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The present study defined a simplified physiologically based pharmacokinetic (PBPK) model for
dichlorodiphenyltrichloroethane [1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane, DDT] in humans based on
metabolic parameters determined in vitro using relevant liver microsomes, coefficients derived in silico, physiologi-
cal parameters derived from the literature, and an established rat PBPK model. The model consists of an absorption
compartment, a metabolizing liver compartment, and a central compartment for DDT. Evaluation of the rat model
was performed by making comparisons between predicted concentrations in blood and in vivo experimental phar-
macokinetic values obtained from rats after daily oral treatment with DDT (10 mg/kg, a no-observed-adverse-effect
level) for 14 days. Elimination rates of DDT in vitro were established from data from rat liver microsomes and from
pooled human liver microsomes. The ratio of intrinsic clearance values of DDT based on rat in vivo and rat in vitro
experiments was used as the scaling factor for estimating in vivo hepatic intrinsic clearance in humans in the final
human PBPK model. These results indicate that a simplified PBPK model for DDT is useful for a forward dosime-
try approach in rats and/or humans and for estimating blood concentrations of other related compounds resulting
from exposure to low chemical doses.

Key words —— physiologically based biokinetic modeling, cytochrome P450, simulation, no-observed-adverse-
effect level, biomonitoring, human liver microsomes

INTRODUCTION

Appropriate use of human biomonitoring infor-
mation should be made in risk assessments when
creating public policy.1, 2) To interpret biomonitor-
ing results, it is of global interest to develop more
advanced and accurate risk assessment and risk-
based decision making systems.3–5) It has been gen-
erally attempted to collect extensive information re-
garding specific physiologically based pharmacoki-
netic (PBPK) models including pharmacokinetic
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and/or toxicokinetic parameters found in the liter-
ature for predicting concentrations in various bio-
logical fluids following multiple dose exposures.5, 6)

However, although simple, inexpensive, and reli-
able methods are needed for evaluating the accurate
toxic risk, very few have been established.7)

Dichlorodiphenyltrichloroethane (1,1,1-trichloro-
2,2-bis(p-chlorophenyl)ethane, DDT) has been
widely used or is still being used as a broad-
spectrum insecticide for endemic vector and
malaria control and as a treatment for body lice.8, 9)

DDT is converted in the body and the environ-
ment to other more stable chemical forms, including
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE),
which are highly persistent in soil, air, and wa-
ter, as well as in plant and animal tissues.10–12)
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Fig. 1. Approach for Calculating Blood-based Biomonitoring
Equivalents for DDT

PK, pharmacokinetics.

Food, particularly meat, fish, milk, and dairy
products, continues to be the primary source of
DDT exposure, although DDT and DDE intakes
have decreased over time.12, 13) DDT and DDE
are distributed to all body tissues but only a small
proportion of DDT is metabolized and excreted.14)

The human health effects of DDT at low environ-
mental doses or at biomonitored levels from low
environmental exposures are unknown (http://www.
cdc.gov/exposurereport/), despite its suggested
role as a cause of oxidative stress.15) Experimental
human dosing studies conducted over an 18 month
period, during which doses well above environ-
mental levels were given, did not demonstrate overt
clinical abnormalities (http://www.atsdr.cdc.gov/
substances/index.asp). Multiple reviews of cancer
epidemiologic studies have concluded that a link
between DDT and cancer has not been clearly
established, although the International Agency for
Research on Cancer classifies DDT (p,p′-DDT) as
a possible human carcinogen.16–19)

The purpose of the present study was to carry
out a forward dosimetry approach (shown in Fig. 1)
using data from chemical doses administered to an-
imals and from in vitro experiments with liver mi-
crosomes from animals and humans to predict con-
centrations in humans. As a test substance, DDT
was selected. We report herein that the adjusted
animal biomonitoring equivalents after orally ad-
ministered doses at a no-observed-adverse-effect
level (NOAEL) in rat studies were scaled to human
biomonitoring equivalents using known species al-
lometric scaling factors and human metabolic data
with a simple PBPK model.

MATERIALS AND METHODS

Chemicals, Animals, and Enzyme Prepara-
tions —— DDT and DDE were obtained from
Wako Pure Chemicals (Osaka, Japan). Male rats (7
weeks old) were treated daily with DDT [10 mg/kg
body weight (bw)] per os (p.o.) for 14 days or in-
traperitoneal (i.p.) for 3 days, based on a NOAEL
dose.20–23) This study was approved by the exper-
imental animal committee of Showa Pharmaceuti-
cal University. Liver microsomes from male rats
(7 weeks old) treated with DDT (10 mg/kg) and
from untreated controls were prepared as described
previously.24) Microsomal P450 contents were de-
termined spectrally by the established method.25)

Protein concentrations were estimated by using a
bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL, U.S.A.). Pooled liver microsomes
from humans and recombinant P450 enzymes were
obtained from BD Biosciences (Woburn, MA,
U.S.A.). Typical P450 substrates, their reaction
products, and other reagents used in this study were
obtained from sources described previously or were
of the highest quality commercially available.24, 26)

Typical P450-dependent marker oxidation ac-
tivities were measured in liver microsomes in rats
to evaluate enzyme inductions on treatment with
DDT. Activities for the O-dealkylation of ethoxyre-
sorufin (20 µM, for P450 1A) and pentoxyre-
sorufin (100 µM, P450 2B) and for testosterone
7α-hydroxylation (200 µM, P450 2A), tolbutamide
methyl hydroxylation (1000 µM, P450 2C), bufu-
ralol 1′-hydroxylation (20 µM, P450 2D), chlorzox-
azone 6-hydroxylation (50 µM, P450 2E), and mi-
dazolam 1′- and 4-hydroxylation (100 µM, P450
3A) were assayed according to the described HPLC
methods.24, 27, 28)

DDT and DDE Determinations in Biological
Samples from Rats —— DDT and DDE in blood
and urine samples from individual rats were ex-
tracted with ethanol and hexane. DDT and DDE
concentrations in these extracts were measured by
an HP6890 gas chromatography/mass spectrometry
(GC/MS) system equipped with a DB-5MS column
(30 m× 0.25 mm i.d. × 0.25 µm, Agilent Technol-
ogy, Tokyo, Japan) according to the reported meth-
ods22) with slight modifications. To determine the
concentrations, the intensity of the precursor ions
for DDT (m/z = 235) and DDE (m/z = 246) with in-
ternal standard 13C12-DDT (m/z = 249) and 13C12-
DDE (m/z = 258) were used.
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Table 1. Parameters Used for the Rat PBPK Model of DDT

Parameter Symbol Value (± S.E.) Unit
Octanol-water partition coefficient logP 5.34
Hepatic intrinsic clearance CLh,int 1.14 ± 0.556 l/h
Liver-plasma concentration ratio Kp,h 2.92 —
Renal clearance CLr 5.97 µl/h
Plasma unbound fraction fu,p 0.012 —
Ratio of the blood to plasma concentration Rb 1.00 —
Volume of systemic circulation V1 0.938± 0.235 l
Hepatic volume Vh 0.0085023) l
Hepatic blood flow rate of systemic circulation Qh 0.85323) l/h

to the tissue compartment
Absorption rate constant ka 0.346± 0.245 h−1

Fraction absorbed × intestinal availability FaFg 1.00 —
Dose Dose 2.5 mg

Human Metabolic Study —— Elimination rates of
DDT in liver microsomes from humans and rats
were measured by the GC/MS system mentioned
above and were compared. Briefly, a typical in-
cubation mixture consisted of 100 mM potassium
phosphate buffer (pH 7.4), an NADPH-generating
system, a substrate (1.0 µM), and liver microsomes
(0.50 mg protein/ml) in a final volume of 0.25 ml.
Incubations were carried out at 37◦C for 30 min.
The assay linearity with respect to time and pro-
tein concentration and the reproducibility (within
< 15%) were confirmed. The incubation was ter-
minated by adding 0.40 ml of ice-cold acetonitrile.
Estimation of DDT Concentrations by PBPK
Modeling with Suitable Parameters —— A sim-
plified PBPK model was set up as described pre-
viously.7, 23, 29) Parameter values for the physico-
chemical properties of compounds (fu,p, logP, Kp,h,
and Rb) are shown in Table 1. Values of fu,p and
logP were obtained by in silico estimation using
SimCYP and ChemDrawBioUltra software;30) Kp,h

was estimated from these two values (Appendix A),
and Rb was assumed to be 1.0. Parameter val-
ues which represent the physiological properties
such as hepatic volumes and blood flow rate in
rats or humans were taken from the literature.23)

Experimental plasma concentrations of compounds
were analyzed by WinNonlin software (Professional
version 5.01) with a one-compartment model and
yielded primary ka and elimination constant (kel)
values as pharmacokinetic parameters (abbrevia-
tions used are also shown in Table 1). Values of total
clearance (CLtot), hepatic clearance (CLh), CLh,int,
and V1 were also calculated from the results of
the one-compartment model (Appendix B). Sub-
sequently, final parameter values (ka, CLh,int, and

Fig. 2. PBPK Model Established in This Study for Rats and
Humans

V1) for the rat PBPK model were calculated us-
ing the initial values mentioned above by the user
model in WinNonlin and are shown in Table 1.
Consequently, the following systems of differen-
tial equations were solved to conduct the model-
ing of concentrations in the rat in each compartment
shown in Fig. 2:

dXg(t)

dt
= −ka · Xg(t) where at t = 0,

Xg(0) = Fa · Fg · Dose,

Vh
dCh

dt
= Qh · Cb − Qh · Ch · Rb

Kp,h

+ ka · Xg −CLh,int · Ch

Kp,h
· fu,p,

V1
dCb

dt
= −Qh · Cb +

Qh · Ch · Rb

Kp,h
−CLr · Cb,

where Xg is the substance amount in the gut, Ch is
the hepatic substance concentration, and Cb is the
blood substance concentration.
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Table 2. Parameters Used for the Human PBPK Model

Parameter Symbol Value Unit
Hepatic intrinsic clearance CLh,int 251 l/h
Renal clearance CLr 137 µl/h
Volume of systemic circulation V1 114 l
Hepatic volume Vh 1.523) l
Hepatic blood flow rate systemic Qh 96.623) l/h

circulation to the tissue compartment
Absorption rate constant ka 0.263 h−1

Dose Dose 700 mg

Other parameters are the same as those shown in Table 1 for the rat PBPK model.

To define a simplified PBPK model for DDT in
humans based on the rat PBPK model, we used rele-
vant liver microsomes and physiological parameters
(CLr, ka, and V1) and applied the systems approach
to fit them into the traditional parallelogram (animal
scale-up strategy) for risk assessment,5) as shown in
Fig. 1 (Appendix C). The in vivo hepatic intrinsic
clearance (CLh,int) of DDT in humans was estimated
by multiplying the calculated initial parameters for
in vitro hepatic intrinsic clearance in humans by the
ratio of in vivo to in vitro hepatic intrinsic clearance
in rats, as mentioned above for modeling in rats.
Then, the final parameters for PBPK modeling in
humans were calculated and are shown in Table 2.
As was done for the rat model, systems of differen-
tial equations were solved to obtain concentrations
in each compartment in humans.

RESULTS

PBPK Model for Rats Orally Treated with DDT
To obtain detailed PBPK model parameters,

male rats were orally treated with DDT according
to the protocol for general repeated exposure tests.
Figure 3 shows the mean levels of DDT and DDE in
blood and urine from rats after the final treatment of
14 daily repeated doses of DDT (10 mg/kg). DDT
was absorbed and slightly cleared but was appar-
ently accumulated (Fig. 3A). Urinary excretion of
DDT and DDE was low within 24 or 48 h after the
final repeated administration (Fig. 3B). Renal clear-
ance (CLr) values of DDT and DDE were calcu-
lated from the amounts excreted into the urine (1.01
and 0.104 µg) divided by the area under the curves
(1.69× 105 and 3.24× 104 µg·h/l), giving 5.97 and
3.21 µl/h, respectively. Primary hepatic clearance
values of DDT and DDE were obtained by subtrac-
tion of CLr from the total clearance. Values of the
plasma unbound fraction (fu,p) of DDT were calcu-

Fig. 3. PK Profiles in Rats Treated with DDT
DDT and DDE concentrations in plasma (A) and urine (B) were

determined in rats treated with DDT (10 mg/kg per day) after the final
administration of 14 daily doses.

lated to be 0.012 , by in silico estimation with Sim-
CYP (Table 1).

P450 induction in rat liver microsomes was in-
vestigated after intraperitoneal treatment with DDT
for 3 days (Fig. 4). Judging from the typical P450-
dependent drug oxidation activities, P450 2B- and
2C-mediated activities were slightly increased and
decreased, respectively (Fig. 4A), suggesting that
P450 induction or suppression by repeated treat-
ments with DDT was almost negligible. Similarly,
DDT elimination apparently increased on DDT
treatment, but this change was not statistically sig-
nificant (Fig. 4B). A main role for P450 2B enzymes
in DDT elimination was confirmed by immunosup-
pression with anti-P450 2B antibodies in rat liver
microsomes (Fig. 4C); however, several individual
P450 enzymes mediated DDT elimination in rats
and humans (Fig. 4D).

Consequently, final parameters such as hepatic
intrinsic clearance (CLh,int), volume of systemic cir-



570 Vol. 56 (2010)

Fig. 4. Roles of P450 Enzymes in DDT Elimination in Liver Microsomes after DDT Treatments
(A) Control activities were taken from liver microsomes from untreated rats. Data columns with bars present means ±S.D.s (n = 4). Significant

differences compared with the control activities: ∗p < 0.05. (B and C) P450 2B-dependent DDT elimination rates in liver microsomes induced
by pretreatment with DDT. Other rat and human liver microsomes were also used for comparison. Experimental details are shown in Material and
Methods. (D) DDT elimination rates catalyzed by recombinant P450 enzymes. β-NF, β-naphthoflavone (a CYP1A inducer); PB, phenobarbital (a
CYP2B inducer); DEX, dexamethasone (a CYP3A inducer); and α-NF, naphthoflavone (a CYP1A inhibitor).

culation (V1), and absorption rate constant (ka) for
the rat PBPK model were recalculated from the pri-
mary values by the user model in WinNonlin to give
1.14 l/h, 0.938 l, and 0.346 h−1, respectively, and
are shown in Table 1. By running the rat PBPK
model system shown in Fig. 2, the blood and liver
concentration curves of DDT were estimated after
repeated oral administration with 2.5 mg of DDT to
a rat (250 g bw); the estimated in silico concentra-
tion curves of DDT in the liver and blood are shown
in Fig. 5A.

Human PBPK Model Supported by in vitro Hep-
atic Clearance Experiments

Hepatic clearance of DDT in vitro was deter-
mined in pooled human liver microsomes and was
compared with data from liver microsomes from
rats pretreated with DDT and from untreated con-
trols (Table 3). Hepatic clearance of DDT in human
liver microsomes was calculated to be 5.1 µl/min per
mg protein; this was similar to the values obtained

Table 3. In vitro Hepatic Intrinsic Clearance of DDT Deter-
mined Using Liver Microsomes

Enzyme source Clearance
µl/min per l/ha)

mg protein
Rats, untreatedb) 4.0± 1.8 0.0721
Rats, treated with DDTb) 6.9± 1.1 0.124
Pooled human livers 5.1 18.4

DDT (1.0 µM) was incubated with rat or human liver micro-
somes in the presence of an NADPH-generating system. The reduc-
tion rates of DDT were determined by GC/MS.

a) Estimated clearance values were extrapolated using the fol-
lowing values: 40 mg liver microsomal protein per g liver, 10 g liver
weight per 0.25 kg of rat body weight, and 1.5 kg liver per 70 kg of
human body weight. b) Mean± S.D. (n = 4) values using liver mi-
crosomes from individual rats pretreated with DDT (10 mg/kg) daily
for 3 days or from untreated controls.

for rat livers. Subsequently, hepatic intrinsic clear-
ance of DDT was found be 18.4 l/h in an in vitro
study using the biological coefficients already estab-
lished. The intrinsic clearance values of DDT based
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Fig. 5. Estimated Blood (Central) and Liver Concentrations by
PBPK Modeling of Daily Oral Administration of DDT
(10 mg/kg) for 14 days in Rats (A) and Humans (B)

The curves show the estimated concentrations in the liver and cen-
tral (blood) compartments of the model.

Fig. 6. Sensitivity Analysis of Rat PBPK Modeling of DDT
Blood concentrations of DDT at 24 hr after the oral administration

to rats were estimated with increasing and decreasing values of param-
eters, CLh,int (triangles), V1 (circles), and ka (squares), shown in Table
1 with mean ±S.E. values.

on rat in vivo (Table 1) and rat in vitro (Table 3)
experiments were different; this ratio (1.14/0.124)
was used as the compensating factor for estimating
in vivo hepatic intrinsic clearance in humans. Fi-
nally, a value of 251 l/h for the DDT hepatic intrin-
sic clearance (CLh,int) was adopted to represent the
in vivo status in the final human PBPK model, the
parameters of which are shown in Table 2.

Figure 6 indicates how the variation (uncer-
tainty) in the output of the present rat PBPK
model of DDT can be apportioned, qualitatively

or quantitatively. Figure 5B indicates the esti-
mated human blood concentrations of DDT after
modeling repeated oral administration with DDT
(10 mg/kg). The apparent maximum blood concen-
tration of DDT was estimated to be approximately
10000 ng/ml. When daily administration of DDT
was modeled for 14 days, some accumulation of
DDT in the liver (approximately 30000 ng/ml) was
estimated by the present human PBPK model. In
separate rat experiments, DDT accumulation was
found in the liver at a level of 13000± 2500 ng/g
(mean ± S.D., n = 4) after treatment with 3 daily
i.p. injections. This level was well estimated by the
present PBPK model at day 4, as shown in Fig. 5A.

DISCUSSION

In general, levels of DDT and DDE in the blood
increase as a person ages as a result of cumulative
exposure (http://www.atsdr.cdc.gov/substances/).
Since the 1970 s, mean serum levels of DDT and
DDE in the U.S.A. population have declined about
fivefold to tenfold.31, 32) High mean levels of whole
blood DDT (about 3.86 ng/ml) and DDE (about
14.49 ng/ml) were found in a study of pesticide
workers in Argentina.33) Workers involved in
production or application of DDT have developed
neurologic abnormalities associated with blood
levels of around 100000 ng/ml.16–19) Finding a
measurable amount of DDT or DDE in serum does
not mean that the level of the chemical will cause
adverse health effects.16–19) Biomonitoring studies
on levels of DDT and DDE provide physicians
and public health officials with reference values so
that they can determine whether people have been
exposed to higher levels of DDT or DDE than are
found in the general population.

It is generally accepted that PBPK modeling
could be of use for understanding the relationship
between chemical exposure and concentrations in
body fluids (Fig. 1). However, the multiple com-
partments and many complicated equations found
in traditional PBPK modeling cause severe difficul-
ties when applying the model. Simple and reliable
methods have not yet been established, but such
models are needed to explore the biological signif-
icance of a wide range of chemicals. The present
study defined a simplified PBPK model for DDT
in humans (Fig. 2). Because of the simplicity of
our adopted PBPK model, a reliable human hep-
atic clearance value and a complete set of human
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PBPK parameters could be estimated from limited
experiments, namely oral dose administration in rats
(Fig. 3) and in vitro clearance experiments with rat
and human liver microsomes (Table 3) in the present
study. The developed PBPK model for DDT in rats
simply consisted of three compartments, i.e., the gut
as the chemical absorption compartment, the liver
as the metabolizing compartment, and the general
circulation as the central compartment (Fig. 2). In
laboratory animals, DDT may induce specific cy-
tochrome P450 enzymes to some extent (Fig. 4), as
reported previously,34) but this information suggests
that more complex modeling of the liver compart-
ment is not needed in the simple PBPK model used
in this study. Despite the single time point determi-
nation, apparent accumulation of DDT in the liver
estimated using the simple PBPK model (Fig. 5)
was confirmed by the measurement of DDT con-
centrations in the liver at day 4 after 3 daily treat-
ments of rats with DDT. These results are consistent
with a calculated long half life of DDT in the hu-
man body.7) Estimated biomonitoring data can also
help scientists plan and conduct research on expo-
sure and health effects.

Human biomonitoring is important for many
aspects of environmental health.1, 2) Recently, the
Centers for Disease Control and Prevention in the
United State reported several pieces of relevant data,
including the 95th percentile values of serum DDE
levels (approximately 2 ng/ml, http://www.cdc.gov/
exposurereport/). Based on our forward dosime-
try approach and assuming full conversion from
DDT to DDE, the equivalent level of DDT expo-
sure was estimated to be approximately 2µg/day in
the United States.

Evaluation of the developed rat model was per-
formed by comparing the blood concentrations pre-
dicted by PBPK modeling in silico and experimen-
tal pharmacokinetic values from plasma and urine
obtained from rats in vivo after repeated oral treat-
ment with DDT at a NOAEL. To overcome the
species differences in animals and humans, the tra-
ditional parallelogram technique35, 36) used in sys-
tems biology4, 5) was adapted for this study to esti-
mate the value of in vivo human hepatic clearance
from in vitro data (Table 3).

In summary, the present study indicates that
simplified PBPK modeling for DDT is useful for a
forward dosimetry approach in rats and humans to
estimate blood concentrations of DDT and other re-
lated compounds from low chemical doses such as
those at the NOAEL.
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Appendix A The liver-plasma concentration ra-
tio (Kp,H) was calculated from Eq. A1:37)

Kp,h =
P × 0.02289 + 0.72621

P × 0.00396 + 0.960581
× fu,p

fu,h
(A1)

where P is the water-octanol partition ratio and
was estimated from the computer-calculated logP as
neutral (c log P):

P = 10log P (A2)

fu,h is the hepatic unbound fraction for a spe-
cific binding on albumin, globulins, and lipopro-
teins. The tissue interstitial fluid-to-plasma concen-
tration ratios of albumin, globulins, and lipoproteins
were assumed to be 0.5:

fu,p
fu,h
= 0.5 ×

(
fu,p + 1

)
(A3)

Appendix B The initial parameter values of
CL′h,int and V ′1 used to execute the fitting calculation
of the PBPK model with WinNonlin software were
derived from the follow equations.

Hepatic clearance (CLh) was estimated from
Eq. B1, which was derived from Eq. B2:

CLh =
Dose × Qh − AUC ×CLr × Qh

AUC × Qh + Dose
(B1)

CLtot

F
=

CLh +CLr

1 − CLh

Qh

=
Dose
AUC

(B2)

where AUC is the area under the curve.
The bioavailability (F), fraction absorbed (Fa),

and intestinal availability (Fg) are related as:

F = Fa × Fg × Fh (B3)

where Fh is fraction unmetabolized in the liver.
In this study, we assume FaFg = 1.0; then,

the bioavailability was calculated from Eq. B4 (the
prime represents the value under the assumption of
FaFg = 1.0):

F′ = FaFg × Fh = Fh = 1 − CLh

Qh
(B4)

The initial value of V1 was estimated from
Eq. B5 using the fitted calculation results of the one-
compartment model (Vd/F) and the F′ value from
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Eq. B4:

V ′1 = (Vd/F) × F′ (B5)

The initial value of hepatic intrinsic clearance
(CLh,int) was estimated from Eq. B6, where CLh was
evaluated from Eqs. B7 and B8:

CLh,int
′ =

Rb

fu,p
× Qh ×CLh

Qh −CLh
(B6)

CLtot = (Vd/F) × kel × F′ (B7)

CLh = CLtot −CLr (B8)

Values of adjusted distribution volume (Vd/F)
and elimination constant (kel) were calculated from
the fitting calculation of the one-compartment
model, and Eq. B7 was derived from Eq. B9:

CLtot

F
= (Vd/F) × kel (B9)

The initial value of ka for the fitting calculation was
used as the primary results of WinNonlin with the
one-compartment model.

Appendix C The parameter values of CLr , ka,
and V1 in the human PBPK model were estimated
using a scale-up strategy from rats to humans as
follows. Human renal clearance CLr,human was esti-
mated from Eq. C1, which was derived from Eq. C2,
where BWrat = 0.25 kg and BWhuman = 70 kg:

CLr,human =
CLr,rat

BWrat
2
3

× BWhuman
2
3 (C1)

CLr = a × BW
2
3 (C2)

The human systemic circulation volume (V1,human)
was estimated from Eqs. C3 and C4, where Vh,human,
Vb,rat, and Vb,human were 1.5, 0.016, and 4.9 l, re-
spectively:

V1,human = Vd,human−Vh,human × Kp,h × Fh

Rb
(C3)

Vd,human = Vb,human +
(
Vd,rat − Vb,rat

)

× Rb,rat

fu,p,rat
× fu,p,human

Rb,human
(C4)

where physicochemical parameters such as Kp,h, Rb,
and fu,p were assumed to be consistent between rats
and humans The derivation of Kp,h is shown in Ap-
pendix A.

The human absorption rate constant (ka) was es-
timated from Eq. C5:38)

ka,human = 0.744 × ka,rat (C5)
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