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Abstract
Molinate has been widely used as a pre emergent herbicide in the rice fields of California’s Central
Valley. In rat studies, the metabolite molinate sulfoxide is suspected of causing testicular toxicity
after exposure to molinate. The sulfoxide is generated in the liver and can circulate in the blood,
eventually reaching the testis. Man qualitatively produces the same molinate metabolites as the rat.
To extrapolate the reproductive risk to man, the present study outlines the development of a
preliminary PBPK (Physiologically-based Pharmacokinetic) model, validation in the rat and
extrapolation to man.

The preliminary seven-compartment PBPK model for molinate was constructed for the adult, male
Sprague-Dawley rat that employed both flow-limited (blood, kidney, liver, rapid-perfused tissues
and slowly perfused tissues) and diffusion-limited (fat) rate equations. The systemic circulation
connects the various compartments. The simulations predict the molinate blood concentrations of
the rat blood and testes compartment favorably with the profiles obtained from 10 and 100 mg/kg
po or 1.5 and 15 mg/kg iv doses. Human physiological parameters were substituted into the oral
dosed model and the simulations closely predicted the molinate blood concentration obtained from
5.06 mg oral dose. A sensitivity analysis determined for an oral dose that peak blood molinate
concentrations were most responsive to the blood flows to kidney and fat compartments while
testicular molinate sulfoxide concentrations depended on molinate sulfoxide partition coefficients
for the testes compartment and the Km for glutathione conjugation of molinate sulfoxide in the liver
compartment.
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INTRODUCTION
s-ethyl hexahydro-1H-azepine-1-1carbothioate (MOLINATE) is pre emergent herbicide used
in the rice growing industry around the world. Primary occupational exposure routes include
both dermal and inhalation for field workers exposed to the herbicide as well as the oral route
from drinking water contaminated from agricultural runoff. Molinate induces numerous
biochemical, morphological, and toxicological responses including reproductive toxicities
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such as a distinctive sperm lesion and delayed release of the late spermatids to the seminiferous
tubular lumen. (Cochran et al., 1997, Ellis et al., 1998, Jewell et al., 1998; Berger and Miller,
2000; and Kavlock and Cummings, 2005). Moreover in rat studies, high doses of molinate
were shown to cause testicular toxicity and lower dose levels were associated with sperm
abnormalities. Further, the testicular toxicity was related to formation of the molinate
metabolite, molinate sulfoxide (Figure 1).

Current understanding of the mechanism of molinate’s reproductive toxicity implicates a
sulfoxide metabolite generated in the liver that can circulate in the blood to reach the testis (see
Figure 1). The sulfoxide can be further metabolized to the sulphone, and theoretically both are
reactive and capable of covalent protein binding and conjugation with glutathione ultimately
appearing after further metabolism (Jewell and Miller, 1998) as mercapturates in the urine.
The major urinary metabolites are the mercapturate, the hydroxy – molinate(s) and their
respective glucuronides (De Baun et al., 1978). The covalent protein binding can impact both
toxicity a) by covalently modifying cysteine residues at the active site of enzymes and altering
function (Zimmerman et al., 2002,Jewell and Miller, 1998) as well as b) the kinetics and
disposition of the sulfoxide (Campbell et al., 2008).

Presently, understanding of the molecular mechanisms of the developmental reproductive
effects of molinate is quite limited. One possible hypothesis suggests that once molinate is
bioactivated to molinate sulfoxide, the sulfoxide is free to bind proteins that may be important
to the production and activation of the testosterone or other biologically important molecules
such as retinoic acid receptor which initiates a cascade of events leading to the effects. In sum,
the mechanism of toxicity of molinate sulfoxide remains controversial.

Ellis et al. (1998) describe a variety of toxic effects on the male rat reproductive system induced
by molinate. Briefly, they found administration of molinate to rats (40 mg/kg/day for 7 days)
caused a distinctive sperm lesion. Higher doses of molinate (140 mg/kg for 7 days) produced
morphological changes to the testis that included a delayed release of the late spermatids to
the seminiferous tubular lumen. This is a process controlled by the release of testosterone, and
by using [3H]molinate, the primary target site appears to be the Leydig cells of the testis.
Another important observation in rats dosed with molinate (>/=40 mg/kg) and molinate
sulfoxide (>10 mg/kg) was the substantial decrease in both circulating and testicular
testosterone concentration.

The morphological changes can be explained by an inhibition of Leydig cell function, including
testosterone production, which is required for the maintenance of spermatogenesis. Since
molinate sulfoxide inhibits general ester hydrolysis including neutral cholesterol ester
hydrolase (nCEH) within the Leydig cells of the rat testis, cholesterol release would be
prevented from its storage ester within this cell type. Therefore one explanation for the rodent’s
increased susceptibility to molinate testicular toxicity compared to man lies in the difference
in major source of cholesterol; rodents utilize high-density lipoproteins (HDLs) in plasma that
are hydrolyzed within the cell cytosol by nCEH (Gwynne et al., 1976) while conversely human
obtain the majority of their cholesterol from low-density lipoproteins (LDLs) (Payne et al.,
1985).

Several studies have examined the pharmacokinetics of molinate in rat, rabbit, monkey and
man (Jewell et al., 1998, Dean, 1977, Lythgoe et al., 1992, and Batten et al., 1992). In this
study we add to the preliminary pharmacokinetic studies plus several metabolism experiments
are utilized to develop a Physiologically-based Pharmacokinetic model (PBPK), a tool that can
be used to predict the distribution of molinate, determine target tissue molinate concentrations,
and provide simultaneous tissue concentration versus time profiles for the various
compartments in the model. Since certain chemicals (arsenic, benomyl, dioxin,
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dibromochloropropane) can cause toxicity at minute concentrations in experimental animals;
linking the temporal relationship between dose, exposure, and response would be an important
step towards accurately estimating the potential adverse risk to human health.

A PBPK model is a body composed of compartments, and each compartment contains
mathematical descriptions of a chemical’s absorption, distribution, metabolism, and
elimination (ADME). Similar to conventional allometery, PBPK models provide a quantitative
means of extrapolating ADME properties across species. The difference lies in the PBPK
models ability to substitute species-specific physiological and biochemical parameters into the
model. Thus by developing a PBPK model that can predict molinate concentrations in adult
rat compartments the aim of this work was to extrapolate molinate blood and testes
concentration predictions to humans.

In order for a pharmacokinetic model to successfully extrapolate between species the
differences in a) metabolism and kinetics and b) physiological changes between species must
be incorporated. Since rat and man qualitatively share the same pathway for molinate
detoxification and bioactivation, an attempt was made to incorporate the appropriate metabolic
and physiologic parameters that would optimize the interspecies prediction. Finally, since
documented molinate administration to humans is rare, the opportunity to validate this model
in humans is limited; therefore the utility of this model to predict human tissue concentrations
is restricted to oral exposures.

MATERIALS AND METHODS
Chemicals

Molinate (s-ethyl hexahydro-1H-azepine-1-1carbothioate) was obtained from ChemService
(Westchester, PA). It was 99% pure. Molinate sulfoxide was a gift from Dr William Helke,
Syngenta, Greensboro, NC. Metabolite standards for molinate were generously provided by
Zeneca Ag Products (Richmond, CA). Glycerol formal was obtained from Sigma-Aldrich (St.
Louis, MO). All other chemicals were purchased from Fisher Scientific (Fairlawn, NJ).
Molinate and molinate sulfoxide stock solutions (1 mg/mL) in acetonitrile were prepared before
each analytical run and diluted to standard concentration in 2:1 acetonitrile: 100 mM PBS, pH
7.4. Purity for molinate, molinate sulfoxide, and the glutathione conjugate were assessed at
99.1%, > 97.1%, and 57.1%, respectively by the manufacturer for molinate or by A218 nm peak
area from reverse phase chromatography.

Animals
Double jugular vein catheterized male Sprague-Dawley rats (approximately 300 g obtained
from Charles River Laboratories, Wilmington, MA) were used for the iv study whereas both
single jugular vein male catheterized or normal Sprague-Dawley rats (approximately 300 g
from Charles River Laboratories) were used for the oral dosed study. The animals were housed
one per cage in temperature (22.6 ± 1°C) and humidity (50.6 ± 10%) controlled rooms under
a 12-h light/dark cycle. Animals were acclimated to housing conditions for at least 1 week
before use. Because molinate is a male reproductive toxicant, only males were analyzed. This
study was approved by the UC Davis Administrative Panel on Laboratory Animal Care. UC
Davis University is fully accredited by the AAALAC and registered with the United States
Department of Agriculture. All animals involved in this study received humane care in
accordance with “The Guide for the Care and Use of Laboratory Animals” (Institute of
Laboratory Animal Resources, National Research Council, Revised 1996) and University of
California, Davis Animal Care Guidelines. The Vivarium Service Center (VSC) provided
routine housing and husbandry (cage changes, feeding, etc.). A member of the VSC staff
observed the animals on study twice daily.
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Experimental
Molinate was dissolved in sterile glycerol formal to give the desire dose of 1.5, 10, 15 and 100
mg/kg of body weight in a total volume of 1.5 ml/kg. For the iv study, subjects received 1.5
or 15 mg/kg molinate through the left cannula and serial micro blood samples were taken
through the right cannula at predose, 5, 10, 20, 30, 60, 90, 120, and 180 minutes after exposure.
For the oral study, rats received 10 or 100 mg/kg molinate through oral gavage and serial micro
blood samples were taken through the right cannula at 10, 30, 60, 120, 180 and 240 minutes
after exposure. Oral dosing of normal, uncannulated rats followed by serial sacrifices at
predose, 10, 30, 60, 120, 180 and 240 minutes after exposure were performed in a separate
experiments to obtain brain, fat, kidney, liver, muscle and testes tissue samples. Three to four
animals/group were used.

Analytical
Analyte concentrations were measured as described previously by Tjeerdema et al., 1987, and
modified by Campbell et al. 2008. Briefly, A C18 column (250 × 4.6mm, i.d. 5 μm, Alltech
Associates) is initially equilibrated in dH20: acetonitrile each with 0.1% formic acid (10:90)
and then eluted over a linear gradient to final conditions (90:10) over 22 minutes at a flow rate
of 1 ml/min. Single Ion Mode liquid chromatography/mass spectral (LC-MS) detection was
conducted using an 8:1 split. Blood was extracted by the addition of two volumes of acetonitrile
with vortexing, and centrifuged at 1300g for 5 minutes. Tissues were homogenized in 50:50
acetonitrile :100 mM phosphate buffer, pH 7.4 (1:3 ), then 1X volume of 25% NaCl in 100
mM phosphate buffer, pH 7.4 was added and solution was vortexed, followed by a 30 minute
room incubation. Finally the solution was extracted by the addition of two volumes of
acetonitrile with vortexing followed by centrifugation at 1300g for 5 minutes. Extracted blood
and tissue samples were 0.45 μm filtered and stored at −80°C until LC-MS analysis. The
extraction method was validated by spike and recovery of both molinate and molinate sulfoxide
in each tissue homogenate at three different tissues concentrations (0.1, 0.5 and 1 μg/ml
homogenate). All dosing solutions were measured by the LC-MS method.

PBPK Model development
The iv model was developed first since it contains fewer absorption assumptions. The iv PBPK
model for molinate consists of seven compartments including blood, fat, liver, testes, kidney,
richly and slowly perfused tissue compartments (Figure 2). Next was development of the oral
dosed model which used the same metabolic constants as the iv model. Both models assume
that each compartment is flow-limited with the exception of fat which best fit a diffusion limited
assumption. Validation of this model included several data sets from rats. Extrapolating a
model with this many compartments to humans is problematic, due to the limited human data
available. While some adult urine concentrations are available from the published literature,
rarely is the external molinate concentration documented. Data from other tissues are not
readily available. Thus, validating the model predictions in the different compartments in
humans would be unlikely.

Tissues in this model include those that have important roles in the pharmacokinetics and
reproductive toxicity of molinate. A blood compartment was used to describe the systemic
circulation, this tissue is readily sampled in rats and humans, and the molinate sulfoxide -
hemoglobin adduct formation rate is also included here. Cytochrome P450–mediated
metabolism and glutathione conjugation is accounted for in the liver and fat was included in
the model because it is a primary storage site of molinate in the first 24 hours of exposure
(DeBaun et al., 1978). The kidney was selected because elimination for both parent and
metabolite is performed in the kidneys (glomular filtration rate multiplied by blood flow). The
testis is the primary target organ and the rest of the body compartment was included as either
slowly or richly perfused compartments in order to achieve mass balance. The present
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description of this simplified PBPK model represents the most important compartments for an
adequate description of the pharmacokinetics and metabolism of molinate (Figure 2). A more
detailed model description including the equations used for each compartment is available in
the Appendix, and the physiological parameters used in the model are in Table 1, the metabolic
parameters used in the model are in Table 2, and the chemical specific absorption, injection,
and optimized (see Model simulation and fitting procedure section below) parameters are
summarized in Table 3.

PBPK Model parameterization
PBPK models require three different sets of parameters a) species specific physiologic
parameters b) physiochemical properties of the compound(s) of interest (estimated
experimentally or using a previously published alogorithm, Poulin et al., 1995), and c) Km and
Vmax values for metabolism and relevant kinetic constants. All parameters for adult animals
were taken from US EPA Physiological parameter values for PBPK models (1994). The
algorithm published by Poulin and Krishnan (1995) states that a chemical’s tissue: blood
partition coefficient can be calculated by dividing the amount of chemical that partitions into
the tissue by the sum of 0.37 X (amount of chemical that partitions into the erythrocyte) + 0.63
X ( amount of chemical that partitions into the plasma). The Poulin paper supplies the algorithm
for calculating the amount of chemical in tissue, erythrocyte, and plasma plus the constant
fractions of neutral lipid, phospholipid, and water for each tissue. Lastly the calculation requires
the Kow or the octanol-water partition coefficient of the chemical (the ratio of the concentration
of a chemical in octanol and in water at equilibrium and at a specified temperature): the Kow
for molinate was taken from an individual pesticide report, (www.ars.usda.gov) and molinate
sulfoxide was estimated with f values (hydrophobicity substituent constant) taken from Hansch
and Leo (1979). Both of these figures were also calculated and verified using an online program
LogKow, and WSKOWWIN from Syracuse Research Corporation, (www.syrres.com). The
formula, the constant fractions, and the Kow of molinate and molinate sulfoxide were then
used to estimate the various tissue PC’s for the oral and iv rat model.

The oral absorption bolus is described using a triexponetial equation from a separate absorption
compartment with out blood flow. This gave the best fit to the experimental data but does not
provide a physiological representation of the process (Craigmill, 2003). The oral absorption
constants values were determined by a two step process; first a visual fitting of predicted plasma
concentrations of molinate with observed concentrations for the 10 and 100 mg/kg oral dose,
then a formal fit optimization was performed using the parameter estimation module, an
optimization routine for fitting models to experimentally collected data, from ACSL
(Advanced Continuous Simulation Language) Extreme Program (Aegis Corporation.
Huntsville, AL). The oral absorption of molinate is described as occurring through both the
portal and the lymphatic circulation and fecal elimination is also incorporated into this
compartment (Figure 1).

In contrast, the IV administration is directed into the blood compartment using an algorithm
for iv dosing provided by ACSL extreme software. Here again the iv injection rate constant
value (la, the reciprocal pulse width, so at t=1/la, the pulse is cut off) was determined by visual
fitting of predicted plasma concentrations of molinate with observed concentrations for the 1.5
and 15 mg/kg iv dose followed by a formal optimization.

Km and Vmax values for formation of hydroxymolinate and molinate sulfoxide in the liver
were taken from Jewell and Miller, 1999 (Table 2). Recent studies have obtained kinetic
constants describing the glutathione transferase-catalyzed detoxification of molinate sulfoxide
in the liver, the nonenzymatic reaction rate of molinate sulfoxide with glutathione, and the
reaction rate for removal of free sulfoxide in whole blood (Campbell et al., 2008). A previous
study has demonstrated adduct formation of molinate sulfoxide with blood proteins.
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(Zimmerman et al., 2004). For the oral model the fecal excretion constant (Kf) (expressed as
a fraction of dose and assumed to be unmetabolized parent compound) was taken from Debaun
et al., 1978. Finally, cytochrome P450 induction and binding of molinate is not considered in
the model, although liver concentrations were substantial. For the human simulation the same
model was used including the PC’s optimized for the rat. However, human physiological and
the metabolic parameters (as reported in Table 1, 2, 3) were substituted into the model as
appropriate.

Model Simulation and Fitting Procedure
The PBPK model was developed with algebraic and differential equations describing the
kinetics of molinate and molinate sulfoxide using the commercially available ACSL Extreme
software which also contains a maximum likelihood estimation algorithm so that model
parameters achieve best possible fit using the default Nelder-Mead algorithm,
heteroscedasticity parameters were allowed to vary between 0 and 2, and limits were set on
how much parameters can be adjusted to ensure biologically plausibility. In example both the
metabolic and kinetic parameters were generally allowed to vary ± 1 standard deviation from
the reported value. For this study the parameters that were included in the optimization
procedure were all of the absorption constants, the partition coefficients, and the Km of the
metabolizing enzyme responsible for molinate sulfoxide production.

Validation of PBPK model
Four experimental rat studies (two iv and two oral doses) were used to validate this model and
are described below and in Table 4. The blood profiles from the iv doses of 1.5 and 15 mg/mg
molinate were used to evaluate the performance of the iv molinate model. The time course data
from the 10 and 100 mg/kg doses by oral gavage were then used to monitor and judge the
performance of the oral dosed molinate model. The same chemical specific and physiological
parameters that were used in the iv model were also employed in the oral dosed model. The
experimental data for muscle concentrations was used as a surrogate for the slowly perfused
compartment in the oral dosed model. One experimental human study by Batten et al., 1992
in which volunteers were orally administered 5.06 mg molinate in a gelatine capsule was used
to validate the human model.

Sensitivity analysis
During model simulations, it is important to establish the sensitivity of the parameters to small
changes. Each parameter of this model was tested for sensitivity. This evaluation consisted of
varying each parameter by a factor of 0.1% (i.e. Δx ÷ x = 0.001) and the dose metrics of interest
computed. This study used the central difference formula for calculating sensitivity coefficients
using AcslXtreme OptStat module. Finite difference simply varies the parameters by a small
delta to calculate the derivatives whereas central difference uses the following equation to
calculate finite difference:

where x is the response variable (e.g. molinate blood concentration) and Δx is the change in
response variable or the fractional change in the output divided by the fractional change in the
input. The two types of normalization are performed as follows. Normalization with respect
to response variables is performed by dividing the computed sensitivity coefficient at each time
slice by the value of the response variable at that time. Normalization with respect to a
parameter is performed by multiplying the computed sensitivity coefficient at each time slice
by the value of the parameter. Values were calculated for 49 model parameters for1.5 mg/kg
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iv and10 mg/kg oral dosed molinate. The iv model was used to calculate the impact on blood
molinate and molinate sulfoxide levels whereas the oral dose was used to consider the impact
of the various parameters on blood molinate and testicular molinate sulfoxide concentration.
These different comparisons provide information about the behavior of the model under
different exposure conditions.

RESULTS
IV PBPK Model

Evaluation of the model was conducted by simulating the experimental data obtained from
exposing four Sprague-Dawley rats to a single iv dose of either 1.5 or 15 mg molinate/kg
(Figure 3A and 3B). Blood concentrations are expressed in ng molinate/ml blood. Lines
represent model simulations. Each point represents mean for 4 rats per group per time point.
Molinate concentrations were determined in these rats just in blood. Molinate blood
concentrations estimated by the model were modestly over predicted for the Cmax (5 min) to
30 min period of the blood molinate concentrations determined experimentally. From 30
minutes to 100 minutes the simulation adequately predicted the decline in HPLC measured
blood concentrations. IV molinate dosing solutions measured ±11.2 % of theoretical
concentration. The molinate sulfoxide simulations were more accurate in both the Cmax and
consequent decline in blood concentration predictions out to100 minutes. The congruence of
model prediction with experimentally determined blood concentrations suggests that
distribution of molinate between whole blood and serum is equivalent

Oral Dosed PBPK Model
Figures 4 through 6 show experimental data and the model predictions for molinate and
molinate sulfoxide blood and tissue concentrations in rats following oral gavage dosings of
molinate at 10 and 100 mg/kg body weight. Symbols (square) represent experimental data for
blood or tissues and lines represent model simulations. Each point represents mean for 3 to 4
rats per group per time point. Oral molinate dosing solutions measured ± 17% of theoretical
concentration.

In Figure 4A molinate blood predictions are within one standard deviation compared to most
of the experimental data, however, the model slightly overestimates the first 60 min molinate
blood concentration. Simulations for molinate sulfoxide (Figure 4B) for this exposure result
in more accurate predictions of blood concentrations, within factor of 2 for the range of the
experimental data for the entire time course.

FIG. 5A and 5B shows experimental data and the model predictions of molinate and molinate
sulfoxide fat concentrations in rats. Since flow-limited assumptions in the preliminary model
failed to describe the kinetics of molinate in adipose tissue, and both the 10 and 100 mg/kg
simulation adequately forecasts the slightly rising molinate concentration levels measured by
HPLC from one to four hours, both of these findings further support the diffusion-limited
uptake assumption by using a visually fitted PA value of 1.15 × 10−3 L/min or approximately
1.04% of cardiac output. In sum, the molinate predictions are predominately within one
standard deviation compared to most of the 100 mg/kg experimental data except the 30 minute
HPLC measured time point whereas the model underestimates the molinate concentration for
the first hour of the 10 mg/kg dose. The molinate sulfoxide predictions for the 100 mg/kg
molinate exposure (Figure 5B) predominately resulted in simulations ± 1 SD from HPLC
measured tissue concentrations with the exception of the 30 minute HPLC measured timepoint,
whereas the 10 mg/kg simulation mainly fell within a factor of 2 for the range of the
experimental data.
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In Figures 6A and 6B the symbols represent experimental data for molinate (square) and
molinate sulfoxide (circle) and the model predictions of molinate and molinate sulfoxide liver
and testes concentrations in rats from a 100 mg/kg dose of molinate. In Figure 6A the simulation
initially overestimates the molinate concentration for the liver compartment then
predominately approximates the rest of the time course data by a factor of ± 2. Further the
model accurately estimates both the liver (Figure 6A) and testes (Figure 6B) molinate sulfoxide
concentration by approximating the measured concentrations ± 1 SD. Finally the model
predominately adheres to the measured testes molinate concentration ± 1 SD with an accurate
Cmax prediction at T=30 minutes.

FIG. 7A and 7B shows experimental datum and the model predictions of molinate blood and
model predictions for molinate sulfoxide testes concentrations in humans following peroral
administration of 5.06mg molinate. The square represents experimental data for blood. The
point represents mean for 2 humans (approximately 60 kg each) per group per time point. Lines
represent model simulations. Briefly the human mean concentration of 2.3 ng/ml (n= 2) at 0.5
hr was described by the human blood simulation within a factor of 2. The human testes
compartment simulation reveals a Cmax and Tmax of approximately 0.041 ng/ml and 51
minutes, respectively.

Sensitivity Analysis
Sensitivity analysis was performed on all parameters in this PBPK model at one dose level for
both iv and oral exposures. Sensitivity coefficients were calculated for two dose metrics for
48 and 55 model parameters for iv and oral exposure, respectively. However, to simplify the
presentation of the analysis only parameters that resulted in a normalized sensitivity coefficient
|NSC| > 0.1 of are presented and discussed.

For the 1.5 mg molinate/kg iv exposure both blood molinate and molinate sulfoxide
concentrations were used. The two sets of coefficients were not correlated with each other
(r2 = 0.139 and n = 13 for molinate and n = 21 for molinate sulfoxide). The three parameters
which decreased molinate blood concentrations the most when they were increased (listed in
descending order) were slowly perfused molinate PC, liver molinate PC and liver weight (w).
Conversely, molinate blood concentrations achieved the highest concentrations when the
following parameters were increased (listed in descending order); bodyweight, liver Km for
sulfoxidation., and liver blood flow rate. Blood molinate sulfoxide concentrations were
diminished the most by increasing the slowly perfused tissue volume as % body weight (vc),
slowly perfused molinate PC, and liver Km for sulfoxidation. Molinate sulfoxide blood
concentrations rose the highest when the following parameters were also increased (listed in
descending order); fat molinate sulfoxide binding capacity, fat molinate dissociation constant
of binding, and liver Vmax for sulfoxidation.

Given the difference in PC’s between molinate and molinate sulfoxide it is not surprising that
their impacts do not vary directly. Blood molinate and molinate sulfoxide levels were the
highest when body weight and various liver and fat parameters were increased. Increasing the
Km for sulfoxidation appears to have a dual role; decreasing both the consumption of molinate
and the production of molinate sulfoxide. As the Km is a direct measure of the enzymes affinity
for the substrate, this is not a surprising finding; it is not readily apparent the importance of
body weight plays of the molinate blood concentration prediction. While increasing both liver
Vmax for sulfoxidation and fat molinate dissociation constant of binding should also increase
the molinate sulfoxide blood concentration, it is also unclear by which mechanism increasing
the molinate sulfoxide fat binding capacity would also increase the blood molinate sulfoxide
concentration.
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For the 10 mg molinate/kg oral dose, NSC’s for many parameters for blood molinate and
testicular molinate sulfoxide peak concentrations were calculated (Figure 8). The two sets of
coefficients n = 12 for molinate and n = 22 for molinate sulfoxide were not correlated with
each other (r2 = 0.083). The blood molinate dose metric was most positively increased (listed
in descending order of impact) by increasing the blood flows to kidney and fat compartments
and also to Km for sulfoxidation in the liver compartment while decreased the most (again
listed in descending order of impact) when to the molinate partition coefficient of the liver,
slowly perfused compartment and the weight of the liver were increased. Conversely, the
testicular molinate sulfoxide concentration was decreased the most by increasing the following
three parameters; Km for sulfoxidation in the liver compartment, molinate sulfoxide PC in both
the liver and slowly perfused compartment. Finally the testicular molinate sulfoxide dose
metric was most sensitive to increases in the molinate sulfoxide PC for the testes compartment,
the Km for glutathione conjugation of molinate sulfoxide in the liver compartment and body
weight.

DISCUSSION
The present study is the first attempt to publish a preliminary two species validated PBPK
model simulating the concentrations of molinate in various tissues (PubMed Database, 2008),
and compares PBPK model predictions of molinate and the toxic metabolite, molinate
sulfoxide, to measured concentrations following single oral and iv administrations in the rat
and human.

PBPK models are often used in toxicology and risk assessment for extrapolation across dose,
route of exposures, and species (Simmons et al., 2002). Early PBPK models consisted of four
or five compartments (Krishnan and Andersen, 1994), while current models usually contain
more compartments and many now include increasingly sophisticated exposure equations.
Compared with classical pharmacokinetic models, there are several advantages are offered by
PBPK models including (1) the capacity to provide simultaneous time versus concentration
curves for a compound and or metabolite in any organ or tissue; (2) the incorporation of
anatomical and physiologic information as well as chemical specific in vitro derived parameters
(i.e. Km or Vmax of a metabolizing enzyme); (3) the ability to predict the time versus
concentration curve of chemicals across species by allometric scaling; (4) the resultant PBPK
model has the potential for extrapolations from observed data to predicted situations, an
important application for risk assessment. They also have several disadvantages in that they
are calculation intensive, the use of complicated specialized software usually is required, and
that physiological input parameters are often ill-defined for various strains and species
(Medinsky and Klaassen, 1996).

For the present study, the reliability of the model was tested by simulation with the iv dose
experimental data (1.5 and 15 mg/kg molinate). Since in vitro or in vivo derived parameters
for absorption of molinate were unavailable, these parameters were obtained by model
calibration to two sets of in vivo experimental data after rats were administered single oral dose
of 10 and 100 mg/kg molinate. The resultant presentation is a novel, triexponetial exposure
simulation for the absorption of molinate following an oral dose. Additionally, adjustments
were made to improve the fit; for example, by decreasing or increasing the partition coefficient
in each compartment. Generally, results indicate reasonable concordance between model
predictions and measured value in all target tissues following both oral and iv administration.
Tissue dosimetries of total molinate were reasonably predicted after oral exposures to molinate
with the adjustment of the tissues:blood partition coefficients. Additionally, the experimental
data of Jewell et al., 1998 which shows good agreement between blood and testes
concentrations further supports the flow limited assumption of this compartment.
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Switching the fat compartment to a diffusion limited assumption allowed for a better correlation
to the measured molinate data, however it still underestimated the elimination phase for
molinate sulfoxide. The partition coefficients for the testes and liver had also to be adjusted
from the values estimated in order to obtain a good fit with the experimental data (Figures 6A
and 6B). The major adjustment was made to the Km for the sulfoxide production. The Km
needed to be adjusted much lower in order to produce sufficient levels of sulfoxide in the blood
compartment. The data suggests one of three explanations; the original sulfoxidation Km
measurement was not perfect, there is some other source of sulfoxide production present
besides that in the liver (perhaps in the lung or testes), or that some form of binding, perhaps
to a receptor or other less likely but still plausible mechanisms such as diffusion–limitation or
enterohepatic recirculation or both occurring in the kidneys and liver (Keys et al., 1999). While
the discordance between experimental and optimized Km suggests the need for further
research, no attempt was made to further investigate any of the proposed hypotheses.

Sensitivity analyses were implemented to evaluate the relative importance of model parameters
on model output at various times. Sensitivity analyses allow for a quantitative assessment of
input parameters on the model simulations of tissue concentrations (Simmons et al., 2002).
The present results indicate that the influence of PBPK model input parameters on total
molinate tissue dosimetry varies, as expected, across parameter. Evaluation of the absolute
magnitude of the sensitivity parameters may help to improve future experimental design and
or guide decisions regarding which specific parameters require additional experiments to
further refine or define.

Future work would consider is the capability of the testis to form and to detoxify the sulfoxide;
therefore the importance of testicular metabolism could be ascertained in the rat and
incorporated into the human model as needed. The experiments could also explore the primary
occupational exposure routes (both dermal and inhalation) for field workers exposed to the
herbicide as opposed to oral route demonstrated here which mimics exposures such as drinking
water. Finally longer time points would be helpful in addressing the role molinate fat storage
plays on both blood concentration levels and elimination of molinate as evidenced recently by
Levitt (2007), as well as for discerning distinctions from different routes of administration and
for comparison to different data sets used for validation of the model.
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Appendix

Abbreviations
Ai: amount of compound in compartment i (nmol)

Ami: Amount metabolized in compartment i (nmol)

Abio: Amount dose available after fecal elimination (nmol)
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a0: Starting amount of dose at absorption site at time zero, allocated to rapid phase absorption
(nmol)

b0: Starting amount of dose at absorption site at time zero, allocated to slow phase absorption
(nmol)

Bmax: Binding Capacity (nmol/L)

c0: Starting amount of dose at absorption site at time zero, allocated to slowest phase absorption
(nmol)

Cfree: Free concentration of dose in tissue (nmol/L)

BVFi: Blood volume fraction of compartment i

Ci: Concentration of compartment i (nmol/L)

Dfa: Fraction of starting amount of dose at absorption site at time zero, allocated to rapid phase
absorption (nmol)

Dfb: Starting amount of drug in dose at absorption site at time zero, allocated to slow phase
absorption (nmol)

Dfc: Starting amount of dose at absorption site at time zero, allocated to slowest phase
absorption (nmol)

Dose: Starting amount of dose (nmol/L)

K1: Fast molinate rate constant of absorption (min−1)

K2: Slow molinate rate constant of absorption (min−1)

K3: Slowest molinate rate constant of absorption (min−1)

Kbloodadduct: First order blood adduction rate constant for molinate sulfoxide

Kd: Dissociation Constant (nmol/L)

Kfecal: Fecal elimination constant for molinate

la: Injection Constant

PAi: Tissue permeability constant (L/Hr)

PCi: Compartment i to tissue to plasma partition coefficient

Pfc: Fraction of Tissue Weight that is Cytosolic Protein

Pfl: Fraction of Tissue Weight that is Liver Protein

Ri: Rate of metabolism or excretion from compartment i (nmol/min): Liver CYP elimination
rates: (Rgst-L = glutathione transferase –liver Roh = hydroxaylses Rsox =Sulfoxidation) and Rbloodadduction
blood adduction elimination rate,

Qi: Plasma flow (Q) to organ i (L/min)

Vi: Volume of compartment i (L)
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Vbi: Tissue Blood Volume of compartment i (L)

W: weight liver (gram)

Molinate Equations
Rate differential equation for flow and diffusion limited compartments:

Oral Model

IV Model

min = ACSL coding where the output y is the value of the minimum argument.

Amounts, concentrations, and elimination rates and (metabolism: Roh, sox, ):

Molinate Sulfoxide Equations
Rate differential equation for flow limited compartments:
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Concentration and elimination rates (metabolism: Rgst-L, oh, sox, ):
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Figure 1.
Proposed pathway for molinate metabolism in rat and human.
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Figure 2.
Conceptual representation of PBPK model for rat intravenous and oral exposure to molinate.
All compartments flow limited except fat (diffusion limited).
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Figure 3.
Figure 3A and 3B. Blood compartment simulation plus LC-MS data for 1.5 and 15 mg/kg iv
molinate dose from iv PBPK model.
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Figure 4.
Figure 4A and 4B. Blood compartment simulation plus LC-MS data for 10 and 100 mg/kg oral
dosed molinate from oral PBPK model.
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Figure 5.
Figure 5A and 5B. Fat compartment simulation plus LC-MS data for 10 and 100 mg/kg oral
dosed molinate from oral PBPK model
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Figure 6.
Figure 6A and 6B. Liver and Testes compartment simulation plus LC-MS data for 100 mg/kg
oral dosed molinate from oral PBPK model.
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Figure 7.
Figure 7A. Human blood compartment and Figure 7B. human testes compartment oral PBPK
model simulation. HPLC data from human oral dosed with 5.06 mg molinate included in Figure
7A.
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Figure 8.
NSC’s for several model parameters using blood molinate and testes molinate sulfoxide peak
concentrations as the dose metrics. A 10 mg molinate/kg oral dose was simulated here.
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Table 1

Physiologic Parameters used in the PBPK model for Rat and Human

Variable Symbol Compartment Rat Human

Initial Body Weight (Kg) WtO Body Weight/Cardiac Output 0.298A 60C

Cardiac Output (L/min/Kg0.75) Rat (L/min/Kg)
Human

Qcar Body Weight/Cardiac Output 0.273C 0.086C

Fraction of Oral Dose that reaches Blood through
Lymphatic System

Fkl Split 0.1G 0.1G

Fecal excretion constant (Fraction of Dose) Kf Absorption 0.1E 0.1E–F

Tissue Volume Fraction of Bodyweight Vc Liver 0.037 0.0257

Testes 0.013A 0.00057D

Kidney 0.0073 0.0044

Slowly Perfused 0.81 0.437

Richly Perfused 0.0596 0.166

Fat 0.17 0.214

Blood 0.07 0.08

All other valuesC All other valuesC

Fraction of Tissue Volume that is Blood Vbc Liver 0.21 0.11

Testes 0.03A 0.03D

Kidney 0.16 0.36

Slowly Perfused 0.04 0.04

Richly Perfused 0.21 0.21

Fat 0.05 0.02

All other valuesC All other valuesC

Blood Flow to Tissue (Fraction of Cardiac
Output)

Qc Liver 0.18 0.1854

Testes 0.01 0.0004D

Kidney 0.16 0.175

Slowly Perfused 0.16 0.16

Richly Perfused QTOT-QTOT(ΣQc)F QTOT-QTOT(ΣQc)F

Fat 0.07 0.052

All other valuesC All other valuesC

Fraction of Tissue Weight that is Protein Pfl Liver 0.348A 0.348Rat Value

Fraction of Tissue Weight that is Cytosolic
Protein

Pfc Liver 0.042A 0.02B

Weight of Tissue (grams) W Liver 12.5C 1800A

Source
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A
Experiment

B
Experiment (Data from SRI)

C
ILSI (1994)

D
Petterson et al. (1973)

E
Debaun et al. (1) (1978)

F
Estimated

G
Dahana et al. (2007)
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Table 2

Metabolic Parameters used in the PBPK model for Rat and Human.

Variable Symbol Rat Liver Rat Optimized Human Liver

Hydroxylation Km (nM) KmOH 587,000A 587,000 124,000A

Vmax Hydroxylation (nmol/min/g protein) VmaxOH 8.33A 8.33 58.6A

Km Sulfoxidation (nM) KmSO 2,837,000A 360,000C 981,000A

Vmax Sulfoxidation (nmol/min/g protein) VmaxSO 638A 638 510A

Km GST conjugation (nM) KmGST1 305,500B 304,100 91,250B

Vmax GST Conjugation (nmol/min/g Cytosolic Protein) VmaxGST1 4,208B 5,383 323B

Source

A
Jewell et al. (1999)

B
Campbell et al. (2008)

C
Optimized.
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