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Deltamethrin (DLT) is a type II pyrethroid insecticide widely
used in agriculture and public health. DLT is a potent neurotoxin
that is primarily cleared from the body by metabolism. To better
understand the dosimetry of DLT in the central nervous system,
a physiologically based pharmacokinetic (PBPK) model for DLT
was constructed for the adult, male Sprague-Dawley rat that
employed both flow-limited (brain, gastrointestinal [GI] tract,
liver, and rapidly perfused tissues) and diffusion-limited (fat,
blood/plasma, and slowly perfused tissues) rate equations. The
blood was divided into plasma and erythrocytes. Cytochrome
P450-mediated metabolism was accounted for in the liver and
carboxylesterase (CaE)-mediated metabolism in plasma and liver.
Serial blood, brain, and fat samples were taken for DLT analysis
for up to 48 h after adult rats received 2 or 10 mg DLT/kg po.
Hepatic biotransformation accounted for ~ 78% of these admin-
istered doses. Plasma CaEs accounted for biotransformation of
~ 8% of each dosage. Refined PBPK model forecasts compared
favorably to the 2- and 10-mg/kg po blood, plasma, brain, and fat
DLT profiles, as well as profiles subsequently obtained from adult
rats given 1 mg/kg iv. DLT kinetic profiles extracted from
published reports of oral and iv experiments were also used for
verification of the model’s simulations. There was generally good
agreement in most instances between predicted and the limited
amount of empirical data. It became clear from our modeling
efforts that there is considerably more to be learned about
processes that govern GI absorption and exsorption, transport,
binding, brain uptake and egress, fat deposition, and systemic
elimination of DLT and other pyrethroids. The current model can
serve as a foundation for construction of models for other
pyrethroids and can be improved as more definitive information
on DLT Kkinetic processes becomes available.
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Pyrethroid insecticides are used extensively in agriculture,
forestry, and public health (Casida and Quistad, 1998;
Soderlund et al., 2002). Their use in the United States has
increased substantially during the past decade, due in part to
the phasing out of many organophosphates. Traditionally,
pyrethroids are divided into two classes (types I and II) based
on their structure and toxicological actions. Type I compounds
do not contain a cyano group while type II compounds do.
Tremor and paresthesias are the major signs of poisoning by
type I compounds. Salivation, hyperexcitability, choreoatheto-
sis, and seizures are the major signs of type II poisoning
(Lawrence and Casida, 1982; Soderlund et al., 2002). Delta-
methrin (DLT), a type II compound, is one of the most potent
pyrethroid insecticides (Ruzo et al., 1978; Wolansky et al.,
2006). DLT is widely used in veterinary products, as well as in
insecticide formulations (ATSDR, 2003; CALEPA, 2001).

The acute toxicity and mode of action of DLT have been
studied extensively. Following administration of a single dose
to rats (1.75 mg/kg iv, 7.5 or 10 mg/kg ip, or 15 or 50 mg/kg
po), profuse salivation, coarse body tremors, biting or gnawing,
lacrimation, choreoathetosis, and mortality were observed
(Gray and Rickard, 1982; Rickard and Brodie, 1985; Soderlund
et al., 2002). The marked neurotoxic effects of DLT have been
attributed primarily to its binding to voltage-sensitive sodium
channels (Choi and Soderlund, 2006; Soderlund et al., 2002).
The parent compound is considered to be the proximate
neurotoxicant, as demonstrated by correlation of brain DLT
levels with the onset of signs of poisoning in rats (Rickard and
Brodie, 1985). Intracerebral injection of DLT produced signs of
neurotoxicity within a minute or less in mice (Lawrence and
Casida, 1982). No toxicity studies were located in which DLT
metabolites were administered to animals.

Toxicokinetic data for DLT and other pyrethroids are
incomplete and in some cases contradictory. DLT is known to
be rapidly absorbed when administered po or ip and to readily
enter the central nervous system (CNS) (Anadon et al., 1996;
Rickard and Brodie, 1985; Sheets et al., 1994). Anadon et al.
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(1996) reported much higher DLT concentrations in most brain
regions than in plasma of orally dosed rats, whereas Rickard
and Brodie (1985) reported relatively low brain levels in rats
after ip injection. Hayes and Laws (1990) reported half-lives of
1-2 days for brain and 5 days for fat in rats administered 30 mg
DLT/kg po.

Metabolism of DLT in mice and rats has been known for
some time to involve esterase-mediated cleavage of the ester
linkage and ring hydroxylation by cytochrome P450s (CYPs)
(Ruzo et al., 1978, 1979; Soderlund and Casida, 1977).
Metabolic rate constants for these pathways were recently
determined in vitro for the adult, male Sprague-Dawley (SD)
rat (Anand et al., 2006). Van Dijk and Burri (1993) reported
that 27% of a 2.4-mg/kg iv dose of DLT was excreted in the
feces of female rats, possibly as metabolites. Ruzo et al. (1978)
observed that 13-20% of DLT was eliminated in feces of rats
within 2-4 days after oral bolus dosing with 0.9-1.6 mg
DLT/kg, suggesting partial systemic uptake or exsorption of the
parent compound.

Physiologically based pharmacokinetic (PBPK) models have
been useful tools in dose-response analysis and risk assessment
of a variety of toxic chemicals. There is, however, no published
PBPK model for DLT or other pyrethroids. The objective of
this research was to develop a PBPK model for DLT in the
adult, male SD rat, as an initial step in the construction of
PBPK models for DLT and other pyrethroids in immature rats
and humans. Kinetic time-course data for blood and plasma,
brain (the target organ), and fat (the primary storage site) were
collected to characterize the disposition of orally administered
DLT. Initial and refined PBPK model predictions of DLT
dosimetry in the adult rat are presented and compared to
published laboratory data.

MATERIALS AND METHODS

Chemicals

DLT [(S)-alpha-cyano-3-phenoxybenzyl-(1R,cis)2,2-dimethyl-3-(2,2-dibro-
movinyl)-cyclopropane carboxylate] was obtained from ChemService
(Westchester, PA). It was 98% pure. Methanol (high-performance liquid
chromatography [HPLC] grade) and acetonitrile (ACN) (HPLC grade) were
procured from Burdick and Jackson (Muskegon, MI). Glycerol formal was
obtained from Sigma-Aldrich (St Louis, MO). Sulfuric acid and deionized
water (HPLC grade) were purchased from J.T. Baker (Phillipsburg, NJ).

Animals

Adult, male SD Crl:CD rats were purchased from Charles River Labora-
tories (Raleigh, NC). They weighed 327-490 g (mean body weight [BW] =
414 g) and were 90-110 days old at the time of experimentation. Timed preg-
nant SD rats were purchased from the same source. The protocol for this study
was approved by the University of Georgia Animal Care and Use Committee,
and all animals were housed in an Association for Assessment and Accredi-
tation of Laboratory Animal Care—approved animal facility with a 12-h light/
dark cycle at 21°C and 50 + 10% humidity. Purina Rat Chow 5001 (Purina, St
Louis, MO) and tap water were available ad libitum. The adult rats were
allowed a minimum acclimation period of 2 weeks before experiments were
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initiated. The females were housed in shoebox cages while they delivered and
nursed their offspring. All dosings commenced between 0900 h and 1000 h.

Experiment

DLT was dissolved in glycerol formal prior to dosing. Adult rats were fasted
for 12 h before being dosed with 2 or 10 mg DLT/kg po in a total volume of
1 ml/kg. Groups of five rats were sacrificed 1, 2, 6, 12, 24, and 48 h after dosing.
Arterial blood, whole brain, and perirenal fat were collected at each time point
after euthanizing the animals with CO,. An additional group of adult animals
was utilized for an iv experiment. Each of these rats was anesthetized in our
laboratory by im injection of 0.1 ml/100 g BW of a ““cocktail” consisting of
ketamine hydrochloride (100 mg/ml), acepromazine maleate (10 mg/ml), and
xylazine hydrochloride (20 mg/ml) (3:2:1, vol:vol:vol). A cannula (PES50
polyethylene tubing) was surgically inserted into the right carotid artery and
securely ligated. The cannula was passed under the skin and exteriorized at the
nape of the neck, so the animals could move about freely following their
recovery. Water was provided, but food was withheld during the 24-h
postsurgical recovery period before dosing. These subjects received 1 mg
DLT/kg iv via a caudal vein. Serial micro blood samples were then taken from
these unanesthetized animals via the carotid cannula. Serial sacrifices were
performed in a separate experiment to obtain blood, liver, and skeletal muscle
specimens from 10-day-old SD rats given 2 mg DLT/kg po. At sacrifice of the
10-day-old rats, each animal was decapitated at 0.5, 1, 2, 6, 12, 24, and 48 h
after dosing. Blood samples were collected in heparinized tubes, and skeletal
muscle and liver samples were analyzed for DLT content. These liver and
skeletal muscle time-course data were used to calculate liver:plasma and slowly
perfused tissue (muscle):plasma partition coefficient (PC) values. The imma-
ture rat tissue data will be presented elsewhere. Each of the biological samples
was placed into a 2-ml screw cap vial (National Scientific Co., Scottsdale, AZ),
sealed, and frozen at — 80°C until analysis. Blood samples were centrifuged
(13,000 rpm for 5 min) for plasma separation. Blood, plasma, and RBCs were
assayed separately for their DLT concentration. The distribution of DLT
between plasma and RBC did not vary appreciably with time of sampling after
dosing (data not shown).

Analysis

DLT concentrations were measured by the HPLC method of Kim et al.
(2006). Tissues were homogenized in 50% ACN in water (1:4). DLT was
extracted from tissues, blood and plasma by vortexing each with twice its
volume of ACN. An aliquot of the supernatant was injected directly onto a C18
Ultracarb 5 ODS column (Phenomenex, Torrance, CA) in a Shimadzu HPLC
system (Shimadzu, Canby, OR). Our limits of quantitation and detection were
0.05 and 0.01 pg/ml, respectively.

PBPK Model Development

AcslXtreme v1.3.2 (Aegis Technologies Group, Inc., Huntsville, AL)
simulation software was used to implement the PBPK model for DLT. The
structure for the model is presented in Figures 1A and 1B.

Oral absorption of DLT into the systemic circulation is a nonlinear (dose
dependent) process, resulting in less than complete systemic uptake and
apparent dose-dependent fecal excretion of orally administered DLT. Instead of
assuming direct uptake of oral DLT into the liver, the model was configured
with a gastrointestinal (GI) tract (and lumen), from which DLT reached the liver
via the portal vein (Fig. 1 A). The rate of absorption of DLT from the lumen into
the blood supply of the GI tract was described empirically using two
compartments (Fig. 1B and Tables 1 and 2). These oral uptake kinetic constants
are referred to as the gastric and intestinal absorption rate constants (i.e., Ks and
K, respectively) and the gastric-emptying rate constant Kg;. The constant
values were determined by visual fitting of predicted plasma concentrations of
DLT with observed concentrations for the 10-mg DLT/kg po group.

Fecal excretion of unabsorbed DLT from the intestinal compartment (Fig.
1B) was simply described with an empirically calibrated Michaelis-Menten
equation (Viaxrec and Kiree, Tables 1 and 2) by fitting limited fecal excretion
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FIG.1. (A) Schematic of the refined seven-compartment PBPK model for DLT in rats. Delivery of DLT to the brain, liver, GI tract, and rapidly perfused tissues
is flow limited, while delivery to the remaining tissues (erythrocytes, fat, and slowly perfused tissues) is diffusion limited. Qg represents flow of the plasma through
the GI tract to the liver. (B) Schematic of the two-compartment GI lumen absorption model adapted for use with DLT.

data (three data points) after oral dosing with DLT. These fecal elimination data
were obtained from Bosch (1990), who administered 0.55 mg DLT/kg po
to rats and reported that 24—28% of the dose was excreted in the feces, and from
Ruzo et al. (1978), who reported similar findings of 21 and 14% fecal
elimination following oral bolus doses of 0.9 and 1.6 mg/kg of DLT,
respectively. The fraction of oral DLT that is excreted in feces for doses less
than 0.6 mg/kg is unknown. An in vivo experiment was conducted, in which SD
rats were given 10 mg DLT/kg po. Blood samples were taken 2 and 6 h
postdosing and centrifuged at 13,000 rpm for 5 min for plasma separation.
Blood, plasma, and RBCs were assayed for their DLT concentrations. (These
data are to be reported elsewhere.) This experiment revealed that ~ 93% of DLT
in the blood was present in the plasma.

Experimental plasma and tissue time-course data were used to estimate in
PC values for DLT. The tissue/plasma PCs (otherwise known as distribution
ratios) were calculated as the ratio of the area under the tissue DLT
concentration versus time curve (AUC) to the plasma AUC. Time-course
data from the experiment in which adult rats received 2 mg DLT/kg po were
used to derive fat:plasma and brain:plasma PC values. The skeletal muscle
(i.e., slowly perfused) and liver PC values were based on tissue data from
the analogous experiment with 10-day-old rats (data described elsewhere).

The rapidly perfused:plasma and Gl:plasma PCs were set equal to the
liver:plasma ratio.

Preliminary PBPK model. A preliminary model was constructed with
seven flow-limited compartments to explore the kinetics of DLT. The PBPK
model compartments (Fig. 1A) consisted of the blood (BL) and plasma (P),
brain (B), liver (L), fat (F), GI tract, and lumped tissues (rapidly [R] and slowly
[S] perfused tissues). Fat was included in the model structure because DLT is
very lipophilic. The brain is the primary target organ (ATSDR, 2003). Liver
and plasma were included in the model structure in order to describe hepatic
and extrahepatic metabolism. The GI tract was chosen for anatomical
completeness. Blood was represented by two subcompartments, namely
erythrocytes and plasma. The arterial input and venous output of each tissue
compartment were assumed to consist solely of plasma. Metabolic constants
are described below.

The initial model was created and exercised by simulating the DLT iv and po
tissue time-courses. Attempts to simulate the empirical data for plasma and
tissues were initially undertaken using only flow-limited equations (Figs. 2A—
2C). The most obvious disagreements between the model predictions and
observations were with adipose tissue (Fig. 2C).
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TABLE 1
Chemical-Specific Parameters for PBPK Models for
DLT in Rats
Parameter Value Source
PCs
Liver/plasma (PCy) 0.44 Calculated
Fat/plasma (PCp) 48.88 Calculated
Gl/plasma (PCgp) 0.44 Set to PC.
Brain/plasma (PCg) 0.22 Calculated
Slowly perfused/plasma (PCs) 5.59 Calculated
Rapidly perfused/plasma (PCg) 0.44 Set to PC,
Erythrocytes/plasma (PCg) 0.17 Calculated (see
Appendix)
Diffusion-limited tissue parameters
Tissue PA cross-product (1/h)
Fat (PAg) 4.00 X 107 Estimated
Slowly (PAs) 0.70 Estimated
Erythrocytes (PAg) 1.00 Estimated
Clearance constants
Metabolic rate constants
Liver CYP
Vimaxel (mg/h/kg®™) 38.48 Anand et al. (2006)
K1 (mg/l) 37.84 Anand et al. (2006)
Liver CaEs
Vinaxcz (mg/h/kg®"3) 29.21 Anand et al. (2006)
Ko (mg/l) 87.16 Anand et al. (2006)
Plasma metabolic rate
constants (total)
Vinaxes (mg/h/kg®"3) 25.73 Anand er al. (2006)
K3 (mg/l) 575.40 Anand et al. (2006)
Fecal excretion constants
Vinaxpece (mg/h/kg® ™) 0.03 Estimated
Kinpee (mg/l) 0.45 Estimated
Uptake rate constants (per hour)
Gastric absorption rate (Ks) 0.01 Estimated
Intestinal absorption rate (Kj) 0.90 Estimated
GI transfer rate (Kgp) 0.70 Estimated

Refined PBPK model. A revised model was constructed that included both
flow- and diffusion-limited compartments (Fig. 1). Visual inspection of the
experimental data revealed that clearance of DLT from fat was much slower
than clearance from plasma. In the refined model, three compartments were
considered to be diffusion limited (plasma/erythrocytes [E], fat and slowly
perfused tissues). An initial estimate of the permeability area (PA) value for fat
was determined by visual inspection after fitting the 10-mg/kg po data sets. The
PA value for slowly perfused tissues was arbitrarily set to 0.7 (I/h). The same
chemical-specific input parameters were utilized in both the preliminary and
refined models, with the exception of the PA terms (Table 1).

DLT is largely metabolized in rats by liver CYPs and carboxylesterases
(CaEs) and by plasma CaEs. Anand er al. (2006) assessed the relative
contribution of each in vitro by monitoring the rates of disappearance of the
parent compound upon incubation of a series of concentrations of DLT with
adult SD rat plasma and liver microsomes. The K, and V;,,,x values for each
metabolic pathway were incorporated into the PBPK model without any
modifications. Physiological input parameters (i.e., tissue blood/plasma flows,
blood/plasma volume fractions, and tissue volumes) are included in Table 2.
Tissue volumes (Schoeffner et al., 1999) and tissue blood flows (Delp et al.,
1991) have previously been measured in adult, male SD rats in our laboratories.
Plasma volume fractions (PVFs) for fat and slowly perfused tissues were
calculated using the whole-blood PVF (PVFg;) and their respective blood
volume fractions (BVFs), as shown in the Appendix. The muscle BVF value
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TABLE 2
Physiological Parameters for PBPK Models for DLT in Rats

Parameter Value Source

Cardiac output (plasma)
(U/h/kg®") (Qpcc)
BW (kg) 0.41
Tissue plasma flows

(% plasma cardiac
output) (% QOpcc)

14.10 X PVFg  Delp et al. (1991)

Experiment

Fat (Qfc) 7.00 Delp et al. (1991)
GI (Qgic) 13.60 Delp et al. (1991)
Blood (Qprc) 100.00 —
Brain (Qgc) 2.00 Delp et al. (1991)
Liver (arterial) (Qrc) 2.00 Delp et al. (1991)
Liver (portal) (Qprc) 15.00 Brown et al. (1997)
Slowly perfused (Qsc) 15.00 22.0 — Qgc
Rapidly perfused (Qrc) 61.00 78.0 — Opc — OpiLc
PVFs (% of tissue)
Fat (Pyg) 2.49 See Appendix
Slowly perfused (Pys) 2.00 See Appendix
Blood (Pygr) 0.51 (= PVFg) Experiment
Tissue volumes
(% body weight)
Fat (Vgc) 495 Schoeffner et al. (1999)
Liver (Vi) 3.31 Schoeftner er al. (1999)
Blood (V1) 7.40 Brown ef al. (1997)
Brain (Vgc) 0.53 Schoeftner e al. (1999)
GI (Vgic) 3.32 Schoeffner et al. (1999)
GI juice (Vgyc) 1.68 Yu et al. (2002)
Slowly perfused (Vsc) 77.65 82.6 — Vic
Rapidly perfused (Vrc) 1.16 174 — Vic — Vgrc —

Vec — Vaic — Vaic

was taken from Brown et al. (1997), and the fat BVF was obtained from
Andersen et al. (1993).

Model Validation

Several published kinetic data sets were utilized to evaluate the ability of our
PBPK model to predict DLT behavior. Anadon et al. (1996) dosed male Wistar
rats orally with 26 mg/kg of DLT dissolved in sesame oil and measured DLT
concentrations in plasma, anoccygeus muscle, and other tissues for up to 48 h.
The DLT kinetic data for muscle were used for model development. Gray and
Rickard (1982) conducted serial analyses of radioactivity levels in plasma,
cerebrum, cerebellum, spinal cord, and liver of female LAC:Porton rats given
1.75 mg "C-DLI/kg iv. Marei er al. (1982) dosed male SD rats orally with
3 mg DLT/kg in glycerol formal and monitored fat for DLT persistence over
3 weeks. Haines et al. (2004) obtained limited plasma and brain DLT profiles
from male Long-Evans rats given 30 mg DLT/kg po in corn oil. Time-course
data from each of these studies were used to evaluate the performance of our
refined PBPK model. The same chemical-specific and physiological parameters
we utilized for the male SD rat were employed to model the kinetics of DLT in
each of the rat strains/sexes used by the other investigators.

Sensitivity Analysis

Sensitivity analysis was performed to identify model parameters that primarily
influenced the peak blood and peak brain DLT concentrations. Each parameter was
increased by 0.1% and dose metrics of interest computed. Normalized Sensitivity
Coefficients (NSCs) were calculated using Equation 1 (Evans and Andersen, 2000).

Ar _p

2P 1
NSC=— A 1)
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where r is the response variable (e.g., peak brain concentration), Ar is the
change in the response variable, p is the value of the parameter of interest (e.g.,
volume of fat), and Ap is the change in the parameter value. Each parameter
was changed 0.1% (i.e., Ap = p = 0.001). To maintain mass balance, BW was
recomputed after changing a parameter value of compartmental volume.
Similarly, plasma flow (Qp) was recomputed after changing a parameter value
of compartmental flow. NSC values were calculated for 43 model parameters
for the two dose metrics following oral dosing with 2 mg/kg DLT. The time to
peak concentration was 1.6 h for blood and brain.

RESULTS

Model Development and Evaluation

Preliminary and refined PBPK model predictions of plasma,
blood, and fat DLT concentrations were compared to measured
concentrations in Figures 2A-2C, respectively. The plasma/
blood and fat profiles were obtained by serial sacrifices of
groups of rats following oral administration of 10 mg DLT/kg
in glycerol formal. The preliminary model employed flow-
limited equations for each of its compartments. This initial
model modestly underpredicted the maximum plasma and
blood DLT levels at 1 and 2 h (Figs. 2A and 2B). The revised
model more accurately forecast this early rise, while each
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model adequately predicted the decline in plasma and blood
levels from 6 to 48 h postdosing. Flow-limited assumptions
failed to describe the kinetics of DLT in adipose tissue (Fig.
2C). Diffusion-limited uptake and clearance of DLT from fat
was adequately described by using a visually fitted PA value of
4.0 X 1073, The PA term for exchange between erythrocytes
and plasma was set to a value of 1.0 1/h because plasma and
whole-blood profiles followed similar patterns (Figs. 2A and
2B). The PA term for slowly perfused tissues was set to a value
of 0.7 1/h to describe the relatively slow clearance of DLT from
muscle (Fig. 6). This provided adequate agreement between
measured (Anadon et al., 1996) and predicted concentrations
of DLT for the first 12 h after dosing. The clearance of DLT at
later times may be somewhat slower than what the model
predicted. Additional empirical muscle data would be helpful.
The use of diffusion-limited equations resulted in dramatic
improvement in prediction of DLT deposition in fat (Fig. 2C).
Fecal excretion of DLT was adequately predicted using Viaxrec
and Kge. values of 0.03 mg/kg/h and 0.45 mg/l (Fig. 2D).
Interestingly, these limited data suggest that the fecal excretion
of DLT may be greater at lower oral doses.

Good agreement was obtained between model-predicted and
measured plasma DLT concentrations during the distribution
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FIG. 2. Preliminary model predictions (dashed line), refined model predictions (solid line), and measured levels of DLT in the (A) blood, (B) plasma, and (C)
fat of rats dosed orally with 10 mg DLT/kg. Each circle in A—C represents the mean concentration (+ SD) of DLT measured in five rats at a given time postdosing.
(D) The model-predicted and observed (Ruzo et al., 1978) amounts of DLT excreted in feces, expressed as percentage of the administered dose, is depicted.
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FIG. 3. Refined model-predicted (line) and observed DLT levels (circles)
in blood of rats injected with 1 mg DLT/kg iv. Each circle represents
a concentration of DLT measured in an individual animal at a given time
postdosing.

and terminal elimination phases in SD rats given 1 mg/kg iv
(Fig. 3). Figure 4 shows model-predicted and DLT concentra-
tions in plasma, blood, brain, and fat measured following 2 and
10 mg DLT/kg po. The model simulations matched the kinetics

A

E

()]

2

[$)

c

[e]

(&)

©

I

(2]

oy

o

0.001 1 | 7
0 12 24 36 48
Time (h)

C 1

E

S 017

2

3)

c

o

O

C

® 0.01 1

m

0.001 T T T T
6 12 18 24
Time (h)

437

of DLT quite well in each biological medium. Simulations of
DLT kinetics revealed that for po doses of 2 and 10 mg/kg, the
majority of DLT was metabolized by the liver (~ 80%). The
P450 pathway accounted for ~ 60% of the hepatic metabolism.
Hepatic and plasma CaEs accounted for ~ 26% of total DLT
metabolism based on the simulations. No evidence of meta-
bolic saturation was manifest in this dosage range. Details of
the above simulations are presented in Table 3.

Model Validation

There was generally good agreement between the refined
model’s blood and liver simulations and empirical time-course
data from female LAC:Porton rats given 1.76 mg '*C-DLT/kg
iv by Gray and Rickard (1982) (Fig. SA). Peak liver concen-
trations were accurately predicted, but peak blood concen-
trations were higher than predicted. Blood and liver DLT levels
diminished somewhat more rapidly than forecast. Model-
simulated whole-brain DLT levels were plotted against levels
measured in the cerebellum, cerebrum, and spinal cord in
Figure 5B. There was adequate concordance during the
redistribution and terminal elimination phases. DLT levels
from 30 min to 1 h were underpredicted, as were intermediate
blood time points in our own iv data set (Fig. 3).
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line) or 10 mg/kg (solid line) po. Each filled (@) and open (O) circle represents the concentration of DLT measured in a different animal at a given time after dosing

with 10 and 2 mg DLT/kg po, respectively.
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TABLE 3
Model-Predicted Clearance of Deltamethrin® (expressed as
percentage of administered oral dose) by Metabolic Pathways
and Fecal Excretion

% dose

Liver Plasma
Dose % Dose
(mg/kg) CYPs CaEs Total CaEs

% Fecal % Dose
metabolized excretion eliminated

2 58.2
10 64.0

172 754 79 83.3 11.9 95.2
19.0 83.1 8.2 91.3 32 94.5

“PBPK model predictions are for a 21-day period after male SD rats are
given a single oral dose of 2 or 10 mg DLT/kg. Hepatic DLT metabolism is
catalyzed by microsomal cytochrome P450s (CYPs) and carboxylesterases
(CaEs), while plasma metabolism is mediated by CaEs (Anand et al., 2006).

Predicted plasma levels of DLT were substantially greater than
levels reported by Anadon et al. (1996) for the first 36 h following
26 mg/kg po (Fig. 6). The reason for this discrepancy is unknown,
but could be related to several issues including kinetic differences
between strains of rats, the severe toxicity experienced at this
high dosage level, and/or the oil dosage vehicle utilized.

Limited plasma and brain DLT time-course data from
experiments with male Long-Evans rats were provided by
Haines et al. (2004) for model validation. The considerable
intersubject variability evident in Figures 7A and 7B may have
resulted from injury of some animals by the high (30 mg/kg) oral
dose. Plasma DLT concentrations were slightly overpredicted,
though the simulation of brain concentrations remained within
the range of empirical levels for the 6-h measurements made.

The simulations for adipose tissue time-course data of Marei
et al. (1982) were also acceptable (Fig. 8). These researchers
dosed male SD rats with 3 mg DLT/kg po in glycerol formal and
monitored DLT levels in the animals’ adipose tissue for 21 days
but did not sample during the uptake phase.

Sensitivity Analysis

Sensitivity coefficients (NSC) were calculated for 43 model
parameters for two dose metrics, peak brain and peak blood con-
centrations. The NSC coefficients ranged in value from — 0.61
to 0.99 for the brain-related dose metric, and from — 0.61 to
0.65 for the blood-related dose metric. Of the 43 model
parameters tested for the 2-mg/kg oral dose, 14 were found
to have |[NSC|>0.1 (Fig. 9). These two sets of coefficients
were highly correlated with each other (r = 0.99 and n = 13),
except for the NSCs for the brain:plasma PC (PCg), which was
logically influential on the brain-related dose metric (NSC =
0.99) but not the blood-related dose metric (NSC = — 0.01).
Blood and brain peak concentrations were sensitive to liver:
plasma PC (PCp), the liver CYP metabolic constants (K,; and
Vmaxe1), and the liver CaE constants (K,» and Va.c2). These
dose metrics were only moderately influenced by metabolic
clearance in the blood (NSC [Viuxe3] = — 0.05 and NSC
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FIG. 5. Refined model simulations and empirical DLT time-courses in
female rats given 1.75 mg DLT/kg iv by Gray and Rickard (1982). (A)
Predicted blood (solid line) and liver (dotted line) time-courses and measured
DLT concentrations in blood ((J) and liver (A). (B) Model-predicted whole-
brain (solid line) and observed concentrations of DLT in the cerebellum (O),
cerebrum (V), and spinal cord ([J).
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FIG. 6. Model-predicted skeletal muscle (dashed line) and plasma (solid
line) and reported DLT concentrations in muscle (O) and plasma ((J) of male
Wistar rats given 26 mg DLT/kg po by Anadon et al. (1996). (n = 8 per time
point.) The muscle DLT kinetic data were used for model development and the
plasma kinetic data for model validation.
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FIG.7. Refined model-simulated (solid line) and observed DLT levels (@)
in the brain (A) and plasma (B) of male Long-Evans rats administered 30 mg
DLT/kg po in corn oil by Haines et al. (2004). Each circle represents
a concentration of DLT measured in a different animal at a given time after
dosing.
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FIG. 8. Refined model predictions (solid line) and measured DLT levels

(@) in the fat of male albino rats dosed orally with 3 mg DLT/kg by Marei et al.
(1982). Each data point represents the mean value for a group of rats.
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[Km3] = 0.05). Peak blood and brain concentrations were also
positively sensitive to the changes in the first-order GI transfer
rate (Kgp) and intestinal absorption rate (Kj). This pattern was
expected, since DLT absorption occurs primarily in the in-
testine in our model. The dose metrics were sensitive to the
capacity constant for fecal excretion V, pecc (NSC = — 0.14,
for both) but not to Kyr.. (NSC = 0.02, for both). Both
parameters were influential at low dosage (0.5 mg/kg po), and
neither was influential at higher dosage (10 mg/kg po).

DISCUSSION

Relatively little has been reported on the pharmacokinetics
of DLT or other pyrethroids in humans and other mammals,
despite the insecticides’ widespread agricultural and household
use. A PBPK model for DLT was constructed for the adult SD
rat. The model utilized both flow- and diffusion-limited
kinetics to describe the time-course of DLT in blood and
tissues. DLT exhibited pronounced diffusion-limited behavior
in the fat. Systemic clearance of DLT was assumed to occur by
metabolism as well as fecal excretion. As the biotransformation
of DLT involves two metabolic pathways (CyPs, CaE) and two
primary metabolizing tissues (liver and blood), the metabolic
constants were determined in vitro (Anand et al., 2006). Oral
bioavailability was assumed to be dose dependent. This first-
generation hybrid PBPK model for DLT was generally success-
ful in describing the kinetics of DLT in several tissues,
including the target organ (brain). Both the acute neurotoxicity
of DLT and our analytical limit of detection precluded
collection of data over a wider range of doses. Despite these
limitations, we were able to obtain comprehensive DLT time-
course data sets for rats administered single oral bolus doses of
2 and 10 mg/kg po and 1 mg/kg iv for model development. The
preliminary model was refined and subsequently validated by
comparing its predictions with published data from experi-
ments of other researchers involving single po DLT doses of
3, 26, and 30 mg/kg and a single iv dose of 1.75 mg/kg.

PBPK models, including the present one for DLT in the adult
rat, reveal gaps in knowledge and often indicate areas for further
research. To that end, specific kinetics issues for DLT are
discussed below. Anadon and his coworkers (1996) conducted
the most comprehensive kinetic study of DLT. DLT was found to
be absorbed rapidly (Tp,.x = 1.83 h) from the GI tract of fasted
rats. Our own blood/plasma profiles and PBPK model simu-
lations for fasted rats given 2 and 10 mg DLT/kg po show
maximal or near-maximal DLT concentrations at the first two
sampling times (i.e., 1 and 2 h postdosing). Nevertheless, it is
unclear how extensively DLT and other pyrethroids are absorbed
from the GI tract, as published data are very limited. Anadon
et al. (1996) concluded that DLT was only partially absorbed, as
reflected by a long GI residence time and low bioavailability in
fasted rats. Ruzo et al. (1978) and Bosch (1990) have apparently
reported the only fecal excretion data. In their experiments, rats
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FIG.9. NSCs for several model parameters using peak plasma and brain concentrations as the DLT dose metrics. A 2-mg DLT/kg po dose was simulated here.

received oral doses ranging from 0.6 to 1.6 mg '*C-DLT/kg. The
'4C in feces was primarily DLT. Three of their data points were
included in our Figure 2D. Surprisingly, our modeling with these
data indicated that fecal excretion of DLT would vary inversely
with the orally administered dose. This implies that bioavail-
ability of low DLT doses are substantially less than that of
relatively high doses. This behavior may also indicate trans-
porter-mediated disposition of DLT in rat.

A major elimination pathway for lipophilic chemicals such
as hexachlorobenzene is passive diffusion from blood into the
lumen of the lower GI tract (i.e., exsorption) (Rozman et al.,
1985). Evidence to date that DLT or other pyrethroids are
P-glycoprotein (P-gp) substrates is very limited. Cypermethrin,
a structurally related pyrethroid, is reported to be a P-gp
substrate in two insect species (Buss et al., 2002; Srinivas et al.,
2004). P-gp, an ATP-binding cassette (ABC) transporter, is
abundantly expressed in the biliary cannalicular membrane of
the hepatocytes (Endres ef al., in press; Leslie er al., 2005).
Therefore, DLT could also be returned to the GI tract via bile,
though Crawford et al. (1981) found no parent compound in the
bile within 4-5 h of giving anesthetized rats using 1.7-2.5 mg
cypermethrin/kg po. Focused experiments are necessary to
better understand these complex absorption and exsorption
processes, so that they can be quantified and incorporated into
an improved PBPK model for DLT and other pyrethroids.

The observed erythrocyte:plasma PC (PCg) was quite low,
relative to the tissue:plasma PC values (Table 1). Although,
RBCs express very low levels of P-gp, Abraham et al. (2001)
described the presence of substantial levels of other ABC
proteins (i.e., MRP1 and CFTR) in RBC membranes, which
could potentially participate in DLT efflux.

Adipose tissue played a major role in the systemic disposi-
tion of DLT. Near-maximal concentrations in perirenal fat,
reached by 6 h after oral dosing in the current experiments,

substantially exceeded concentrations in blood and other
tissues. As anticipated, elimination from the fat was much
slower. Marei et al. (1982) reported similar findings with DLT
and several other pyrethroids in rats. As mentioned previously,
it was necessary to modify the fat compartment in our PBPK
model to be diffusion limited, in order to predict the slow
release of DLT.

Our experimental brain DLT time-course data and most
published brain profiles (Gray and Rickard, 1982; Haines et al.,
2004) were predicted reasonably well. The compound’s very
high lipophilicity (log Kow = 6.1) favors its diffusion through
endothelial, pericyte, and astrocyte membranes. DLT’s molec-
ular weight of 505.2 would not be expected to hinder its
passage through the blood:brain barrier (BBB). The progres-
sive decline in brain DLT levels predicted by the PBPK model
was consistent with our experimental findings and those of
Gray and Rickard (1982) and Marei et al. (1982).

The PBPK model assumes uniform distribution and no
binding of DLT in the brain and other body compartments.
Gray and Rickard (1982) and Rickard and Brodie (1985)
observed only minor regional differences in DLT brain concen-
trations in rats administered DLT by iv and ip injections. We also
found relatively little variability in DLT from one brain region to
another in orally dosed immature rats (data not shown). In
contrast, Anadon et al. (1996) reported marked differences in
amounts of DLT present in six parts of the brain of adult Wistar
rats that received 26 mg/kg po. Six hours after dosing, the mean
DLT concentration in the hypothalamus was ~ 72 times higher
than that in the medulla oblongata, the region with the lowest
concentration. It may be worthy of note that the BBB is much
less prominent in the hypothalamus than in the other brain
regions analyzed by Anadon and his coworkers (1996).

Our experiments revealed that DLT levels in the brain were
substantially lower than in blood. It is unclear why CNS levels
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are so low. Rat brain homogenate was found to slowly
metabolize DLT to a very limited extent (Rickard and Brodie,
1985). Substantial P-gp expression in the BBB (Leslie ef al.,
2005) may serve as an effective efflux transporter for DLT,
but this has not been confirmed. The largely phospholipid
composition of the brain may be an important factor in the
limited partitioning of the highly lipophilic compounds. The
solubilities of organic chemicals in phospholipids are signif-
icantly lower than in neutral lipids (Poulin and Krishnan,
1995).

Empirical and model-predicted blood and plasma DLT
concentrations were substantially higher than brain concen-
trations. Mean blood:brain ratios we measured in groups of
five rats 1, 2, and 6 h after the 10 mg/kg po administration
were 7.0, 6.2, and 3.4, respectively. Gray and Rickard (1982),
Haines er al. (2004), and Rickard and Brodie (1985) also
observed high DLT blood:brain ratios, that progressively di-
minished with time due to a relatively rapid drop in blood
levels. Anadon et al. (1996) also reported a progressive de-
crease in the DLT blood:brain ratio over time, but DLT con-
centrations they measured in most regions of the brain usually
far exceeded blood concentrations. Anadon and coworkers’
animals exhibited severe neurotoxicity, including whole-body
tremors and choreoathetosis. It is not clear how pharmacoki-
netic determinants (e.g., regional blood flow, metabolism, and
membrane transport processes) may be altered under these
circumstances.

In conclusion, this first-generation PBPK model for DLT
represents the initial step toward being able to reliably predict
the internal dosimetry of a pyrethroid insecticide for different
dosage and exposure scenarios. There was reasonable concor-
dance between the model simulations and most of the empirical
data, despite frequent differences in rat strains, dosage vehicles,
and analytical techniques. Crofton et al. (1995), for example,
reported that both dosage route and vehicle had pronounced
effects on the neurotoxic potency of DLT in rats. Models for
common pyrethroids can be utilized to predict the likelihood of
cumulative brain deposition and toxic effects.

SUPPLEMENTARY DATA

Equations and abbreviations used in the present model as
well as comparison of the kinetic behavior of DLT with
some other lipophilic chemicals are available online at http://
toxsci.oxfordjournals.org/.

APPENDIX
Calculation of PVF of a tissue based on BVF and whole-blood PVF (PVFg;) in

the tissue (BVF values were taken from Brown et al. (1997); BVF value for the
slowly perfused was set equal to that of muscle):

PVF, = BVF, - PVFy (1 — [BVF,(1—PVFy)]).

441

Calculation of erythrocytes: Plasma PC (PCg) based on PVF of the whole-
blood (PVFgy) and blood:plasma PC (PCgp) (details shown in the online
supplement):

_ PCy —PVFy
PG =17 PVFy,
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