plasma ChE is exclusively Dose ( mg/kg)
BUChE (ONRL, 2000). A simulation of the maximum plasma FIG. 14. Simulation of peak plasma total ChE (ACREBuUChE), AChE

ChE response in rats and humans, following acute oral eXR@g BuchE inhibition dose response in rats and humans BUChE following an
sure to a broad range of CPF doses (0.001 to 100 mg/kg)aéste exposure to a broad range of CPF doses.

0.001 0.01 0.1 1 10 100



CHLORPYRIFOS PHARMACOKINETICS 49

macokinetics and pharmacodynamics of CPF over a broad dsseption at environmentally relevant exposures, and to evaluate
range (0.5-100 mg/kg), it is important to recognize that evehe potential role of gut metabolism and CPF-oxon protein
the lowest doses evaluated in the current study are still sigriinding following low-dose exposures. Additional studies
icantly greater than typical aggregate (total dietary and resbuld better characterize the time course and dose response for
dential) human exposures. In both adults and children, potd®BC AChE inhibition, since this pharmacodynamic response
tial aggregate exposures to CPF are estimated to range frignparticularly relevant as a potential biomarker for exposure.
0.46 to 1.7ug/kg/day, which is~294- to 1000-fold below the Better parameter estimates are needed for the binding of CPF-
lowest dose (0.5 mg/kg) used in this study (Gibsbal, 1999; oxon with B-EST and in particular the CaE tissue inhibition
Hill et al, 1995; Quackenbosst al, 1998; Shurdutet al, kinetic parameters for both rats and humans. In conclusion, this
1998; ). Based upon the observed dose response, where CPF PBPK/PD model quantitatively estimates target tissue
and CPF-oxon were nondetectable and blood ChE activity wéasimetry and AChE inhibition, and is an effective framework
minimally depressed at doses of 0.5 mg/kg, it is hypothesizéat future OP model development, and for establishing a bio-
that a significant first-pass metabolism will be observed kgically based risk assessment for CPF exposure under a
environmentally relevant doses. In this regard, a number \driety of scenarios.

recent studies have demonstrated that intestinal epithelial cells

have CYP450 metabolic capacity and are capable of signifi- APPENDIX

cantly altering oral bioavailability of drugs and chemicals in

animals and humans (Haﬁt al, 1999; Obachet al, 2001; Differential equations and abbreviations for the various tissue compartments
Paineet al, 1999; Schmiedlin-Reat al,, 1993; Watkins, 1992; g‘('e'zlgt’;g :)Zelof:vl-apw PD model different from those of Geartetral. (1990)
_Zhanget. al, 1999)' A number of the CYP450 isoforms re.SId' Oral absorption (gavage)The absorption of CPF following oral adminis-
ing within the intestines have been shown to metabolizedtion in corn oil vehicle was modeled utilizing a two-compartment model.
number of OP insecticides including parathion, diazinon, arttle rate of change and amount of CPF in the compartments is described as
CPF (Butler and Murray, 1997; Fabriet al., 1999; Samst

al., 2900). In additionz P—glycoproteins (multid_rug rgsistance dempt _ e Cmptl— Ksl + Cmptl
proteins) are located in the apical borders of intestinal cells, dt

and are known to be upregulated and bound by CPF-oxon .

(Lanninget al, 1996). Thus, an unknown amount of first-pass Cmptl = f dCmptidt.

CPF detoxification and activation should occur in the intes- 0

tines, and CPF-oxon that is generated in enterocytes would be
subject to removal by P-glycoproteins. Since the current model
does not incorporate intestinal metabolism or P-glycoprotein
removal of CPF-oxon, it is anticipated that the model overes-
timates low-dose oral bioavailability, thereby potentially over-
predicting dosimetry and dynamic response. Therefore, to ad-
dress this important question, research is ongoing to further dOral
refine the PBPK/PD model with the inclusion of a metaboli- S dt
cally active intestinal compartment, and associated studies are

being conducted to validate the model response at environm@here Kas and Kal are the 1st-order rate constant)(for absorption from
taIIy relevant exposures the 1st and 2nd compartments (Cmpts 1 and 2) into the liver compartment, and

. sl (h™) is the transfer rate constant between Gl tract compartments. The rate
The PBPK/PD model that was deveIOped for CPF is capa foral absorptiondOraldt) is the sum of the absorption rates from Cmptl and

of quantitating target tissue dosimetry and dynamic responsecifipt2.
both rats and humans, and is a useful tool to quantitativelyOral absorption (dietary) To model dietary administration of CPF, the
assess risk associated with CPF exposure as well as helping&"y update was modeled as a zero-order process, and was based on the
design and focus future experimental research. The Capabiﬁgzatlons used to describe uptake from drinking water (Andessah, 1987

. . ’ ad Corleyet al, 1994) as
of the model to accurately predict dosimetry and response Is
Iimited by the adgquacy of the mod.el parameters and Iim_ita— Diet * Fa
tions of the experimental data. As with all models, developing Keeo= 10 pr
and validating a PBPK/PD model is an iterative process and
highlights the current limitations of our understanding of critwhere Diet is the dietary dose of CPRg/kg/day), and Fa is the fractional
ical biological processes that help identify important data gagésorption (%) of CPF from the diet. The.kwas the zero-order uptake rate
Additional research could provide a better characterization @fm°/h) of CPF from the diet. To model repeated dosing, a 24-h pulsing

. L . routine was incorporated into the model in which food containing CPF was
the absorptlon kinetics and d03|metry for CPF and CPF'OX%}mumed for a 12-h period over each 24-h interval. The amount of CPF

Under_ various dosing conditions. Of particular importance aggsorbed from either the gavage or dietary administration was added directly
experimental data to better understand the extent of CPF alw the liver compartment.

dCmpe
dt

= Ksl * Cmptl— Kal * Cmpt2
t

CmpR = J dCmptadt,
0

= KaS#* Cmptl+ Kal * Cmpt2
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Dermal absorption The rate of change in the amount of CPF absorbed (Qi = CVif)  (Qi=* CVib)
through the skin (ASKumol) was described based on previous dermal uptake Cv = E QC + QC J
PBPK models (Corlegt al., 1994; McDougalet al., 1986) as

dABI
GADL_Kp+SA (_ ADL gt - QC* (CV-CA),
dt ~ 1000 ©\ "7 Viig )
t
‘ ABI=J dABIdt,
ADL:J dADLdt, 0
0
_ ABI
dASK dADL CA={Br
~ 40 = QSKx (Caf - CVskf) + ——,
CAf = CA * (1 — FB),
t
ASK=I dASKat, CAb = CA * FB,
0

where CV is the pooled venous blood which is the sum of the free and bound
where,dADLdt is the rate of change of CPF in the skin, Kp is the permeabilit£ PF or CPF-oxon concentrationsrfol/l) in the venous blood draining all the
constant for CPF (cm/h), SA is the surface area exposed)(@oncL is the compartments, Qi is the blood flow to each tissue compartment (I/hf) 2@
concentration of CPF in liquidumol/l), ADL is the amount of CPF in the skin Cvib are the concentrations of free and bound CPF or CPF-oxon, respectively,
(wmol), and Vliq is the initial volume of liquid applied to skin (L), QSK is thein the venous blood draining each compartment, and QC is the cardiac output
blood flow to the skin (L/h), CAf is the free concentration of CPF in arteriafl/h). The total amount of CPF or CPF-oxon and their concentrations in the
blood (wmol/l), and CVskf is the concentration of free CPF in venous blooblood compartment are ABumol), and CA umol/l), and CAf, and CAb are
draining the skin gmol/l). the concentration of free and bound CPF or CPF-oxon, respectively, in the

Liver compartmentThe rate of change in the amount of CPF in the livearterial blood.

(AH, umol) is described as the rate of free CPF entering the liver as absorbed.iver compartment CPF-oxon moddlhe liver compartment represents the
dose from the Gl tract, or through the systemic circulation minus the rate lofkage between the models for CPF and CPF-oxon (See Fig. 1). The rate of
free CPF leaving the liver unchanged, or by metabolism to either CPF-oxonatvange in the amount of CPF-oxon in the liver (AHonol) is defined as the

TCP as rate of input from the metabolism of CPF to CPF-oxdANIL1dt), plus the
input from the hepatic artery, minus the rate of loss into the venous blood
dAH doral dAML1T dAML2 draining the liver (CVHof), where the blood concentrations available for
gt = QH# (CAHF = CVHH) + —p— - — 1 — — —; partitioning of CPF-oxon into and out of the liver are not bound to protein (i.e.,
free). Additional loss of free CPF-oxon is associated with hepatic A-EST and
dAML1 Vmaxl# CH B-EST metabolism. according to the equations
dt ~ Kml+ CH
dAHo dAML1
dAML2 _ Vmax2* CH at QH * (CAHof — CVHof) + ar
dt ~ Km2+CH
dAML3 dAML4 dAML5 dAML6
ft *dt*<dt+dt+dt>'
AH = dAHdt
0 dAML3  Vmax3x CHo
dt ~ Km3+ CHo’
AH
CH=3n dAML(4 — 6)

at = AHce* Ki * CHo,

where QH is the blood flow (I/h) to the liver, CAHf and CVHf are the

concentrations mol/l) of free CPF in arterial blood entering the liver and t

CPF in venous blood draining the liver, respectivel@raldt is the rate of AHo = f dAHodt,
uptake fumol/h) into the liver compartment from the Gl tract, AML1 and 0

AML2 are the amountsmol) of free CPF metabolized to CPF-oxon and TCP

by hepatic CYP450, respectively..¥; and K,, are the maximum velocity CHo = @

(wmol/h) and the Michaelis constantiiol/l) for metabolism to CPF-oxon, VH '

respectively, and V.. and K, are the maximum velocityumol/h) and the

Michaelis constantgmol/l) for metabolism to TCP, respectively. where the rate of A-EST metabolisndAML3dt) of CPF-oxon to TCP is

Protein binding of CPF and CPF-oxoiThe protein binding of CPF (FBc) described by Michaelis-Menten kinetics, Vmaand Km, are the maximum
and CPF-oxon (Fbo) were set at a constant fraction (%). Only free (i.eglocity (umol/h) and Michaelis constaniv(nol/l), and the rate imol/h) of
nonbound fraction) CPF, or CPF-oxon were allowed to partition into and ohépatic B-EST (i.e., AChE, BuChE, and CaE) metabolism of CPF-oxon to
of each tissue compartment and be available for metabolism (i.e., CYP43@P calculated as the product of the amount of available enzymes (AHce,
B-EST, A-EST). The concentration of bound CPF or CPF-oxon in both arterigamol), bimolecular inhibition rate constant (KiM/h), and the concentration
and venous blood was continuously calculated as a function of the free CPRDICPF-oxon (CHoumol/l) in the liver compartment. Similar equations for
CPF-oxon in arterial blood or in venous blood draining each tissue compaB-EST metabolism of CPF-oxon to TCP were included in the blood, dia-
ment to maintain mass balance; the protein binding in plasma was calculapbdagm, and brain compartments; in addition, A-EST metabolism of CPF-oxon
by the equations to CPF was also incorporated into the blood compartment.
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