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a b s t r a c t

Chlorpyrifos (CPF) is a commonly used organophosphorus pesticide. A number of toxicity and mechanis-
tic studies have been conducted in animals, where CPF has been administered via a variety of different
exposure routes and dosing vehicles. This study compared chlorpyrifos (CPF) pharmacokinetics using oral,
intravenous (IV), and subcutaneous (SC) exposure routes and corn oil, saline/Tween 20, and dimethyl
sulfoxide (DMSO) as dosing vehicles. Two groups of rats were co-administered target doses (5 mg/kg)
of CPF and isotopically labeled CPF (L-CPF). One group was exposed by both oral (CPF) and IV (L-CPF)
routes using saline/Tween 20 vehicle; whereas, the second group was exposed by the SC route using
two vehicles, corn oil (CPF) and DMSO (L-CPF). A third group was only administered CPF by the oral
route in corn oil. For all treatments, blood and urine time course samples were collected and analyzed
for 3,5,6-trichloro-2-pyridinol (TCPy), and isotopically labeled 3,5,6-trichloro-2-pyridinol (L-TCPy). Peak
TCPy/L-TCPy concentrations in blood (20.2 �mol/l), TCPy/L-TCPy blood AUC (94.9 �mol/l h), and percent
of dose excreted in urine (100%) were all highest in rats dosed orally with CPF in saline/Tween 20 and
second highest in rats dosed orally with CPF in corn oil. Peak TCPy concentrations in blood were more
rapidly obtained after oral administration of CPF in saline/Tween 20 compared to all other dosing sce-
narios (>1.5 h). These results indicate that orally administered CPF is more extensively metabolized than
systemic exposures of CPF (SC and IV), and vehicle of administration also has an effect on absorption rates.
Thus, equivalent doses via different routes and/or vehicles of administration could potentially lead to dif-
ferent body burdens of CPF, different rates of bioactivation to CPF-oxon, and different toxic responses.
Simulations using a physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model for

CPF are consistent with these possibilities. These results suggest that exposure route and dosing vehicle
can substantially impact target tissue dosimetry. This is of particular importance when comparing studies
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. Introduction

Pharmacokinetics of xenobiotics and resulting target tissue
osimetry can vary greatly as a function of differing exposure

outes and vehicles of administration. Biological response due to
ny chemical compound is determined by the concentration of
hat compound at an internal target site. Key processes that gov-
rn the disposition of an administered dose to the internal target
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tissue concentration include absorption, distribution, metabolism,
and excretion. These processes and rates of these processes can vary
greatly by route and vehicle of administration, thus causing poten-
tial discrepancies among various exposure scenarios. Therefore, a
robust understanding of internal dosimetry is critical, especially
when comparing studies that use varying exposure paradigms
on animal models which are then extrapolated to humans for
risk assessment purposes. A quantitative understanding of internal
dosimetry is even more critical for studies that use animal model
exposure scenarios that are of questionable relevance to real-world
human exposures and therefore limited utility for assessing risk.
Chlorpyrifos (CPF) is a commonly used OP pesticide that is mar-
keted under trade names including Dursban® and Lorsban® (Dow
Chemical Company, Midland, MI, USA). Once in the body, CPF can
be metabolized by two different pathways (Fig. 1). Cytochrome
P450 (CYP) enzymes oxidize CPF into a phosphooxythiiran
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ig. 1. Metabolism of chlorpyrifos (CPF) and 13C labeled chlorpyrifos (L-CPF). 13C l
ollow through to form isotopically labeled phophooxythiiran intermediate, isotopica
onjugates.

ntermediate (Kamataki et al., 1976). That intermediate will
earrange to either (1) undergo oxidative desulfation to form
hlorpyrifos-oxon (CPF-oxon), the ultimate toxicant that binds to
cetylcholinesterase (AChE) (Sultatos, 1994), effectively inhibiting
his enzyme, or (2) undergo a dearylation (oxidative ester cleavage)
f CPF forming 3,5,6-trichloro-2-pyridinol (TCPy) and diethylth-
ophosphate (DETP) (Kamataki et al., 1976). Ratios of the two
earrangement products are associated with specific species, gen-
er, age, CYP enzyme profiles, and CYP enzyme polymorphisms (Ma
nd Chambers, 1994; Dai et al., 2001; Rose et al., 2005). CPF-oxon
an be metabolized by hepatic and extrahepatic esterases, such as
araoxonase (PON-1) (Pond et al., 1998), and tissue �-esterases
cholinesterase; ChE) to form TCPy and diethylphosphate (DEP)
Chanda et al., 1997). Excretion is facilitated through urine as DEP,
ETP, TCPy or a glucuronide, sulfate, or other conjugate of TCPy

Bakke et al., 1976; Nolan et al., 1984).
There have been numerous studies to evaluate modes and mech-

nisms of CPF action in animals, in which CPF has been administered
ia a variety of different exposure routes using different vehicles of
dministration. Rats have been dosed orally with corn oil (Breslin et
l., 1996; Howard et al., 2007; Marty et al., 2007; Moser and Padilla,
998; Timchalk et al., 2007a; Won et al., 2001) or milk (Marty et al.,
007) as vehicles. A number of rodent studies have bypassed gut
bsorption administering CPF via subcutaneous (SC) injection with

imethyl sulfoxide (DMSO) (Marty et al., 2007; Slotkin et al., 2006;
hitney et al., 1995) or peanut oil (Karanth et al., 2006; Karanth and

ope, 2003; Whitney et al., 1995). In addition, at least one study has
nvolved exposing rats by intravenous injection (IV) using acetone
s the vehicle (Abdel-Rahman et al., 2002). Marty et al. (2007) eval-
carbons are noted by asterisks in initial parent compounds. For L-CPF, these will
eled CPF-oxon, isotopically labeled 3,5,6-trichloro-2-pyridinol (L-TCPy), and L-TCPy

uated the impact of dose, dose-rate, route of exposure, and vehicle
on the pharmacokinetics of CPF and TCPy on postnatal day (PND)
5 rats and noted that the pharmacokinetics of CPF and TCPy were
clearly impacted by routes and rates of exposure, as well as dos-
ing vehicle. Recently, Carr and Nail (2008) reported that exposing
late preweanling rats to CPF using different routes and administra-
tion vehicles had also produced differences in pharmacodynamic
endpoints at equivalent doses.

With the exception of Marty et al. (2007) and Carr and Nail
(2008) studies, which focused on evaluating neonatal pharmacoki-
netic and pharmacodynamic endpoints, there have not been any
systematic studies that evaluated the impact of different exposure
scenarios or dosing vehicles on CPF pharmacokinetics in adult rats.
Without a robust understanding of internal CPF dosimetry, there
is uncertainty in deciphering biological mode and mechanisms of
CPF action, as well as extrapolating those modes and mechanisms
to humans, especially from studies that used routes of exposure
not relevant in a human risk assessment standpoint, such as SC
injection.

Therefore, the objective of this study was to compare CPF
pharmacokinetics using various exposure routes and vehicles of
administration, with focus on those routes and vehicles that have
been previously utilized, to provide a better understanding of
internal CPF dosimetry. To accomplish this object, rats were simul-

taneously co-exposed to CPF and isotopically labeled CPF (L-CPF),
in which five 13C carbons have been substituted for the 12C car-
bons around the TCPy ring, creating a mass difference of 5 amu.
Pharmacokinetically, these two compounds behave identically in
vivo; however, differences in mass allowed for differentiation of
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ach compound analytically in biological matrices using mass spec-
rometry.

Three in vivo pharmacokinetic studies were completed to
ompare pharmacokinetics of various routes and vehicles of expo-
ure using these two forms of CPF. First, CPF and L-CPF were
o-administered either orally (CPF) or intravenously (L-CPF) in

saline/Tween 20 solution in the same animals. This study
as designed to evaluate oral bioavailability and gut/first pass
etabolism of CPF relative to an IV exposure, which would omit

bsorption and the first pass metabolism. Secondly, CPF and L-
PF were co-exposed at equivalent doses via SC injection using
orn oil (CPF) and DMSO (L-CPF) as two separate vehicles. CPF
harmacokinetics of these two vehicles were compared to one
nother to evaluate vehicle of administration differences. Finally,
PF was administered orally in a corn oil vehicle; which could
hen be evaluated against orally administered CPF in saline/Tween
0 to provide insight on the impact of corn oil on the bioavail-
bililty and metabolism of CPF. For comparison, data from these in
ivo studies were modeled using compartmental pharmacokinetic
nalysis. In addition, a previously published and validated phys-
ologically based pharmacokinetics/pharmacodynamic (PBPK/PD)

odel for CPF (Timchalk et al., 2002) was updated and modified to
ccommodate SC exposures. This model was then used to compare
he pharmacokinetic time course and pharmacodynamic response
or CPF in blood and tissues following oral and SC exposures.
esults from these studies will elucidate potential uncertainty in
PF pharmacokinetics associated with differing routes and vehi-
les of administration and also exploit computational modeling as
tool to link these varying routes and vehicles as well as a potential

ool to better extrapolate results from this and previous studies to
umans.

. Materials and methods

.1. Chemicals

Chlorpyrifos (CAS #2921-88-2, 99% pure) and TCPy (CAS #6515-38-4, 99%
ure) were kindly provided by Dow Agro-Sciences (Indianapolis, IN, USA). Chlor-
yrifos labeled with five 13C on the TCPy ring (L-CPF, 355.6 amu) was obtained
rom the Centers for Disease Control and Prevention (CDC) (Atlanta, GA, USA).
ll other chemicals including polyoxyethylene sorbitan monolaurate (Tween 20,
AS #9005-64-5), N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTB-
TFA, CAS #77377-52-7), dimethyl sulfoxide (DMSO, CAS #67-68-5), and other
eneral laboratory chemicals were purchased from Sigma–Aldrich (St. Louis, MO,
SA) and were reagent grade or better.

.2. Animals

For all studies, male Sprague–Dawley rats (215–275 g) with jugular vein can-
ulae were obtained from Charles River Laboratories, Inc. (Wilmington, MA, USA).
ats were housed in glass metabolism cages designed for collection of urine and

eces. Rats were fed Purina Certified Rodent Chow® 5002 (Purina Mills, St. Louis,
O, USA) ad libitum, with the exception that it was withdrawn 12 h prior to dosing

nd returned 3 h post-dosing. Water was available ad libitum throughout the dura-
ion of the study. Blood (100–200 �l) was collected through the jugular vein cannula
t 0, 5 min, 0.25 h, 0.5 h, 0.75 h, 1 h, 2 h, 3 h, 6 h, 8 h, 12 h, 24 h, and 48 h post-dosing
nd was replaced with the appropriate volume of physiological saline. Urine was
ollected continuously, and sample collections were accumulated for 0–12, 12–24,
nd 24–48 h post-dosing. Rats were euthanized at 48 h post-dosing, except for the
ral exposure via corn oil rats, which were euthanized at 72 h.

.3. Dosing

Groups of rats (5/treatment) were dosed with 5 mg/kg CPF in saline (+5% Tween
0) by oral gavage using 5 ml/kg dose volume, and 5 mg/kg L-CPF in saline (+5%
ween 20) by intravenous (IV) tail vein injection using 1 ml/kg dose volume. A second
roup of rats (5/treatment) were dosed with 5 mg/kg CPF in corn oil by SC injection,

nd 5 mg/kg L-CPF in DMSO also by SC injection using 1 ml/kg dosing volume for
oth vehicles. Separate SC injection sites were located slightly posterior and ventral
o the shoulders of the rat, bilaterally symmetrical from one another. For all ani-

als that were co-exposed, CPF was administered concurrently with minimal time
∼1–3 min) between administrations. A third group of rats (5/treatment) were dosed
ith 5 mg/kg CPF in corn oil by oral gavage at 5 ml/kg dose volume.
Fig. 2. Schematics of a one-compartment (A) and two-compartment (B) pharma-
cokinetic model for 3,5,6-trichloro-2-pyridinol (TCPy) or isotopically labeled TCPy
(L-TCPy) formed after dosing with chlorpyrifos (CPF) or isotopically labeled CPF
(L-CPF).

2.4. Analytical methods

To extract TCPy (198.4 amu), and 3,5,6-trichloro-2-pyridinol with five 13C (L-
CPy, from metabolized L-CPF, 203.4 amu, Fig. 1) from biological matrices, a method

similar to that of Brzak et al. (1998) was utilized. In brief, blood samples and aliquots
of urine samples were first acidified with 3 M HCl saturated with NaCl. Samples were
extracted three times with ethyl acetate, dried with anhydrous Na2SO4, and evap-
orated under a gentle stream of inert N2. Once all solvent was evaporated, samples
were reconstituted in toluene and derivatized using MTBSTFA. Separate aliquots of
urine samples were subjected to an acid hydrolysis prior to the extraction protocol
to quantify not only free TCPy and L-TCPy (as extraction without acid hydrolysis),
but also the conjugated TCPy and L-TCPy from phase II metabolism (sulfate and glu-
tathione conjugates). Urine aliquots were hydrolyzed by adding concentrated HCl
and heating to 80 ◦C for 1 h prior to extraction. The acid hydrolyzed and extracted
urine specimens were subsequently handled similarly to other biological samples.

Gas chromatography–mass spectrometry (GC–MS) was used to quantify ana-
lytes post derivatization using a Hewlett-Packard (HP) (Wilmington, DE, USA) 5973B
mass selective detector (MSD) in electron ionization mode interfaced with HP model
6890 GC using HP ChemStation software for programming and data analysis. Sepa-
ration was achieved using a 30 m × 0.25 mm i.d × 0.25 �m film thickness RTX-5MS
column (Restek, Bellefonte, PA, USA). Helium was used as the carrier gas at a constant
flow rate of 6 ml/min. The inlet temperature was 210 ◦C, and the oven temperature
initiated at 80 ◦C, maintained for 3 min, ramped to 310 ◦C at a rate of 15 ◦C/min,
and held at 310 ◦C for 3 min. Selected ion monitoring (SIM) was used for analy-
sis for increased sensitivity. Ions selected for monitoring included 254 and 256
m/z for derivatized TCPy as well as 259 and 261 m/z for derivatized L-TCPy. This
method allowed for a quantification limit of approximately 0.12 �mol/l of TCPy and
L-TCPy. Concentrations of CPF in dose solutions were verified using this same GC–MS
method.

2.5. Pharmacokinetic analysis

Previous studies have shown that CPF and CPF-oxon are difficult to detect in
blood and are not excreted into urine, thus the analytical and pharmacokinetic anal-
ysis focused on TCPy and L-TCPy (Nolan et al., 1984; Timchalk et al., 2007a, 2002).
To estimate pharmacokinetic parameters, either a one or two-compartment phar-
macokinetic model was fit to blood data from the various in vivo studies. Rats dosed
orally with CPF (saline/Tween 20) required a two-compartment model to obtain an
adequate fit. Model structures were as follows:

One-compartment pharmacokinetic model (Fig. 2A):

A0 = Dose × e−ka/f×t (1)

dA1

dt
= (ka/f × A0) − (ke × A1) (2)

CA1 = A1 (3)

V1

Two-compartment pharmacokinetic model (Fig. 2B):

A0 = Dose × e−ka/f×t (4)

dA1

dt
= (ka/f × A0) − (ke × A1) − (k12 × A1) + (k21 × A2) (5)
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Table 1
Optimized parameters used for simulations with a pharmacokinetic and pharmaco-
dynamic (PBPK/PD) model of chlorpyrifos (CPF).

Parameter Value Units

km hepatic CPF to CPF-oxonA 2.25 �mol/l
km hepatic CPF to TCPyB 3.50 �mol/l
kas: first order oral absorption rate 0.04 h−1

ke: first order TCPy elimination rate 0.23 h−1

vdiss: volume of distribution of TCPy compartment 0.12 l
Vmax brain CPF to CPF-oxon 3.5E-04 �mol/h/kg
km brain CPF to CPF-oxon 79.40 �mol/l
kd brain AChEC degradation rate 3.0E-03 h−1

kd blood AChE degradation rate 3.0E-03 h−1

Corn oil ksc: first order transfer rate from SC
compartment to mixed blood

0.34 h−1

Corn oil ksp: first order transfer rate from the SC
compartment to peripheral SC compartment

1.46 h−1

Corn oil kps: first order transfer rate from the
peripheral SC compartment to SC compartment

0.04 h−1

DMSO ksc: first order transfer rate from SC
compartment to mixed blood

0.03 h−1

DMSO ksp: first order transfer rate from the SC
compartment to peripheral SC compartment

0.07 h−1

DMSO kps: first order transfer rate from the 0.03 h−1
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Chlorpyrifos-oxon (CPF-oxon); B3,5,6-Trichloro-2-pyridinol (TCPy);
Acetylcholinesterase (AChE).

dA2

dt
= (k12 × A1) − (k21 × A2) (6)

A1 = A1

V1
(7)

“A0”, “A1”, and “A2” represent the amount (�mol) of TCPy or L-TCPy in the absorp-
ion/formation, central, and peripheral compartments, respectively. “Dose” is the

olar amount of CPF or L-CPF administered, thus it is the maximal molar equivalent
ose of TCPy or L-TCPy available for disposition. The rate constants “ka/f”, “ke”, “k12”,
nd “k21” are first-order transfer rates (h−1) among compartments. “V1” represents
he volume of distribution (l) for the central compartment. “CA1” is the concentration
�mol/l) of TCPy or L-TCPy in the central compartment (blood), and “t” is time (h).
stimates of model parameters were obtained using the Nelder-Mead algorithm in
cslX Version 2.4.2.1 software (AEgis Technologies Group, Inc., Huntsville, AL, USA).

Area under the curve (AUC) was calculated for blood data using the trapezoidal
ule (Gibaldi and Perrier, 1982). For analyte concentrations in blood which included
nalytical data that was not quantifiable, the Kaplan-Meier method was used for
alculating descriptive statistics (Helsel, 2005). Maximum TCPy or L-TCPy concen-
ration in blood were statistically analyzed for all in vivo studies using a one-way
nalysis of variance (ANOVA) coupled with a Tukey–Kramer post hoc test for multiple
omparisons. All statistical tests used an ˛ value of 0.05. Software used to statisti-
ally analyze data was “R: A language and environment for statistical computing”
ersion 2.7.1 (R, 2004).

A PBPK/PD model for CPF (Timchalk et al., 2002) was used to simulate CPF
oncentrations in blood, brain, and fat. The PBPK/PD model was modified to accom-
odate SC dose administration and was then used to simulate oral and SC dosing

sing both corn oil and DMSO (SC only) as dosing vehicles. Updated PBPK/PD model
arameters based on the initial estimates (Timchalk et al., 2002) were used, including
ractional oral absorption (Timchalk et al., 2007b); CPF and CPF-oxon partition-
ng coefficients (Lowe et al., 2009); fraction of CPF and CPF-oxon bound in blood

Timchalk et al., 2007b); metabolic coefficients (Poet et al., 2003; Timchalk and
oet, 2008); and enzyme degradation, reactivation, and aging rates (Timchalk et al.,
007b). With these new parameter estimates, other parameters were refit including
m for hepatic conversion of CPF to CPF-oxon, km for hepatic conversion of CPF to
CPy, the first-order absorption constant from the stomach, ke for TCPy elimination,
nd volume of distribution for TCPy elimination (Table 1). Brain metabolism of CPF

able 2
harmacokinetic parameters of blood levels of 3,5,6-trichloro-2-pyridinol (TCPy) or isotop
abeled CPF (L-CPF), respectively, using different routes and vehicles of administration.

dministration Route Vehicle Dose (mg/kg)

ral Gavage Saline/Tween 20 4.15
ral Gavage Corn Oil 3.49

ntravenous injection Saline/Tween 20 4.05
ubcutaneous injection Corn Oil 5.85
ubcutaneous injection DMSO 5.08

uperscript capital letters indicate statistical groupings determined by a one-way analy
omparisons.
Fig. 3. Schematic of subcutaneous dose incorporation into a physiologically based
pharmacokinetic and pharmacodynamic (PBPK/PD) model of chlorpyrifos (CPF).

to CPF-oxon was added as a Michaelis–Menten process (Chambers and Chambers,
1989). The Vmax (0.00035 �mol/h/kg) for this metabolic rate was scaled to fit the
in vivo system and the km (79.4 �mol/l) was fit using data from Timchalk et al.
(2005). Enzyme degradation rates were estimated to better fit experimental data
that extended beyond 24 h post-dosing (Table 1). Ongoing modeling efforts are
underway to more fully evaluate the appropriateness of these decreased enzyme
degradation rates to fit plasma and brain ChE activity data and will be reported in
subsequent communications. Additionally, a two-compartment system was added
to the PBPK/PD model to simulate CPF movement from the SC dosing depot to
the mixed blood compartment. First-order transfer rate constants were optimized
among these compartments using concentrations of TCPy in blood and urine from
the in vivo SC exposures in both corn oil and DMSO vehicles as well as brain ChE
inhibition after SC exposure where applicable (Karanth et al., 2006; Karanth and
Pope, 2003). The model structure for the SC absorption is as follows (Fig. 3):

dSC
dt

= Dose − (ksc × SC) − (ksp × SC) + (kps × PSC) (8)

dPSC
dt

= (ksp × SC) − (kps × PSC) (9)

dB

dt
= (ksc × SC) (10)

“SC” and “PSC” are amounts of CPF or isotopically labeled CPF (L-CPF) (�mol)
in the central and peripheral subcutaneous compartments, respectively. “B” is the
incorporation of CPF or L-CPF from the subcutaneous compartment into the mixed
blood compartment of the PBPK/PD. “Dose” is the molar amount of CPF or L-CPF
administered. “ksc”, “ksp”, and “kps” are first order transfer rates (�mol/h) among
compartments. “t” is time (h).

3. Results

For all treatment groups the targeted CPF dose was 5 mg/kg of
body weight. Based upon GC–MS analysis, verified doses ranged
from 3.49 mg/kg (oral gavage in corn oil) to 5.85 mg/kg (SC in corn
oil) (Table 2). None of the rats displayed overt toxicity following
exposure to CPF or L-CPF from any of the dosing scenarios.

Following exposure to CPF or L-CPF, TCPy or L-TCPy was detected
in the majority of blood samples analyzed. Peak TCPy/L-TCPy levels
in blood (Cmax) were highest (20.2 �mol/l) following oral dosing
of CPF in saline/Tween 20 (p < 0.018) (Table 2). Maximum TCPy

concentration in blood from orally administrated CPF in corn oil
(11.3 �mol/l) was significantly lower than that of CPF administered
orally in saline/Tween 20 (p = 0.018), but also significantly higher
than all systemic (IV and SC) dosing scenarios (p < 0.016) ranging
from 1.8 to 2.8 �mol/l. There were no other significant differences

ically labeled TCPy (L-TCPy) from administration of chlorpyrifos (CPF) or isotopically

Cmax (�mol/l) Tmax (h) AUC (0.48) (�mol/l h)

20.24A 0.5 94.91
11.33B 6.0 81.85
2.50C 8.0 68.69
2.80C 2.0 43.21
1.83C 12.0 49.53

sis of variance (ANOVA) coupled with a Tukey–Kramer post hoc test for multiple
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sotopically labeled CPF, respectively, via oral gavage in saline/Tween 20 (O-S), intrav
C in dimethyl sulfoxide (DMSO) (SC-D), and oral gavage in corn oil (O-C). Lines are

n peak TCPy levels in blood among the remaining dosing scenarios
p > 0.99).

Consistent with the high Cmax following oral administration in
aline/tween 20, the time to peak concentration (Tmax) was rapid
0.5 h); whereas, for all other treatment groups the Tmax ranged
rom 2 to 12 h (Table 2). Calculated AUC of TCPy/L-TCPy in the blood
anged from 82 to 95 �mol/l h, for the two oral routes of adminis-
ration, nearly double those of the two SC routes (43–50 �mol/l h).
he IV route of administration yielded an AUC value between those
rom oral and SC administrations (69 �mol/l h).
TCPy blood pharmacokinetics were biphasic after exposure to
PF via oral gavage (saline/Tween 20), thus a two-compartment
odel was used to obtain an adequate fit for these data (Fig. 4).
hereas, one-compartment pharmacokinetic models were used

or TCPy blood pharmacokinetic fits of the other dosing scenarios.

able 3
harmacokinetic parameters of compartmental models fit to blood levels of 3,5,6-trichlo
hlorpyrifos (CPF) or isotopically labeled CPF (L-CPF), respectively.

dministration Route Vehicle Pharmacokinetic model ka/f (�mol/h

ral gavage Saline/Tween 20 Two-compartment 2.69
ral gavage Corn oil One-compartment 0.25

ntravenous injection Saline/Tween 20 One-compartment 2.10
ubcutaneous injection Corn oil One-compartment 1.00
ubcutaneous injection DMSO One-compartment 0.29
TCPy (L-TCPy) concentrations in blood of rats after exposure to chlorpyrifos (CPF) or
s exposure in saline/Tween 20 (IV-S), subcutaneous injection (SC) in corn oil (SC-C),
spective compartmental pharmacokinetic model fits to the experimental data.

TCPy/L-TCPy was detected in all urinary samples including those
that did and did not undergo acid hydrolysis (Fig. 5). After 48 h,
total acid labile TCPy/L-TCPy excreted ranged from 1.47 to 3.54 �mol
for all dosing scenarios. These values accounted for 100% of the
oral CPF molar dose, 81% of the CPF molar dose for IV route, and
only 39–44% of the molar dose from SC routes, regardless of vehicle
(Table 4). Total unconjugated TCPy/L-TCPy excreted ranged from
0.22 to 0.64 �mol for all dosing scenarios, accounting for 11.8 to
30.3% of total TCPy/L-TCPy excreted. There were no differences in
percent of TCPy conjugation among dosing scenarios.
Blood TCPy half-lives (including alpha (�, initial) and beta
(�, terminal) phases from the two-compartment model) ranged
from 0.5 to 9.7 h for the oral routes of administration (Table 3).
Other systemic dosing scenarios had longer blood TCPy half-lives
(16.1–26.7 h). Urinary half-lives were similar for the two oral

ro-2-pyridinol (TCPy) or isotopically labeled TCPy (L-TCPy) from administration of

) ke (�mol/h) k12 (�mol/h) k21 (�mol/h) V1 (l) Half-life (h)

0.29 0.45 0.19 0.11 ˛: 0.50, ˇ: 9.69
0.10 0.21 7.02
0.03 1.21 26.65
0.04 1.67 16.19
0.03 1.65 23.20
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Fig. 5. Mean (with SD error bars) rate of 3,5,6-trichloro-2-pyridinol (TCPy) or isotopically labeled TCPy (L-TCPy) excretion in urine by rats after exposure to chlorpyrifos (CPF)
or isotopically labeled CPF, respectively, via oral gavage in saline/Tween 20 (O-S), intravenous exposure in saline/Tween 20 (IV-S), subcutaneous injection (SC) in corn oil
(SC-C), SC in dimethyl sulfoxide (DMSO) (SC-D), and oral gavage in corn oil (O-C). Acid labile TCPy/L-TCPy is the total TCPy/L-TCPy in urine (closed circles), and free TCPy/L-TCPy
is the unconjugated TCPy/L-TCPy in urine (open circles).
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Table 4
Amounts of 3,5,6-trichloro-2-pyridinol (TCPy) or isotopically labeled TCPy (L-TCPy) excreted in urine following administration of chlorpyrifos (CPF) or isotopically labeled
CPF (L-CPF), respectively, using different routes and vehicles of administration.

Administration route Vehicle Total TCPy/L-TCPy amount at
48 h (�mol)

Dose excreted at 48 h (%) Free TCPy/L-TCPy amount
at 48 h (�mol)

Urinary half-life (h)

Oral gavage Saline/Tween 20 3.54 100 0.37 4.10
Oral gavage Corn Oil 2.33 100 0.64 8.49
Intravenous injection Saline/Tween 20 2.45 81 0.33 26.85
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ubcutaneous injection Corn Oil 1.47
ubcutaneous injection DMSO 1.58

outes of administration (terminal phase) ranging from 4.1 to 8.5 h
Table 4). Whereas, the two SC and IV routes also had similar urinary
alf lives, ranging from 21.2 to 36.7 h, which was also consistent
ith the observed TCPy blood time course in these same treatment

roups.
Blood and urinary data for each dosing scenario correlated as

he relative magnitude for blood TCPy AUCs (amount of CPF that
as been absorbed, metabolized, and excreted) from each differ-
nt dosing scenario was similar to the relative magnitude of the
ractional molar dose excreted in the urine [oral (saline/Tween
0) ≥ oral (corn oil) > IV > SC (DMSO) ≥ SC (corn oil)]. Blood and uri-
ary half lives were similar, especially those calculated from the
ne-compartment pharmacokinetic models, and the urinary half-
ife of CPF dosed orally in saline/Tween 20 was between the � and �
hase half-lives of the two-compartment pharmacokinetic model.

PBPK/PD model simulations were fit to blood and urinary time
ourse TCPy data from CPF exposed orally (corn oil), SC (corn oil),
nd SC (DMSO) (Fig. 6). The peripheral SC compartment allowed for
n adequate fit to both blood and urinary TCPy time course data.
ata from the SC dose in corn oil required larger first-order transfer

ates into the blood (ksc: 0.34 and 0.03 h−1, respectively) and the
eripheral SC compartment (ksp: 1.46 and 0.07 h−1, respectively)
han did data from SC dose in DMSO (Table 1). The transfer rates
rom the peripheral SC compartment to the central SC compartment
ere similar (kps: 0.04 and 0.03 h−1, respectively).

. Discussion

A number of toxicity and pharmacokinetic studies have been
onducted, in which CPF has been administered using different
xposure routes and administration vehicles (Breslin et al., 1996;
oward et al., 2007; Karanth et al., 2006; Marty et al., 2007; Moser
nd Padilla, 1998; Slotkin et al., 2006; Timchalk et al., 2007a;
hitney et al., 1995; Karanth and Pope, 2003; Won et al., 2001). The

bjective of this study was to quantitatively evaluate CPF pharma-
okinetics of these different dosing paradigms using co-exposure to
PF and L-CPF, permitting concurrent analysis of pharmacokinetic
ifferences in a single animal and, thus, decreased variability.

As demonstrated in this investigation, CPF and L-CPF are rapidly
etabolized since TCPy and L-TCPy were detected in blood within
min of dosing for all scenarios and a substantial fraction (15–85%)
f the administered dose was detected in the urine by 12 h
ost-dosing in urine samples from all treatment groups. The iso-
opic label on CPF did not alter the pharmacokinetics, and rapid

etabolism was expected (Timchalk et al., 2007a).
Peak TCPy concentrations in blood, TCPy blood AUC, and percent

f dose excreted in urine were all highest in rats dosed orally with
PF in saline/Tween 20 and second highest in rats dosed orally with
PF in corn oil. This suggests a first pass effect where the majority of

PF metabolism occurs in the liver (both activation and detoxifica-
ion pathways) (Ma and Chambers, 1994). Hence, these results are
ery consistent with the hypothesis that orally administered CPF
s rapidly absorbed and extensively metabolized in the gut (Poet et
l., 2003) and liver prior to distribution throughout the body. In this
39 0.22 21.28
44 0.29 36.73

regard, it is expected that CPF would undergo greater metabolism
following an oral or dietary exposure than when directly adminis-
tered systemically (i.e. IV, SC), where 25% of the cardiac output flows
to the liver in the rat (Gearhart et al., 1990). Differences in peak TCPy
concentrations in blood, TCPy blood AUC, and percent dose excreted
in urine following the oral versus IV and SC dosing are entirely con-
sistent with the important role of first pass CPF metabolism in the
gut and liver.

Orally administered CPF in saline/Tween 20 yielded not only the
highest peak TCPy concentrations, but those peak concentrations
appeared the quickest as well. Time of maximum TCPy concentra-
tion (0.5 h) was also much earlier than what has previously been
observed with orally exposed CPF. Timchalk et al. (2007a) used
a corn oil vehicle with a larger dose of CPF (50 mg/kg) than this
study and reported a time of maximum TCPy concentration at ∼3 h.
Marty et al. (2007) observed a time of maximum concentration
at 4 h, using both corn oil and milk as vehicles (equivalent times
of max concentration) in young rats (5 postnatal days of age). In
this study, CPF dosed in corn oil was much slower to produce peak
TCPy than CPF dosed in saline/Tween 20, with peak TCPy concentra-
tions occurring at 6 h, indicating that corn oil functioned to delay
the absorption/metabolism of CPF. This is consistent with previ-
ous studies that reported a more rapid pharmacokinetic absorption
using aqueous vs. corn-oil vehicles with halogenated hydrocarbons
(Staats et al., 1991; Withey et al., 1983).

When exposed to CPF by SC injection, time to peak TCPy con-
centrations was much quicker with corn oil vehicle than that of
DMSO (2 h vs. 12 h). Marty et al. (2007) also observed a slow time
to peak TCPy concentrations in blood (6 h) after dosing SC with CPF
in DMSO; and using radiotracers, observed a depot of 14C-activity
(presumably CPF) at the injection site. Marty et al. (2007) hypoth-
esized that DMSO leaves the CPF at this injection site, as DMSO
is rapidly distributed throughout the body. They further suggest
that this creates a slower release of CPF from the depot, and thus,
slower metabolism to TCPy. The AUC of TCPy concentrations in
blood from CPF administered SC in DMSO was 52 and 61% of those
same AUCs from CPF administered orally in saline/Tween 20 and
corn oil, respectively. This indicates that not all of the CPF had been
absorbed and/or metabolized from the SC dose in DMSO. Urinary
data further supports this as after 48 h, 44% of the original molar
dose of L-CPF administered as a SC dose in DMSO had been elim-
inated in the urine as conjugated or free L-TCPy, while both oral
doses had the entire molar equivalent dose eliminated by 48 h.
Likewise, SC injection of CPF in corn oil had a similarly low AUC
of TCPy concentration in the blood (45% of that from orally admin-
istered CPF in saline/Tween 20), and 39% of the urinary dose had
been eliminated by 48 h. This suggests that like CPF administered
in DMSO, CPF administered in corn oil was not all absorbed and/or
metabolized by 48 h, suggesting that a similar depot may exist at

the injection site following SC administration in corn oil.

The majority of CPF and L-CPF were excreted in urine as con-
jugated TCPy and L-TCPy and ranged from 70 to 88% for all in vivo
administrations of CPF or L-CPF. This is consistent with others who
have seen 88% of urinary TCPy as conjugated following an oral dose



54 J.N. Smith et al. / Toxicology 261 (2009) 47–58

Fig. 6. Physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model fits of mean (with SD bars) 3,5,6-trichloro-2-pyridinol (TCPy) concentrations (�mol/l)
in blood and cumulative amount of TCPy (�mol) excreted in urine from rats exposed to chlorpyrifos dosed orally in corn oil (O-C), subcutaneously in corn oil (SC-C), and
subcutaneously in dimethyl sulfoxide (DMSO) (SC-D).
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ig. 7. Chlorpyrifos (CPF) concentrations (�mol/l) from physiologically based pharm
n 250 g rats orally in corn oil (O-C), subcutaneously in corn oil (SC-C), or subcutane

f CPF to rats (Bakke et al., 1976). Specific conjugates have been
dentified as mostly glucuronide, sulfate, or glycoside conjugates of
CPy (Bakke et al., 1976; Nolan et al., 1984). In this study, there was
o attempt to characterize the specific conjugates.

Regardless of vehicle, orally administered CPF underwent much
ore extensive metabolism than CPF administered by other

outes investigated, probably due to increased gut and first pass
etabolism of the oral dose as well as the slow release from the

otential depot of SC doses at the injection site. This suggests that
he body burden of CPF following exposure via IV or SC routes
ould potentially lead to higher systemic CPF concentrations than
n equivalent dose via an oral/dietary exposure. To further assess
his hypothesis, a physiologically based pharmacokinetic and phar-

acodynamic (PBPK/PD) model for CPF (Timchalk et al., 2002) was
sed to simulate CPF concentrations in blood, brain, and fat. As pre-
iously noted, the PBPK/PD model was updated and modified to
ccommodate brain metabolism of CPF to CPF-oxon and SC dose
dministration.

PBPK/PD model simulations of equivalent CPF doses (5 mg/kg)

ollowing SC injection (corn oil and DMSO) were compared with
esults following oral administration in corn oil (Fig. 7). Relative
o oral corn oil simulations, and SC in corn oil or DMSO resulted
n elevated peak CPF concentrations in blood (67- and 13-fold,
espectively), brain (50- and 12-fold, respectively), and fat (21- and
netic and pharmacodynamic (PBPK/PD) model simulations of 5 mg/kg of CPF dosed
in dimethyl sulfoxide (DMSO) (SC-D) in blood, brain, and fat compartments.

19-fold, respectively). These altered levels of parent compound are
substantial and could potentially lead to drastically different bio-
logical responses than would be expected following oral or dietary
exposures.

The PBPK/PD model was also used to simulate the extent and
duration of ChE inhibition in blood and brain and the correspond-
ing levels of CPF-oxon at equivalent CPF doses (5 mg/kg) following
SC injection (corn oil and DMSO) relative to oral administration in
corn oil (Fig. 8). Model simulations of equivalent CPF doses admin-
istered orally in corn oil and SC injection in both corn oil and DMSO
show equivalent and limited maximum inhibition of ChE activity
in brain (94–95% ChE activity); however, SC administration in corn
oil and DMSO greatly prolonged inhibition of ChE activity in the
brain relative to oral exposure (time of 50% recovery: 7- and 6-fold,
respectively). Whereas in blood, SC administration in corn oil and
DMSO decreased the maximum inhibition of ChE activity in blood
plasma (1.6- and 1.5-fold, respectively) relative to oral administra-
tion, and the recovery following the SC administration was likewise
prolonged. Based upon our well established understanding of OP

pesticide pharmacokinetics and pharmacodynamics, the greater
degree of inhibition of ChE activity in plasma from an oral dose is
due to increased metabolism of orally administered CPF not only to
TCPy, but to CPF-oxon, where increased levels of CPF-oxon would
lead to greater degrees of ChE inhibition (Sultatos, 2007). In this
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Fig. 8. Chlorpyrifos-oxon (CPF-oxon) concentrations (nmol/l) from physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model simulations of 5 mg/kg
of CPF dosed in 250 g rats orally in corn oil (O-C), subcutaneously in corn oil (SC-C), or subcutaneously in dimethyl sulfoxide (DMSO) (SC-D) in blood (A) and brain (B)
compartments. Cholinesterase (ChE) activity (percent of control) from the same PBPK/PD model simulations are included in plasma (C) and brain (D) compartments.

Fig. 9. Physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model simulations brain cholinesterase activity (percent of control) with and with out brain
metabolism (BM) of 68 mg/kg dosed orally in corn oil (A) (Won et al., 2001) and 84 mg/kg dosed subcutaneously (SC) in peanut oil (B) (Karanth et al., 2006). Data from Won
et al. (2001) (circles) and Karanth et al. (2006) (triangles) are means with SEM bars.
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egard, model simulations of CPF-oxon pharmacokinetics following
ral or SC administration are consistent with the extent and dura-
ion of ChE inhibition in the blood (Fig. 8). Likewise, the prolonged
egree of inhibited ChE activity in brain from a SC dose is due to a
reater sequestering of CPF in brain tissue, slow release of CPF from
he injection site depot, and, most importantly, localized brain CPF

etabolism to CPF-oxon (Chambers and Chambers, 1989). These
ignificant route dependent differences bring into question the
elevance of using exposure routes (i.e. SC) that result in unique
harmacokinetics that are not of relevance to human exposures.

Using repeated dosing via oral gavage in corn oil and SC injec-
ion in DMSO, administered to developing rats, Carr and Nail
2008) observed increased ChE inhibition in brain (36.5–45.6 and
7.3–35.1% ChE activity, respectively) and plasma (35.3–40 and
9.4% ChE activity, respectively) due to the SC administration when
sing 1 ml/kg dose volume of DMSO. While the experimental obser-
ation of increased brain ChE inhibition due to SC dose is consistent
ith the single dose PBPK/PD model simulations conducted for

dult rats, the experimental observation of greater plasma ChE inhi-
ition from a CPF SC dose in DMSO than an oral dose in corn oil

s inconsistent. Differences between simulations and experimental
ata (Carr and Nail, 2008) could exist due to many physiological
ifferences between developing and adult rats such as dynamically
hanging body and organ weights, enzyme turnover rates, rela-
ive organ volumes, and amount of lipid tissue. Future PBPK/PD

odeling studies will focus on exploiting the PBPK/PD preweanling
odel (Timchalk et al., 2007b) to help discern what age-dependent

arameters may contribute to differences in ChE response.
To further illustrate differences in pharmacodynamic response

y dosing paradigm, PBPK/PD simulations were completed for
wo previously published studies. Won et al. (2001) dosed CPF
o rats at 68 mg/kg orally in corn oil and measured ChE activ-
ty in brain (Fig. 9A). Karanth et al. (2006) dosed CPF to rats
t 84 mg/kg SC in peanut oil and measured brain ChE (Fig. 9B).
verall, the PBPK/PD model reasonably simulates these exper-

mental results, which are consistent with our previous model
imulations (Figs. 7 and 8), where SC administration results in
more prolonged inhibition of brain ChE relative to oral expo-

ure. In these simulations, we have also further evaluated the
mportance of localized brain metabolism. Although we previ-
usly acknowledged the potential for localized brain metabolism
Chambers and Chambers, 1989) in our initial PBPK/PD model
evelopment, brain CYP450 metabolic activation had little if any

mpact on target tissue dosimetry (Timchalk et al., 2002). This is
urther illustrated (Fig. 9A) where the extent of brain ChE inhibi-
ion was not impacted by brain metabolism following oral exposure.
owever, the potential importance of localized metabolism follow-

ng SC administration is substantial (Fig. 9B). In the absence of brain
etabolic activation (dashed line), the PBPK/PD model substan-

ially under-predicts the extent of brain ChE inhibition. However,
y including a low level of CYP450 metabolic activation of CPF
o CPF-oxon, the extent and duration of brain ChE inhibition is

ore reasonably simulated. These simulations suggests that low
evel (Vmax = 0.00035 �mol/h/kg) localized brain CPF metabolism
an dramatic increase brain ChE inhibition from SC administra-
ions (79% vs. 40% maximum ChE inhibition with and with out
rain metabolism, respectively) due to the high levels of parent
ompound being sequestered in the brain. Based on these results,
dditional metabolism studies may be warranted to more fully
haracterize the CYP450 metabolic parameters for CPF activation
nd detoxification in the brain. Additionally, there is evidence of

ON-1 activity in brain, which is not accounted for in this model
Rodrigo et al., 2001). This could reduce the amount of CPF-oxon
redicted by the model and efforts are ongoing to discern. Nonethe-

ess, these finding do suggest that localized metabolism, even at
ery low levels, may be important for evaluating target tissue
y 261 (2009) 47–58 57

dosimetry, where the metabolic capacity of the liver has been
bypassed.

Overall, these studies confirm that different routes of expo-
sure and vehicles of administration can have significant impacts on
CPF pharmacokinetics and pharmacodynamics. Thus, care must be
taken when comparing studies that use different dosing scenarios,
and internal dosimetry should be taken into consideration when
designing and interpreting experiments. In this regard, computa-
tional models, such as a PBPK/PD model, can be utilized as a tool
to address uncertainty in comparing results from different dosing
scenarios.

In conclusion, oral CPF administration in saline/Tween 20
resulted in the highest peak concentration of TCPy, which also
occurred most rapidly. SC administration with a corn oil vehicle led
to faster absorption/metabolism of CPF than did a SC administration
in a DMSO vehicle. The majority of CPF from all dosing regiments
was excreted in urine as a conjugated form of TCPy. These results
indicate that orally administered CPF is more extensively metab-
olized than systemic exposures of CPF (SC and IV), and vehicle of
administration also has an effect on absorption rates. Thus, equiv-
alent doses via different routes and/or vehicles of administration
could potentially lead to different body burdens of CPF, different
rates of bioactivation to CPF-oxon, and different toxic responses.
These results will be useful for elucidating differences regarding
potential uncertainty in pharmacokinetics and potential adverse
effects associated with different routes and vehicles of CPF admin-
istration.
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