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Lipophilic molecules, like chlorpyrifos (CPF), present a special

problem for interpretation of biomonitoring data because both the

environmental dose of CPF and the physiological (pregnancy, diet,

etc.) or pathological levels of blood lipids will affect the concen-

trations of CPF measured in blood. The objective of this study was

to investigate the distribution of CPF between plasma and tissues

when lipid levels are altered in late pregnancy. CPF was

sequestered more in the low-density lipid fraction of the blood

during the late stages of gestation in the rat and returned to

nonpregnant patterns in the dam after birth. Plasma partitioning

of CPF increased with increases in plasma lipid levels and the

increased partitioning of CPF into plasma lipids resulted in less

CPF in other tissue compartments. Gavage dosing with corn oil

also increased plasma lipids that led to a moderate increase of

CPF partitioning into the plasma. To mechanistically investigate

the potential pharmacokinetic effects of blood lipid changes, an

existing CPF physiologically based pharmacokinetic/pharmaco-

dynamic model for rats and humans was modified to account for

altered lipid-tissue partition coefficients and for major physiolog-

ical and biochemical changes of pregnancy. The model indicated

that plasma CPF levels are expected to be proportional to the

well-known changes in plasma lipids during gestation. There is

a rapidly growing literature on the relationship of lipid profiles

with different disease conditions and on birth outcomes. Increased

blood concentrations of lipophilic chemicals like CPF may point

to altered lipid status, as well as possibly higher levels of exposure.

Thus, proper interpretation of blood biomonitoring data of

lipophilic chemicals requires a careful consideration of blood lipids.

An understanding of the physiological factors that affect

measurements of chemicals in blood is essential to improve the

accuracy of pharmacokinetic models. Of particular interest are

the substantial blood chemistry changes that occur in pregnant

women and animals, especially in regard to blood lipid levels

(LaBorde et al., 1999; Sattar et al., 1997; Saarelainen et al.,
2006). The distribution of xenobiotic compounds among blood

and tissues, as predicted by empirically derived partition

coefficients (PC), is highly dependent on the lipophilicity of the

compound and the lipid content of blood and tissues. The

predicted distribution of drugs and other exogenous chemicals

into tissues is also based on the ratio of chemical solubility

between plasma and tissues (Poulin and Theil, 2000). PC are

chemical constants, which describe distribution among interfac-

ing phases (e.g., tissue and blood) at equilibrium. Processes such

as these are essential determinants of pharmacokinetics and

pharmacodynamics and are components of physiologically

based pharmacokinetic (PBPK) models.

Previous studies have shown that lipid levels in blood or

plasma can vary substantially. For example, oral and intragastric

administration of vegetable oil has been shown to increase the

concentration of triglycerides in the blood within 6 h in rats

(Gershkovich and Hoffman, 2007; Ramirez, 1984; Ramirez and

Friedman, 1983). Also, recent work in our laboratory has estab-

lished that blood lipid levels can increase up to fourfold during

pregnancy (McMullin et al., 2008). As a result, the distribution

of the chemicals in plasma may be affected by these lipid

changes, according to quantitative structure property relation-

ships (QSPR) calculations. It is hypothesized that the pharma-

cokinetics of lipophilic compounds, like chlorpyrifos (CPF), will

correlate with lipid levels (McMullin et al., 2008).

CPF, a lipophilic chemical with a logKow of~5, has been shown

to undergo gestational-related changes in maternal blood concen-

trations. In a study by Mattsson et al. (2000), pregnant Sprague-

Dawley rats were gavage dosed with 0.3, 1, or 5 mg CPF/kg from

gestational day (GD) 6 though postnatal day (PND) 10. CPF levels

in dam blood of the high-dosed group just before birth (GD 20)

were more than sevenfold greater than levels just after birth (109

ng/g on GD 20 vs. 15 ng/g on PNDs 1 and 5). The authors

suggested that higher CPF levels just before birth may have been at

least partly related to the lipophilicity of CPF and the

hyperlipidemia that occurs during pregnancy. In this regard, the

pharmacokinetics/pharmacodynamics of the lipophilic CPF will

be intimately related to its blood and tissue solubility. This

solubility, especially into adipose tissue, is expected to be driven

primarily by partitioning into lipids, as discussed by numerous

other researchers (Haddad et al., 2000; Phillips et al., 1989).
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Normal physiological variations present a considerable chal-

lenge to the researcher attempting to model the dosimetry of a given

xenobiotic and to assess the importance of normal physiologically

changes in an embryo, fetus or newborn. Therefore, a more

accurate modeling of chemical exposure during gestation will

require careful consideration of maternal blood chemistry and

exposure. Most gestational models to date have made the

assumption that tissue PCs in the pregnant dam are not different

from the nonpregnant condition and do not change over the course

of the pregnancy.

The primary objective of this study was to determine whether the

partitioning of CPF between plasma and tissues changes when lipid

levels are altered in late pregnancy. We evaluated changes in

fat:plasma ratio (Pf:p) for CPF during gestation in the rat (GD 12, 15,

and 18) as compared with nonpregnant rats. The Pf:p of CPF was

also determined for plasma from nonpregnant humans and from

women in weeks 10 (first trimester), 25 (second trimester), and 37

(third trimester) of pregnancy. In addition, the effect of corn-oil–

induced changes in lipid levels on the partitioning of CPF between

plasma and tissues was also determined. Finally, because common

tissue:blood PC QSPRs (Poulin and Theil, 2000) utilize both tissue-

specific lipid composition and protein binding values, the percent of

binding of CPF to plasma albumin protein, as a surrogate for non-

lipoprotein binding, was determined.

These PCs were incorporated into a late gestational PBPK

model that encompassed major physiological changes, such as

blood flow and tissue volumes, occurring from GD 18 to birth

in the rat. Specifically, this model isolated the effect of blood

solubility changes on CPF distribution. Finally, the PBPK

model was used to estimate the environmental exposures that

resulted in the plasma CPF concentrations in late pregnancy of

women as reported by Whyatt et al. (2005). These experiments

and analyses provide data to model and understand the

pharmacokinetics of CPF and possibly other highly lipophilic

chemicals during pregnancy.

MATERIALS AND METHODS

In Vitro Partitioning of CPF into Oil and Plasma

Test Materials

For the in vitro partitioning studies with rat and human plasma, radiolabeled
14C-CPF was obtained from Dow AgroSciences, LLC (Indianapolis, IN) with

a specific activity of 28.9 mCi/mmol and a radiochemical purity of 97%. Pure

All Natural Filipo Berio olive oil (Hackensack, NJ) was purchased from a local

grocery store. Propylene carbonate (PrCarb) anhydrous and > 99% pure corn

oil, were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO).

Animals

Both nonpregnant and gestating Crl:CD (Sprague-Dawley) female rats were

purchased from Charles River Laboratories Inc. (Portage, MI). Jugular cannulated

Crl:CDfemale rats were purchased from Taconic (Germantown, NY) for the plasma

time-course studies. All rats were 11–13 weeks old at the time of blood collection.

All animals (one per cage) were housed in stainless steel cages with wire-mesh

floors suspended above catch pans. LabDiet Certified Rodent Diet feed (PMI

Nutrition International, St Louis, MI) and municipal water was provided ad libitum.

Blood was collected from CO2/O2-anesthetized rats via cardiac puncture. The blood

was collected in syringes containing heparin and was centrifuged at 10,000 3 g to

remove red blood cells. For corn oil dosing, feed was restricted approximately 16 h

prior to the administration of corn oil and was returned about 4-h postdosing. The

oral dose of corn oil (Sigma, St Louis, MO) was administered at a standard

concentration of approximately 5 g/kg body weight. In accordance with the U.S.

Department of Agriculture animal welfare regulations, nine CFR, subchapter A,

Parts 1–4, the animal care and use activities required for conduct of this study were

reviewed and approved by the Institution Animal Care and Use Committee.

Human Samples

Individual human plasma from 10 nonpregnant females and 10 females from

week 10, from week 25, and from week 37 of gestation (plus or minus a week)

were purchased from Bioreclamation, Inc. (Hicksville, NY) containing the

anticoagulant K3 ethylenediaminetetraacetic acid (EDTA). The samples were

thawed once and pooled in-house before use in the in vitro study.

In vitro method for tissue partitioning. The partitioning of radiolabeled

CPF from PrCarb into fat and plasma were determined using a modified in vitro

method that was outlined in Murphy et al. (1995). In summary, plasma was

diluted with an equivalent weight of physiological saline. A vial containing

4 ml of saline-saturated propylene carbonate (SSPrCarb) and 230 ppb 14C-CPF

was then weighed. Either 2 ml of the diluted plasma or 1 ml of olive oil (a

surrogate for fat; Poulin and Theil, 2000) was added to the vial and weighed

again. The vials were shaken for 5 h at 37�C. The reference vials containing 4 ml

of SSPrCarb with 230 ppb CPF and 2 ml of physiological saline were prepared in

triplicate. At the appropriate sampling time, the treatment (containing the tissue)

vial and the reference vial sat for 1–5 min at room temperature to allow for phase

separation. A 100-ll aliquot was removed from the bottom PrCarb layer and the

top tissue layer in the treatment vial and bottom PrCarb layer and the top saline

layer in the reference vial. Each aliquot was weighed and the radioactivity in the

top layers and the bottom layers were determined by liquid scintillation

spectroscopy (LSS). The tissue:PrCarb ratio can be expressed as

Tissue : PrCarb ratio ¼ CT

CPrCarb
ð1Þ

where CT is the amount in the top layer (dpm) per g tissue in the vial and the
CPrCarb is the amount in the bottom layer (per g SSPrCarb) in the vial. For
tissues not diluted with physiological saline (e.g., oil or fat), the ratio of the
tissue:PrCarb expressed in Equation 1 can be used. However, for tissues that
have been diluted or homogenized with physiological saline, the CT has to
account for the dilution and the influence of any possible sequestration of CPF
by saline. In order to calculate this factor, the partitioning of CPF in the saline
layer is needed and can be expressed as

kS ¼ CS

CPrCarb
ð2Þ

where Cs is the amount in the top saline layer (dpm) per g of saline added to the
reference vial. The modified CT term (CTM) is expressed as

ATM ¼ AT � ðCPrCarb 3 kS 3WSFÞ ð3Þ

CTM ¼ ATM

WT
ð4Þ

where ATM is the actual amount partitioned by the tissue, AT is the amount
(dpm) measured in the top layer, CPrCarb is the concentration measured in the
bottom PrCarb layer (dpm/g PrCarb), WSF is the weight of the saline fraction
added to the tissue, and WT is the weight of the tissue comprising the tissue/
saline mixture (top layer). Alternatively, Equation 5 can be used to determine
the Plasma:PrCarb ratio.

Plasma :PrCarb ratio¼
f½ðdpm=g in top layerÞ3ðwt of top layerÞ��½ðdpm=g in PrCarb layerÞ3ðkSÞ3ðWSFÞ�g=WT

CPrCarb

Each tissue condition was performed in triplicate. The Pt:p for CPF was

calculated as the tissue:PrCarb ratio divided by the plasma:PrCarb ratio.
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Blood Clinical Chemistry

The plasma component parameters of cholesterol, phospholipids, and

triglycerides from the corn-oil–dosed animals and the pooled gestational

plasmas from rats and humans were measured using a Hitachi 912 Clinical

Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN). The phospholipid

levels in plasma were measured with a commercially available in vitro assay

from Wako Pure Chemical Industries (Wako Diagnostics, Richmond, VA).

Total cholesterol and triglycerides were converted from mg/dl to mmol/l using

the average molecular weights of 390 and 890 g/mol, respectively.

Blood Fractionation

Test Materials and Dose Solution Preparation

Radiolabeled CPF ([ring-4-3H]chlorpyrifos) was obtained from Amersham

Biosciences (now GE Healthcare, Piscataway, NJ) with a specific activity of 5 Ci/

mmol and a radiochemical purity of 100% (determined via high-performance

liquid chromatography). Two ethanol-based dose solutions of 3H-CPF were

prepared such that fortification of 2 ml of whole blood with 10 ll of dose solution

would yield CPF concentrations of either 3 or 100 ng 3H-CPF/ml of blood. The

low-level dose solution was prepared at a concentration of 640 ng CPF/ml ethanol

(and a 3H activity level of 9 lCi/ml); the high-level dose solution was prepared at

a concentration of 20,000 ng CPF/ml ethanol (and a 3H activity level of 30 lCi/

ml). The high-level solution was augmented with nonradiolabeled CPF obtained

from Dow AgroSciences, LLC (assayed purity of 99.8%).

Fractionation of 3H-CPF among blood fractions. Whole blood used for

the fractionation experiments was obtained from adult female, fetuses, or

neonates of CD rats (Crl:CD(SD)IGS BR). The adult female rats used were

either nonpregnant, pregnant dams from gestation days (GD) 10, 15, 18, 20, or

dams from PND 0 or 4. Blood was also collected from GD 18 and GD 20

fetuses, and from PND 0 and PND 4 neonates. Blood was collected in tubes

containing EDTA which has been the anticoagulant used by other investigators

in preparing plasma for fractionation of lipoproteins via ultracentrifugation

(Mills et al., 1984; Rodriguez-Sureda et al., 2002).

Whole blood specimens were obtained from three adult rats comprising

a particular gestation or lactation group. The blood from each individual rat was

subdivided among four replicates, of ~2-ml volume, yielding twelve replicates per

treatment (with ‘‘treatment’’ referring to blood from particular gestation or PND).

Six of the twelve replicates of whole blood were fortified at 3 ng/ml 3H-chlorpyrifos

(3H-CPF); the remaining six replicates were fortified at 100 ng 3H-CPF/ml blood.

Because of the limited amount of blood available from fetuses or neonates, it was not

always possible to obtain a 2-ml volume per replicate or 12 replicates per treatment.

After fortification with 3H-CPF, the blood samples were vortexed briefly (~15

s), then centrifuged for 15 min at ~1200 3 g in a Sorvall GLC-2B centrifuge

(Thermo Fischer Scientific, Inc., Waltham, MA) to sediment red blood cells

(RBC) from plasma. A small aliquot from each plasma layer was sampled and

counted by LSS to determine the percentage of spiked radioactivity associated

with the plasma phase. The remaining plasma from each sample was transferred

to a 4.7-ml OptiSeal ultracentrifuge tube (Beckman Coulter, Inc., Fullerton, CA).

The RBCs were transferred to Combusto-cones (Packard Instrument Company,

Meriden, CT) and oxidized on a Packard Model 387 Oximate tissue oxidizer. The

oxidized samples were counted by LSS to determine the radioactivity associated

with the RBCs. The plasma samples were adjusted to a density of 1.21 g/ml using

a solution of NaBr and then centrifuged for 44 h at ~250,000 3 g using

a Beckman Optima LE-80K ultracentrifuge (Beckman Coulter, Inc., Fullerton,

CA) employing techniques described by Rodriguez-Sureda et al. (2002). The

plasma was adjusted to the density of 1.21 g/ml which is the density threshold

separating low-density lipoproteins/intermediate-density lipoproteins/high-density

lipoproteins (HDL) from very-high-density lipoproteins (Fig. 1) (Havel et al.,
1955). Following ultracentrifugation, the layers of ultracentrifuged plasma

attributed to low-density (< 1.21; top), infranatant (mid), and high-density

(> 1.21; bottom) fractions were carefully decanted using procedures described by

Mills et al. (1984) and transferred to scintillation vials for determination of 3H

activity by LSS.

Protein Binding Determined by Equilibrium Dialysis

Test Materials

The specific activity of the 3H-CPF used to prepare the 3 ng CPF/ml was 5

Ci/mmol (~31,700 DPM/ng), whereas the specific activity for the 100 ppb 3H-

CPF was 1.26 Ci/mmol (8000 dpm/ng).

Dialysis Assay

The two sides of glass dialysis cells were separated by a 12- to 14-kDa

MWCO regenerated cellulose membrane. One side of each dialysis cell (treated

side) was fortified to attain concentrations of either 3 or 100 ng CPF/ml in

Saline Ringer bicarbonate buffer (3-ml volume) prepared with 20, 4, 0.4, or

0.04 mg/ml of human serum albumin or 20 and 0.04 mg/ml of rat serum

albumin. On the other side of the cellulose membrane (Buffer side) was an

equal volume of the buffer. Each condition was performed in triplicate. The

dialysis cells were shaken gently at room temperature for approximately 24 h

after the addition of CPF. After equilibration, two 100-ll aliquots were

removed from each side of the dialysis cell. The total radioactivity in each

aliquot was determined with a scintillation counter and the average of the two

replicates was calculated. The fraction unbound (fu) was determined using

Equations 6 and 7 for each replicate.

fb ¼
½Treated sideðdpmÞ � Buffer side ðdpmÞ�
½Treated sideðdpmÞ þ Buffer side ðdpmÞ� ð6Þ

fu ¼ 1� fb ð7Þ

PBPK Model

Model Structure

The foundation of the model is as described in (Timchalk and Poet, 2008;

Timchalk et al., 2002a, 2003, 2005, 2007). This model integrates target tissue

dosimetry, plasma protein binding of both CPF and oxon, and dynamic

FIG. 1. Schematic diagram of the density layers formed during the

fractionation of whole blood as outlined in the ‘‘Materials and Methods.’’
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response (i.e., esterase inhibition) describing uptake, metabolism, and

disposition of CPF, CPF-oxon, and trichloropyridinol (TCP) and the associated

cholinesterase (ChE) inhibition kinetics in blood and tissues following acute

and chronic oral and dermal exposure, and has been improved and validated

over several years (Timchalk and Poet, 2008; Timchalk et al., 2002a, 2003,

2005, 2007). The normal nonpregnant rat PBPK model accurately reflects most

published CPF pharmacokinetic and pharmacodynamic data published thus far.

For the assessment of the potential effects of blood lipid changes on dosimetry

during pregnancy, the model was modified, with the addition of placenta,

mammary, and fetal compartments. The late GD model was simplified from the

full pregnancy model structures published by Clewell et al. (2003) for the rat

and Gentry et al. (2002, 2003) for the human. For the CPF and CPF-oxon late

GD model, the fetus is comprised of liver, blood, brain, and remaining body

compartments. The placental compartment includes flow-limited kinetics as

part of the dam, with a first-order transfer rate, between the placenta and fetal

blood compartment for both CPF and CPF-oxon. The model includes CYP450

metabolism of CPF to the active oxon and to the inactive TCP, A-esterase

(PON1) hydrolysis of oxon to TCP, and B-esterase mediated metabolism of the

oxon to TCP in both the dam and fetal livers. TCP produced from the

metabolism of CPF or CPF-oxon in both the maternal and fetal compartments

was summed as a single compartment in the dam. The model parameters are

listed in Tables 1 and 2.

Partition coefficients. In the previous model, mathematical algorithms were

used to calculate tissue:blood partitioning coefficients (Poulin and Krishnan,

1995; Timchalk et al., 2002b). The algorithms incorporated equations describing

lipid as well as water content for each tissue including plasma and red blood cells.

In this current model, the experimentally determined PCs for CPF in plasma were

measured using the modified method outlined by Murphy et al. (1995), described

earlier in the Materials and Methods. The measured olive oil:plasma PC was

calculated from the plasma:PrCarb and olive oil:PrCarb ratios (olive oil:PrCarb/

plasma:PrCarb). The olive oil:plasma PC is considered an adequate surrogate for

fat:plasma, as per Poulin and Theil (2000) and Murphy et al. (1995).

The theoretical tissue:blood PCs for a nonpregnant adult animal were

determined using the QSPR outlined in Poulin and Krishnan (1995), with the

substitution of Koil:water for Koctanol:water as discussed in Poulin and Theil (2000)

and are presented in Table 1. Gestational-related changes of CPF solubility in

the blood were estimated semiempirically by adjusting the denominator of the

Poulin and Krishnan QSPR (Poulin and Krishnan, 1995) and the QSPR for

oil:water outlined in Bartels et al. (2008). To estimate the actual changes in PC

values at GD 18 from nonpregnant animals, the nonpregnant values in Table 1

were adjusted by the same fold change as the in vitro experimentally derived

nonpregnant and pregnant values at GD 18 (listed in Table 3). The PC values

for CPF-oxon were estimated in the same manner and assuming the fold

difference between nonpregnant and pregnant rats was similar to that of CPF.

Finally, predictions of fat:blood PC values for gestational and corn-oil–dosed

samples were calculated as discussed in Poulin and Krishnan (1995) and Poulin

and Theil (2000) from the neutral and phospholipid concentrations, for

comparison with the semi-empirically determined values and are presented in

Table 3 and Figure 2D.

Validation of the Model against Available Data

Data to validate the fetal model, though limited, were used to demonstrate

that the theories and concepts were logical and resulted in reasonable

simulations. The data of Mattsson et al. (2000) were used to compare model

output to the available data. Human data for CPF exposure and its potential

effect on birth outcomes have been investigated in three studies, two in urban

women and one in women living near an agricultural area (Bradman and

Whyatt, 2005; Berkowitz et al., 2004; Eskenazi et al., 1999; Perera et al.,

2003; Whyatt et al., 2002, 2004, 2005; Young et al., 2005). These studies

have recently been reviewed by Needham (2005) and Zhao et al. (2005). In

one of the studies conducted with women living in an urban environment

(Perera et al., 2003; Whyatt et al., 2002, 2004), maternal blood was collected

within 1 day postpartum and umbilical cord blood was collected at delivery.

CPF was detected in 98% of the maternal and 94% of the cord plasma samples

TABLE 1

Rat PBPK Model Parameters

Parameter NP rat Late GD Fetus Source

Body weight (kg) 0.28 0.36 0.0045 Clewell et al., 2003

Percentage of body weight

Blood 6 6 8.5 Gentry et al., 2003

Brain 1.2 1.2 15 Green et al., 1999

Liver 4 7 4 Clewell et al., 2003

Mammary NA 4.4 NA Fisher et al., 1989

Slowly perfused 70.8 66.4 NA Calculated

Fetal body NA NA 72.5 Calculated

Flows (l/h/kg)

Cardiac output 15 15 67 Clewell et al., 2003

Percentage of cardiac output

Brain 3 3 3 Brown et al, 1997

Liver 25 25 4.5 Clewell et al., 2003

Mammary NA 9 NA Fisher et al., 1989

Placenta NA 12.3 NA Clewell et al., 2003

Fetal body NA NA 92.5 Calculated

Partition coefficients (CPF)a

Brain:blood 16.5 12.5 12.5

Diaphragm:blood 3.84 2.92 NA

Fat:blood 250 190 NA

Liver:blood 12.8 9.71 9.71

Rapidly perfused:blood 7.67 5.83 NA

Slowly perfused:blood 3.84 2.92 NA

Mammary:blood 7.67 5.82 NA Estimated ¼ rapid

Placenta:blood NA 5.82 NA Estimated ¼ rapid

Fetal body NA NA 2.92 Estimated ¼ rapid

Partition coefficients (CPF-oxon)

Brain:blood 5.64 4.28 4.28

Diaphragm:blood 1.79 1.36 NA

Fat:blood 75.2 57.1 NA

Liver:blood 4.44 3.38 3.38

Mammary:blood 2.96 2.25 NA Estimated ¼ rapid

Rapidly perfused:blood 2.96 2.25 NA

Slowly perfused:blood 1.79 1.36 NA

Placenta:blood NA 2.25 NA Estimated ¼ rapid

Fetal body NA NA 2.25 Estimated ¼ rapid

Metabolic rate constants

CYP450:CPF / CPF-oxon

KM (lM/l) 2.25 2.25 2.25 Optimized

VmaxC (lmol/h/kg) 14.3 10.7 5.4 Poet et al., 2003a

CYP450:CPF / TCP

KM (lM/l) 3.5 3.5 3.5 Poet et al., 2003

VmaxC (lmol/h/kg) 60.9 45.7 22.9 Poet et al., 2003

A-est oxon / TCP (liver)

KM (lM/l) 450 450 450 Optimized

VmaxC (lmol/h/kg) 38,002 38,002 380 Lassiter et al.,

1999*

A-est oxon / TCP (blood)

KM (lM/l) 450 450 450 Optimized

VmaxC (lmol/h/kg) 40,377 40,377 404 Lassiter et al.,

1998*

Placenta / fetal transfer

KfT (/h) NA 0.5 NA Optimized

Note. References are for pregnant and fetal models, parameters for the

nonpregnant mode are from Brown et al. (1997) or Timchalk et al. (2002a, b).
aMetabolism rate constants estimated based on literature reports at 50% of

adult activity for the fetus and 75% of nonpregnant activity for the dam. See

text for more detail.
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with mean concentrations of 3.9 ± 4.8 and 3.7 ± 5.7 pg/g (~11 pmol/l),

respectively. Because the raw data was not available from the Whyatt/Perara

cohort, the equation they reported to derive umbilical cord CPF concentrations

from the mother’s blood samples (when the cord blood was not available) was

used (Whyatt et al., 2004). This equation was used to predict concentrations

from which the human placenta to fetal zero order transfer rate constant (KfT)

was optimized.

Sensitivity Analysis

A sensitivity analysis was conducted in acslXtreme v2.4 (Aegis Technologies,

Huntsville, AL) to identify the importance of parameters that affect estimates of rat

blood CPFCmax. The analysis measured the change in model output corresponding

to a 1% change in a given model parameter when all other parameters were held

fixed for repeat oral exposure to 5 mg/kg CPF. A normalized sensitivity coefficient

of 1 indicates that there is a one-to-one relationship between the fractional change in

the parameter and model output; valuesclose to zero indicate a small effect on model

output. A positive value for the normalized sensitivity coefficient indicates that the

output and the corresponding model parameter are directly related and a negative

value indicates they are inversely related.

RESULTS

Partition Coefficient Determination of CPF with Lipid
Altered Plasma

In vitro partitioning of CPF into gestational rat and human
plasma. Previous reports have suggested that higher CPF

levels just before birth may be partially attributable to the

lipophilicity of CPF and the hyperlipidemia that occurs during

pregnancy (Mattsson et al., 2000). To further investigate this

claim the PC of CPF was measured with plasma collected from

rats at GD 12, 15, and 18 and human plasma from pregnant

females at first, second, and third trimesters. The measured

plasma:PrCarb ratios and the olive oil: plasma ratios for CPF

are listed in Table 3. Olive oil was determined as an acceptable

alternative to fat (Poulin and Theil, 2000). As shown in Table

3, the plasma:PrCarb ratio increased by 29% on GD 18 plasma

(rat), as compared with nonpregnant (NP), and 41% with third

trimester plasma, as compared with nonpregnant women. Both

show a corresponding decrease in the fat: plasma ratio. The

TABLE 2

Human PBPK Model Parameters

Parameter Nonpreg Late GD Fetus Source

Body weight (kg) 58 67.7 3.4 Mardones-Santander

et al., 1998

Percentage of body weight

Blood 6 6 8.5 Gentry et al., 2003

Brain 2 2 15 Roelfsema et al., 2004

Fat 21 26 NA Young et al., 1997

Liver 3 4.6 4 Gentry et al., 2003

Mammary 0.5 1.7 NA ICRP, 1992

Fetal body NA NA 72.5 Calculated

Flows (l/h/kg)

Cardiac output 15 15 54 Gentry et al., 2003

Percentage of cardiac output

Brain 11 11 11 Brown et al, 1997

Liver 23 23 4.5 Clewell et al., 2003

Mammary NA 9 NA Brown et al, 1997

Placenta NA 12.3 NA O’Flaherty et al., 1992

Fetal body NA NA 84.5 Calculated

Placenta / fetal transfer

KfT (l/h) NA 19 NA Optimized

Note. References are for pregnant and fetal models, parameters for the

nonpregnant model are from Brown et al. (1997) or Timchalk et al. (2002a, b).

TABLE 3

The Average Measured Plasma:PrCarb Ratios, Olive Oil:Plasma Coefficients, Lipid Levels, and Predicted Fat:Blood Partition

Coefficients for Rats and Humans throughout Gestation, and Rats Administered Corn Oil

Measured Lipid levels (mg/dl)

Calculated fat:

blood PCbPlasma:PrCarb Olive oil:plasmaa Cholesterol Triglycerides Total neutral lipids Phospholipids Total lipids

Rat plasma

Nonpregnant 0.017 129 68 162 230 153 383 209

GD 12 0.015 147 54 87 141 102 243 250

GD 15 0.017 129 48 106 154 100 254 244

GD 18 0.022 100 78 365 443 180 623 156

Human plasma

Nonpregnant 0.017 129 159 124 283 182 465 178

Trimester 0.018 122 198 121 319 226 545 166

Trimester 0.021 105 255 229 484 247 731 135

Trimester 0.024 92 285 290 575 306 881 121

Rat plasmac

Fasted rat 0.012 185 59.6 31.4 91 115 206 273

Corn-oil–dosed rat 0.014 152 53.4 111 165 119 283 237

aThe oil:PrCarb partitioning ratio was 2.2. Olive oil was used as a substitute for fat.
bFat:blood partition coefficient calculated with Poulin and Krishnan (1995) and Poulin and Theil (2000) QSPRs.
cExperimental values from plasma samples obtained 6 h after administration of corn oil.
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levels of cholesterol, triglyceride, and phospholipids were also

measured in each of the samples tested (Table 3). The lipids

levels measured in rat and human plasma were consistent with

published lipid levels (Johnson, 2004; McMullin et al., 2008).

The level of triglyceride increase at GD 18 in the rat was

consistent with the levels reported previously (McMullin et al.,
2008). The level of triglyceride increased 125%, whereas the

plasma:PrCarb ratio only increased by 29% by GD 18 (Table

3). When the levels of cholesterol, triglyercides, and phospho-

lipid levels were summed to generate the total lipid levels, the

plasma:PrCarb ratio correlated well with the changes in total

lipids for both rats and humans more closely than changes to

plasma:PrCarb based solely on triglyceride changes (Fig. 2).

Fractionation of CPF-spiked dam and pup blood. To

further investigate the role of blood lipids seen during gestation,

rat blood was treated with either 3 or 100 ppb 3H-CPF and

fractionated by density using ultracentrifugation. Prior to

ultracentrifugation, blood was separated into plasma and RBC

by low-speed centrifugation in glass tubes. Good recoveries of
3H-CPF were obtained in the initial low-speed centrifugation,

with an overall recovery of 101 ± 7% of radioactivity recovered

between the plasma and RBC. The distribution of 3H-CPF

between plasma and RBC changed during gestation, with

a plasma/RBC distribution of CPF increasing from approxi-

mately 55/45 in nonpregnant rats to approximately 75/25 on GD

20 (Fig. 3). Ultracentrifugation of the plasma yielded an average

recovery of 73 ± 4% radioactivity when summed among the

individual fractions, with the loss likely attributed to absorption

onto the plastic surfaces of the ultracentrifuge tubes. Fraction-

ation of the plasma showed an increase in the amount of CPF

sequestered into the low-density fraction of the plasma in later

stages of pregnancy, as shown in Figure 3. The relative amount

of CPF in the RBC and high-density fraction during late-stage

gestation decreased. The amount of radioactivity associated with

the relatively large volume of the infranatant and the small solid

gelatinous pellet (~30 mg) that precipitated at the bottom of the

ultracentrifuge tube never exceeded 5% of total recovered

radioactivity (Figs. 1 and 3). At GD 21 (or PND 0) there was

a sharp decrease in levels of CPF in the low-density fractions.

The neutral lipids of triglyceride and cholesterol are components

of the low-density fraction (Mills et al., 1984; Noto et al., 2006).

McMullin et al. (2008) showed that during late-stage gestation,

there was an increase in triglyceride levels, but little change in

cholesterol in the blood of rats. At birth and during early

postnatal period, the triglyceride levels return to nonpregnant

levels which also correlate with a decrease in CPF sequestered in

the low-density fraction of blood. The data at GD 0 represents

a nonpregnant rat.

CPF partitioning in plasma from corn-oil–dosed rats. Be-

cause the level of triglycerides is one component that drives the

partitioning of CPF into plasma and blood, the next step was to

evaluate other laboratory-based sources of blood lipid changes

on tissue:blood partitioning. Administration of vegetable (i.e.,

corn) oil has been reported to alter blood chemistry profiles.

We therefore investigated the effect of dosing pure corn oil

(predominately triglycerides) to a rat to determine the effect of

FIG. 2. The total lipid levels and measured CPF partition coefficients during gestation in rats (A) and humans (B). The red line and circles represent the total

lipid in the pooled plasma samples (n ¼ 1) and the blue lines and squares show the measured plasma:PrCarb ratio for CPF (n ¼ 3); (C) overall correlation of

plasma:PrCarb ratio versus total blood lipids; (D) correlation of measured oil:plasma PC versus predicted fat:blood PC.
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partitioning of CPF. First, the effect of corn oil was determined

on the cholesterol, triglyceride, and phospholipid levels in

fasted rats dosed with corn oil compared with levels in fasted

control rats (Table 3, Fig. 4). There were no substantial

differences in the relative changes of cholesterol and

phospholipid levels (Figs. 4A and 4C). However, the tri-

glyceride levels increased up to threefold higher than control

after dosing with corn oil (Fig. 4B). Because the partitioning of

CPF correlates with total lipids, the data shown in Figures 4A-

C were summed to determine the changes in total lipids 12 h

after dosing (Fig. 4D). There was a 40% increase in total lipids

at 6 hours after corn oil dosing (Fig. 4E). Therefore, three rats

were dosed with corn oil and sacrificed at 6 hours and the

partitioning of CPF into the 6-h plasma was measured as

compared with control rats. The results are shown in Table 3

and Figure 4F. The measured plasma:PrCarb ratio from the

corn-oil–dosed rats was moderately higher (17%) than the

control animals (0.014 vs. 0.012) which results in lower

fat:plasma coefficient after corn-oil dosing (Fig. 4F, Table 3).

Although this change was not statistically significant, it was

consistent with the results of the in vitro partitioning in

gestational plasma, where a 63% increase in total lipids was

associated with a corresponding statistically significant de-

crease in olive oil: plasma partitioning (Table 3). The changes

in the plasma:PrCarb ratios with total lipids in this experiment

are consistent with the gestational-based changes seen in the

in vitro partitioning experiment. As shown in Figure 2C, the

overall correlation between the datasets was high (r2 ¼ 0.87),

indicating that the pregnancy-related changes in plasma

partitioning is highly dependent on blood lipid levels.

Comparison of the measured olive oil:plasma PC values to

the predicted fat:blood PC was also done and presented in

Figure 2D. These measured PC values from gestational or oil-

dosed plasma samples correlated well with fat:blood parti-

tioning predicted from the published QSPRs (r2 ¼ 0.82),

showing the accuracy of the QSPR approach. The absolute PC

values predicted from the QSPRs (Table 3) were also fairly

consistent with the semiempirically determined ones (Table

1), with nonpregnant rat fat:blood ratios of 250 (predicted)

comparable to nonpregnant fed or fasted rats (209–273).

These results show that the semiempirical PC values

determined from this study were appropriate for use in the

gestational PBPK model.

Protein Binding of CPF to Rat and Human Serum Albumin

To evaluate the effect of protein binding factor into the

estimation of the CPF PC, the change in the percent of

unbound CPF with increasing concentration of human serum

FIG. 3. The distribution of 3 and 100 ppb CPF into fractionated blood from dams, fetuses, and pups throughout late-stage gestation and early lactation. The

red line (circles) shows the amount of CPF associated with the lipids of the low-density fraction. The blue diamonds (blue line) are the CPF amounts in the fraction

containing high-density lipids, whereas the green squares (green line) shows the RBC fraction. The black diamonds and the crossed symbols show the CPF levels

in the pellet and the infranatant, respectively.
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albumin and rat serum albumin was measured (Fig. 5) at

concentrations ranging from 0.04 to 20 mg/ml (reference

values ¼ 32 and 42 mg/ml in rat and human, respectively;

Davies and Morris, 1993). Albumin was selected as a surrogate

protein for the nonlipophilic blood proteins, due to its

predominance (~50% of total blood protein) and commercial

availability of rat and human sequences. The CPF was highly

bound, with 2% of CPF unbound in the presence of 20 mg/ml

rat or 20 mg/ml human serum albumin at both low (3 ng/ml)

and high concentration (100 ng/ml) of CPF, indicating

comparable binding between species. Attempts were made to

measure the CPF-oxon binding to human serum albumin to aid

in PBPK model development; however, there was considerable

hydrolysis (> 85%) of CPF-oxon to TCP in the presence of the

albumin (data not shown). This finding is consistent with

previous reports of the rapid loss of the CPF-oxon in the

presence of blood and serum albumin (Brzak et al., 1998;

Sogorb et al., 2008).

CPF PBPK Model

In addition to the in vitro partitioning study, a late

gestational PBPK/PD model to describe the dosimetry of

CPF and its metabolites and the resulting changes in

cholinesterase inhibition was developed to use as a tool to

FIG. 4. The effect of corn oil on cholesterol (A), triglycerides (B), phospholipids (C), and total lipid levels (D, E) in plasma and CPF partition coefficients (F).

The red squares and lines are the measured values from the corn-oil–dosed rats. The blue circles and lines are the control rats. The plasma:PrCarb ratios were

determine using plasma collected at 6 h after dosing with corn oil. The values are the mean ± SD (n ¼ 4).
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test the hypothesis that lipid changes in the blood occurring

during late pregnancy result in changes in CPF pharmacoki-

netics and pharmacodynamics in pregnant rodent dams and

their fetuses. To test this hypothesis, only minimal changes in

model parameters used in the original, nonpregnant model

were made to describe the pregnant animals. These changes

included static descriptions of major physiological changes

occurring during late pregnancy, measured and estimated

changes in enzyme activities, and an optimized maternal to

fetal transfer rate constant (Table 1). With the exception of the

fetal transfer rate constant, all other parameters were held

constant and obtained from the previously published model

(Timchalk et al., 2002b) through experimentation (Kousba

et al., 2004, 2007; Lowe et al., 2006; Poet et al., 2003), or from

the literature (see Tables 1 and 2). This approach with set

parameters allowed us to investigate the effects of a blood

partitioning in the dam/mother on both target tissue dosimetry

and response to lipophilic compounds such as CPF. Although

tissue volumes were changed to describe pregnancy (Clewell

et al. 2003; Gentry et al. 2002, 2003). Other potential

physiological changes suggested by this research, including

potential differences in protein binding, as well as some

physiological changes such as increased body water volume

were not included.

Pregnant rat dosimetry. The model was used to compare

the time course for blood CPF kinetics in the dam and fetus

predicted with blood partitioning values determined for

nonpregnant and late GD pregnant rats (Fig. 6). Application

of this 1.33 higher blood partitioning result in a concomitant

decrease in tissue partitioning and at the doses investigated

(1–5 mg/kg/day), a linear increase in peak CPF concentrations

in the blood. This apparent increase is blood CPF was

FIG. 5. The measured unbound fraction (fu) of CPF with increasing

concentrations of human and rat albumin. A 3 ppb (blue line, squares) and 100

ppb (red line, circles) concentration of CPF were evaluated with human serum

albumin. The black symbols show the unbound fraction of 3 ppb (closed

diamonds) and 100 ppb (open diamonds) of CPF with increasing concen-

trations of rat serum albumin.

FIG. 6. Model predictions of dam (A) and fetal (B) CPF blood

concentrations 4 h after oral dosing with 1 or 5 mg/kg CPF (~4 h) from

Mattsson et al., 2000, mean and SD), and model predictions using the default,

nonpregnant partitioning, or the change in predicted blood CPF resulting from

a 1.33 increase in blood:buffer partitioning (). The model fits to the 5 mg/kg

dose data are within, or below, the range of the actual data, but at the 1 mg/kg

dose, the model predicts higher blood levels than were measured. (C) Output of

the model vs. time showing the fit of the default NP model to the male rat data

given in Mattsson et al. (2000) (dashed line, filled triangles), what the default

pregnancy model predicts overtime (dash/dot line), and the pregnancy model

with the addition of altered partitioning due to increased lipid levels (solid line,

compare to filled circle). Note, no error bars shown for fetal concentrations, SD

could not be determined from the data as provided by Mattsson et al. (2000).
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consistent with the limited available data in pregnant rats.

Applying the nonpregnant blood partitioning to the model, the

predicted peak blood concentrations in the dam and fetus

following a 5 mg/kg dose were approximately fourfold lower

than the observed concentration (Mattsson et al., 2000), with

the largest errors in the dam and fetal blood concentrations at

5 mg/kg/day. Applying a 1.3-fold higher blood partitioning

from GD 18 results in a commensurate decrease in tissue:

blood partitioning and leads to an increased predicted blood

Cmax from ~ 0.1 to ~ 0.14 lmol/l (Fig. 6A). Using the

pregnancy-specific partitioning, the model fit both the 1 mg/kg/

day and the 5 mg/kg/day data within a factor of 2–3, but

because the model predicts a linear response in this range and

the data is nonlinear, the model still under predicts the data

from the high dose. In comparison, the model fits to the fetal

blood concentration data from Mattsson et al. (2000) were

substantially improved using the pregnancy-specific partition-

ing to describe the dam blood. As shown in Figure 6B,

predicted 5 mg/kg/day fetal blood CPF concentrations, using

the appropriate PCs, at 4 h after dosing, are 0.07 versus 0.02

lmol/l with the classic parameters. This value of 0.07 is quite

consistent with the experimental value of 0.13 lmol/l. Overall,

this updated model improves the prediction of both dam and

fetal CPF blood levels within a factor of 2–3 at both

experimental dose levels of 1 and 5 mg/kg/day.

Sensitivity Analysis

The goal of this analysis was to use the model as a tool to

investigate some of the potential factors that may impact the

pharmacokinetics in pregnancy, and in particular the maximum

CPF blood concentration (Cmax). The placental-fetal transfer

rate had a strong effect on fetal blood levels, but because the

dam blood levels are greater than fetal, it had almost no effect

on maternal blood concentration (data not shown). Placental

blood flow affected both dam and fetal blood concentrations

equally and maximally shortly after dosing with a maximal

coefficient of about 0.4.

The PCs describing the differential solubility of CPF

between the tissue and blood are calculated by the following

equation:

PCtissue:blood ¼
PCtissue:buffer

PCblood:buffer

where tissue can be any tissue compartment (e.g., fat). The

sensitivity to tissue:blood partitioning was determined by

observing the effect of changing the PC blood: buffer denominator

on plasma CPF, therefore, the PC blood: buffer sensitivity

represents a composite of the effects of all of the tissue:blood

partitioning changes. The sensitivity coefficients were > 1 at

peak (~3 h postdosing) blood CPF concentrations or when the

fat greatly exceeded the blood CPF concentration (Fig. 7). At

5 mg/kg, blood CPF concentrations were less sensitive to hepatic

Vmax for the metabolism to TCPy or CPF-oxon.

Human Late Gestational Model

Prior to using the model to estimate human exposure doses

and the effects of pregnancy on maternal and fetal cholines-

terase inhibition, the updated model parameters (see ‘‘Materials

and Methods’’: Partition Coefficients) were applied and the

model output was compared with the simulations from the

original model (Timchalk et al., 2002b). The model fits to the

human data were either not different or slightly improved over

the 2002 publication (data not shown). The late GD pregnancy

model was then used to evaluate the impact that changes in

lipid partitioning, blood flow and tissue volume have on the

concentrations of CPF in the blood of pregnant humans based

on the data of Whyatt et al. (2002, 2004, 2005), where CPF

was measured in the plasma and cord blood of urban mothers

shortly after delivery. To conduct these estimations, it was

assumed that the mothers were exposed to equal concentrations

of CPF 33/day for 10 days prior to parturition (to achieve

periodicity) and blood partitioning was assumed to be equal to

late gestation rat blood partitioning. The model was then used

to estimate doses that would lead to the blood concentrations

observed in the women.

Whyatt et al. (2005) measured umbilical cord blood as

‘‘close to delivery’’ as possible, and reported an average of 10.6

± 16.3 pmol/l, in the 64% of cord blood samples in which CPF

was detected. Unlike the rat at high doses, where the fetal

blood CPF concentrations were approximately half of the dam

blood concentrations, cord blood CPF was reported to be ~95%

of the mothers’ blood concentrations. Whyatt et al. (2005)

reported using an equation to extrapolate from available cord

blood data to estimate cord blood concentrations in missing

samples. Using this equation, fetal cord blood concentrations

are predicted to vary from ~25% at lower concentrations to

100% of the maternal concentrations. Extrapolating the

FIG. 7. Normalized sensitivity of plasma CPF concentration to the

blood:buffer partition coefficient. The sensitivity of model output can be used

to estimate the importance of that parameter. The model is highly sensitive to

the blood: buffer partition coefficient. The blood and fat concentrations are

shown for comparison (right axis). Early in the simulation, the sensitivity of the

blood: buffer partitioning is likely to be driven by the blood concentration, later

tissue concentrations become more important.
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placenta to fetal transfer rate to use in the human model

(Transfer rate ¼ Constant 3 Body weight0.25) resulted in an

estimated transfer rate of 1.9/h. The application of this rate

significantly underpredicted the fetal blood data available from

Whyatt et al. (2002, 2005). Therefore, unlike the rat data, the

transfer to the human fetus was dependent upon placental

blood flow (see Fig. 8A). However, to maintain a consistent

model structure, a transfer rate of 19/h, sufficiently high to not

limit fetal blood concentration based on diffusion, was needed

to fit the data. It should be noted, however, that the human

studies compare maternal to cord blood, which is physiolog-

ically different than the rat fetal compartment.

The model predicted maternal and fetal blood CPF

concentrations within the range of the mean maternal and cord

blood concentrations reported by Whyatt et al. (2005)

following three daily doses of 0.05 lg/kg, or 0.15 lg/kg/day

(Fig. 8). Due to the higher blood partitioning in pregnant women,

the model predicts a ~1.3-fold higher area under the blood

concentration time curve (AUC) for CPF in exposed pregnant

women in comparison to nonpregnant women (Fig. 8B).

Because the current PBPK model still underestimates CPF blood

concentrations in pregnant rats, it is possible the model over

estimates the environmental CPF exposure in Whyatt et al.
(2005). The current model estimates were comparable if

somewhat higher than the estimates of environmental CPF

exposures of adults (upper 95 percentile) by Barr et al. (2005),

from CDC measurements of urinary TCP, was 0.036 lg/kg/day.

DISCUSSION

The distribution of drugs and other exogenous chemicals

into tissues are heavily dependent on the ratio of solubility

between plasma and tissues (Poulin and Theil, 2000). The

pharmacokinetics of drugs and chemicals are clearly altered

during pregnancy (Dawes and Chowienczyk, 2001; Little,

1999). Blood chemistry in pregnant rats and humans show

a similar dynamic trend, such that plasma lipid content is fairly

stable in early gestation (up to about 10 days in the rat and

about 10 weeks in a human) and shows a consistent increase in

later gestation (LaBorde et al., 1999; McMullin et al., 2008;

Sattar et al., 1997; Saarelainen et al., 2006).

CPF is a widely used organophosphorus insecticide

(Mattsson et al., 2000). The possible relationship between

elevated blood lipids during pregnancy and blood concen-

trations of CPF has been reported (Mattsson et al., 2000). In

this study by Mattsson et al. (2000), the authors suggested that

higher CPF levels just before birth may have been at least

partially related to the lipophilicity of CPF and the hyperlip-

idemia that occurs during pregnancy. Even though there is

a three to fourfold increase in triglyceride levels during the late-

stages of gestation (McMullin et al., 2008), we report that the

changes in partitioning of CPF into plasma trends more closely

with overall lipid levels rather than the changes in the

triglyceride levels (Fig. 2). This finding is consistent the in

vitro blood fractionation work, in which the proportion of CPF

associated with the lipid-containing fraction of whole blood

increases through late gestation (Fig. 3). This finding also

correlates with previous reports looking at pharmacokinetics of

chemicals after high-fat meals (Phillips et al., 1989; Sandanger

et al., 2003; Shayeganpour et al., 2005). For instance, Phillips

et al. (1989) reported a 22–29% increase in PCB, hexachlor-

obenzene, and DDE levels which correlated with total lipids

levels in serum after feeding. Phillips et al. (1989) reported a

121% increase in triglyceride levels; however, when these

authors normalized the increase chlorinated hydrocarbon levels

to triglycerides, this correction overestimated hydrocarbon

levels in the blood. Normalization to normal lipid levels gave a

better estimation of hydrocarbon concentration in the blood. In

addition, Gershkovich and Hoffman, (2007) show that the

increases in triglycerides and lipid levels are responsible for

drawing the lipophilic compound DDT from peripheral tissues

into the blood compartment.

Our data also show that predosing with pure vegetable oil,

a common dosing vehicle for lipophilic compounds, increases

FIG. 8. (A) Simulated oral daily dosing to pregnant women to achieve the

approximate blood CPF concentrations measured in the maternal (x-axis) and

cord (y-axis) blood (Whyatt et al., 2005) data points represent data from

different sampling years, as indicated. It was assumed that three evenly spaced

oral exposure episodes occurred/day. To obtain fetal concentrations as

measured, the transfer to the fetus had to be described as blood flow limited.

(B) Model output of a nonpregnant individual (dashed line) exposed to the

same dose in (A) is shown for comparison. The solid line is the simulation for

the same (pregnant) individual.
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total lipids ~ 70 mg/dl above control rats, due primarily to

increased triglycerides (Figs. 4B, 4D, and 4E). Ramirez et al.
(1984) and Gershkovich and Hoffman, (2007) also report

increases in triglyceride levels following dosing with corn or

peanut oil, with peak triglyceride levels occurring 4–6 h

postdosing, and the increase above background found by

Gershkovich (~120 mg/dl), similar to what was seen in the

current study (Fig. 4). As seen in Figure 4F, there was

a moderate decrease in fat:plasma partitioning of CPF in corn-

oil–dosed rats compared with control rats. The absolute value

of the plasma:PrCarb ratio from this experiment with plasma

from fasted rats (0.012) was lower than the values of the

plasma:PrCarb ratio (0.017) for nonfasted rats reported in

Table 3 and Figure 2, consistent with the lower total lipid

concentrations (206 vs. 383 mg/dl, respectively). Utilization of

nonfasted animals would be expected to show a greater

increase in lipid levels, as reported by Gershkovich and

Hoffman, (2007) and therefore a greater concentration of CPF

and a greater increase in the plasma:PrCarb ratio. Overall, our

findings are consistent with other reports in the literature which

show an increase in a lipophilic chemical concentration after an

increase in lipid levels in the blood, but not with increased

triglycerides (Phillips et al., 1989; Sandanger et al., 2003).

The QSPR explained in Poulin and Krishnan (1995) and

Poulin and Theil (2000) have previously been popular in

estimating PCs for a number of chemicals including CPF

(Timchalk et al., 2002b). Adjusting the Poulin and Theil QSPR

with the twofold increase in triglyceride and cholesterol levels

reported in McMullin et al. (2008) leads to a 35% difference in

PC of fat: blood. This is consistent with the change seen in Table

3 and the fat: serum coefficients of the lipophilic polybrominated

biphenyls in nonpregnant and pregnant women reported by

Haddad et al. (2000) and Eyster et al. (1983). Whether such

a change can be applied to all lipophilic chemicals (log Kow > 4)

needs to be determined. Different lipophilic chemicals be-

have differently to changes in lipid levels (Gershkovich and

Hoffman, 2007). The PCs calculated by Haddad et al. (2000)

did overestimate the total partitioning (Lowe et al., unpublished

data).

In addition, the binding to albumin needs to be accounted for

in estimating partitioning in blood and plasma. CPF is highly

bound to serum albumin at physiological concentrations (Fig. 5).

However, the gestational-based changes in plasma partitioning,

as shown in Table 3, would also encompass pregnancy-related

alternations in plasma protein levels, because actual plasma

samples from pregnant rats and human donors were used for this

experiment. Because the overall changes in plasma partitioning

correlated well with total blood lipid levels (Fig. 2C), it appears

that the lipid levels in the blood during gestation should be taken

into account when understanding the pharmacokinetics of

lipophilic compounds like CPF.

The partitioning values for erythrocytes and plasma,

calculated as per the Poulin (Poulin and Krishnan, 1995;

Poulin and Theil, 2000) publications were quite comparable for

CPF (Peryth ¼ 1.96, Pplasma ¼ 1.94; data not shown). As a

result, any changes in hematocrit would not be expected to alter

tissue:blood ratios for this compound.

Although there are no studies showing concurrent dosing in

pregnant and nonpregnant rats, several studies of gavage doses

of CPF in either pregnant or nonpregnant rats indicate similar

dose-responses for clinical signs and blood cholinesterase

inhibition for doses lower than 1 mg/kg. The repeated-dose

brain ChE no-observed-effect level appears to be about 1 mg/

kg/day in both pregnant and nonpregnant rats. At higher doses

there is a possibility of an < 23 increase in sensitivity in

pregnant rats (Farag et al., 2003; Hunter et al., 1999; Lassiter

et al., 1999; Mattsson et al., 2000; Maurissen et al., 2000a,b;

Nostrandt et al., 1997; Ouelette et al., 1983a,b; Rubin et al.,
1987; Zheng et al., 2000). Because the model predicts CPF and

the active oxon are partitioning less into tissues and remaining

in the blood, the model estimates ~1% less inhibition in the

brain following a 5 mg/kg dose in dams with the higher

pregnancy-derived blood partitioning.

In pregnant animals exposed to CPF (Mattsson et al., 2000),

the fit of the model to the limited blood CPF data is improved

by using the higher blood partitioning. This modeling effort

emphasized blood chemistry changes, however many other

parameters are also dynamic during pregnancy and the

differences between predicted and observed may be due to

other pregnancy-specific physiological changes. The transfer of

CPF to the human fetus was optimized by inferring data from

an equation derived from a regression analysis of data from

urban women and cord blood soon after birth (Whyatt et al.,
2005). Because the PBPK model uses a first-order rate to

describe the transfer between dam and fetus, the relationship

between cord blood and dam blood is predicted to be linear.

Using the equation described in Whyatt et al. (2004), the

maternal-cord ratio would be expected to increase with

maternal CPF concentration (see Fig. 8).

Just as in the rat, the PBPK model simulations of the AUCs

for CPF in the human maternal blood as compared with

a nonpregnant individual over the last 24 h of a repeated daily

exposure indicate that the AUC of CPF will be higher in

pregnant women than in nonpregnant individuals following the

same exposure. The higher blood lipid content results in

a sequestering of the CPF in the blood, however, this does not

translate to higher tissue concentrations. This is in agreement

with the suggestion by Zhao et al. (2005) that the exposure

levels expected from these epidemiological studies are unlikely

to be the cause of the alterations in birth weight and length

among this urban cohort. Appropriate estimation of lipophilic

chemical concentration in the blood, like CPF, is best done by

correcting for blood lipid levels (Jaraczewska et al., 2006;

Johnson, 2004). Based on published reference data, average

newborn blood lipids are fourfold lower than maternal lipid

levels and will therefore have lower concentrations of

lipophilic chemicals in their blood (Johnson, 2004; Sala

et al., 2001; Schecter et al., 1998). The limited human data
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for CPF (Whyatt et al., 2002, 2005), in which maternal and

cord blood levels were reported approximately equal, is

inconsistent with this rationale and required an unusually high

transfer rate (as compared with rats) to the fetal compartment to

fit the reported CPF neonatal blood concentration. Additional

investigations on the diffusion transfer of CPF across the

placenta will give greater insight into accurately estimating

exposure levels in the fetus and newborn.

Birth outcome has also been correlated with maternal fatty

acid status, and fatty acid status is related to the hyperlipidemia

observed during pregnancy (Jensen, 2006; Velzing-Aarts et al.,
2001). Because measurements of lipophilic chemicals in plasma

or blood are affected by lipid profiles, this introduces a critical

issue in biomonitoring studies. Higher levels of lipophilic

chemicals in blood or plasma can be the result of higher levels of

exposure and/or due to higher levels of blood lipids. That is,

measurement of elevated but still very low levels of lipophilic

chemicals in human blood may be a surrogate measure of

elevated plasma lipids. The correlation of a health outcome to

concentrations of lipophilic chemicals in blood may actually

point to lipid profiles as the real endpoint of concern. As

a consequence, it is not possible to interpret the meaning of

slightly elevated levels of lipophilic chemicals without a thor-

ough evaluation of people’s lipid profiles.

This work was focused on understanding the implications of

blood CPF partitioning changes during pregnancy and what

impact these changes may have on dosimetry in both the

pregnant mother and her developing fetus. Only a small number

of researchers have investigated the link between blood lipid or

lipoprotein and pharmacokinetics of drug (Bassissi et al., 2006;

Ramaswamy et al., 1999; Wasan and Kwong, 1997). Bi-

ologically based models for pregnancy have been developed

and do incorporate scaling equations to account for many

physiological changes (reviewed in Corley et al., 2003). To

date, however, blood lipid changes have not been considered in

these models although it is well known that blood lipids

strongly affect the dosimetry of lipophilic chemicals and drugs

(Haddad et al., 2000; Needham, 2005; Procyshyn et al., 2003).

Although lipid content in blood increases in both rats and

humans during pregnancy, there are species-specific differences

in lipid profiles (Ramaswamy et al., 1999). The current model

applied measured rat blood partitioning to estimate human

dosimetry. The current model, however, still under predicts the

experimentally measured levels of CPF in blood of pregnant

rats. In the future, it would be beneficial to investigate lipid

profiles in rats and humans and determine the partitioning of

CPF in the different lipid fractions to facilitate species

extrapolations. In addition, because PON1 is associated with

the HDL fraction of lipids, the profiles of HDL in the different

species may be important. A more comprehensive understand-

ing of species-specific lipoprotein concentration and profiles

over the course of development will be necessary to understand

and predict solubility in blood and tissues dose-response

relationships in the fetus and mother.

FUNDING

This publication was supported by funding from The Dow

Chemical Company.

REFERENCES

Barr, D. B., Wang, R. Y., and Needham, L. L. (2005). Biologic monitoring of

exposure to environmental chemicals throughout the life stages: Require-

ments and issues for consideration for the National Children’s Study.

Environ. Health Perspect. 113, 1083–1091.

Bartels, M. J., Rick, D. R., Lowe, E. R., McMullin, T. S., and Erhardt, S. E.

(2008). Evaluation of potential bioaccumulation of unmetabolized com-

pounds by de novo estimation of mammalian physiologically-based

pharmacokinetics. Toxicologist 102, 205.

Bassissi, M. F., Alvinerie, M., Martin, P. G., Perret, B., and Lespine, A. (2006).

Influence of dyslipidemia on moxidectin distribution in plasma lipoproteins

and on its pharmacokinetics. Pharm. Res. 23, 2672–2680.

Berkowitz, G. S., Wetmur, J. G., Birman-Deych, E., Obel, J., Lapinski, R. H.,

Godbold, J. H., Holzman, I. R., and Wolff, M. S. (2004). In utero pesticide

exposure, maternal paraoxonase activity, and head circumference. Environ.

Health Perspect. 112, 388–391.

Bradman, A., and Whyatt, R. M. (2005). Characterizing exposures to

nonpersistent pesticides during pregnancy and early childhood in the

National Children’s Study: A review of monitoring and measurement

methodologies. Environ. Health Perspect. 113, 1092–1099.

Brown, R. P., Delp, M. D., Lindstedt, S. L., Rhomberg, L. R., and Beliles, R. P.

(1997). Physiological parameter values for physiologically based pharma-

cokinetic models. Toxicol. Ind. Health 13, 407–484.

Brzak, K. A., Harms, D. W., Bartels, M. J., and Nolan, R. J. (1998).

Determination of chlorpyrifos, chlorpyrifos oxon, and 3,5,6-trichloro-2-

pyridinol in rat and human blood. J. Anal. Toxicol. 22, 203–210.

Clewell, R. A., Merrill, E. A., Yu, K. O., Mahle, D. A., Sterner, T. R.,

Mattie, D. R., Robinson, P. J., Fisher, J. W., and Gearhart, J. M. (2003).

Predicting fetal perchlorate dose and inhibition of iodide kinetics during

gestation: A physiologically-based pharmacokinetic analysis of perchlorate

and iodide kinetics in the rat. Toxicol. Sci. 73, 235–255.

Corley, R. A., Mast, T. J., Carney, E. W., Rogers, J. M., and Daston, G. P.

(2003). Evaluation of physiologically based models of pregnancy and

lactation for their application in children’s health risk assessments. Crit. Rev.

Toxicol. 33, 137–211.

Dawes, M., and Chowienczyk, P. J. (2001). Drugs in pregnancy. Pharmaco-

kinetics in pregnancy. Best Pract. Res. Clin. Obstet. Gynaecol. 15, 819–826.

Davies, B., and Morris, T. (1993). Physiological parameters in laboratory

animals and humans. Pharm. Res. 10, 1093–1095.

Eskenazi, B., Bradman, A., and Castorina, R. (1999). Exposures of children to

organophosphate pesticides and their potential adverse health effects.

Environ. Health Perspect. 107(Suppl. 3), 409–419.

Eyster, J. T., Humphrey, H. E., and Kimbrough, R. D. (1983). Partitioning of

polybrominated biphenyls (PBBs) in serum, adipose tissue, breast milk,

placenta, cord blood, biliary fluid, and feces. Arch. Environ. Health 38, 47–53.

Farag, A. T., El Okazy, A. M., and El-Aswed, A. F. (2003). Developmental

toxicity study of chlorpyrifos in rats. Reprod. Toxicol. 17, 203–208.

Fisher, J. W., Whittaker, T. A., Taylor, D. H., Clewell, H. J., 3rd., and

Andersen, M. E. (1989). Physiologically based pharmacokinetic modeling of

the pregnant rat: A multiroute exposure model for trichloroethylene and its

metabolite, trichloroacetic acid. Toxicol. Appl. Pharmacol. 99, 395–414.

Gentry, P. R., Covington, T. R., Andersen, M. E., and Clewell, H. J., 3rd.

(2002). Application of a physiologically based pharmacokinetic model for

270 LOWE ET AL.



isopropanol in the derivation of a reference dose and reference concentration.

Regul. Toxicol. Pharmacol. 36, 51–68.

Gentry, P. R., Covington, T. R., and Clewell, H. J., 3rd. (2003). Evaluation of

the potential impact of pharmacokinetic differences on tissue dosimetry in

offspring during pregnancy and lactation. Regul. Toxicol. Pharmacol. 38, 1–16.

Gershkovich, P., and Hoffman, A. (2007). Effect of a high-fat meal on

absorption and disposition of lipophilic compounds: The importance of

degree of association with triglyceride-rich lipoproteins. Eur. J. Pharm. Sci.

32, 24–32.

Green, P., Glozman, S., Kamensky, B., and Yavin, E. (1999). Developmental

changes in rat brain membrane lipids and fatty acids. The preferential

prenatal accumulation of docosahexaenoic acid. J. Lipid Res. 40, 960–966.

Haddad, S., Poulin, P., and Krishnan, K. (2000). Relative lipid content as the

sole mechanistic determinant of the adipose tissue:blood partition coef-

ficients of highly lipophilic organic chemicals. Chemosphere 40, 839–843.

Havel, R. J., Eder, H. A., and Bragdon, J. H. (1955). The distribution and

chemical composition of ultracentrifugally separated lipoproteins in human

serum. J. Clin. Invest. 34, 1345–1353.

Hunter, D. L., Lassiter, T. L., and Padilla, S. (1999). Gestational exposure to

chlorpyrifos: Comparative distribution of trichloropyridinol in the fetus and

dam. Toxicol. Appl. Pharmacol. 158, 16–23.

ICRP. (1992). Report of the Task Group on Reference Man. Pergamon Press,

New York.

Jaraczewska, K., Lulek, J., Covaci, A., Voorspoels, S., Kaluba-Skotarczak, A.,

Drews, K., and Schepens, P. (2006). Distribution of polychlorinated

biphenyls, organochlorine pesticides and polybrominated diphenyl ethers

in human umbilical cord serum, maternal serum and milk from Wielkopolska

region, Poland. Sci. Total Environ. 372, 20–31.

Jensen, C. L. (2006). Effects of n-3 fatty acids during pregnancy and lactation.

Am. J. Clin. Nutr. 83, 1452S–1457S.

Johnson, L. H. (2004). Vitamin E nutrition in the fetus and newborn. In Fetal

and Neonatal Physiology (R. A. Polin, W. W. Fox, and S. H. Abman, Eds.),

pp. 353–369. Elsevier, Philadelphia.

Kousba, A. A., Poet, T. S., and Timchalk, C. (2007). Age-related brain

cholinesterase inhibition kinetics following in vitro incubation with

chlorpyrifos-oxon and diazinon-oxon. Toxicol. Sci. 95, 147–155.

Kousba, A. A., Sultatos, L. G., Poet, T. S., and Timchalk, C. (2004). Comparison

of chlorpyrifos-oxon and paraoxon acetylcholinesterase inhibition dynamics:

Potential role of a peripheral binding site. Toxicol. Sci. 80, 239–248.

LaBorde, J. B., Wall, K. S., Bolon, B., Kumpe, T. S., Patton, R., Zheng, Q.,

Kodell, R., and Young, J. F. (1999). Haematology and serum chemistry

parameters of the pregnant rat. Lab. Anim. 33, 275–287.

Lassiter, T. L., Barone, S., Jr., Moser, V. C., and Padilla, S. (1999). Gestational

exposure to chlorpyrifos: Dose response profiles for cholinesterase and

carboxylesterase activity. Toxicol. Sci. 52, 92–100.

Little, B. B. (1999). Pharmacokinetics during pregnancy: Evidence-based

maternal dose formulation. Obstet. Gynecol. 93, 858–868.

Lowe, E. R., Rick, D. R., West, R. J., and Bartels, M. J. (2006). The evaluation

of quantitative structure property relationship predictions of tissue: Blood

partition coefficients of highly lipophilic chemicals. Drug Metab. Rev.

38(Suppl. 2), 78.

Mardones-Santander, F., Salazar, G., Rosso, P., and Villarroel, L. (1998).

Maternal body composition near term and birth weight. Obstet. Gynecol. 91,

873–877.

Mattsson, J. L., Maurissen, J. P., Nolan, R. J., and Brzak, K. A. (2000). Lack of

differential sensitivity to cholinesterase inhibition in fetuses and neonates

compared to dams treated perinatally with chlorpyrifos.Toxicol. Sci. 53,438–446.

Maurissen, J. P., Hoberman, A. M., Garman, R. H., and Hanley, T. R., Jr.

(2000a). Lack of selective developmental neurotoxicity in rat pups from

dams treated by gavage with chlorpyrifos. Toxicol. Sci. 57, 250–263.

Maurissen, J. P., Shankar, M. R., and Mattsson, J. L. (2000b). Chlorpyrifos: Lack of

cognitive effects in adult Long-Evans rats. Neurotoxicol. Teratol. 22, 237–246.

McMullin, T. S., Lowe, E. R., Bartels, M. J., and Marty, M. S. (2008).

Dynamic changes in lipids and proteins of maternal, fetal, and pup blood and

milk during perinatal development in CD and Wistar rats. Toxicol. Sci. 105,

260–274.

Mills, G. L., Lane, P. A., and Weech, P. K. (1984). In A Guidebook to

Lipoprotein Technique. Elsevier, Amsterdam.

Murphy, J. E., Janszen, D. B., and Gargas, M. L. (1995). An in vitro method for

determination of tissue partition coefficients of non-volatile chemicals such

as 2,3,7,8-tetrachlorodibenzo-p-dioxin and estradiol. J. Appl. Toxicol. 15,

147–152.

Needham, L. L. (2005). Assessing exposure to organophosphorus pesticides by

biomonitoring in epidemiologic studies of birth outcomes. Environ. Health

Perspect. 113, 494–498.

Nostrandt, A. C., Padilla, S., and Moser, V. C. (1997). The relationship of oral

chlorpyrifos effects on behavior, cholinesterase inhibition, and muscarinic

receptor density in rat. Pharmacol. Biochem. Behav. 58, 15–23.

Noto, D., Rizzo, M., Barbagallo, C. M., Cefalu, A. B., Verde, A. L., Fayer, F.,

Notarbartolo, A., and Averna, M. R. (2006). Low-density lipoproteins

generated during an oral fat load in mild hypertriglyceridemic and healthy

subjects are smaller, denser, and have an increased low-density lipoprotein

receptor binding affinity. Metabolism 55, 1308–1316.

O’Flaherty, E. J., Scott, W., Schreiner, C., and Beliles, R. P. (1992). A

physiologically based kinetic model of rat and mouse gestation: Disposition

of a weak acid. Toxicol. Appl. Pharmacol. 112, 245–256.

Ouelette, J. H., Dittenber, D. A., Kloes, P. M., and John, J. A. (1983a).

Chlorpyrifos: Oral teratology study in Fischer 344 rats. In Australian NRA

Review of Chlorpyrifos-Toxicology Assessment, 2000. The Dow Chemical

Company, Canberra, Australia.

Ouelette, J. H., Dittenber, D. A., Kociba, R. J., and John, J. A. (1983b).

Chlorpyrifos: Oral teratology probe study in rats. In Australian NRA Review

of Chlorpyrifos-Toxicology Assessment, 2000. The Dow Chemical Company,

Canberra, Australia.

Perera, F. P., Rauh, V., Tsai, W. Y., Kinney, P., Camann, D., Barr, D.,

Bernert, T., Garfinkel, R., Tu, Y. H., Diaz, D., Dietrich, J., and

Whyatt, R. M. (2003). Effects of transplacental exposure to environmental

pollutants on birth outcomes in a multiethnic population. Environ. Health

Perspect. 111, 201–205.

Phillips, D. L., Pirkle, J. L., Burse, V. W., Bernert, J. T., Jr., Henderson, L. O.,

and Needham, L. L. (1989). Chlorinated hydrocarbon levels in human serum:

effects of fasting and feeding. Arch. Environ. Contam. Toxicol. 18, 495–500.

Poet, T. S., Wu, H., Kousba, A. A., and Timchalk, C. (2003). In vitro rat

hepatic and intestinal metabolism of the organophosphate pesticides

chlorpyrifos and diazinon. Toxicol. Sci. 72, 193–200.

Poulin, P., and Krishnan, K. (1995). An algorithm for predicting tissue: Blood

partition coefficients of organic chemicals from n-octanol: Water partition

coefficient data. J. Toxicol. Environ. Health 46, 117–129.

Poulin, P., and Theil, F. P. (2000). A priori prediction of tissue:plasma partition

coefficients of drugs to facilitate the use of physiologically-based

pharmacokinetic models in drug discovery. J. Pharm. Sci. 89, 16–35.

Procyshyn, R. M., Tsai, G., and Wasan, K. M. (2003). The influence of

dyslipidemia on the plasma protein and lipoprotein distribution of

haloperidol. Eur. Neuropsychopharmacol. 13, 33–37.

Ramaswamy, M., Wallace, T. L., Cossum, P. A., and Wasan, K. M. (1999).

Species differences in the proportion of plasma lipoprotein lipid carried by high-

density lipoproteins influence the distribution of free and liposomal nystatin in

human, dog, and rat plasma. Antimicrob. Agents Chemother. 43, 1424–1428.

Ramirez, I. (1984). Behavioral and physiological consequences of intragastric

oil feeding in rats. Physiol. Behav. 33, 421–426.

THE EFFECT OF PLASMA LIPIDS ON THE PHARMACOKINETICS OF CHLORPYRIFOS 271



Ramirez, I., and Friedman, M. I. (1983). Food intake and blood fuels after oil

consumption: Differential effects in normal and diabetic rats. Physiol. Behav.

31, 847–850.

Rodriguez-Sureda, V., Julve, J., Llobera, M., and Peinado-Onsurbe, J. (2002).

Ultracentrifugation micromethod for preparation of small experimental

animal lipoproteins. Anal. Biochem. 303, 73–77.

Roelfsema, N. M., Hop, W. C., Boito, S. M., and Wladimiroff, J. W. (2004).

Three-dimensional sonographic measurement of normal fetal brain volume

during the second half of pregnancy. Am. J. Obstet. Gynecol. 190,

275–280.

Rubin, Y., Gal, N., Waner, T., and Nyska, A. (1987). Pyrinex. Teratogenicity

study in the rat. In Australian NRA Reveiw of Chlorpyrifos-Toxicology

Assessment, 2000. Life Science Research Israel, Ltd, Canberra, Australia.

Saarelainen, H., Laitinen, T., Raitakari, O. T., Juonala, M., Heiskanen, N.,

Lyyra-Laitinen, T., Viikari, J. S., Vanninen, E., and Heinonen, S. (2006).

Pregnancy-related hyperlipidemia and endothelial function in healthy

women. Circ. J. 70, 768–772.

Sala, M., Ribas-Fito, N., Cardo, E., de Muga, M. E., Marco, E., Mazon, C.,

Verdu, A., Grimalt, J. O., and Sunyer, J. (2001). Levels of hexachlor-

obenzene and other organochlorine compounds in cord blood: Exposure

across placenta. Chemosphere 43, 895–901.

Sandanger, T. M., Brustad, M., Lund, E., and Burkow, I. C. (2003). Change in

levels of persistent organic pollutants in human plasma after consumption of

a traditional northern Norwegian fish dish-molje (cod, cod liver, cod liver oil

and hard roe). J. Environ. Monit. 5, 160–165.

Sattar, N., Greer, I. A., Louden, J., Lindsay, G., McConnell, M., Shepherd, J.,

and Packard, C. J. (1997). Lipoprotein subfraction changes in normal

pregnancy: threshold effect of plasma triglyceride on appearance of small,

dense low density lipoprotein. J. Clin. Endocrinol. Metab. 82, 2483–2491.

Schecter, A., Kassis, I., and Papke, O. (1998). Partitioning of dioxins,

dibenzofurans, and coplanar PCBS in blood, milk, adipose tissue, placenta

and cord blood from five American women. Chemosphere 37, 1817–1823.

Shayeganpour, A., Jun, A. S., and Brocks, D. R. (2005). Pharmacokinetics of

Amiodarone in hyperlipidemic and simulated high fat-meal rat models.

Biopharm. Drug Dispos. 26, 249–257.

Sogorb, M. A., Garcia-Arguelles, S., Carrera, V., and Vilanova, E. (2008).

Serum albumin is as efficient as paraxonase in the detoxication of paraoxon

at toxicologically relevant concentrations.Chem.Res. Toxicol.21, 1524–1529.

Timchalk, C., Nolan, R. J., Mendrala, A. L., Dittenber, D. A., Brzak, K. A., and

Mattsson, J. L. (2002a). A Physiologically based pharmacokinetic and

pharmacodynamic (PBPK/PD) model for the organophosphate insecticide

chlorpyrifos in rats and humans. Toxicol. Sci. 66, 34–53.

Timchalk, C., Kousba, A., and Poet, T. (2002b). Monte Carlo analysis of the

human chlorpyrifos-oxonase (Pon1) polymorphism using a physiologically

based pharmacokinetic and pharmacodynamic (Pbpk/Pd) model. Toxicol. Lett.
135, 51.

Timchalk, C., Kousba, A., and Poet, T. S. (2003). Development of a neonatal

rat physiologically based pharmacokinetic/pharmacodynamic (Pbpk/Pd)

model for chlorpyrifos. Toxicol. Sci. 72, 305–305.

Timchalk, C., Poet, T. S., Hinman, M. N., Busby, A. L., and Kousba, A. A. (2005).

Pharmacokinetic and pharmacodynamic interaction for a binary mixture of

chlorpyrifos and diazinon in the rat. Toxicol. Appl. Pharmacol. 205, 31–42.

Timchalk, C., Kousba, A. A., and Poet, T. S. (2007). An age-dependent

physiologically based pharmacokinetic/pharmacodynamic model for the

organophosphorus insecticide chlorpyrifos in the preweanling rat. Toxicol.

Sci. 98, 348–365.

Timchalk, C., and Poet, T. S. (2008). Development of a physiologically based

pharmacokinetic and pharmacodynamic model to determine dosimetry and

cholinesterase inhibition for a binary mixture of chlorpyrifos and diazinon in

the rat. Neurotoxicology 29, 428–443.

Velzing-Aarts, F. V., van der Klis, F. R., van der Dijs, F. P., van

Beusekom, C. M., Landman, H., Capello, J. J., and Muskiet, F. A. (2001).

Effect of three low-dose fish oil supplements, administered during

pregnancy, on neonatal long-chain polyunsaturated fatty acid status at birth.

Prostaglandins Leukot. Essent. Fatty Acids 65, 51–57.

Wasan, K. M., and Kwong, M. (1997). Blood and plasma lipoprotein

distribution and gender differences in the plasma pharmacokinetics of lipid-

associated annamycin. Pharmacol. Toxicol. 80, 301–307.

Whyatt, R. M., Camann, D., Barr, D., Barr, J. R., Andrews, H., Kinney, P. L.,

Hoepner, L., and Perera, F. P. (2002). Pesticide exposures during pregnancy

among urban minority mothers and newborns. Epidemiology 13, 308.

Whyatt, R. M., Rauh, V., Barr, D. B., Camann, D. E., Andrews, H. F., Garfinkel, R.,

Hoepner, L. A., Diaz, D., Dietrich, J., Reyes, A., Tang, D., Kinney, P. L., and

Perera, F. P. (2004). Prenatal insecticide exposures and birth weight and length

among an urban minority cohort. Environ. Health Perspect. 112, 1125–1132.

Whyatt, R. M., Camann, D., Perera, F. P., Rauh, V. A., Tang, D., Kinney, P. L.,

Garfinkel, R., Andrews, H., Hoepner, L., and Barr, D. B. (2005). Biomarkers

in assessing residential insecticide exposures during pregnancy and effects

on fetal growth. Toxicol. Appl. Pharmacol. 206, 246–254.

Young, J. F., Branham, W. S., Sheehan, D. M., Baker, M. E., Wosilait, W. D.,

and Luecke, R. H. (1997). Physiological ‘‘constants’’ for PBPK models for

pregnancy. J. Toxicol. Environ. Health 52, 385–401.

Young, J. G., Eskenazi, B., Gladstone, E. A., Bradman, A., Pedersen, L.,

Johnson, C., Barr, D. B., Furlong, C. E., and Holland, N. T. (2005).

Association between in utero organophosphate pesticide exposure and

abnormal reflexes in neonates. Neurotoxicology 26, 199–209.

Zhao, Q., Gadagbui, B., and Dourson, M. (2005). Lower birth weight as

a critical effect of chlorpyrifos: A comparison of human and animal data.

Regul. Toxicol. Pharmacol. 42, 55–63.

Zheng, Q., Olivier, K., Won, Y. K., and Pope, C. N. (2000). Comparative

cholinergic neurotoxicity of oral chlorpyrifos exposures in preweanling and

adult rats. Toxicol. Sci. 55, 124–132.

272 LOWE ET AL.


