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Section 1 — INTRODUCTION

Physiologically based pharmacokinetic (PBPK) modptepose a realistic even if simplified
description of the mechanisms of absorption, distion, metabolism and elimination of chemicals in
the body. In these models, the body is subdivided various compartments representing specific
organs or homogeneous groups of tissues linkediraigdted by blood vessels. Compartments are
characterised by a set of parameters of physidbgatevancedg., volume or blood perfusion rate)
which play a crucial role in explaining the behawiof chemical substances in the body, and reptesen
invariants across substances. Physiologically bgdermacokinetic (PBPK) models offer great
flexibility. In particular, they provide a paramietframework suitable for dealing with extrapolaiso
between species, routes or dose levels (Gerlostski, 1983; Reddt al., 2005; Chiuwet al., 2007).

A human lifespan is a long period compared to fipecal residence time of chemicals in the body,
and parameters are therefore usually assumed ¢orisant. Notable exceptions arise for persisting
substances, such as 2,3,7,8-tetrachlorodibenzodmxiead, for which the elimination half-life may
span years or decades (Hryhorczstkal., 1985; Kergeret al., 2006). Parameters extrapolation
between generation is an issue for all compoundstever their elimination rate. Considerable
progress has been made in adult PBPK models fariaty of drugs. However, large gaps remain for
newborns and infants, for which biometry and meliabodiffer from adults (Yangt al., 2006). The
factors influencing the pharmacokinetics of chensicare physiological€g., tissue volumes and
blood flow rates), physiochemica.g., tissue:blood partition coefficients) and biochemhie.g., rates

of chemical metabolism). The combination of the-dgpendent changes in these factors may lead to
adult-children differences in pharmacokinetics @isdue dose of chemicals. Some of these factors
(e.g., tissue volumes) are known to vary continuallyotighout the growth and development of the
child. PBPK models may be used to integrate thdabta information on the age-dependent changes
in the physiological, physicochemical and biocheahfactors, and then evaluate their influence @n th
pharmacokinetics of chemicals (Yaegl., 2006).

Another issue is kinetics during pregnancy andagiest, during which the pace of organogenesis and
remodeling can be measured in days and becomes exsunable with the scale of persistence of
many chemicals in the body. The pharmacokinetiodrofs or toxic chemicals during pregnancy are
particularly difficult to study, for obvious reasoof risks to the foetus. A solution to this probles to
model the kinetics of substances in foetus antiénpregnant woman with PBPK models taking into
account the time evolution of the foetus physiolagmd anatomy and, for the woman, the changes
related to her pregnancy. Such models were addpbed the model developed by Luecke al.
(1994)

The deliverable is divided into 3 parts: descriptaf a life-time PBPK model for humans, including
man, woman, children and foetus, parameterizatiothe model, and applications. The example
concerns a mixture of four VOCs (Benzene, Toludthylbenzene and Xylenes) and the assessment
of the effects of the co-exposition on the indivatlpharmacokinetic profiles.
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Section 2 — DESCRIPTION OF THE GENERAL PBPK MODEL

Two sections are introduced. We first present thecture of the PBPK model and then describe the
models proposed for metabolism.

2.1. BASIC STRUCTURE OFTHE PBPK MODEL

2.1.1. Man and non-pregnant woman

The model is presented in Figure 1. It subdivides luman body into 22 compartments: adipose
tissues, adrenal glands, blood (arterial and vendames, brain, breast, gut, lumen in gut, heart,
kidney, liver, lung, marrow, muscles, pancreasuaexrgans (testes, epididymes and prostate for
man, and ovaries, fallopian tubes and uterus famarg, skin, spleen, stomach, lumen in stomach,
thyroid, urinary tract (bladder, ureters, urethiidjat structure is identical for man and woman.

That model yields to a set of ordinary differentieduations. The differential equations were
established for the quantit@), of chemical in each compartment. Concentrati@)sare obtained at
any time by dividingQ by the compartment volume. Let introduce the matatused in the following:
Card is the cardiac outpuf; the blood flow entering in compartmentPC; the tissuel : blood
partition coefficientPCi,g.qr the partition coefficient of lung over ait,: andC.e, the concentration

in arterial and venous bloo&a a diffusion parameteke an excretion constank;; a parameter
describing exchanges between compartmérasd j. All the parameters are subject to be time-
dependent. For the clarity of the reading, we chasteto indicate that dependence in the parameter
notations. Only the state variables are indicatebledng time-dependent.

Units are: volumes in L, time in min, flows in L/miconcentrations in mM, masses in kg, perfusion
rates in L/min/kg of tissue.

All the organs/tissues are considered as well-mp@dpartments, and most of them are blood flow
limited. Compartments with no input, eliminationdametabolism, that are adipose tissues, adrenals,
bone, brain, breast, heart, marrow, muscles, paaceexual organs, skin, spleen, thyroid and urinar
tract, are described by the following differengagjuation:

dQ(t) C (1)
—V/=F t)-=\S 1
R U >
In kidneys, chemicals may be excreted via urine:
dQuey (1) Cuians (1)
k(jtey = Fidney X(Can (t)_—Pkg::ney — K€ g * Chianey (t) @)

The tractus gastro-intestinal is modelled with faompartments: gut, stomach and their respective
lumens. In the stomach lumen, the paramé®f,.cn governs the diffusion of chemicals in the
stomach, and then in the systemic circulation:

dQstom lumen (t)
C_lt = Ratel ng - (Fstom_lumen + Kastomach )X Cstom_lumen (t) (3)
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= Ka‘stomach X Cstom_lumen (t)

ngut_Iumen (t) —

(4)

(t)+ Caonean 1)

x| C
( o PCstomach

Fstomach
(5)

stom_lumen Cstom_lumen (t) + Keoile X CIiver (t)
(6)

F
- (Kagut + I:gut_lunr\en )x Cgut_lumen (t)

C (t)] ~Km,, xCy (t)

—_out

t
= Kagut ngut_Iumen (t)+ Fgut X Cart (t) PC
gut
Outputs of spleen, pancreas, stomach and gutifesd s well as an arterial entry. In liver, cheats
can be eliminated via bil&&,e) or be metabolisedK{nye).
t t t
ot XCart (t)+ Fspleen x CSPIeen( ) + Fpancreas pancreas( ) + Fgut x Cgut( )
B I:)Cspleen PCpancreas PCgut (7)
Coma (1) Cive (1)
+F stomach _F_ X liver _ K ) +K ) XC- t
stomach Pcstomach liver PC“\,er ( emle rnlver ) liver ( )
The sorting blood flow in liver is then given by:
I:Iiver = I:Iiver_art + I:gut + Fpancreas + I:spleen + I:stomach (8)
and the total blood flow by:
I:blood = I:adip + I:adrenal + I:bone + I:brain + Fbreast + I:heart + I:kidney + I:Iiver (9)
+ I:marrow + Frmscle + I:organ_sr-zx + F§<in + I:thyroid + I:urin_tract
In lungs, inhalation and metabolism may occur:
dQI ng (t) CI n (t) CI (t)
TV -F x| C (t)-— b E o x| C(t) - — -K xC, |t 10
dt blood ven( ) PC|ung alv |nh( ) PC|ung:ajr rr1ung Iung( ) ( )
Differential equations for arterial and venous bl@oe:
anrt (t) CIung (t)
= Faa ~Calt) (11)
dt tot PC|ung art
12)

dQv_en(t):Z{Fi Xclj—c(;[i)}_ Foal vaeﬂ(t)

dt
wherei designate the following compartments: adiposeeraalr bone, brain, breast, heart, kidney,

liver, marrow, muscle, sexual organs, skin, thyraid urinary tract.
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2.1.2. Moddlling pregnancy, foetus and post-pregnancy (including
lactation)

Twenty compartments are added to the general PBB#tehto describe pregnancy. They correspond
to the placenta, the amniotic fluid and the foekigure 2 presents the description of the modetier

pregnant woman including the foetus.

Pregnancy

Pregnancy has an impact on four compartments: sdipssues, breast, sexual organs and blood.
However, the pregnancy does not change the steuciuthe general PBPK model except for the
compartment "sexual organs". During pregnancy, lediffusion flow from uterus to placenta and
vice-versa is assumed. We also assume that thehwwefgthe ovaries and the fallopian tubes is
negligible in the compartment "sexual organs" comgato the weight of the uterus, and that
exchanges with the foetus occurred via the "seargdns" compartment. The differential equation for
that compartment then becomes:

dt PC

sex_organs

dQsex organs t Csex organs t
_—g() = I:sex_organs X (Cart (t) _#()J - KuteerIac X (Cplaoenta (t) - Csex_organs (t)) (13)

Equations for the placenta and the amniotic fluglthe following ones:

delacmta (t) = KuteerIa X (C placenta (t) - Csex_organs (t )) + Fplaoenta X (Cart_ foetus (t) - Cp|acmta (t)]
dt P placenta ( 1 4)
PC placenta
-K pla2amniot X (C placenta (t) - Carmiot (t)?j - Kmplacmta X Cplacenta (t)
amniot

d -\t PC acenta
lem ( ) = K pla2amniot % (Cplacenta (t) - Cammot (t)L] * KegUt_foetUS X Cgut_foetus (t)

dt I:)Camni ot ( 1 5)

+ Kenile_ foetus X CIiver _ foetus (t) - Kaarmiot_ foetus X Camniot (t)

Foetus

Eighteen compartments describe the foetus. Adifsseie, adrenal glands, brain, breast, heart,
kidneys, lungs, marrow, muscles, the compartmetheftaissues"”, pancreas, skin, spleen, thymus, and
thyroid are supposed to be well-mixed and blood fimited, and are described by Equation (1).

In gut and liver, the exchanges of materials avergby:

d t C,(t
Qé—l;t() = Fgut X[Cm (t)_ ng( )] + Kaamniot ><Carmiot (t)_ Kegut ngut (t) (16)
gut
dQIiver (t) = Fiw a xcan (t)+ F oy X Cspleen (t) +F o X Cpancreas(t) _
dt - FPC e PC pancrens a7
C.olt
Fiver X Plg:elrw(er) - (Keoile + KMo )XCIiver (t)
where the liver blood flow is:
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PC

I:Iiver = I:Iiver_art + I:spleen + I:pancreas (18)
The quantity of substance in the foetus venousdsobtained by:
: C t
dQv—en(t) = 2|:F XCI—(t)j| - Ftotal X Cven (t) + Fplaoenta XIMLH() (19)

dt :
wherei designate the following organs: adipose tissudr®rel glands, brain, gut, heart, kidney, liver,
marrow, muscle, "other tissues", skin, thymus dnydaid.

There is no need for a differential equation fde@al blood as the concentration of chemical can b
obtained at any time using:

" PC,

placenta

F Fug  Ciung (1)
c. (t):[l——'““g jxcvm(m—'mg SV o)
t Ftotal Ftotal PC

lung

In the foetus, lung is irrigated by a bifurcatiardats blood flow does not enter the calculationtfe
total blood flow:

I:blood = I:adip + I:adrena.l + I:brain + Fgut + Fheart + I:kidney + I:Iiver + Fmarrcvw + (21)
quscle + I:other + I:placenta + I:skin + I:thymus + I:thyroid
Lactation
In case of lactation, an elimination occurs in bteaia milk production:
AQycas (t) = Fy g X(Cart (t)— Coreas (t)j —F . ¥ Coreas (t)x PCik (22)
dt PC, est PChreast

2.2. Modelling metabolism and metabolic interactios

During co-exposures of chemicals, interactionhatrhetabolic level occur when one chemical induce
or inhibit the metabolism of another chemical ine timixture. Metabolic inhibition can be
‘competitive’ when chemicals compete as substrdms the same site on an enzyme. In
‘noncompetitive inhibition’, the inhibitor binds tthe enzyme, causing a change in the stereochemical
arrangement of the enzyme such that the substeataot bind. If the chemicals have different
enzymatic binding sites, and the substrate must ind to the enzyme before the inhibitor can, the
interaction is termed ‘uncompetitive inhibitionh bther cases, some chemicals can also increase the
number of binding sites through an induction predeading to an induction of hepatic metabolism.

To model such phenomena, PBPK models accountingn&tabolic interactions can be used. For
example, in binary mixtures, a PBPK model is depetbfor each chemical, and the PBPK models are
interconnected at the level of the tissue compartmehere the interaction is supposed to occur
(Krishnanet al., 2002). An equation or a set of equations is weadodel that interconnection. Here,
we proposed two kinds of model: the modelling ozyene kinetics and the Michaelis-Menten

relationship.

2.2.1. Modelling the enzymatic kinetics

The reaction of a substrate S with an enzyme Eendy the following scheme:
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K K
S+E &> ES — > P+E
k

=S

where ES is the complex Enzyme-Substrate, P théuptoof the reaction, ank] the reaction rates.
That reaction can be modelled by the followingdeadifferential equations:

ﬂ = k_s ES] - ks (fE] 8]

d[P] k. (ES]

d[E] = (k. +k_s)(JES] - k[S] {E]

@ = ke JE] ] - (ks + k. ) JES]

In case of co-exposures, that model becomes fosubstrata and the enzyme (mixture withn
substrates anich enzymes):

(23)

1S, ]k, Bl s)
AP)- i i)
B (24)
% ;(;[EJS]E(kqs +k_ EJS) [E']EE;kElS‘[S]j
desl 5 s TEDES]- ek, JiEiSI])

wherekgg is the rate of the reaction 65 - ES, andkgg the rate of the reaction® - E + R.

2.2.2. Michealis-Menten model

Typically chemical metabolism is described by thessical Michaelis-Menten relationship. The rate
of metabolism is then given by:

RAM :M (25)
C+Km

whereVmax is the maximal velocity of metabolistKm the Michaelis affinity constant, ard the
venous blood concentrations of the chemical leavimg site of metabolism. When metabolic
interactions occur, the rate of metabolism of eabhbmical can be calculated using a classical
Michaelis-Menten equation modified by a modulatfantor reflecting the effect of interaction. The
resulting change in the metabolism rate for chehji¢RAM;) can be expressed as a function of the
following variables: Its maximal velocity of metdism (Vmayx), its Michaelis affinity constant
(Km;), the venous blood concentrations of the chemleaving the site of metabolism £ the
venous blood concentrations of the competing chaisiat the site of metabolism ¢ and the
inhibition constant (Kg). Table 1 presents the formulae used for the mdiffekinds of interaction.
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Section 3 — Parameterisation of the PBPK model

A literature search was performed to obtain dataodifications of the physiology of human related
to age. That search was focused on the time ewalofi the bodyweight, the relative tissue weighé, t
total or relative tissue blood flows, the elimimeti capabilities (metabolism and excretion), the
parameters driving the entering of chemicals inlibdy {.e., inhalation or ingestion). Two sources
were used (Altmaret al., 1962; International Commission on RadiologicabtBection, 2002). We
supposed that the parameters' values proposedifitts an the ICRP report were valid for humans
from the age of 20 years old.

3.1. Physiological and anatomical parameters

3.1.1. Body mass

Data on age-related changes in human bodyweighd algmined from Altman and Dittmer (1962) for
children (0 up to 18 years old) and in the ICRPoreginternational Commission on Radiological
Protection, 2002) for adults. Using a biology-basestle! (in particular Von Bertallanfy equation), as
suggested by some authors (Kooijman, 2000) touihdn growth data, did not provide a relevant
fitting. A polynomial function was thus chosen tbthe data for males and females, where Age is in
years:

MALES:
if Age < 20 then

BDW = -1.2252E-0% Age4 + 4.9976 E-02 Age3 - 5.8012 E-0% Age2 + 4.7834 Age + 4.8104(26)

if Age = 20 then BDW =73.
FEMALES:
if Age < 20 then

BDW = 2.2334E-04 Age’ - 1.2150E-0 Age® + 2.2912E-0% Age’ -

1.731701 Age2 +7.240171 Age + 3.7721 (27)
if Age = 20 then BDW =60.

3.1.2. Tissue volumes

We used the data collected by Haddadal. (2001b) and ICRP (International Commission on

Radiological Protection, 2002) on the time evolutaf organ weights during childhood to set values

to the tissue volumes. Instead of dealing withugssolumes, we used the relative tissue volumes
(fraction of bodyweight). The relative volume wamstant during life time for 2 compartments: bone

and pancreas. The volume for adipose tissues wesllad as 96% of body mass minus the volume of
other tissues. Separable connective tissues andircdymphatic tissues account for most of the

remaining 4% of body mass.

Three different models were fitted to the colleatiath. Model 1 is the following exponential funatio

Parameter =y, +(Y, = Vi )xexp(-Ax Age) (28)
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wherey is the value of parameter in infinity (set to #dult values), ang, the parameter's value at
birth. y, andA are estimated. Model 2 corresponds to:

Age+a (29)

Parameter =
b+cxAge

Parameters, b andc are estimated. The third model is a polynomiatfiom. The first two functions
were preferred to the polynomial function to ddserthe time evolution of some physiological and
anatomical parameters since these models haveyaiptge in infinity. For few parameters, it has not
been possible to define a function for the lifetiree two functions were defined on two differentei
ranges. Table 2 and 3 sum up the equations usethéorelative volumes for man and woman
respectively. Figure 3 presents the evolution of felative organs' volumes with age for males and

females.

3.1.3. Cardiac output

We used the data proposed in the ICRP report eamfeéexponential relationship. The cardiac output fo
males and females is respectively given by:

Card = 6.5 + (0.385 - 6.5¥ exp(-0.144x Age) (30)

Card=5.9 + (0.362 - 5.9 exp(-0.171x Age) (31)

3.1.4. Blood flows

Due to the lack of data on blood flow changes \atgle, regional blood flows were assumed to change
proportionally with tissue volumes, as proposedigwell et al. (2004). The adult fractional tissue
blood flows referenced by ICRP (International Cossion on Radiological Protection, 2002) were
used along with the age-specific tissue volumes tledadult tissue volumes. To maintain mass
balance for the blood flows, the age-specific fawl blood flows were normalized to always sum to
0.95 (sum of the relative blood flows of the orgamsl tissues described in the model). The age-
specific fractional blood flows were obtained with:

_F :SC;ViXSC_Fi adult (32)
SC_Vi_aduIt N
F, = LF‘X Card (33)
2 F
0.95

wheresc_F; andsc V; correspond to the relative organ blood flow andgive The values for the
blood flow scaling factor in adult are given in Tal.

3.1.5. Respiratory parameters and transits

Three parameters were used to describe the ludgsvblume, respiratory frequency and dead space
volume. Table 5 presents the relationships fitedeference values (International Commission on
Radiological Protection, 2002). These parameters weed to calculate the ventilation minute and the

alveolar flow rate as following:
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F., =Viw X FregBreath (34)

pul

Fav = (\/tidal _Vds)x FregBreath (35)

The time evolution for transits are also preseiiigiole 5.

3.1.6. Parameterisation of the foetus

We used the models developed by Lueekal. (1994) to parameterise the foetus. The foetal kteig
(in grams) is given by:

BDW,

foetus

(36)

0.1974 (1- expl(-0.013086x GeStAge))j

=0.0013A&ex
0.01306

whereGestAge is the gestational age computed in days.

The volumes of foetal compartment are assumed fordggortional to foetal weight and are described
by the following relationship:

V

i_foetus

- o xexllb +G xIn(EOW,,.Jxin(EDW,,.) @)

The proportionality constants are given in Tabl@i6each compartment. Figure 4 presents the time
evolution of the foetal bodyweight and of some ogjaolumes.

The relative blood flows for the foetus were ob¢ainwith:

sC _\/i _ foetus

xsc F 38
SC_Vi_neV\/oorn ek ( )

SC_ Fi_foetus =

The cardiac output was obtained by adding all thedflows.

3.1.7. Parameter s changing with pregnancy

During pregnancy and the postpartum period, voluamesblood flows of four maternal compartments
are modified: adipose tissues, blood, breast ardas@rgans. As proposed by Luealteal. (1994),

the increase in the volume was modelled by equdfi®) as well as the volume of the placenta and
the amniotic fluid. Parameters' values are liste@lable 6. The blood flow of these compartments was
a function of the volume and the blood flow of tirgan before pregnancy and the organ's volume at
the considered moment (Gengtyal ., 2002):

\/i
I:i_pregna.ncy = I:i XV (39)

i _ pregnancy

Due to the lack of data on decreases in tissuemaduafter pregnancy and / or during lactation, we
made several assumptions. The tissue volume f@oadiwas modelled as a linear decrease over 6
months to the pre-pregnancy value(Gerdryal., 2003b). The tissue volumes for blood and sexual
organs were modelled as a linear decrease oveeR twehe pre-pregnancy value. In case of lactation
it was assumed that maximum increases in breasmesWould be achieved approximately two weeks
postpartum and sustained throughout lactationebs®s in breast volume, compared to tissue volume
prior to lactation, are based on information frddiRP. In case of not a lactation period, breastmelu
was modelled as a linear decrease over 1 weeletpréipregnancy value.
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3.2. Substance specific parameters

Parameters specific to the substance include ipartiefficients, elimination constant, or diffusio
Such parameters are typically obtained in theditee from previous experiments or with QSAR
models. If no information is available for partiticoefficients, we propose to calculate them by
multiplying the fraction of fat in the corresponditissue by the reference ("pure fat" over blood)
partition coefficientPC:

PC, = ffat_i xPC 4 (40)

Table 7 gives the fraction of fat in human organs.

Section 4 — APPLICATIONS: THE BTEX MIXTURE

In this section, we propose to model the toxicokaseof the BTEX mixture. To treat this example,
and for brevity, we use a simplified version of @eneral PBPK model. The time evolutions of
organs are not modelled since we are only inteddstee in short exposures (few hours). We lumped
together some compartments of the model to desorbe compartments of particular toxicological
interest. The model used here is described below.

The PBPK model for a generic mixture of chemicalsrépresented as a combination of “single
chemical” models interconnected at level of hepat&tabolism where the effect of the interaction is
evaluated according to the potential mechanism afom (competitive, non-competitive, and
uncompetitive metabolic inhibitions). The latter,the case of a BTEX mixture, is assumed to be of
“competitive inhibition” since the four VOC's comlgred are known substrates for the same
cytochrome P450 isozyme (CYP2EL). This was confiftme the analysis of the kinetic data from all
binary exposure studies relevant to the BTEX mixiitaddacdet al., 1999).

4.1. Models for BTEX

The models for toluene, ethylbenzene and all thalyaof xylenes are all four-compartment models
encompassing richly perfused tissues (RPT), pquetjused tissues (PPT), adipose tissues (FAT), and
liver (metabolising tissue), interconnected by sgst circulation and a gas exchange lung. The model
for benzene is a six-compartment model. The ssudsgroups include: liver (main metabolic tissue);
adipose tissue (FAT); richly perfused tissues (RPBprly perfused tissues (PPT); bone marrow (the
main target organ for benzene toxicity) and then&id each one interconnected to the others by
systemic circulation and a gas-exchange lung. Tme marrow was included because it is recognised
as the main site manifesting benzene toxicity, (ieukaemia) and because it is, together with the
kidney, a potential site benzene metabolism. Tier kvas further subdivided into three equal volume
sub-compartments according to the zonal distriloutb enzymes that mediate benzene metabolism
(Coleet al., 2002). Metabolism mediated by CYP2EL is assumeaxttur by and large in “zone 3" of
the liver; sulfation takes place primarily in “zoh%& non-enzymatic metabolism occurs in all thesthr
compartments as well as in all tissues. The ovenalteptual representation of the PBPK model for a
mixture of BTEX is shown in Figure 5.

The rate of change in the concentration of chemiicabch non-metabolizing tissue (t) is describgd b
ordinary differential equations of the followingrggral type:

dCtj . .
Vol fI—"- | =Q; C4 -Cy) (41)
dt
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where Volt is the tissue volumé,’tj the concentration of chemical j in tissue t; Qihis blood flow to
tissues t;Ca{ the arterial blood concentration of chemical | afh\# the venous blood concentrations
of chemical j leaving tissue compartments.

The concentration of chemical i in venous bloodileg tissue t is described by:

. i
C, _So (42)
ptl
where Ptj is the tissue (t): blood partition coefficient fdremical |

The arterial blood concentration is:

Ca{ _ QvenCiJnh +Q.C/ (43)

where Qen is the alveolar ventilationCiLh the concentration of chemical j inhaled, Qc is¢hediac

output; CJ is the venous blood concentration of chemical j d?gﬂd the partition coefficient of
blood:air for chemical j.

To account for differences in the physiological ametabolic parameters due to varying body weights,
the following allometric equations were used:

QTOT = Qcar [(BW 075 (44)
Qven = Quenc [BW %° (45)
V max=V max; [BW 075 (46)

where Q. is the cardiac output, g is the alveolar ventilation rate and BW is the Batleight and
Vmax is the maximal velocity for metabolism.

For tissues site of metabolism, a Michaelis-Meritgm describing the metabolic clearance is added.
For them, the general differential equation assume$ollowing form:

dc. , . V max; [C);
Vol EEd_ttJ =Q C{ -Cy)- :

(47)

a b c )
Km; [+ %+ Sy Sy Lol
'aj Klbj KICj

where the last term on the right is the alreadycidieed term modulating the rate of metabolism of
chemical j considering the interaction with theestbhemical.

The high potential toxicity of benzene metaboligessociated to the leukaemia risk in humans,
suggested taking into account more in detail theabwdic chain from benzene to its key metabolites
through a more refined PBPK model for that chemiGale whole metabolic chain of benzene (see
Figure 6) was modelled starting from previously @leped PBPK models for benzene metabolism in
mice (Coleet al., 2002) and its extrapolation to humans (Yokéewl., 2006). The model, shown in

Figure 7, evaluates tissue levels of benzene, bbenpgide (BO), phenol (PH), and hydroquinone
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(HQ), as well as the total amounts of muconic gbid\), phenylmercapturic acid (PMA), phenol
conjugates, hydroquinone conjugates, and totalchateproduced. For benzene oxide, phenol, and
hydroquinone, the body is divided into five compagnts: kidney; liver; fat; rapidly perfused tissues
(RTP), and slowly perfused tissues (PPT). As ferlitenzene model the liver is subdivided into three
compartments of equal volume according to the $ipe@nzymatic distribution. The further
metabolism of BO, PH and HQ is supposed to occuhénliver (main metabolism organ) and to a

lesser extent in the kidney.

More in detail the followings metabolic transforioats (mediated by CYP2E1) are supposed to occur
in zone 3 of the liver as well as in the kidney:

benzene- benzene oxide
phenol - hydroquinone
phenol - catechol

hydroquinone- trihydroxy benzene

The equations describing these metabolic reactavesgiven hereafter. All the abbreviations and
symbols used in the PBPK model are given in Appendi

CYP2EL1 activity in the liver (zone 3 of the liver):

VoeiClives ~vp To .
RM B BO Livers = K1 S C 3 Benzene to Benzene Oxide
L
Vo, CHH T
RM HQ Liver3 = Ks % cMP ?L Phenol to Hydroquinone
L
Vo Cli T
RM CAT Livers = Ko % c'® ?L Phenol to Catechol
L
Ve, CHQ T
RM THH% Livers = K7 ZElD—I'_"Ver3 cMP ?L Hydroquinone to Trihydroxy benzene

where:
BZ PH H
D._=1+A C|_|ver3 +A CL|ver3 +A QCleer3

Since the kidney contains approximately 10% of ¢bacentration of CYP2E1 found in the liver
(Dewazierset al., 1990), it is assumed that relative to the meiabolin the liver, 10% of the
metabolism mediated by CYP2E1 is in the kidney. VR&1, that is the CYP2E1 specific activity as
determined by the oxidation of p-nitrophenol toipatatechol, is scaled by 10% to give us the rate

equations for the metabolisms using CYP2EL1 in ttedy:
CYP2EZ1 activity in the kidney:

Ve CRZ
RM g BO Kidney — kq ﬁ)lTK C MPT Benzene to Benzene Oxide
K
Vo G
RM HQ Kidney — Ks zlli)lTK C MPTK Phenol to Hydroquinone
K
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V., CPH
RM, CAT Kidney — =Kg leleK C MPTK Phenol to Catechol
K
H V,g,CH
RM THQB Kidney = =k5 ZES—KK cMPT, Hydroquinone to Trihydroxy benzene
where:

BZ PH HQCH
D =1+ A CKldney +A CK|dney +A QCKISney

and T and T are respectively the total mass of the liver dredtotal mass of the kidney. Assuming
that tissue has the same density as water, wenobtai

10%g
1L

Tj :Vj X

where j could be the liver (L) or the kidney (K)

Since epoxide hydrolase, which mediates the matabadf benzene oxide to muconic acid, is found
in the centrilobular region (zone 3) of the liv@atkinson, 1996), this metabolism is also supptsed
occur in the zone 3 of the liver and it can be dbed by the first-order equation:

V
RM MA Livers = KaCEO s ?L Benzene Oxide to Muconic Acid

The metabolism of hydroquinone to its conjugatesassumed occurs in zone 3 since the
glucuronidation capacity is greater in this reg{dtedinskyet al., 1996). It can be represented by the
equation for glucuronidation from (Seatetral., 1995):

RV HQ VhoClives cvp TL

Conj,Liver3 HQ +C|L_|Q , 3
iver

Hydroquinone to its conjugates

Since the sulfation takes place primarily in zongf the liver (Seatoset al., 1995), the conjugation of
phenol was simulated occurring only in zone 1 atdprding to (Seatoet al., 1995), it is represented
by the following equation:

PH
VPchLiverl + VPHZCleerl CCP TL

3 Phenol to its conjugates

RM Conj Liverl =
+ Cleerl + CL|ver1

The metabolism of benzene oxide to phenol is nomaatic, so we assumed that this metabolism
occurs in all compartments. This process is desdrily the first-order equation:

RM B9 = kZCjBOV j Benzene Oxide to Phenol

where j is the compartment index.

Finally, glutathione S-transferase, which is reedirfor the metabolism of benzene oxide to
phenylmercapturic acid, is found in tissue suchhasliver, kidney, muscle, and heart (Lee, 1984).
Within the liver, glutathione S-transferase is fdysrimarily in the plate limiting hepatocytes okth
central vein (Mainwaringt al., 1996). Thus, we consider first-order metabolierodcur in the slowly
and rapidly perfused tissues, the fat, the kidttey blood, and the third zone of the liver accaydio
the following equation:
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RM pua j =ksC JBOV j Benzene Oxide to Phenylmercapturic acid

3 '|||||I>

4.2. Parameters' values

The numerical values of the inhibition constant gréen in Table 8. The scaling coefficientg,Q
Quenc and Vmax are reported in Table 9 and they were determimexh freference values given in
(Haddadet al., 2001a).The numerical values of the physiologipalysicochemical and biochemical
parameters are given in Table 9 along with theferemce source. The partition coefficients for
metabolites used are summarised in Table 10 wihdenumerical values of the parameters related to
benzene metabolism are given in Table 11.

Section 5 — DISCUSSION

5.1. The general PBPK model

We developed a lifetime PBPK model for humans,udiclg man, woman, children and foetus. It also
models pregnancy and lactation. Several physiodbgiodels have been proposed in the literature to
describe the life-time period (Clewadt al., 2004) or the gestation/lactation period (Lueekel.,
1994; Corleyet al., 2003; Gentryet al., 2003a; Gentrgt al., 2003b). Here we propose a PBPK model
that includes these two periods. This general ma@da parameterised using data from the literature
(Altman et al., 1962; International Commission on RadiologicaitBction, 2002). The anatomical or
physiological changes in humans have been previalescribed by several authors (Haddaal.,
2001Db; Priceet al., 2003; Clewellet al., 2004). However, in this work, we have developedvn
mathematical functions for modelling those changeEe most of the functions proposed in the
literature were developed only for children and mtit include adulthood. The specificity of the
functions we proposed is that they are continuawsd the lifetime.

However, our model has some limitations that jestect some lacks of physiological data. For

instance, it does not take into account the chamgkded to the age for adults. During aging,

physiological and disease-induced changes occuchwhight affect pharmacokinetics of many

chemicals (Klotz, 1998). Moreover, elderly patier@gresent an increasing part of our population who
consume disproportionately high amounts of drugsseAsing distributions and interactions of drugs
and chemicals present in the environment is paatityumeaningful for this population.

Our general PBPK model is quite detailed and prepas intensive list of organs. In some cases, due
to a relatively small amount of data, or because iielevant to focus only on some specific orgéns,
would be interesting to reduce the model by agdmegaome of the organs. There are some general
principles for lumping correctly PBPK models (Nesto et al., 1998). An alternative for
simplification could be to express all organ-specpartition coefficients as a function of a two
generic partition coefficients, for fat and leassties for instance (Bjorkman, 2003). Partition
coefficients for organs would then be derived inardance with the percentage of these two tissues i
the organs. Organs of particular pharmacologicaltaxicological interest should of course be
investigated separately as needed.

To conclude, our PBPK model is quite general amdbeaeasily adapted to every particular situation.
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5.2. The interaction models

Two methods were developed to study metabolicactens. They all assumed that interactions occur
at the metabolic level. The first one is based fm modelling of metabolism with the Michaelis-
Menten relationship and the second one on the ioglelf the enzyme kinetics. Our next step would
be to compare behaviours and predictions of thasenmodels. Data for a mixture of four VOCs

(Benzene, Toluene, Ethylbenzene and Xylenes) shmarahit this comparison.

Calibrating the interaction models will make neeegsan extensive bibliographic search on enzyme
in humans (sites and levels in the different tissioe humans of all ages). Then, for a given sulzsta

a collection of the metabolic pathways togethehvenhalysis of experimental data would permit to
parameterise the model and extrapolate kineties fdadifferent doses and different ages.

Document name: D3.1_LifeTimePBPK.doc Date: 18/03/08
Security: PP

Page: 18/40



)

Section 6 — REFERENCES

Altman, P. L. and Dittmer, D. S. (1962). Growthcluding reproduction and morphological
development. Washington, D. C., Federation of AoariSocieties for Experimental Biology.

Bjorkman, S. (2003). "Reduction and lumping of pbimgically based pharmacokinetic models:
Prediction of the disposition of fentanyl and pdihe in humans by successively simplified models."
Journal of Pharmacokinetics and PharmacodynaBfi@h: 285-307.

Chiu, W. A., Barton, H. A., DeWoskin, R. S., Scldes P., Thompson, C. M., Sonawane, B.,
Lipscomb, J. C. and Krishnan, K. (2007). "Evaluatid physiologically based pharmacokinetic
models for use in risk assessment." Journal of iddploxicology27(3): 218-237.

Clewell, H. J., Gentry, P. R., Covington, T. R.r&aapani, R. and Teeguarden, J. G. (2004).
"Evaluation of the potential impact of age- anddgmrspecific pharmacokinetic differences on tissue
dosimetry." Toxicological Scienc&$9(2): 381-393.

Cole, C. E., Schlosser, P. M. and Tran, H. T. (2002 Multicompartment Liver-Based
Pharmacokinetic Model for Benzene and Its Metabslibh Mice." Journal of Mathematical Biology:
submitted.

Corley, R. A., Mast, T. J., Carney, E. W., Rogdrayl. and Daston, G. P. (2003). "Evaluation of
physiologically based models of pregnancy and textdor their application in children's healthkris
assessments.” Critical Reviews in Toxicol@$2): 137-211.

Dewaziers, I., Cugnenc, P. H., Yang, C. S., Lerdu®. and Beaune, P. H. (1990). "Cytochrome-P-
450 Isoenzymes, Epoxide Hydrolase and Glutathionesferases in Rat and Human Hepatic and
Extrahepatic Tissues." Journal of PharmacologyEqkrimental Therapeuti@b3(1): 387-394.

Fiserova-Bergerova, V. (1983). Gases and theibddly a review of fundamentals. Modeling of
Inhalation Exposure to Vapors: Uptake, Distributiand Elimination. F. Fiserova-Bergerova. Boca
Raton, Florida, CRC Pres3-28.

Gentry, P. R., Covington, T. R., Andersen, M. K &ewell, H. J. (2002). "Application of a
physiologically based pharmacokinetic model fopigpanol in the derivation of a reference dose and
reference concentration." Regulatory Toxicology Bhdrmacolog6(1): 51-68.

Gentry, P. R., Covington, T. R., Clewell, H. anddénson, M. E. (2003a). "Application of a
physiologically based pharmacokinetic model foerehce dose and reference concentration
estimation for acetone." Journal of Toxicology &mironmental Health-Part 86(23): 2209-2225.

Gentry, P. R., Covington, T. R. and Clewell, H(2D03b). "Evaluation of the potential impact of
pharmacokinetic differences on tissue dosimetyfispring during pregnancy and lactation."
Regulatory Toxicology and Pharmacoldgf(1): 1-16.

Gerlowski, L. E. and Jain, R. K. (1983). "Physiatadly based pharmacokinetic modeling: principles
and applications.”" Journal of Pharmaceutical S@sn2: 1103-1127.

Haddad, S., Beliveau, M., Tardif, R. and Krishn&n(2001a). "A PBPK modeling-based approach to
account for interactions in the health risk assesdgrof chemical mixtures." Toxicological Sciences
63(1): 125-31.

Haddad, S., Restieri, C. and Krishnan, K. (2001®haracterization of age-related changes in body

weight and organ weights from birth to adolescendeumans."” Journal of Toxicology and
Environmental Health-Part 84(6): 453-464.

Haddad, S., Tardif, R., Charest-Tardif, G. and imen, K. (1999). "Physiological modeling of the
toxicokinetic interactions in a quaternary mixtofearomatic hydrocarbons." Toxicology and Applied

Pharmacology 61(3): 249-257.
Hryhorczuk, D. O., Rabinowitz, M. B., Hessl, S. Moffman, D., Hogan, M. M., Mallin, K., Finch,

H., Orris, P. and Berman, E. (1985). "Eliminatiomé&tics of Blood Lead in Workers with Chronic
Lead-Intoxication.” American Journal of Industridédicine8(1): 33-42.

Document name: D3.1_LifeTimePBPK.doc Date: 18/03/08
Security: PP
Page: 19/40



)

International Commission on Radiological Proteci{ip802)._ Basic Anatomical and Physiological
Data for Use in Radiological Protection: Referexedues. Stockholm, J. Valentin.

Kerger, B. D., Leung, H. W., Scott, P., Paustenbéxhl., Needham, L. L., Patterson, D. G.,
Gerthoux, P. M. and Mocarelli, P. (2006). "Age- amhcentration-dependent elimination half-life of
2,3,7,8-tetrachlorodibenzo-p-dioxin in Seveso akifld" Environmental Health Perspectivieisi(10):
1596-1602.

Klotz, U. (1998). "Effect of age on pharmacokinstémd pharmacodynamics in man." International
Journal of Clinical Pharmacology and Therape8igd 1): 581-585.

Kooijman, S. A. L. M. (2000). Dynamic energy andssi®dudgets in biological systems. Cambridge,
Cambridge University Press.

Krishnan, K., Haddad, S., Beliveau, M. and Targif(2002). "Physiological modeling and
extrapolation of pharmacokinetic interactions frbmary to more complex chemical mixtures."
Environmental Health Perspectives0 989-994.

Lee, C. Y. G. (1984). "Multiple Forms of Mouse Giltitione S-Transferases." Biochemical Society
Transactiond.2(1): 30-33.

Luecke, R. H., Wosilait, W. D., Pearce, B. A. anouvig, J. F. (1994). "A Physiologically-Based
Pharmacokinetic Computer-Model for Human-Pregndnbgratology49(2): 90-103.

Mainwaring, G. W., Williams, S. M., Foster, J. Rugwood, J. and Green, T. (1996). "The
distribution of Theta-class glutathione S-transfegain the liver and lung of mouse, rat and human."
Biochemical Journe318 297-303.

Medinsky, M. A., Kenyon, E. M., Seaton, M. J. arahBsser, P. M. (1996). "Mechanistic
considerations in benzene physiological model dgraknt." Environmental Health Perspectitég:
1399-1404.

Nestorov, I. A., Aarons, L. J., Arundel, P. A. d@Rdwland, M. (1998). "Lumping of whole-body
physiologically based pharmacokinetic models." daliof Pharmacokinetics and Biopharmaceutics
26: 21-46.

Parkinson, A. (1996). Biotransformation of xenolist In Curtis D. Klaassen, editor, Casarett and
Doull's Toxicology:. The Basic Science of PoisdvisGraw-Hill, Inc., 113-186.

Price, K., Haddad, S. and Krishnan, K. (2003). '$#ipgical modeling of age-specific changes in the
pharmacokinetics of organic chemicals in childrelotirnal of Toxicology and Environmental Health-
Part A66(5): 417-433.

Reddy, M. B., Yang, R. S. H., Clewell lll, H. J.daAndersen, M. E. (2005). Physiologically based
pharmacokinetic modelling: science and applicatibtahoken, John Wiley & Sons.

Seaton, M. J., Schlosser, P. M. and Medinsky, M1895). 'Invitro conjugation of benzene
metabolites by human liver - potential influenceraérindividual variability on benzene toxicity."
Carcinogenesi6: 1519-1527.

Travis, C. C., Quillen, J. L. and Arms, A. (199®harmacokinetics of benzene." Toxicology and
Applied Pharmacolog$02 400-420.

Van der Mollen, G. W., Kooijman, S. A. L. M. ando8| W. (1996). "A generic toxicokinetic model
for persistent lipophilic compounds in humans: pplig@ation to TCDD." Fundamental and Applied
Toxicology31: 83-94.

Yang, F., Tong, X. P., McCarver, D. G., Hines, RaNd Beard, D. A. (2006). "Population-based
analysis of methadone distribution and metabolismgian age-dependent physiologically based
pharmacokinetic model." Journal of Pharmacokineticd Pharmacodynami8§(4): 485-518.

Yokley, K., Tran, H. T., Pekari, K., Rappaport, Biihimaki, V., Rothman, N., Waidyanatha, S. and
Schlosser, P. M. (2006). "Physiologically-basedrptaaokinetic modeling of benzene in humans: A
Bayesian approach.” Risk Analy&i§(4): 925-943.

Document name: D3.1_LifeTimePBPK.doc Date: 18/03/08
Security: PP
Page: 20/40



| Section 7 — TABLES |

)

Table 1: Mathematical descriptions of the metabolic intéoas for different kinds of inhibition. In
these models, the substance 1 is the substrathesdbstance 2 the inhibitor.

Table 2: Equations describing the change in the relatigammmweights as a function of age (year) for
males.

Table 3: Equations describing the change in the relatigammweights as a function of age (year) for
females.

Table 4 Relative blood flow (as percentage of the cardiaiput) for human adults.
Table 5 Time evolution of some physiological parametershfumans.

Table 6 Values for parameters,(b, c) of equations describing the change in the redativgan
weights as a function of the gestational age (f@ythe foetus and the pregnant woman.

Table 7: Fraction of fat in organ or tissue.
Table 8 Inhibition constants (K for the BTEX mixture (Haddaet al., 1999).

Table 9: Human physiological, physicochemical and biochafparameters used in PBPK model for
BTEX.

Table 10 Partition coefficient for benzene metaboliteslé3b al., 2002)
Table 11: Human metabolic parameters used in the benzenersetthe PBPK model.
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Table I Mathematical descriptions of the metabolic intéians for different kinds of inhibition

these models, the substance 1 is the substrattheusdbstance 2 the inhibitor.
Mechanism of inhibition Model
No inhibition Viex1 X Cr 1
Km,l + CF 1
Vmax,l ><CF 1
Competitive C
Km,l x(1+ KF ? J +C¢ 1
i2
Vmax,l ><CF 1
Uncompetitive C
(Kml +CF 1)x 1+ w2
’ ' Ki,2
Vmax,l ><CF 1
C
Km,l +CF,1X 1+ FVZJ
i,2

Non-competitive
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Table 2: Equations describing the change in the relatigammweights as a function of age (year) for

males.

Organs Equation

Adrenal$? 0.0002+(0.00171-0.000%) exp(-2.02x Age)

Blood® (0.0500-0.0771x Age+0.0771 If Age < 1
(Age - 0.6939)/(-6.8933 + 13.036Age) if Age =1

Brain® 0.0199 + (0.117 - 0.019%) exp(-0.163x Age)

Breast! 0 If Age < 10
(Age - 10.001)/(2747.8 Age - 23464) if Age > 10

Gut? -0.00008256X Age? + 0.0013523 Age + 0.01293 If Age < 16
0.0140 if Age > 16

Gutlumef”  0.0089 + (0.0276 - 0.008%)exp(-0.574x Age)

Hearf? -4.0837E-07 Age® + 1.9982E-05¢ Age” - 2.6369E-04« Age + 5.5982E-03 If Age < 18
2E-4x Age + 8.5E-3 if Age < 20
0.0045 if Age > 20

Kidney<? 0.0042 + (0.00767 - 0.004)exp(-0.206x Age)

Liver® 0.0247 + (0.0409 - 0.024R¥)exp(-0.218x Age)

Lung® 1.4770E-05¢ Age? - 3.7583E-04 Age + 8.4216E-03 If Age < 20
0.0068 if Age > 20

Marrow® 0.05 + (0.0138 - 0.05) exp(-0.112x Age)

Musclé? 0.3973 + (0.201 - 0.397F) exp(-0.141x Age)

Sexual -1.5156E-07 Age® + 9.3351E-06< Age’ - 1.1177E-04 Age + 4.7966E-04 If Age < 20

organ§” 0.0008 if Age > 20

Skin® -1.1706E-05¢ Age’ + 5.4130E-04 Age’ - 6.1966E-03« Age + 4.6231E-02 If Age < 20
0.0452 if Age > 20

Spleef? 2.8337E-08< Age’® - 1.6264E-06< Age* + 3.3436E-05 Age® - 2.9124E-04 Age® + If Age < 20
9.0793E-04x Age + 2.5047E-03
0.0021 if Age > 20

Stomach’ -1.1901E-07 Age® - 9.2180E-06< Age? + 1.7879E-04 Age + 1.9319E-03 If Age < 15
0.0021 if Age > 15

Stomach 0.0034 + (0.0105 - 0.0034)exp(-0.522x Age)

lumerf?

Urinary tract” 0.001041 + (0.00145 - 0.001044pxp(-0.348< Age)

(2): (International Commission on Radiological feation, 2002)
(2): (Altmanet al., 1962)
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Table 3 Equations describing the change in the relatigaio weights as a function of age (year) for

females.

Organs Equation

Adrenal$” 0.0002+(0.00171-0.000%) exp(-2.02x Age)

Blood™ (0.0498-0.0771% Age+0.0771 If Age<1
3.2850E-05¢ Age’ - 1.2097E-03 Age’ + 1.2367E-0% Age + 3.8613E-02 if Age > 1

Brain® 0.0217+(0.114-0.0217 exp(-0.182x Age)

Breast” 0 If Age < 10
(Age - 10.024)/(104.9% Age - 687.75) if Age > 10

Gut? -7.4206E-05¢< Age® + 1.2759E-03 Age + 1.2983E-02 If Age < 16
0.0160 if Age > 16

Gut lumer?” 0.0100+(0.0294-0.010® exp(-0.932x Age)

Heart? 0.0042+(0.0053-0.0042) exp(-0.0817% Age)

Kidneys? 0.0046+(0.00709-0.0046) exp(-0.221x Age)

Liver® 0.0233+(0.038-0.0233) exp(-0.122x Age)

Lung® 0.000016766¢ Age? - 0.00041745 Age + 0.0084805 If Age < 20
0.0070 if Age > 20

Marrow® 0.045+(0.0138-0.045 exp(-0.136x Age)

Muscle® 0.2917+(0.207-0.291%) exp(-0.33% Age)

Sexual -1.064E-03x Age + 1.338E-03 If Age<1

organ§’ 2.6380E-07 Age3 - 1.7943E-06 Age2 - 5.6465E-08 Age + 2.8105E-04 if Age > 20
0.001552 if Age = 20

Skin® -7.8882E-06< Age’ + 4.0224E-04 Age’ - 5.2146E-0% Age + 4.5605E-02 If Age < 20
0.0383 if Age = 20

Spleef? -6.8784E-09< Age® + 4.3253E-0% Age’ - 1.0546E-05¢ Age* + 1.2530E-04 Age®  If Age < 20
- 7.3946E-04< Age? + 1.8530E-03 Age + 1.8922E-03 _
0.0022 if Age = 20

Stomach 3.5831E-08< Age® - 1.1503E-05¢ Age’” + 1.8645E-04 Age + 1.9297E-03 If Age < 15
0.0023 if Age > 15

Stomach 0.0038+(0.0113-0.003& exp(-0.882x Age)

lumert?

Urinary tract” 0.001+(0.0014-0.001 exp(-0.735x Age)

(2): (International Commission on Radiological feation, 2002)
(2): (Altmanet al., 1962)
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Table 4 Relative blood flow (as percentage of the cardiaiput) for human adults.
Value Value
Organ / tissue Organ / tissue
Man Woman Man Woman
Adipose tissue 5 8.5 Marrow 3 3
Adrenal 0.3 0.3 Muscle 17 12
Bone 2 2 Pancreas 1 1
Brain 12 12 Sexual organs 0.05 0.4
Breast 0.02 0.4 Skin 5 5
Gut 14 16 Spleen 3 3
Heart 4 5 Stomach 1 1
Kidney 19 17 Thyroid 1.5 15
Liver arterial 6.5 6.5 Urinary tract 0.06 0.06
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Table 5: Equations describing the change in males respyrgt@rameters as a function of age (year).

Equation

Respiratory parameters

Man
Vtidal
FregBreath
Vds
Woman
Vtidal
FregBreath
Vds
Transits
Man
FstomZgut
Fguthae(m
Kerenal
Woman
FstomZgut
Fgutzfaeca

Kerenal

(Age < 20 ? 0.033% Age + 0.0407 : 0.75)

12 + (38.9 - 12X exp(-0.176x Age)
(Age <16 ? 0.0078 Age + 0.0101 : 0.15)

0.46+(0.0392-0.46% exp(-0.127x Age)
12 + (38.9 - 12k exp(-0.176x Age)

0.12+(0.0107-0.12% exp(-0.0986¢x Age)

0.005556 + (0.000637 - 0.005556pxp(-0.078% Age)
0.0004688 + (0.0000852 - 0.00046883xp(-0.0671x Age)

(Age < 20 ? 0.00004 Age + 0.0002 : 1.111E-3)

0.003833+(0.000604-0.003838)exp(-0.159% Age)
0.000375+(0.0000856-0.0003 36 pxp(-0.0931x Age)
0.0008333+(0.000208-0.0008338%xp(-0.0857 Age)
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Table 6 Values for parameters,(b, c) of equations describing the change in the retatiwgan
weights as a function of the gestational age (f&ythe foetus and the pregnant woman.

Parameter a b C
Foetal organs or tissues
adipose tissue 0.0001803
adrenals 0.000007467 0.01425
blood 0.00006796 0.9729
brain 0.0001871 0.9585
gut 0.0000163
heart 0.00001012 0.9489
kidney 0.000004203 1.255 -0.02127
liver 0.00006050 0.9737
lung 0.00009351
marrow 0.00001425 0.9943
muscle 0.00002668 1.234
other 0.0001575
pancreas 0.0001883 0.3854
skin 0.0000514
spleen 0.0000001302 1.204 0.02909
thymus 0.000001218 1.093
thyroid 0.0006470 1.023
Maternal organs or tissues
adipose tissue 0.0009911 2.142 -0.1405
blood 0.000004712 3.295 -0.2164
breast 0.01274 0.608 -0.02209
uterus 0.0002057
amniotic fluid 0.001
placenta 0.0002
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Table 7: Fraction of fat in organ or tissue.

Organ / tissue Value Organ / tissue Value
Adipose tissué&” 0.859 Marrow” 0.186
Adrenal® 0.049 Muscle? 0.064
Amniotic fluid ® 0.0052 Othef 0.049
Blood @ 0.0052 Pancredd 0.105
Brain® 0.11 Placent& 0.049
Breast? 0.049 Skin® 0.150
Gut® 0.065 Spleeff! 0.030
Gut Lumer? 0.049 Stomack’ 0.049
Heart® 0.083 Stomach Luméh 0.049
Kidney® 0.052 Thymug? 0.049
Liver @ 0.049 Thyroid® 0.049
Lung® 0.017 Uterug? 0.049

@ (van der Molleret al., 1996)
@ Default value corresponding to the "remaining ogjan (Van der Molleret al., 1996).

®  same value as blood.

“  (Fiserova-Bergerova, 1983)
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Table 8 Inhibition constants (K for the BTEX mixture (Haddaet al., 1999).

Symbol Inhibitor Substrate K; value (umol/l)
Kigr Benzene Toluene 2.85
Kige Benzene Ethylbenzene 8.01
Kigx Benzene Xylene 2.89
Kitg Toluene Benzene 1.56
Kite Toluene Ethylbenzene 10.29
Kitx Toluene Xylene 3.87
Kigg Ethylbenzene Benzene 2.41
Kigr Ethylbenzene Toluene 1.58
Kigx Ethylbenzene Xylene 4.76
Kixg Xylene Benzene 2.03
Kixr Xylene Toluene 3.09
Kiye Xylene Ethylbenzene 15.70
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Table 9: Human physiological, physicochemical and biochafparameters used in PBPK model for
BTEX.

Parameters

Body weight (kg) 70

Cardiac output (I/h/kg) 18

Alveolar ventilation rate (I/h/kg) 18

Benzene Toluene Xylene Ethylbenzene

Blood flow rate (% of cardiac output)
Fat 0.0425 0.0425 0.0425 0.0425
Poorly perfused tissues 0.1327 0.1717 0.1717 0.1717
Richly perfused tissues 0.3461 0.5488 0.5488 0.5488
Bone Marrow 0.039
Liver 0.237 0.237 0.237 0.237
Kidney 0.2027

Volumes (% of body weight)
Fat 0.1429 0.1429 0.1429 0.1429
Poorly perfused tissues 0.694 0.734 0.734 0.734
Richly perfused tissues 0.040 0.044 0.044 0.044
Bone Marrow 0.040
Liver 0.025 0.025 0.025 0.025
Kidney 0.004

Partition coefficients
Blood/air 7.80 15.60 26.40 28.00
Fat/blood 54.50 65.48 70.43Y 55.57
Poorly perfused tissues/blood 2.05 178 1.59Y 0.93Y
Richly perfused tissues/blood 1.92 536 3.44Y 2.15Y
Bone Marrow/blood 16.2%
Liver/blood 1.486" 5.36" 3.44Y 2.99Y
Kidney/blood 1.920

Metabolic parameters
Vmax (umol/h/kg) 15.36 37.33Y 61.13Y 60.19"
Km (pmol/l) 4.487 1.14Y 4.24Y 9.80"

- (Haddackt al., 1999)
@: (Traviset al., 1990)
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Table 1Q Partition coefficient for benzene metabolites|é3 al., 2002)
Benzene Phenol Hydroquinon
Fat/blood 54.5 27.63 4.06
Poorly perfused tissues/blood 2.05 1.22 0.94
Richly perfused tissues/blood 1.92 2.17 1.04
Liver/blood 2.95 2.17 1.04
Kidney/blood 1.92 2.17 1.04
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Table 11:Human metabolic parameters used in the benzenersetthe PBPK model.

Symbol | Meaning Values
ce? Concentration of microsomal protein per gram cfuesin the liver (mg/g) 145
cYP Concentration of cytosolic protein per gram ofuisén the liver (mg/g) 58
K,E'; Concentrations at half-saturation of PH by two ateltransferases (umol/L) 1.4
Krﬁ'; Concentrations at half-saturation of PH by two ateltransferases (umol/L) 220
KgQ Concentration at half-saturation for HQ (umol/L) 746
AB? Affinity parameter for CYP2E1 for substrate of bene (L/pmol) 0.0397
APH Affinity parameter for CYP2E1 for substrate of PH(mol) 1.3x10°
AHQ Affinity parameter for CYP2EL1 for substrate of HQ(mol) 10’
k1 Efficiencies of CYP2EL1 for specific oxidation releg to V2E1 (L/umol) 4.2x10°
ko Rate constant for the metabolism of benzene oxideH (1/hr) 32.16
ks Rate constant for the metabolism of benzene oxidéA (1/hr) 0.51156
K4 Rate constant for the metabolism of benzene oxid&MA (1/hr) 12.409
Ks Efficiencies of CYP2EL1 for specific oxidation relag to V2E1 (L/pmol) 4.0x10°
Ke Efficiencies of CYP2EL1 for specific oxidation relag to V2E1 (L/pmol) 2.13x10°
k7 Efficiencies of CYP2EL1 for specific oxidation releg to V2E1 (L/pumol) 2.03x10*
kg Binding coefficients for PH to tissue (1/hr) 0.1163
K10 Binding coefficients for HQ to tissue (1/hr) 0.1443
Voer C_YP2E1 specific activity as determined by the ot@aof p-nitrophenol to p- 0.01803
nitrocatechol (umol/mg/hr)
Vph1 Maximum rates of metabolism of PH by two sulfatnsferases (umol/mg/hr) 1574.09
Vpho Maximum rates of metabolism of PH by two sulfatnsferases (umol/mg/hr) 116.746
Vo Maximum rate of metabolism for HQ (umol/mg/hr) 1.202
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Section 8 — FIGURES

Figure 1. Schematic representation of the physiologicaigddl pharmacokinetic model for humans
Twenty-two compartments describe the human bodgsiBle administration routes are by inhalation
(via lungs) or by ingestion (in stomach lumen). 8etlism is assumed to occur in lungs, gut and.liver
The substance may also be eliminated via gut lukidneys and lungs.

Figure 2. Schematic representation of the physiologicatgdrl pharmacokinetic model for human
pregnancy. The maternal body and foetus are sudmtlvinto compartments describing organs or
diffuse tissues. In gray: organs or tissues whoskeinve changes during pregnancy. Chemical
substances are transported or transferred thrdwgglodmpartments Thick arrows: potential routes of
input and outputs for chemical substances. Thiavesr transport paths through blood flows. Dotted
arrows: transfers and diffusions paths.

Figure 3: Evolution of few relative organs' volumes withedigr males and females.

Figure 4: Time evolution of the foetal bodyweight and ofreorgans' volumes.

Figure 5: Conceptual representation of the PBPK model fimixdure of BTEX

Figure 6: Metabolic chain of benzene to its primary metébsl

Figure 7: Schematic representation of the benzene sectithre BPK compartmental model
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Figure 1. Schematic representation of the physiologicallgdnl pharmacokinetic model for
humans Twenty-two compartments describe the hurody.Possible administration routes
are by inhalation (via lungs) or by ingestion (torsach lumen). Metabolism is assumed to
occur in lungs, gut and liver. The substance mag &k eliminated via gut lumen, kidneys

and lungs.
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Figure 2: Schematic representation of the physiologicaligdnl pharmacokinetic model for
human pregnancy. The maternal body and foetusudgivdded into compartments describing
organs or diffuse tissues. In gray: organs or éissuhose volume changes during pregnancy.
Chemical substances are transported or transféredgh the compartments Thick arrows:
potential routes of input and outputs for chemisalbstances. Thin arrows: transport paths

through blood flows. Dotted arrows: transfers aifiisions paths.
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Figure 3: Evolution of few relative organs' volumes withedigr males (left panel) and females (right
panel).
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Figure 4: Time evolution of the foetal bodyweight and ofreorgans' volumes.
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Figure 5: Conceptual representation of the PBPK model fimixdure of BTEX
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Figure 6: Metabolic chain of benzene to its primary metébsl
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Figure 7: Schematic representation of the benzene sectithe ®BPK compartmental model.
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