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SOMMAIRE H

SOMMAIRE

Le coefficient de partage (CP) sang:air (P,) est un déterminant important de la
pharmacocinétique des substances organiques volatiles (SOV). Présentement, les
algorithmes qui permettent de prédire la valeur des P, des SOV en considerant la
solubilité d'une substance dans les fractions lipidiques et aqueuses du sang ne
tiennent pas compte de la liaison potentielle des SOV aux protéines sanguines
(PS). Ce projet de recherche visait a évaluer la liaison des SOV aux PS du rat
dans des conditions in vitro. Les objectifs étaient: i) d'identifier les caractéristiques
communes aux SOV pouvant étre potentiellement impliquées dans la liaison aux
PS, i) de vérifier expérimentalement la présence de la liaison des SOV aux PS du
rat, iii) d'étudier limplication de I'hémoglobine (Hb) dans cette liaison, iv) de
déterminer I'impact de la concentration d'exposition sur le Py, et, v) de déterminer
la valeur de la constante d'affinité (K,) et le nombre de sites de liaisons (n) des
protéines impliquées. Dans un premier temps, les caractéristiques des SOV
identifiés dans la littérature comme étant théoriquement liés aux PS chez le rat ont
été analysées afin d'identifier certains points communs. Ainsi, des caractéristiques
portant sur la taille moléculaire (>300 A), la lipophilicité (log CP n-octanol:eau > 1),
et la composition élémentaire des SOV (aucun oxygéne) ont éte identifiees comme
étant des éléments importants de la liaison aux protéines. Dans un deuxieme
temps, en se basant sur ces caractéristiques communes, l'occurence de liaison a
été prédite pour certains SOV. Par la suite, nous avons procédé a une validation
expérimentale qui consistait a comparer les CP entre l'air et un mélange huile+eau
et le CP entre l'air et le sang de rat. Les résultats ont montré que les CP sang:air

étaient significativement supérieurs aux CP mélange:air (moyennexSE; n=3-8)
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pour le bromoforme (BF; 1615 vs 28.9+3.4), chlorobenzéne (CB; 61.8+2.8 vs
8.3£2.35), chloroforme (CF; 16.9+1.1 vs 3.4+0.75), et éthylbenzéne (EB; 50.8+1.3
vs 7.13+1.6). Cela suggérait fortement I'existence de liaisons aux PS. L'implication
de I'Hb dans la liaison a également été évaluée puisque que I'Hb etait soupconnee
étre la principale protéine liante. Les CP reconstitution de sang (n-
octanol+eau+Hb):air et les CP sang:air ont été determinés. Les résultats ont
démontré que la liaison a I'Hb jouait un réle majeur dans la valeur du Py, pour les
SOV étudiés. En effet, la valeur du CP du mélange n-octanol+eau+Hb était proche
de la valeur du P, réel pour ces substances [BF (154+1.5), CB (55%6), CF
(15+0.87), et EB (30+1.5)]. Dans un troisieme temps, les valeurs de K, (mM7) et
de n, ainsi que limpact de la concentration d'exposition sur le P, ont été
déterminés. L'utilisation de fortes concentrations de SOV s'est traduite par une
diminution de Py, ce qui suggére une saturation des sites de liaison. Les valeurs
expérimentales de K, et de n sont les suivantes: BF (0.8, 4), CB (2.8, 1.4), CF (1.8,
1.2), et EB (2, 1.4). Cette étude représente la premieére tentative visant a
caractériser et prédire la liaison des SOV aux PS chez le rat, a étudier ses
conséquences sur la cinétique des substances et a inclure cette caractéristique
dans la structure des modeles pharmacocinétique a base physiologique utilisés

pour I'analyse du risque toxicologique.
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1. INTRODUCTION

1.1 La modélisation pharmacocinétique a base physiologique

La modélisation pharmacocinétique a base physiologique (PCBP) consiste a
décrire  mathématiquement [|'absorption, la distribution, le métabolisme et
I'élimination de substances dans l'organisme. Les équations différentielles qui y
sont incluses sont basées sur la physiologie de l'organisme, ainsi que sur les
caractéristiques physico-chimiques des substances. Ces équations permettent la
prédiction de la cinétique des substances dans l'organe cible (Krishnan et
Andersen, 1994). Les relations entre les parametres qui servent d'intrants dans
ces équations, c-a-d, les parametres physiologiques (débit alvéolaire, débit
cardiaque, volumes tissulaires et débits sanguins aux tissus), physico-chimiques
(coefficients de partage, coefficients de diffusion, et constantes d'absorption), et
biochimiques (taux d'élimination, constantes de liaisons, et métabolisme)
determinent le stockage et le devenir d'une substance dans un organisme.

Les modeles PCBP permettent la prédiction de la concentration sanguine ou
tissulaire d’'une substance a partir de la dose d’exposition. Puisque la toxicité d'une
substance est considérée comme étant directement liée a sa concentration
tissulaire (Andersen et al., 1987), ces modeles sont utilisés de plus en plus
frequemment en analyse du risque toxicologique. Ainsi, grace a la modélisation
PCBP, la détermination de la concentration d'une substance dans l'organe cible en
fonction du temps et de la concentration d'exposition est possible. De plus, en
étant une représentation mathématique de mécanismes biologiques, plusieurs

phénomenes observés dans un organisme, tel que la saturation des processus de
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biotransformation, peuvent y étre représentés, et leur influence sur la concentration
tissulaire peut étre facilement déterminée.

L'utilisation des modéeles PCBP en analyse du risque toxicologique présente
certains avantages. Premiérement, puisqu’ils sont constitués de mécanismes
biologiques qui facilitent le calcul de la concentration interne, leur utilisation permet
de relier celle-ci plutét que la dose d’exposition a I'effet observé, ce qui reduit
lincertitude reliee aux méthodes traditionnelles d’'extrapolation des doses
d’expositions. Ainsi, le scénario d'exposition, la voie d’'absorption, la dose et
'espéce peuvent étre considérés lors d’extrapolations (Krishnan et Andersen,
1994). Deuxiémement, si la modélisation PCBP est combinée a des études
toxicocinétiques chez 'animal, les mécanismes responsables de la toxicocinétique
d’une substance donnée peuvent étre mieux compris. En effet, dans le cas ou le
profil cinétique généré par le modele PCBP ne correspond pas aux données
déterminées expérimentalement, d'autres processus biologiques devront étre
incorporés dans le modéle ou certains parametres du modele devront étre modifiés
afin de refléter la réalité expérimentale (Clewell et Andersen, 1987; Haddad et al.,
1998). Les hypothéses qui sont générées ainsi peuvent étre ensuite vérifiées
experimentalement.

Le développement d’'un modéle PCBP se fait en quatre étapes (Figure 1).
D’abord le modéle est représenté d'une fagon conceptuelle et fonctionnelle.
Ensuite, les parametres du modeéle sont estimés. Puis, la cinétique de la substance
est simulée. Finalement, les résultats de la simulation sont validés et le modéle est
mis au point. La représentation du modeéle (Fig. 1) est I'étape ol I'on développe la

description conceptuelle et mathématique des divers compartiments, et ou I'on
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Représentation du modéle i

Conceptuelle Fonctionelle

h 4
Estimation des paramétres du modéle

Physiologiques Biochimigques Physio-chimiques

!

Simulation a I'aide du modeéle

Algorithmes Logiciels Ordinateur

v

Validation du modéle

Comparaison avec des Mise au point du modéle Analyse de sensibilité
données expérimenales

Figure 1. Schéma des étapes impliquées dans le développement d'un modele PCBP

identifie les voies d'exposition et les processus métaboliques de la substance chez
I'animal. L'étape d'estimation des parametres est caractérisée par la détermination,
d'une fagon indépendante, de la valeur numérique des différents parametres
(physiologiques, physicochimiques, et biochimiques) qui serviront d'intrants dans
les équations du modele. Lors de I'étape de la simulation, la solution des équations
différentielles du modele est déterminée selon une méthode numérique appropriée
(p. ex., Gear, Runge-Kutta, Euler) (Krishnan et Andersen, 1994; Haddad et al,
1996) et en utilisant un logiciel de simulation (p. ex., ACSL®, ScoP® CSSL IV®,
SIMNON®, ADSIM® et STELLA®), un logiciel de programmation (p. ex., Fortran ou
BASIC), ou un tabulateur (p. ex., EXCEL®) (Haddad et al., 1996). La derniére
étape est celle de la validation, ou la capacité des représentations du modele
PCBP a prédire la cinétique des substances est assurée. La validation se fait le

plus souvent par inspection, une meéthode qui consiste en une comparaison
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visuelle des données prédites et expérimentales en fonction d'une variable
commune (p. ex., temps). Elle peut se faire aussi par mesure de divergence, une
méthode qui consiste a quantifier la différence observée entre les données
simulées et experimentales (Krishnan et Pelekis, 1995). Il est aussi possible de
valider le modéle PCBP statistiquement, bien que I'utilisation de cette approche ne
fasse que commencer (Krishnan et Andersen, 1994; Haddad et al. 1995). La
validation déterminera si la description d’'un modéle est appropriée ou si des mises
au point du modéle sont nécessaires afin que la simulation représente mieux les
données expérimentales. Lorsqu'un modele est validé, l'extrapolation de la
cinétique d’une substance en fonction du scénario d'exposition, de la dose
administrée, ou de l'espéce étudiée est possible. La premiére étape du
développement d'un modéle PCBP consiste donc a représenter le modéle d'une

fagcon conceptuelle et fonctionnelle.

1.1.1 Représentation du modéle

1.1.1.1 Représentation conceptuelle

La représentation conceptuelle d’'un modéle PCBP est I'étape ou une
représentation schématique de I'organisme est développée et ol I'on identifie les
tissus responsables de la cinétique selon le scénario d’exposition, les
caractéristiques physiologiques des tissus, ainsi que les caractéristiques
toxicologiques, physico-chimiques, et biochimiques de la substance (Krishnan et
Andersen, 1994). Afin de développer un modéle PCBP pour une substance

quelconque, les points suivants devront étre considérés : 1) l'organe cible, 2) la ou
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les voies d'absorption, 3) le ou les tissus ou il y a évidence de distribution,

metabolisme et/ou élimination, et 4) le ou les tissus ou le débit sanguin, le volume

ou la composition peuvent mener a une accumulation de la substance.

Les tissus contribuant & I'absorption, a la distribution, au métabolisme, a

I'élimination, et & la toxicité de la substance sont ainsi groupés sous forme de

compartiments, et les tissus
restants sont groupés selon leur
composition. Conséquemment, un
modele PCBP pour une
substance  organique  volatile
(SQOV) relativement lipophile peut
étre repreésenté conceptuellement
par le foie (tissu métabolisant), un
compartiment representant les
poumons (ou l'absorption a lieu),
un compartiment représentant les

tissus adipeux (ou il y a

Substance inhalée Substance exhalée

\\> Espace alvéolaire —J

» Sang puimonaire

4—«[ Tissus rapidement perfusés }<~

*—{ Tissus faiblement perfusés

4—*‘ Tissus adipeux ,“

4—*] Foie }4——
L—» métabolisme

Figure 2: Représentation conceptuelle d'un modéle PCBP
Adapté de Krishnan et Andersen (1994)

accumulation de substance), un compartiment représentant I'ensemble des tissus

faiblement perfusés, et un compartiment représentant l'ensemble des tissus

rapidement perfusés. Les tissus ainsi considérés par le modéle ne représentent

que 91% du poids corporel, puisque les tissus restants représentant le 9% (p. ex.,

os, ongles et poils) sont peu irrigués et ont ainsi peu d'influence sur la cinétique

des SOV. Un exemple de représentation conceptuelle d'un modéle PCBP est
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présenté a la Figure 2. Suite a cette représentation conceptuelle, le modele doit

ensuite étre représenté de fagon fonctionnelle.

1.1.1.2 Représentation fonctionnelle

La représentation fonctionnelle d'un modéle PCBP est I'étape ou les
processus physiologiques, physico-chimiques, et biochimiques qui ont lieu dans
chaque compartiment, ainsi que les liens entre ces compartiments tissulaires, sont

décrits mathématiquement.

DESCRIPTION MATHEMATIQUE DES COMPARTIMENTS TISSULAIRES

Chaque compartiment tissulaire est décrit mathématiquement par une
équation différentielle de bilan de masse, ou le taux de changement de la quantité
d’une substance dans le compartiment est fonction du taux de ce qui entre et du
taux de ce qui quitte le compartiment. Selon le poids moléculaire de la substance,
'équation du bilan de masse peut refléter un processus de distribution dans le
tissu qui est limité par la diffusion du produit dans la matrice cellulaire, ou alors par

la perfusion sanguine (Krishnan et Andersen, 1994).

Dans le cas des

substances ayant un poids Matrice cellulaire  Cq

moléculaire éleve, la

Sang

distribution tissulaire est

limitée par la diffusion de la Figure 3: Compartiment d’'un modéle PCBP ou la
distribution est limitée par la diffusion de la substance

substance au travers de la

matrice cellulaire. Afin de représenter ceci, le compartiment tissulaire est sub-
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divisé en deux sous-compartiments, l'un représentant la matrice cellulaire, et
I'autre le sang (Haddad et al., 1998) (Figure 3). En observant le sous-compartiment
cellulaire de la Figure 3, il est possible de remarquer que le taux de ce qui entre
dans le sous-compartiment dépendera de la concentration veineuse limitée par la
diffusion de la substance, alors que le taux de ce qui quitte ce sous-compartiment
dépendra de la concentration tissulaire, du coefficient de partage tissu:sang et de
la diffusion de la substance. L'équation du bilan de masse représentant le sous-

compartiment de la matrice cellulaire sera donc:

SA C
=D, C, -MLJ (1]
ot ‘( "R,

ou 3Amc/dt = taux de changement de la quantité de produit dans la matrice

cellulaire (mg/h)
D: = constante de diffusion tissulaire (L/h)

Cw = concentration veineuse de substance dans le sous-compartiment

sanguin (mg/L)
C = concentration tissulaire (mg/L), et
P, = coefficient de partage tissu:sang

Par contre, pour le sous-compartiment sanguin (Figure 3), on peut remarquer que
le taux de ce qui entre dans le sous-compartiment dépendra de la concentration
arterielle et du debit sanguin au tissu, alors que le taux de ce qui quitte le sous-
compartiment dépendra de la concentration veineuse sortant du tissu et du débit

sanguin au tissu, ainsi que du taux de diffusion vers la matrice cellulaire. Dans le
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sous-compartiment sanguin, le bilan de masse sera alors déterminé selon

I'équation suivante:

oA oA .
= =QtCa—QtCVt‘T [2]

ou 8A«/dt = taux de changement de la quantité de substance dans le sang
(mg/h)
Q: = débit de sang au tissu (L/h), et
C. = concentration artérielle de substance (mg/L)

En ce qui concerne les SOV de faible poids moléculaire, I'absorption d’'une

substance dans un tissu n'est pas limitée par sa diffusion, mais bien par la

perfusion sanguine au tissu, c-a-d,
la perfusion est lente quand elle (oM Compartiment Tissulaire
est comparée a la diffusion

(Figure 4). En observant Ile

compartiment représenté dans la
P P Figure 4: Compartiment d'un modéle PCBP ou la

. distribution est limitée par la perfusion sanguine au
Figure 4, on peut remarquer que | tssy

le taux de ce qui entre dans le compartiment dépendra de la concentration
artérielle et du débit sanguin au tissu, alors que le taux de ce qui quitte le
compartiment dépendra de la concentration veineuse sortant du tissu et du débit

sanguin au tissu. Le bilan de masse, dans ce cas, est calculé comme suit:

oA 3
-0, -0, [3]

ou 8A¢/3t = taux de changement de la quantité de produit dans le tissu

(mg/h)
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L'équation 3 représente un tissu homogéne et présume que la concentration
veineuse tissulaire est en équilibre avec la concentration tissulaire, un équilibre qui

est déterminé par le coefficient de partage tissu:sang.

Si le compartiment représente un tissu pouvant métaboliser la substance,

I'équation de bilan de masse utilisée comporte un terme additionnel qui considére

le taux de clairance métabolique:

A
éﬁ‘“:QtCa -Q.C, - Poa 4]
ot ot

ou, dAmet/0t = taux de métabolisme (mg/hr).
Le terme 8Amet/6t dans I'équation 4 peut représenter un processus métabolique

d'ordre premier:

—5%“9—‘ =K,C,V,
ol K; = constante métabolique de premier ordre (h™"), et
V, = volume du tissu (L).
Pour une biotransformation d'ordre premier dans le foie, I'équation suivante basée

sur le concept de clairance hépatique peut étre substituée a I'équation 5 (Poulin et

Krishnan, 1998) :

.Oé.@.?.'____Q'.E.Ca [6]
ot

ou Q; = débit sanguin au foie (L/h), et
E = coefficient d’extraction hépatique [CLin/(Q+CLin)]
CLint = clairance intrinséque (Vmax/Km)

Vmax = vélocité maximale du métabolisme (mg/h), et

Km = constante d'affinité (mg/L)
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Par contre, si le processus métabolique est saturable, I'équation suivante est

utilisée pour représenter le taux de métabolisme:

A et _ Vi Cun 7]
ot K.,+C,

Suite a la représentation fonctionnelle des compartiments tissulaires, les

liens qui existent entre ces compartiments doivent étre décrits.

DESCRIPTION DES LIENS ENTRE LES COMPARTIMENTS TISSULAIRES

Les différents compartiments tissulaires sont reliés par la circulation
systémique. Le sang artériel amene la substance vers les tissus, alors que les
concentrations veineuses tissulaires se regroupent pour former le sang veineux, ce
qui résulte en une concentration veineuse homogéne.

Certains modeles PCBP de SOV n'ont pas de compartiment distinct qui
représente le sang. La concentration artérielle est plutdt représenté comme la
solution, a [équilibre, de I'équation du bilan de masse représentant le
compartiment pulmonaire, ou I'échange gazeux a lieu. Le taux de ce qui entre
dans le compartiment pulmonaire dépend alors de la concentration inhalée et de la
ventilation pulmonaire, ainsi que du débit cardiaque et de ‘Ia concentraton
veineuse. Par contre le taux de ce qui quitte le compartiment pulmonaire dépend
de la concentration alvéolaire et de la ventilation pulmonaire, ainsi que du débit
cardiaque et de la concentration artérielle (Ramsey et Andersen, 1984). Ceci est
réprésente par l'equation 8:

A _q.c,, +Q.C, -Q,C,, -Q.C,
ot
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ou S8AL/8t = taux de changement de la quantité de produit dans le tissu

pulmonaire (mg/h)
Q, = ventilation alvéolaire (L/h)

Cinn = concentration inhalée ou environnementale de la substance (mg/L)

Q. = débit cardiaque (L/h)

C, = concentration veineuse de la substance (mg/L), et

Caw = concentration alvéolaire de la substance (mg/L).
Si I'on considere que la quantité de substance perdue de I'air inspiré est retrouvée
totalement dans le sang et que le tissu pulmonaire distribue la vapeur entre
I'espace alvéolaire et le sang artériel en fonction du coefficient de partage sang:air,

il 'y a équilibre, c-a-d, 3A//8t = 0. L'équation suivante peut ainsi étre dérivée de

I'équation 8:
C - QpCinh +QCCV [9]
Q. + Q
P

b

ou Py = coefficient de partage sang:air
L'équation 9 reste valide tant que les trois conditions suivantes sont rencontrées:
1) il'y a un équilibre rapide de la substance entre le sang et I'espace alvéolaire, 2)
il n'y a aucune biotransformation significative dans le tissu pulmonaire, et 3) la
capacité de stockage des poumons est négligeable. Le systéme sanguin veineux,
quant a lui, est représenté comme la solution a I'équilibre de I'équation de bilan de

masse du compartiment veineux:
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La représentation fonctionnelle d'un modéle PCBP a quatre compartiments qui est
utilisée fréquemment pour simuler la cinétique des SOV chez plusieurs especes
est présentée a la Figure 5.

Lorsque la description des compartiments tissulaires et des liens entre les
compartiments est complétée, I'estimation des parametres qui sont inclus dans ces

équations mathématiques du modele PCBP doit étre effectuee.

1.1.2 Estimation des parametres

Il y a trois types de paramétres (physiologiques, biochimiques, et physico-
chimiques) qui servent d'intrants dans les équations de bilan de masse constituant
un modele PCBP et leurs valeurs numériques doivent étre connues afin de pouvoir
solutionner ces équations. Parmi les paramétres physiologiques, on note les débits
sanguins, les volumes tissulaires, la ventilation pulmonaire, et le débit cardiaque.
Les parameétres biochimiques incluent les constantes de métabolisme, de liaison et
d’excrétion. Finalement, les paramétres physico-chimiques comprennent les
coefficients de diffusion tissulaire, les constantes d'absorption, et les coefficients
de partage (tissu:sang et sang:air). Parce que les modeles développés sont des

modéles prédictifs, il est préférable d'obtenir la valeur de ces parametres de fagon

indépendante.

1.1.2.1 Parametres physiologiques
Les caractéristiques physiologiques d'un organisme sont représentées dans

un modéle PCBP par les débits sanguins et pulmonaires, ainsi que les volumes
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|ousue bueg

Sang veineux
[Qvaf+ Qerr+Qszs+QleI]/ Qc

Cy=

Ca
Q

Cu
Q

aArna =Vmax'Cvl

& K,+C,

Figure 5: Représentation fonctionnelle d’'un modéle PCBP pour le styréne.
Adapté de Haddad et al. (1996).

tissulaires. Pour de nombreuses espéces (p. ex., poisson, rat, souris, ou humain)
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on peut retrouver la valeur expérimentale de ces parametres dans la littérature
(Adolph, 1949; Caster et al., 1956; Domench et al., 1969; Arms et Travis, 1988;
Ross et al., 1991; Travis et Hattemer-Frey, 1991; Brown et al., 1997). Lorsque les
données requises ne sont pas disponibles dans la littérature, on peut les estimer a
l'aide de certaines équations allométriques validées (Mordenti et Chappell, 1989;
Krishnan et Andersen, 1991). Il est aussi possible de déterminer les valeurs
requises expérimentalement (Mauderly, 1990; Delp et al, 1991). Suite a
l'estimation de la valeur des parametres physiologiques, la valeur des parameétres

biochimiques doit étre déterminée.

1.1.2.2 Parametres biochimiques

Afin de représenter adéquatement la biotransformation enzymatique ou non-
enzymatique dans un tissu d'un modele PCBP, la valeur des paramétres
biochimiques doit étre connue. Ces parametres peuvent étre des constantes
métaboliques d'ordre zéro (en mg/h), d'ordre premier (en h™'), d’ordre second (en
(mg/L)"-h™), ou saturable (Vmax €n mg/h et Ky, en mg/L) (Krishnan et al., 1994). Si
le concept de clairance hépatique est utilisé, alors la valeuf du coefficient
d'extraction de la substance doit étre connue (Johanson et Naslund, 1988;
Yamaguchi et al., 1996; Poulin et Krishnan, 1998).

La valeur des parameétres meétaboliques peut étre évaluée
expérimentalement in vivo ou in vitro. De plus, il est aussi possible d'estimer la
valeur de ces paramétres a l'aide d'équations empiriques. Les méthodes
expérimentales in vivo utilisent la comparaison entre les valeurs de C; ou de Cg,

experimentales obtenues chez I'organisme et les valeurs de C,; ou de C,, telles
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que simulées par un modele PCBP. Si la valeur de tous les paramétres du modéle,
sauf celles des parametres métaboliques, est connue, alors la valeur des
constantes métaboliques peut étre estimee par optimisation des valeurs simulées
(Pang et al., 1978, Filser et Bolt, 1979; Andersen et al., 1980; Gargas et al., 1986;
Gargas et Andersen, 1989; Gargas, 1990; Reitz et al., 1990)

Les meéthodes in vitro utilisent la vitesse de disparition d’une substance
mere ou la vitesse d’apparition d’'un métabolite, lorsque celle-ci est en contact avec
des microsomes, fractions post-mitochondriales, suspensions cellulaires, ou
cellules isolées, afin de determiner la valeur des paramétres métaboliques
(Gargas, 1991; Carfagna et Kedderis, 1992; Krishnan et Andersen, 1994).

Finalement, il existe pour plusieurs SOV et substances non-volatiles chez le
rat, des équations empiriques qui peuvent étre utilisées afin de déterminer la
valeur de Vmax, Km, ClLint, et E. Ces équations sont basées sur la corrélation entre
la valeur expérimentale de ces parametres et certaines propriétés physico-
chimiques des substances, p. ex., le coefficient de partage n-octanol.eau (Gargas
et al., 1988; Waller et al., 1996; Ishizaki et al., 1997).

Lorsque la valeur des parameétres biochimiques est estimee, il ne reste plus

que la valeur des parametres physico-chimiques a déterminer.

1.1.2.3 Parametres physico-chimiques

Les modeles PCBP ont des parametres physico-chimiques tel que le Py, et
le coefficient de partage tissu:sang (P;) qui servent d'intrant dans leurs équations.
Le P,, parametre important de la distribution tissulaire d'une substance, est souvent

calculé comme le rapport du coefficient de partage tissu:air (Pya) et du P,. Dans
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plusieurs cas, ces valeurs de Py, et de P, sont disponibles dans la littérature.
Cependant, si elles ne le sont pas, ces valeurs peuvent étre déterminées a l'aide
de méthodes expérimentales in vivo ou in vitro, ou de certains algorithmes

empirigues ou mécanistes.

1.1.2.3.1 Méthodes expérimentales in vivo

Les méthodes expérimentales pour déterminer les P; in vivo se basent sur le
calcul du rapport des concentrations tissulaires et sanguines au moment ou celles-
ci sont a I'équilibre. Deux méthodes sont couramment employées selon le type de
substance étudiée. Les chambres d’inhalation sont employées dans le cas des
SOV, puisque cette méthode expérimentale se préte bien aux produits volatils
(Gargas et Andersen, 1989). Par contre, dans le cas des substances non-volatils,
'administration intraveineuse en infusion constante ou en bolus est employée
(Chen et Gross, 1979; Lam et al., 1982; Lin et al., 1982; Gabrielsson et al., 1984,
Gallo et al., 1987; Lindup, 1987). Contrairement au Py, qui ne peut étre déterminé

qu'in vivo, la valeur du Py, ou du Py, peut aussi étre déterminée in vitro.

1.1.2.3.2 Méthodes expérimentales in vitro

Les Pia ou P, peuvent étre déterminés in vitro selon plusieurs méthodes
expérimentales. Dans le cas des SOV, on utilise préférablement la méthode des
tubes a I'équilibre, ou I'équilibre se fait entre un homogénat de tissu et d'air & une
concentration d’exposition donnée. L'espace de téte du tube contenant le tissu et
d’'un tube de référence vide est échantillonné afin d’estimer le coefficient de
partage (Sato et Nakajima, 1979; Gargas et al., 1989; Kaneko et al., 1994; Tardif

et al., 1997). Dans le cas des substances non volatiles, la méthode de dialyse a
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I'équilibre (Lin et al., 1982; Law et al., 1991; Murphy et al., 1995; Haddad et al.,
1998) ou la méthode d'ultrafiltration sur des composés marqués (Lin et al., 1978;
Jepson et al., 1994), est utilisée. Ces deux méthodes sont basées sur I'équilibre
entre un homogénat de tissu et une solution tampon, et les concentrations sont
mesurees dans les deux phases par scintillation liquide. En plus des méthodes in

vivo et in vitro, I'estimation de la valeur des P,, Pi,, et Py peut se faire a l'aide

d'algorithmes empiriques.

1.1.2.3.3 Algorithmes empiriques

La valeur des Py, Py, et Py pour plusieurs SOV chez le rat et 'humain peut
étre estimée a l'aide d’algorithmes empiriques. Ces algorithmes sont basés sur la
corrélation entre des propriétés physico-chimiques de la substance et des données
experimentales portant sur les Py, Pra, ou Py (Abraham et al., 1985; Gargas et al.,
1988; Paterson et Mackay, 1989; Connell et al., 1993). Les coefficients de partage
n-octanolleau (Pow), huile:air (Poa), et eauair (Pwa), qui représentent
I'hydrophilicité ou I'hydrophobicité d'une substance, sont les propriétés avec
lesquelles les meilleures corrélations sont obtenues. Les inconvénients majeurs de
I'approche empirique sont que: i) ces équations ne s'appliquent qu'aux familles de
substances utilisées pour les dériver, et ii) ces équations ne peuvent avancer
aucune prediction interespece valable puisqu’elles sont dérivées a partir de valeurs
determinées expérimentalement et non sur des mécanismes biologiques. Alors,

considerant ces inconvénients, certains algorithmes mécanistes ont été

developpes.
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1.1.2.3.4 Algorithmes mécanistes
Les Pia et P, des SOV peuvent étre estimées a l'aide d'algorithmes

meécanistes dérivés a partir de I'équation générale suivante :

Pta = (PraVi) + (Pw.aV) (11]

ou Py, = coefficient de partage lipide:air

Pw.a = coefficient de partage eau:air -

Vit = volume des lipides tissulaires, et

Vat = volume de I'eau tissulaire
L'équation 11 se base sur un principe de Lowe et Hagler (1969) qui stipule que le
partage d'une substance entre un tissu et l'air reléve de sa distribution relative
dans les lipides tissulaires et I'air, ainsi que I'eau tissulaire et I'air. Le terme P,V
dans I'équation 11 représente la distribution ou la solubilité d’'une substance dans
les lipides tissulaires, alors que le terme P,V représente la solubilité dans I'eau
tissulaire. Dans I'équation 11, la valeur du coefficient n-octanol:air ou le P,., peut
étre utilisée afin d’estimer le partage entre les lipides tissulaires et I'air, alors que la
reciproque de la constante d'Henry d'une substance peut étre utilisée afin
d'estimer le partage entre I'eau tissulaire et I'air. Méme si le concept mécaniste de
I'Eq. 11, c-&-d, le partage d'une substance dans un tissu dépend de sa solubilité
dans les différents composants tissulaires, reste valide, I'applicabilit¢ de cette
équation a des fins prédictives est limitée car elle considére que la composition
des lipides tissulaires est homogéne, ce qui ne représente pas la réalité. Les

lipides tissulaires sont en fait composés de lipides neutres (c-a-d, triglycérides) et
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de phospholipides. De plus, les phospholipides contiennent des groupements
hydrophiles (p. ex., phosphomonoester) et hydrophobes (p. ex., glycérides). Par
conséquent, le P ou le Py.5 ne peuvent étre utilisés afin d'estimer correctement la
solubilité dans ce composant lipidique. L'équation 11 doit donc étre modifiée afin
que les différences de solubilité entre les lipides neutres et polairés soient

considérées (Poulin et Krishnan, 1996b,c):
Pt:a = (Po:avnt) + (0-3'Po:avpt) + (O~7'Pw:avpt) + (Pw:ath) [12}

ou Vyt = fraction du volume tissulaire correspondant aux lipides neutres, et

Vot = fraction du volume tissulaire correspondant aux phospholipides

Dans I'équation 12, le P, détermine le partage d’une substance dans les
lipides neutres et I'air, alors que le P,,., détermine le partage dans I'eau tissulaire et
Iair. La solubilité d'une substance dans les phospholipides est considérée comme
étant la somme de 30% de la solubilité dans les lipides neutres et de 70% de la
solubilit¢ dans I'eau. Cette méthode présume que les caractéristiques physico-
chimiques des phospholipides tissulaires (c-a-d, leur lipophilicité-hydrophilicité)
sont semblables a celles de la lécithine (Williams et Tung 1976; Poulin et Krishnan,
1995a). Ainsi, I'équation 12 permet I'estimation de la valeur du Py, a l'aide du P,.,
et du Py, qui sont propres a la substance, et de la composition tissulaire, qui est
propre a I'espece. Les valeurs de composition tissulaire et de Py, sont disponibles
dans la littérature (Poulin et Krishan, 1995a, 1996b,c). Par contre, il est parfois plus

facile d'obtenir la valeur du P,., d'une substance plutét que sa valeur de P..,. Afin
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d'utiliser la valeur du P, I'équation 12 peut étre réarrangée comme suit (Poulin et

Krishnan,1996c¢):

Pt:a = [Po:wa:a(Vnt + O3th)] + [Pw:a(th + O-7th>] [1 3]

Les équations 12 et 13 ont été validées en comparant les valeurs prédites
aux valeurs expérimentales de Py, prises de la littérature. Ces equations peuvent
prédire la valeur du Py, de plusieurs tissus (hépatique, musculaire et adipeux) pour
plusieurs SOV chez le rat et 'humain (Poulin et Krishnan, 1995a,b, 1996b,c). En
genéral, la solubilit¢ dans le n-octanol ou I'huile végeétale est adéquate afin de
prédire la solubilité dans les lipides neutres biotiques. Cependant, pour les SOV
relativement hydrophiles de la famille des alcools, esters d'acetate, et cétones, le
Pva prédit a l'aide de la solubilité dans le n-octanol est différent de celui prédit a
l'aide de la solubilité dans I'huile. Cette différence entre les valeurs predites et
expérimentales n'est pas observée dans le cas de SOV plus lipophiles (p. ex.,
alcanes, haloalcanes, et aromatiques) et la structure moléculaire méme du n-
octanol en est possiblement responsable (Poulin et Krishnan, 1996¢). En effet, le
n-octanol, contrairement aux lipides neutres tissulaires et a [I'huile vegeétale,
possede une fonction alcool, ce qui faciliterait la solubilisation de substances
hydrophiles (Poulin et Krishnan, 1995b, 1996c). Ainsi, lors de I'estimation de Ia
valeur du Py, de SOV hydrophiles, la solubilité de la substance dans les lipides
biotiques devrait correspondre a la solubilit¢ dans I'huile vegétale (Poulin et

Krishnan, 1995b, 1996¢). Par contre, lors de I'estimation de la valeur du Py, de
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SOV lipophiles, la solubilit¢ dans les lipides biotiques peut correspondre a la
solubilité dans le n-octanol ou dans I'huile vegeétale (Poulin et Krishnan, 1996¢).

La valeur du P, d'un SOV peut étre estimée a l'aide de I'equation suivante
qui est basée sur I'équation 13:

Pb = [PowPuwa(Vio + 0.3Vpp)] + [Pua(Vaw + 0.7Vpp)] [14]

ou  Vp = fraction du volume de sang correspondant aux lipides neutres
Vo = fraction du volume de sang correspondant aux phospholipides, et

Vo = fraction du volume de sang correspondant a l'eau

Chez I'humain, cette équation permet la prediction de la valeur du P, de
plusieurs SOV (Poulin et Krishnan, 1995a). Les données sur la composition du
sang humain, le Py, et le P,.,, nécessaires a la prediction, sont toutes disponibles
dans la littérature (Poulin et Krishnan, 1995a). Chez le rat, I'équation 14 peut
estimer adequatement la valeur du P, de SOV hydrophiles (p. ex., alcools,
cetones, et aromatiques), mais la valeur du P, de SOV lipophiles (p. ex., alkanes,
haloalkanes, et aromatiques) est sous-estimée de 60 a 80% (Poulin et Krishnan,
1995b, 1996a,c). Cette divergence entre les valeurs predites et expérimentales
peut étre expliquee par la présence d'un phénomeéne de liaison aux composants
proteiniques sanguins du rat qui est cumulé a la solubilité dans les lipides et I'eau
du sang (Poulin et Krishnan, 1996a). Alors que la solubilité sera déterminée par la
composition du sang en eau, lipides neutres, et phospholipides, ainsi que par les
caracteristiques physico-chimiques de la substance, la liaison aux protéines du

sang sera determinée par la concentration de protéines plasmatiques et/ou
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d'hémoglobine, et par I'affinité de la substance pour ces protéines (Poulin et
Krishnan, 1996a). Puisque I'équation 14 ne considére que la solubilit¢ d'une
substance dans les lipides et I'eau du sang et non la liaison potentielle aux
protéines du sang de rat, elle sous-estime la valeur du Py, pour plusieurs SOV
lipophiles. Poulin et Krishnan (1996a) ont d'ailleurs utilisé cette divergence entre
les valeurs prédites et expérimentales chez le rat afin d'estimer de facon indirecte
la valeur de la constante d'association (K,) a I'hemoglobine pour plusieurs SOV
lipophiles. Une étude expérimentale systematique pouvant déterminer la valeur de
Ka et du nombre de sites de liaison (n) pour la liaison protéinique de SOV n'a
jamais eté entreprise auparavant.

Plusieurs etudes suggérent que I'hémoglobine pourrait étre la protéine
sanguine responsable de la discordance observée entre les valeurs estimées et
expérimentales chez le rat (Featherstone et Schoenborn, 1964; Lam et al., 1990;
Poulin et Krishnan, 1996a), mais ceci n'a jamais été démontré expérimentalement.
Ainsi, des études plus approfondies concernant la liaison de SOV lipophiles au
protéines du sang est nécessaire afin que le P, du rat soit correctement représenté

en modélisation PCBP.

1.2 Problématique

Présentement, la liaison potentielle des SOV aux protéines du sang de rat
n'est pas considérée lors de la détermination du P,. De plus, une seule
concentration  d'exposition est utilisée in  vitro afin  de déterminer
expérimentalement la valeur du Py et celui-ci est considéré comme un intrant

invariable dans la modélisation PCBP (Sato et Nakajima, 1979; Gargas et al.,
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1989; Krishnan et Andersen, 1994; Poulin et Krishnan, 1996a). La présence de la
liaison protéinique entrainerait certainement une variation de la valeur du Py en
fonction de la concentration d'exposition a cause de la saturation des sites de
liaison. Cette variation de la valeur du P, pourrait avoir un impact majeur sur les
extrapolations animal-humain et les extrapolations haute dose-faible dose qui
utilisent les modéles PCBP comme approche en analyse du risque toxicologique
puisque: i) les données toxicologiques chez le rat sont souvent recueillies a des
concentrations d'expositions élevées, et ii) il semble avoir absence de liaison aux
protéines sanguines chez I'humain (Poulin et Krishnan, 1995a).

Bien que quelques études aient utilisé la liaison des SOV aux protéines du
sang afin d'expliquer certains résultats (Kumarathasan et al., 1998; Lam et al,,
1990; Medinsky et al., 1988; Poulin et Krishnan, 1996a: Travis et Bowers, 1989),
aucune étude portant sur: i) l'identification des caractéristiques des SOV se liant
aux protéines, ii) l'identification de la protéine spécifiquement responsable de la
liaison dans le sang, iii) la détermination expérimentale de la valeur de Ka et de n,
et iv) la base scientifique et la nature de variation du P, en fonction de la
concentration d'exposition, n'a encore été effectuée. Ces informations sont
esssentielles pour mieux comprendre la liaison proteinique des SOV lipophiles

dans le sang de rat et son rdle lors des extrapolations utilisant la modélisation

PCBP.

1.3 Objectifs
Ce projet de recherche visait a évaluer la liaison des SOV aux protéines

sanguines chez le rat dans des conditions in vitro. Les objectifs specifiques étaient:
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i) d'identifier, suite & une revue de la littérature, les caractéristiques communes aux
SOV pouvant étre potentiellement impliquées dans la liaison aux protéines du
sang, ii) de développer un algorithme pour estimer le Py en tenant compte de la
liaison protéinique qui soit utilisable en modélisation PCBP, i) de vérifier
experimentalement la présence de la liaison, telle que prédite par les
caractéristiques précédemment identifiées, de certain SOV aux protéines
sanguines du rat, iv) d'étudier I'implication de I'hémoglobine (Hb) dans cette liaison,
v) de déterminer l'impact de la concentration d'exposition sur le Py, et, vi) de

determiner la valeur de la constante d'affinité (Ky) et le nombre de sites de liaisons

(n) des protéines impliquées.

1.4 Organisation

Les objectifs du présent projet de recherche ont été réalisés en trois étapes.
Premierement, les SOV identifiés dans la littérature comme étant théoriquement
liés aux protéines du sang chez le rat ont été analysés afin de discerner certaines
caractéristiques communes (Article 1). Ainsi, des caracteristiques portant sur la
dimension et la composition moléculaire des SOV ont été identifiees comme étant
des éléments importants de la liaison aux protéines. De plus, dahs l'article 1, un
algorithme qui peut étre utilisé en modélisation PCBP afin d'estimer le Py a été
développé.

Ensuite, en se basant sur ces caracteristiques communes, la présence ou
I'absence de liaison a été prédite pour certains SOV. La présence de cette liaison a

ensuite vérifiée expérimentalement (Article ). De plus, la contribution de I'Hb a la

valeur du Py a été évaluée.
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Finalement, l'effet de la concentration d'exposition sur le Py, ainsi que la

valeur de K, et de n ont été déterminés pour certains SOV par la méthode des

tubes a I'equilibre (Article l1).
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Dans l'article suivant, la recherche sur les determinants moléculaires de la liaison
aux protéines du sang de rat, ainsi que le developpement d'un algorithme qui
considere cette liaison dans I'estimation du Py a été effectuée par M. Béliveau. En
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Introduction

The prediction of the pharmacokinetic behavior of chemicals prior to
experimentation in animals and humans is a major challenge. Physiologically-
based pharmacokinetic (PBPK) models represent a useful framework for
simulating the tissue and blood concentration profiles of chemicals in intact animals
and humans for various exposure scenarios, routes, and dose levels'. The PBPK
models refer to mathematical descriptions of absorption, distribution, metabolism
and elimination of chemicals in biota based on proven/hypothetical
interrelationships among certain  mechanistic determinants®>. The basic
mechanistic determinants included in PBPK models are the physiological
characteristics (e.g., cardiac output, alveolar ventilation rate, tissue volumes, tissue
blood flow rates), biochemical parameters (e.g., maximal velocity and affinity for
metabolism), and physicochemical parameters (e.g., blood:air partition coefficients,
tissue:blood partition coefficients, dermal permeability coefficients) which together

determine the pharmacokinetic behavior of chemicals in biota (Table 1).

For constructing PBPK models, numerical values of the physiological,
physico-chemical and biochemical parameters need to be known. The values of
physiological parameters for several species are available in the biomedical
literature'. However, the physico-chemical and biochemical parameters need to be

1,4-
| 146

determined in vivo or in vitro for each chemica Alternatively, these

parameters can be predicted using animal-replacement approaches. The most

commonly used approach in this regard involves the development of empirical
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equations relating the values of these parameters (e.g. partition coefficients’>,

8. 3484 to some

dermal permeability coefficient* **°* and biochemical rate constants
other basic chemical-specific parameter such as the log n-octanol:water partition
coefficient or molecular connectivity indices. Following the incorporation of this
kind of equations within PBPK models, the numerical values of partition coefficients
and biochemical parameters for members of homologous series of chemicals have
been obtained and, in turn, used to simulate their pharmacokinetics in animals®®°®.
This approach is essentially a “fitting” exercise that requires collection of extensive
experimental data and its usefulness is limited to the class of compounds for
which the data are initially collected. It would be more useful to develop animal
replacement approaches that can provide the numerical values of PBPK model
parameters regardless of chemical class. Such approaches should essentially be

based on an understanding of the mechanistic determinants of the input

parameters required for PBPK modeling.

This chapter presents mechanistic animal-replacement approaches for
predicting certain chemical-specific input parameters of PBPK models, namely
partition coefficients and biochemical parameters, and their application to predict in

vivo pharmacokinetics of organic chemicals.

Mechanistic Animal-replacement Approaches for Predicting Partition

Coefficients
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The partition coefficients refer to the ratio of chemical concentration in two
phases (e.g., tissue and air, blood and air, tissue and blood) at equilibrium. In
general terms, the partitioning of a chemical between two matrices can be
predicted if its solubility and binding in each of the two matrices can be estimated
with reasonable accuracy. Using this basic premise, mechanistic animal-
replacement approaches for predicting tissue:air, blood:air and tissue:blood

partition coefficients (PCs) have been developed.

Tissue:air PCs

Tissue:air PCs of low-molecular weight volatile organic chemicals (VOCs),
for which macromolecular binding is negligible, can be calculated based on the

following general equation'? ®7°®:

Pt:a = (Pl:a * Vlt) N (Pw:a * th) [1]

where P,, = lipid:air partition coefficient, Py, = water:air partition coefficient, V =

volume of tissue components, namely, lipids (It) and water (wt).

In the above equation, P;,*Vy represents the partitioning of a chemical
between tissue lipids and air, and Pu2*Vw represents the partitioning between
tissue water and air. In this context, P,, (oil:air or n-octanol:air partition
coefficients) of chemicals have been used as a surrogate for P, and Py, the

reciprocal of Henry's law constant, has been used as a surrogate of chemical
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partitioning between tissue water and air 126788 Tissue lipids, in fact, represent
both neutral (e.g., triglycerides) and polar lipids (e.g., phospholipids). Therefore,
the partitioning of a chemical into neutral and polar lipids needs to be considered
separately. The physicochemical properties of phospholipids are dependent on the
presence of hydrophobic (e.g., glyceride) and hydrophilic (e.g.,
phosphomonoester) groups. Therefore, using n-octanol or water solubility
information alone to predict chemical solubility in tissue phospholipids may not be

%70 proposed the following equation to predict

appropriate. Poulin and Krishnan
P, of VOCs, considering separately the partitioning into neutral and polar lipids:

Pia = (Po:a\/nt)+ (0~3Po:avpt) +(Oo7Pw:ant)+(Pw:ant) [2]

where V. = volume fraction of neutral lipids, and V, = volume fraction of

phospholipids in tissue t.

In the above Eqgn., the partitioning of a chemical between tissue neutral
lipids and air corresponds directly to P,,, whereas the partitioning between tissue
water and air is set equal to Py... However, the partitioning of a chemical between
polar lipids (i.e., phospholipids) and air is calculated as a fractional additive
function of the partitioning into neutral lipids (0.3*P,.2) and water (0.7*Py.a). The
latter method of approximation of chemical partitioning into tissue phospholipids is
based on the assumption that the lipophilicity-hydrophilicity characteristic of tissue
phospholipids is similar to that of commercial lecithin”'”"?. According to Eqn. 2, P
can be calculated with knowledge of tissue composition data, Poa and Puwa.

Species-specific data on tissue composition are available in the literature (Table 2).
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The P,a and Py, values for a number of chemicals can be obtained from the
literature” 1% 12 8. 73 However, it is easier to obtain n-octanol:water or oil:water
(Pow) values than P, values from the literature. To use the P, values rather than

P,.a which are not available frequently, Eqn. 2 can be rewritten as follows’®:

FJt:a = [Pozw F)w:a (Vnt + O~3th)] + [Pw:a(th + O-7th)] [3]

Eqns. 2 & 3 have been used to predict rat and human Py, (liver, muscle, fat)
of several VOCs®¥ 7% 78 |n general, the P, values predicted using the animal-
replacement approaches were within a factor of two of the experimental data
(Figure 1).

Pow in Eqn. 3 refers to n-octanoliwater PCs or vegetable oil:water PCs of
chemicals. In general, n-octanol and vegetable oil have been considered as useful
surrogates of biotic neutral lipids'® 7" 8. However, systematic differences between
n-octanol:water PCs and oil:water PCs are observed for relatively hydrophilic
VOCs (i.e., alcohols, acetate esters, ketones), but this is not the case for relatively

)8970-77 n-Octanol, being an

lipophilic VOCs (i.e., alkanes, haloalkanes, aromatics
alcohol, would appear to solubilize other hydrophilic organics to a greater extent
than do biotic neutral lipids. Based on the hydrophilicity-lipophilicity characteristics
and the fatty acid composition, vegetable oil has been suggested to be an
acceptable alternative to n-octanol as a surrogate of biotic neutral lipids, especially
for hydrophilic organics’’. Then, to predict Py, of hydrophilic VOCs, especially for

fatty tissues, the Pow in Eqn. 3 should represent vegetable oil:water PCs.

However, in the case of relatively lipophilic VCCs (log Pow > 1.25), there is no
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difference as to whether n-octanol:water PCs or vegetable oil:water PCs are used

as the biotic lipid surrogates®® 7% 7",

Tables 3 — 5 compare the predictions of adipose tissue:air, liver:air and
muscle:air PCs of several chemicals obtained using the mechanistic animal-
replacement approach presented above (Egn. 3), with experimental data collected
previously using rat tissues. On average, the predicted rat adipose tissue:air PCs
varied by a factor of 1.16 (SD = 0.65, n=27) from the experimental values. The
average ratios of the predicted/experimental values were 0.97 (SD = 0.44) and
0.74 (SD = 0.47), respectively, for liver:air and muscle:air PCs. The rat tissue:air
PCs have, in general, been used for not only developing rat PBPK models but also
human PBPK models, with the assumption that the tissue:air PCs are species-
invariant. However, some previous efforts indicated that the liver:air and adipose
tissue:air PCs are comparable between species (rat vs. human), whereas the
muscle:air PCs are somewhat different’® ’®. In this context, it might be useful to
undertake a systematic comparison of rat and human muscle:air PCs of VOCs.
With the availability of mechanism-based algorithms, it becomes easier to evaluate
the impact of species differences in tissue composition on the PCs and

pharmacokinetics of chemicals.

Blood:air PCs

The blood:air PC (Py.,) is an important input parameter for PBPK modeling

of VOCs. This parameter has been calculated in the past using modified forms of



2-ARTICLET 35

Eqgn. 1 that require data on the lipid, water and/or protein contents of whole blood'"
12.88,78-80 - 5ome previous studies®™ "% lumped together the neutral and polar lipid
components of blood during the calculations, and only performed limited validation.
Other investigators'''?, using a semi-empirical approach to predict Py, presented
a systematic validation of their results. Based on Eqgn. 3, Poulin and Krishnan® ®'

proposed the following mechanistic animal-alternative approach for predicting Py.a

of VOCs that do not bind significantly to blood proteins:

Pb:a =[ F)o:w Pw:a (an + O3Vpb)] + [Pw:a(vwb + O7Vpb)] [4]

where V = volume fraction of blood components and the subscripts nb, pb and wb

refer to neutral lipids, phospholipids, and water.

Using Eqgn. 4, Py, of VOCs can be calculated with the knowledge of blood

composition data, Py, and P,.. The data on lipid and water levels in rat and

70,81

human blood are available in the literature and so are the numerical values of

P.. and P,.. at 37°C for several VOCs 'O 1216 17. 73,7880, 82 " The predictions of
Py.a Obtained using Eqgn. 4 are adequate for relatively hydrophilic organics (i.e.,
alcohols, ketones, acetate esters), but it is not the case for relatively lipophilic

)70, 81(

VOCs (i.e., alkanes, haloalkanes and aromatic hydrocarbons Figure 2). For

most alkanes, haloalkanes and aromatic hydrocarbons, the rat Py, values
obtained using Eqn. 4 were lower (60 — 80 %) than the experimental data ™ °'.

The P,, of a chemical is a composite number that potentially represents two

processes occurring in the blood, namely, solubility and binding. Whereas the
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solubility is likely to be determined by the neutral lipid, phospholipid and water
components of blood, the binding would appear to be associated with plasma
proteins and/or hemoglobin. The underpredictions of Py, of lipophilic VOCs by

Eqn. 4 can be explained by the lack of the consideration of potential binding of

81, 87, 88 /79

these chemicals to blood proteins . Larson et al.”” measured under in vitro
conditions the hemoglobin:air PCs of halothane, and considered these data during
calculations of human Py... Poulin and Krishnan®' derived the binding association
constants (1930 £ 819 M) for alkanes, haloalkanes and aromatic hydrocarbons in
rat blood from in vitro experimental data.

Whereas a large discrepancy exists between the experimental values and
solubility-based predictions of Py, for relatively lipophilic VOCs, such differences
are not apparent in the case of alcohols, ketones and acetate esters®’. The
underestimation of the Py 5 of lipophilic VOCs can be explained by possible binding
or localization of these chemicals in the hydrophobic pockets of hemoglobin®' &+ #,
In order to uncover the determinants of such a process, the lipophilicity
characteristics and molecular volumes of several chemicals that have been
hypothesized to and not to bind to rat hemoglobin (Table 6) were examined.
Figure 3 shows a scatterplot of log Py values against geometric volumes of
chemicals. The chemicals segregate into two distinct groups, the more leftward
group comprising of oxygen-containing chemicals (i.e., ketones, alcohols, acetate
esters), and the more rightward group comprising of the oxygen-lacking lipophilic
chemicals. Note that VOCs hypothesized to bind to rat hemoglobin are all located

within the range limited by a log P, value > 1, and a molecular volume < 300

cubic Angstroms. Three outliers can be identified in this scheme (methyl isobutyl
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ketone, n-propyl acetate ester and isopropy! acetate ester), all of which possess a
significant hydrophilic surface (18, 38 and 29%, respectively). The presence of
hydrophilic surface is due to the oxygen atoms contained in these molecules,
which can pave way for hydrogen bond formation thereby impeding the localization

of these substances within the hydrophobic hole in hemoglobin.

It would appear that molecules with (i) volume greater than 300 cubic
Angstroms, (i) a log Po. value < 1, or (iii) an oxygen atom in their structure do not
bind significantly to hemoglobin, such that solubility-based predictions of Py, are
adequate. This is supported by the fact that for several alcohols, acetate esters
and ketones, rat Py, can be adequately predicted only by considering the solubility
in blood lipids and water®’. This hypothetical binding phenomenon for lipophilic
VOCs appears to be less marked in human blood’®. For relatively hydrophilic
VOCs, human Py, can be adequately predicted using blood composition data
(Table 7), Pow and Py, values in Eqn. 4, ie., without the consideration of
hemoglobin binding (Table 8). Additional data presented in Table 9 confirm that
for some of these chemicals, the solubility-based algorithm does certainly not
underestimate the components of Py, (i.€., erythrocyte:air and plasma:air PCs).
Since the predicted PC values are only greater and not less than the experimental
values, hemoglobin binding of hydrophilic VOCs in humans is not likely to be

important, as in the rat®’.

In cases where hemoglobin binding is important, the apparent Py, can be

calculated as follows:

atotal)

Pb‘u,(upp) = —E_—-— [5]

i
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where C, = arterial blood concentration and C,; = atmospheric concentration.

Considering the components of Caotay, EQN. 5 can be rewritten as follows:

- C Ca bound [6]
«alapp) C C

arr air

a,free

£,

Since Ca bound = Ca, treeKaCp/(1+KaCa free),

£,

a(app) * %
C arr (1+Au Cu,_/'ruu)

ar

Ca,_/iuu +{C C(l,f"l!(! * Ka * CP } [7]

where K, = binding association constant and C, = concentration of binding

proteins.

Eqn. 7 can be rewritten as,

Ca,/ruc * Ka * Cp
jjhza(app) = C I+ 1+ Ka *C [8]

air a, free

The first term of Eqn. 8 corresponds to solubility-based Py, predicted using Eqn.4.
Therefore, replacing C,. tree/Cair With Py.a, Eqn 8 reads:

K, *C (9]
Phia(aﬂf’) - Pb‘a([wd) ' {1 ’ T;—[—(—‘;—C-'ﬂ——}

a, free

This equation can be incorporated within PBPK models to calculate the Py app @s a
function of time and exposure concentration. Here, the only additional, chemical
specific parameter that is required relates to K,. At the present time, there does
not exist a validated animal-replacement algorithm for predicting association
constants for blood protein binding of organic chemicals. However, based on the

analysis presented by Poulin and Krishnan®', it would appear that the average K,
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value for rat hemoglobin binding is 1930 M 'for several VOCs (i.e., chemicals with
a molecular volume of < 300 cubic Angstroms, log Py >1, and lacking oxygen in
the molecule). This information may be used, at the present time, to provide a first-

cut estimate of K; and Py.agapp) for purposes of PBPK modeling of VOCs in the

absence of experimental data.

Tissue:blood partition coefficients

Tissue:blood PCs (Py) of VOCs are calculated by dividing the tissue:air PCs
with the blood:air PC. For organic chemicals, for which macromolecular binding in

tissues and blood is negligible, Py, can be estimated from P, using the following

general Eqn.> 892

LW V /\t‘
P b= (f% h)*—l '

10
(Po : wV/b) + Vo [ ]

Some authors considered V; and Vy, in Egn. [10] to represent neutral or
total lipid content of tissues and blood, and tested the validity of their approach in a
limited manner®? 8 %2 Also, they assumed that tissues and blood are constituted
exclusively of neutral lipids and water (i.e., Vi + Vi = 1) during calculations of Py
with Egn. 102 89022 This is unrealistic, considering the fact that some tissues
contain as much as 15% protein®* ®. Accounting for differential solubility of
chemicals in neutral lipids, phospholipids and water, and the actual fractional
70,72, 77

volumes of these components in tissues and blood, Poulin and Krishnan

proposed the following algorithm for predicting Py, of VOCs:
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_ Po: w(an + 03Vpl) + (le + 07Vp1) [1 1]
Po \»'(an T O3I/pb) + (Vu'b + O7Vpb)

Pib
The predictions of Py, obtained using Eqn. 11 are identical to the ratio of the

predictions of Py, and Py, obtained with Eqns 3 and 4.

The mechanistically-based animal-replacement algorithms presented in the
preceding paragraphs are useful for predicting PCs of low-molecular weight VOCs
required for PBPK modeling. These approaches are also applicable for prediction
of Pyus of non-volatile organic chemicals, which are neither ionized to a significant
extent nor bound in the parent chemical form to biological macromolecules®?. In
case where ionization is important, the fraction ionized in the aqueous phase (as a
function of the pH of biological fluids) should be taken into account. The
consideration of binding to calculate apparent Py, can be done with knowledge of
K, and C,. Even though the Py, Pua and Py, of organic chemicals can be
predicted using animal-alternative approaches, their pharmacokinetic profiles can
be predicted using PBPK framework only if the metabolic rate constants are

known.

Mechanistic Animal-replacement Approaches for Predicting Biochemical

Parameters

The major constraint for developing PBPK models prior to the conduct of in

vitro or in vivo studies in animals and humans relates to reliable prediction of the
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pathways and rates of biochemical processes in the intact organism. Softwares
and expert systems are available for predicting the plausible metabolic pathways
and potential metabolites of chemicals®™®®. However, there does not exist a
validated methodology for providing quantitative predictions of the chemical-
specific metabolic constants (i.e., maximal velocity, Vmax ; Michaelis affinity

constant, Km,).

In PBPK models, the rate of hepatic metabolism (RAM) for first order

conditions is often described as follows:

RAM = CLix X Cy [12]

where ClLint = Vmax/Km (L/r) and C, = chemical concentration in venous blood

leaving liver (mg/L).

To solve the above Eqn., numerical values of Vmax and Ky, or that of CLiy are
required. An alternative approach of simulating RAM in PBPK models would
involve the use of an equation based on the classical hepatic clearance concept®®,

that recognizes the role of blood flow rate in limiting hepatic metabolism.

Accordingly, RAM can be calculated with the following alternative forms:

RAM =CLpx C,, or Qi x EXx C, [13]
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where CLy = hepatic clearance (L/hr), Q = blood flow rate to the metabolizing
organ (L/hr), and E = extraction ratio [i.e., organ clearance (L/hr)/organ blood flow

rate (L/hr)].

Using Egn. 13, particularly the form Q*E*C, instead of the conventional form
(i.e., Vmax/Km * Cy) to describe first order metabolism in PBPK models is a starting
point towards the exploration of animal-replacement approaches for simulating
pharmacokinetics of chemicals. Before using Q*E*C, to simulate hepatic
metabolism in PBPK models, it is essential to verify that this form and Michaelis-
Menten equation based form are mathematically equivalent. Recently Poulin and
Krishnan’® have demonstrated the conceptual and mathematical equivalence of
these two forms of equations. The determination of the equivalence was based on
the fact that (i) Cy; equals C, (1-E), and (i) Vmax/Km = Q*E/(1-E). The use of Eqn.
13 permits to simulate the kinetics of chemicals with no knowledge of the actual
numerical values of Vmax and Ky, if the value of E can be specified. The E value,
which represents the chemical-specific hepatic extraction ratio, or the magnitude of
CL, to Q cannot be obtained a priori at the present time without laboratory
experimentation. Actually, Vmax and Km should be known in order to calculate the E
values. However, it is common knowledge that for highly extracted chemicals, CL;
approximates Q,, and for poorly extracted chemicals CLy ~ 0. In other words, E (=
CL+/ Q) of chemicals range between 0 and 1. Therefore, by specifying & = 0 or 1
in Eqn. 13 within PBPK models, predictions of the plausible envelope of tissue and
blood concentration profiles can be generated for any inhaled VOC’®. This

methodology, which considers complete or zero hepatic extraction, can provide an
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envelope within which all experimental data should fall. Figures 4 & 5 present the
predicted range of blood concentration profiles and their comparison with
experimental data following inhalation exposure to 80 ppm of styrene in the rat and
100 ppm of dichloromethane in humans® 8. For generating these simulations, the
E value in the PBPK model was initially set equal to 0 and then to 1, and the PCs
were predicted based on Eqns. 3, 4 and 9, respectively, in the human and rat
PBPK models. This animal-replacement modeling approach is useful for VOCs
with low Py, since the ratio of the area-under the blood concentration vs time

curves (AUC) obtained for conditions of E=0 and E=1 increases with increasing

75
I:’b:a .

Even though AUCg-ge=1 might be enormous in some cases, it only reflects
the fact that this could actually happen in a population where the E value varies
substantially, i.e., between 0 to 1°°. The use of the range of E values not only
accounts for the inter-individual differences in metabolism rates, but also for the
possible effects of co-exposures. Metabolic interactions during co-exposures
result in an increase or decrease of the extraction ratios; regardless of the
mechanism, nature and number of the interacting chemicals, the E value of a
chemical will not exceed the range of 0 and 1. This animal-replacement approach
can therefore be used to provide a first-cut estimation of the range of tissue doses
and blood concentrations of chemicals that might result from specific exposure
conditions.  Further research to develop mechanism-based approaches for

predicting animal-specific values and population distribution of the values of Viax
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and K., is required. In this context, approaches based on thermodynamic

100193 may be useful.

principles

As detailed in this chapter, some progress has been made to develop
mechanistic animal-replacement approaches for predicting pharmacokinetics of
chemicals prior to animal or human experimentation. The applicability of these
approaches has largely been verified with inhaled VOCs. Even though these
approaches are conceptually applicable to nonvolatile organics as well, it becomes
more challenging to predict the other PBPK model parameters required for
modeling the kinetics of these chemicals (i.e. tissue diffusion coefficients, tissue
binding association constants, oral absorption rates, and dermal permeability
coefficients). As our level of understanding of the mechanistic determinants of
each of these parameters improves, animal-replacement approaches to provide a
priori predictions of these parameters can be developed. If similar strategies are
explored for developing pharmacodynamics models as well, then animal-

replacement approaches of modeling the toxicity of chemicals may become a

realistic goal in the long run.
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Table 1. Examples of physiologically-based descriptions used in PBPK models of

VOCs
Endpoints Equations’
Arterial blood concentration C - Op*Ci+ Q:*Co
‘ Qp’*‘(Qc/Ph:a)
Venous blood concentration n
>.0,*(C,-C,)
C — 1=|
v QC
Tissue concentration !
fo.xc,-c.) a
Non-metabolizing tissues C =2 ”
' thl\‘ * C"l
Metabolizing tissues J‘Q, *(C,-C.)~ K+E dt
C — { n vi

' v

t

C, Q, Ppa V, Vmax, and K, refer to concentration, flow rate, blood:air partition
coefficient, volume, maximum velocity of metabolism and metabolism affinity
constant. Subscripts a, p, i, ¢, v, vt, and t refer to arterial blood, alveolar ventilation,

inhaled air, cardiac blood flow, mixed venous blood, venous blood leaving tissue,

and tissue, respectively.



Table 2. Average water and lipid levels in rat tissues .

Tissues Water Phospholipids Neutral lipids
Liver 0.70 0.025 0.035
Muscle 0.74 0.01 0.009
Adipose 0.12 0.002 0.853

2-ARTICLE |

" Data, expressed as fraction of tissue weight, were obtained from Poulin and

Krishnan'.
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Table 3. Predicted and experimental rat adipose tissue:air partition coefficients

(PCs).

Chemicals Predicted PCs ' | Experimental PCs °
METHANES
Difluoromethane 4 1.43 £ 0.31
Fluorochloromethane 19 154+ 1
Bromochloromethane 309 325+3
Dibromomethane 819 792 £ 14
Chlorodibromomethane 2291 1917 + 165
ETHANES
Chloroethane 33 386107
Hexachloroethane 4281 3321 £ 193
1,2-Dibromoethane 1091 1219 £ 50
1-Bromo-2-chloroethane 487 959 + 39
1,1,1-Trifluoro-2-chloroethane 21 21.2+06
1,1,1-Trifluoro-2-bromo-2- 169 182 +5
chloroethane
PROPANES
1-Chloropropane 90 11812
2-Chloropropane 60 68.4 £2
1,2-Dichloropropane 366 499 £ 30
n-Propyl bromide 232 235+6
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Iso-Propyl bromide 140 158 £5
1-Nitropropane 907 506 + 33
2-Nitropropane 558 155t 4
ETHYLENES
Vinyl chloride 21 20+ 0.7
1,1-Dichloroethylene 55 68.6 £2.1
Vinyl bromide 48 492 +13
AROMATICS
Chlorobenzene 1868 1277 £43
m-Methyl styrene 12553 11951 £ 692
p-Methyl styrene 11901 11221 £ 972
OTHERS
Isoflurane 67 98.1+46
Allyl chloride 93 101 +£2

11071 10139 £ 239

Tricyclodecane

' Calculated using data on rat tissue composition,”® Py, and P.. values’ in Eqn.

3.

2. Experimental data determined under in vitro conditions were obtained from the

literature’.
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Table 4. Predicted and experimental rat liver:air partition coefficients (PCs).

Chemicals Predicted PCs ' | Experimental PCs ?
METHANES
Difluoromethane 1 2.75+0.39
Fluorochloromethane 3 3.44 +£0.27
Bromochloromethane 22 29205
Dibromomethane 51 68.1+14
Chlorodibromomethane 119 126 £1 71
ETHANES
Chloroethane 2 3.61+0.32
Hexachloroethane 214 369 +17.5
1,2-Dibromoethane 67 1194
1-Bromo-2-chloroethane 31 428 £33
1,1,1-Trifluoro-2-chloroethane 1 1.84 £0.14
1,1,1-Trifluoro-2-bromo-2- 9 762+12
chloroethane
PROPANES
1-Chloropropane 5 5.18 £ 0.38
2-Chloropropane 4 3.156+£0.24
1,2-Dichloropropane 20 248+24
n-Propyl bromide 13 8.17 £ 0.62
Iso-Propyl bromide 8 441+£0.34
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1-Nitropropane 46 153 £ 17
2-Nitropropane 98 624+14
ETHYLENES
Vinyl chloride 1 1.6 £0.17
1,1-Dichloroethylene 3 442 +0.30
Vinyl bromide 3 3.33+0.38
AROMATICS
Chlorobenzene 95 86.3+3
m-Methyl styrene 626 327 £ 23
p-Methyl styrene 594 324 + 17
OTHERS
Isoflurane 4 407 0.2
Allyl chloride 6 38.9+45
Tricyclodecane 551 554 £ 17

67

' Calculated using data on rat tissue composition,”® P, and Py, values’ in Eqn,

3.

2. Experimental data determined under in vitro conditions were obtained from the

literature”.
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Table 5. Predicted and experimental rat muscle:air partition coefficients (PCs).

Chemicals Predicted PCs ' | Experimental PCs °
METHANES
Difluoromethane 1 1.44 £0.25
Fluorochloromethane 3 2.46 +0.52
Bromochloromethane 11 11.1£18
Dibromomethane 22 405+2
Chlorodibromomethane 38 556 +0.7
ETHANES
Chloroethane 1 3.22£0.68
Hexachloroethane 61 75+09
1,2-Dibromoethane 28 456 +3.3
1-Bromo-2-chloroethane 13 254+ 31
1,1,1-Trifluoro-2-chloroethane 1 1.23+0.14
1,1,1-Trifluoro-2-bromo-2- 3 446 +0.29
chloroethane
PROPANES
1-Chloropropane 2 2.08 £ 0.66
2-Chloropropane 1 2.04 £048
1,2-Dichloropropane 7 12+1.1
n-Propyl bromide 4 421+£0.32
Iso-Propyl bromide 3 412+0.35
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1-Nitropropane 14 28.9+6.1
2-Nitropropane 81 29.1+33
ETHYLENES
Vinyl chloride 1 21+045
1,1-Dichloroethylene 1 2.05+£0.35
Vinyl bromide 1 226 +£0.13
AROMATICS
Chlorobenzene 28 34 +£3.9
m-Methyl styrene 178 182 £ 10
p-Methyl styrene 169 18338
OTHERS
Isoflurane 1 1.6 £0.34
Allyl chloride 3 11+0.20
Tricyclodecane 156 674 £19

69

" Calculated using data on rat tissue composition,”® Pq., and Py, values’ in Eqn.

3.

2. Experimental data determined under in vitro conditions were obtained from the

literature”.
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Table 6. Geometric dimensions (in Angstroms), oil:water partition coefficients (Log
Pow) and hemoglobin binding characteristics of several organic chemicals.

Chemicals LogP,, | Length Widtth Depth | Bindng’
Methy! alcohol -1.60 5.05 473 4.21 -
Ethyl alcohol -1.29 6.10 463 4.21 -
Isopropy! alcohol -0.99 6.04 5.37 475 -
n-Propyl alcohol -0.79 6.70 5.80 412 -
Dimethyl ketone -0.50 6.10 574 412 -
n-Butyl alcohol -0.24 7.98 6.51 412 -
Methy! acetate ester -0.10 7.28 5.64 414 -
Methy! ethyl ketone 0.08 7.20 574 413 -
n-Pentyl alcohol 0.11 9.05 7.46 413 -
Ethyl acetate ester 0.39 8.37 6.69 413 -
Methyl propyl ketone 0.65 8.49 6.70 413 -
Diethyl ether 0.69 7.92 6.69 413 -
Isopropyl acetate ester 0.95 8.36 6.73 5.39 -
n-Propyl acetate ester 0.98 9.33 6.77 413 -
Methy! chloride 0.99 524 476 458 +
Methyl isobutyl ketone 1.11 729 6.21 5.39 -
Dichloromethane 1.34 5.90 5.21 412 +
1,2-Dichloroethane 1.51 6.79 6.18 412 +
Bromochloromethane 1.62 6.15 5.29 412 +
Methyl pentyl ketone 162 10.31 8.15 413 -
n-Butyl acetate ester 1.69 10.63 7.72 413 -
1,1-Dichloroethane 1.88 6.04 561 527 +
Cis-1,2-dichloroethylene 193 6.53 533 346 +
Chloroform 2.08 6.04 5.61 527 +
Trans -1,2-dichloroethylene 2.10 6.51 6.44 3.46 +
Isopentyl acetate ester 212 10.63 771 539 -
1,1,2-Trichloroethane 213 6.83 6.22 527 +
1,2-Dichloropropane 219 7.26 575 523 +
Berzene 223 6.97 6.30 3.54 +
1,1,2,2-Tetrachloroethane 243 6.43 6.27 6.04 +
1,1,1-Trichloroethane. 259 6.43 6.04 5.61 +
Toluene 2.78 7.68 8.97 413 +
Trichloroethylene 2.82 6.58 6.52 3.54 +
1,1,1,2-Tetrachloroethane 2.88 6.83 6.43 6.22 +
Chlorobenzene 2.89 7.61 6.97 354 +
Carbon tetrachloride 3.03 6.43 6.04 590 +
o-Xylene 3.13 7.42 7.39 413 +
m-Xylene 323 8.31 7.41 413 +
p-Xylene 327 8.79 7.18 413 +
n-Heptane 3.35 11.30 6.11 412 +
Styrene 340 8.00 7.78 354 +
Tetrachloroethylene 343 6.63 6.52 3.55 +
Pentachioroethane 346 6.87 6.43 6.27 +
n-Hexane 3.78 9.14 7.75 413 +
Cyclohexane 449 7.00 68 5.80 +
Hexachlorobenzene 573 9.76 893 3.55 -

'+ indicates that the hypothesized hemoglobin binding in rats is present .
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- signifies the absence of hemoglobin binding for that chemical.



Table 7. Average water and lipid levels in human blood *.

2-ARTICLE !

Water Phospholipids Neutral lipids
Whole blood 0.82 0.0024 0.0033
Plasma 0.94 0.0020 0.0032
Erythrocytes 0.63 0.0020 0.0042

72

" Data, expressed as fraction of blood weight, were obtained from Long"", Nelson®®

and Lentner®.
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Table 8. Predicted and experimental human blood:air partition coefficients (PCs).

Chemicals Predicted PCs ' Experimental PCs ?
ALCOHOLS
Methanol 2737 | 1625 - 2590
Ethanol 1759 1265 - 1440
n-Propanol 1521 947- 1120
IsoPropanol 1233 700 — 848
Butanol 1079 677 £79
Isobutanol 930 453 - 628
Pentanol 893 534 + 23
IsoPentanol 702 381+ 16
1-Methoxypropanol 10093 12383 + 299
1-Methoxyethanol 29475 32836 + 1350
2-Ethoxyethanol 18959 22093 + 538
2-isoPropoxyethanol 10153 14416 £ 565
2-Butoxyethanol 5816 7965 + 61
t- butyl alcohol 496 462
ACETATE ESTERS
Methyl acetate ester 89 90.1 £ 307
Ethyl acetate ester 59 76.8 3.4
n-Propyl acetate ester 46 73.5+17
IsoPropyl acetate ester 29 33.1+1.8
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| Butyl acetate ester 33 83.4+29
IsoButyl acetate ester 26 451125
n-Pentyl acetate ester 36 924 +8.4
IsoPentyl acetate ester 30 59.1+£3
ETHERS

Methyl tertiary ether 13 17.7
Methyl tertiary amyl ether 8 11.7
Ethyl t-butyl ether 11 17.9
KETONES

Acetone 180 186 £ 20
2-Butanone 96 1259
ALCENES

a-Pinene 12 15+4
B-Pinene 17 23+6
3-Carene 20 327
Limonene 24 42+ 8
AROMATICS

1,3-Trimethylbenzene 41 40.8 -45.2
1,2,4-Trimethylbenzene 42 56.9-61.3
1,2,3-Trimethylbenzene 46 63.7 -69.3
":Calculated using average data on human blood composition,®*® Pg., and Py

valuesm' 68-69, 80, 82-83 ;

in Eqgn. 4.

74
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2. Experimental data determined under in vitro conditions were obtained from the

literature %10 88. 80. 82-83
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Table 9. Predicted and experimental human erythrocyte:air and plasma:air partition

coefficients (PCs).

Chemicals Erythrocyte:air PCs Plasma:air PCs
Predicted’ Experimental® Predicted’ | Experimental®
Methanol 2106 1522 + 265 3135 1871+ 172
Ethanol 1353 1246 + 215 2015 1455 + 115
n-Propanol 1171 799 + 99 1743 969 + 60
IsoPropanol 950 605 £ 68 1413 812 £ 56
IsoButanol 716 519+ 106 1066 591 + 154
Acetone 139 170 £ 29 206 217 £ 14
2-Butanone 74 106 + 10 110 133 £ 11

': Calculated using average data on erythrocyte and plasma composition®®, P,.,

and P, values

10, 69 ;

in Eqn. 4.

2. Experimental data determined under in vitro conditions were obtained from the

literature®.
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FIGURE LEGENDS

Figure 1

Figure 2

Figure 3

Figure 4

Ratio of predicted/experimental rat liver:air (), muscle:air (m), and
fat:air (f) partition coefficients for alcohols (I: 0.84 + 0.22, m: 0.99 %
0.2, :0.91 £ 0.07, n=6), ketones (I: 0.72 £+ 0.25, m: 0.96 £ 0.11, f:
1.27 £ 0.17, n=5), acetate esters (I: 0.45 £ 0.25, m: 0.59 £ 0.39, f;
1.29 + 0.66, n=6), alkanes (. 1.33+02, m: 1.6 £1.2,f 1.02+0.12,
n=3) haloalkanes (I: 0.99 £+ 0.3, m: 0.9 £ 0.25, f: 1.03 £ 0.27, n=17),
and some aromatic hydrocarbons (I: 1.22 + 0.35, m: 0.81 £ 1.18, f:

1.25 + 0.38, n=7). Data from Poulin and Krishnan®®.

Ratio of predicted/experimental rat blood:air partition coefficients for
alcohols (0.96 + 0.14), ketones (0.89 + 0.1), acetate esters (0.63 +
0.23), alkanes (0.25 + 0.16), haloalkanes (0.21 + 0.06), and some
aromatic hydrocarbons (0.18 + 0.03). Data from Poulin and

Krishnan®®,

Geometric volumes and log oil:water partition coefficients of
chemicals that have been hypothesized to bind to rat hemoglobin
(open circles) and that do not bind to rat hemoglobin (closed circles).

Data from Table 6.

Comparison of the PBPK model simulations (solid lines) of arterial

blood concentration of styrene with experimental data (symbols)



Figure 5
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obtained in rats exposed to 80 ppm for 6 hr. Simulations were
obtained using tissue:air PCs and blood:air PCs predicted using
Eqns. 3 and 9, and by setting E value to 0 (upper line) or 1 (lower
line). Physiological parameters were obtained from Ramsey and

Andersen®’.

Comparison of the PBPK model simulations (solid lines) of venous
blood concentration of dichloromethane with experimental data
(symbols) obtained in humans exposed to 100 ppm for 6 hr.
Simulations were obtained using tissue:air PCs and blood:air PCs
predicted using Egns. 3 and 4, and by setting E value to 0 (upper
line) or 1 (lower line). Physiological parameters were obtained from

Andersen et al.%,
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ABSTRACT

The rat blood:air partition coefficients (PC) of some volatile organic chemicals
(VOCs) predicted on the basis of lipid and water solubility alone are lower than the
experimental blood:air PC (Py.a) values. This discrepancy has been attributed to
blood protein binding. Analysis of the various critical determinants of protein
binding suggested that only chemicals without an oxygen atom in their structure,
having a log oil:water PC > 1, and a geometric volume < 300 A% would display
binding. The objectives of the present study were therefore to: (i) experimentally
validate the predictive use of these critical determinants of blood protein binding of
VOCs, and (ii) experimentally evaluate the contribution of hemoglobin (Hb) to the
Pb-a of selected VOCs [butyl methyl ether (BME), t-butyl methyl ether (tBME),
diethyl ether (ETH), isooctane (ISO), methyl ethyl ketone (MEK), a-pinene (PIN),
bromoform (BF), chlorobenzene (CB) chloroform (CF), and ethylbenzene (EB)].
Vial equilibration studies showed that the matrix:air PCs were similar for rat blood
and oil+water samples (mean+SE, n=7-8) for BME (6.64+1.4 vs 11.1+2.0), tBME
(15.0%4 vs 15.0+2), ETH (9.2420.75 vs 9.53 +1.16), ISO (1.92+0.4 vs 2.88+0.5),
MEK (13946 vs 159.3+8), and PIN (16.9+1.8 vs 20.5+2.7), whereas the PCs
displayed a marked difference for BF (16145 vs 28.9+3.4), CF (16.9+1.1 vs
3.4+0.75), CB (61.8+2.8 vs 8.3+2.35), and EB (50.8+1.3 vs 7.13%1.6). These
results confirm that the additional consideration of binding to blood proteins is
essential to adequately determine rat P,., of BF, CB, CF, and EB. Experimental
evaluations of the contribution of Hb binding to the P, of these VOCs were

therefore performed. The PCs of VOCs determined using whole blood were
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comparable to those obtained using a reconstituted mixture of n-octanol, water and
Hb (meanzSE, n=3-4) for BF (154%+1.5), CB (55+6), CF (15+0.87), and EB
(30£1.5). The blood protein binding of VOCs as experimentally verified in this study
is fundamental to the conduct of scientifically sound extrapolations of the high dose

to low dose behavior of VOCs using PBPK models.
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INTRODUCTION

The blood:air partition coefficient (PC) is an important determinant of the
absorption, distribution, and elimination of volatile organic chemicals (VOCs). The
pharmacokinetics (PK) of VOCs can differ depending on whether chemicals
possess a relatively high (e.g., methanol) or low (e.g., styrene) blood:air PC.
Physiologically-based pharmacokinetic (PBPK) models incorporate blood:air PCs
alongwith other physicochemical, biochemical, and physiological parameters in

order to predict the PK of VOCs (Krishnan and Andersen, 1994).

The blood:air PCs of VOCs are frequently determined in vitro using a vial
equilibration technique (Sato and Nakajima, 1979; Fiserova-Bergerova, 1983;
Perbellini et al, 1985; Fiserova-Bergerova and Diaz, 1986; Johanson and
Dynesius, 1988, Gargas et al., 1989; Kaneko et al, 1994, Tardif et al., 1997).
Recently, an algorithm that considers the solubility within the water and lipid
fractions of blood was developed in order to estimate rat and human blood:air PCs
of VOCs (Poulin and Krishnan, 1996b). Although this approach accurately
predicted the rat blood:air PCs of relatively hydrophilic VOCs (i.e. alcohols,
ketones, and esters), a large discrepancy between predicted and experimental rat
blood:air PCs appeared when the same approach was applied to relatively
lipophilic VOCs (i.e. alkanes, haloalkanes, and aromatics). Although never verified
experimentally, this discrepancy was speculated to be due to binding of these

lipophilic VOCs to hydrophobic pockets within rat hemoglobin, and association
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constants (K,) were subsequently derived-based on theoretical considerations

(Poulin and Krishnan, 1996a).

Even though the binding of drugs or anesthetics to human blood proteins has been
extensively studied (Brown et al., 1976; Wilkinson, 1983; Lindup, 1987; Fichtl et al.,
1991, Eckenhoff and Johansson, 1997; Hinderling, 1997), the binding of VOCs to
rat blood proteins and its impact on PK, have not been investigated adequately.
Since both human serum albumin and hemoglobin have been shown to bind to
several anesthetics (Johansson, 1997), they are both likely candidates for the
binding of VOCs in rat blood. Furthermore, it is known that dichloromethane binds
to hemoglobin S and therefore prevents sickle cell anemia (Schoenborn, 1976). In
fact, there is evidence that lipophilic VOCs partition preferably into the erythrocyte
fraction of rat blood, whereas hydrophilic VOCs partition equally between the
plasma and erythrocytes (Lam et al,, 1990). Although this observation suggests
that hemoglobin may be the major protein implicated in the binding of VOCs in rat

blood, an experimental evaluation to this effect is lacking.

Recently, Poulin et al. (1999) identified the critical determinants for the blood
protein binding of VOCs that would enable a priori prediction of VOCs that could
potentially bind to the hydrophobic pockets in hemoglobin. These authors proposed
that only VOCs that do not contain an oxygen in their molecule will exhibit binding
provided their log oil:water partition coefficient (log P) is at least 1 and their
geometric volume (GV) does not exceed 300 A°. The identification of these critical

determinants of blood protein binding of VOCs resulted from a systematic,
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theoretical analysis of the available experimental data and solubility-based
predictions of rat blood:air PCs of several VOCs (Poulin et al., 1999). Experimental
validation of the predictions of blood protein binding of VOCs based on these

critical determinants is yet to be performed.

The objectives of the present study were therefore to: (i) experimentally validate
the predictive use of critical determinants of the blood protein binding of VOCs, and
(i) experimentally evaluate the contribution of hemoglobin binding to the blood:air

PCs of selected VOCs.
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MATERIALS AND METHODS

A total of 10 VOCs were chosen for the present study (Table 1). According to the
critical determinants identified by Poulin et al. (1999), the role of blood protein
binding should be negligible for six of these VOCs (butyl methyl ether, t-butyl
methyl ether, diethyl ether, isooctane, methyl ethyl ketone, and a-pinene), which
either have an oxygen atom in their molecule, a log P less than 1, and/or a
geometric volume exceeding 300 A3 (Table 1). Hypothetically, for these VOCs then
the consideration of solubility in blood lipids and water should be sufficient for
estimating their blood:air PC. Based on the molecular characteristics (log P > 1,
absence of oxygen atom in the molecule and geometric volume less than 300 A%),
'protein binding was anticipated to be important in the determination of the blood:air
PCs of the four other VOCs (bromoform, chlorobenzene, chloroform, and

ethylbenzene).

The overall approach consisted of comparing the experimental rat blood:air PCs of
VOCs to their PCs that were determined between air and a matrix composed of a
volume of water and lipids equivalent to what is present in rat blood. Such
comparisons were made for several VOCs in order to validate, refute, or refine the
critical determinants that have been suggested by Poulin et al. (1999) to facilitate
the identification of VOCs for which protein binding is likely to be of importance in
predicting rat blood:air PC. When the experimentally determined whole blood:air
PCs and lipid + water matrix:air PCs are comparable, it would suggest that the role

of protein binding is negligible and that rat blood:air PCs can be predicted based
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on the sole consideration of solubility in the lipid and water components of rat blood

(Poulin et al., 1996b).

|. Experimental determination of PCs using whole blood or mixtures of lipids

and water

Chemicals

Bromoform (99%), butyl methyl ether (99%), tert-butyl methyl ether (99.8%),
chlorobenzene (99%), chloroform (99.9%), diethyl ether (98+%), ethylbenzene
(99%), isooctane (99+%), methyl ethyl ketone (99+%), and «-pinene (98%) were

purchased from Aldrich Chemical Co. (Oakville, Ontario, Canada).

Animals

Male Fischer 344 rats (190-250g) were purchased from Charles River Canada, Inc.
(St-Constant, Quebec, Canada). The rats were housed in groups of three in
stainless steel cages and maintained on a 12-hour light/dark cycle under controlled
temperature and relative humidity. Food and water were provided ad libitum
throughout an acclimation period of 7 days. Rats were then sacrificed following

anesthesia with CO;, and heparinized blood from the animals was collected and

pooled.

Matrices
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The matrices used in the experimental determination of PCs include pooled whole
blood (0.25-0.50 ml) obtained as described above, as well as commercially
available corn oil and water. The volumes of oil (0.50-1.0 ul) and water (211-422
i) used in these experiments correspond to the volumes of neutral lipid-like
components and water-like components reported to be present in 0.25-0.50 ml rat

blood (Poulin and Krishnan, 1996b).

Experimental set-up

PCs were determined by vial equilibration technique as described by Gargas et al.
(1989), and modified by Tardif et al. (1997). The experimental procedure for
determining the PCs involved: (i) introducing an average of 0.138 umol of each
chemical into sealed glass vials (22 ml) that were either empty (i.e., reference
vials) or containing the matrices of interest (0.25 ml of whole blood, or a mixture of
corn oil and water), and (ii) quantifying the headspace concentrations of chemicals
at 1 hr and 2 hr following their introduction into the vials. All vials were placed in a

shaker-incubator and maintained at 37°C throughout the experimental procedure.

Chemical analysis

The concentrations of VOCs in the headspace of the glass vials were determined

®)

by injecting 1 ml of the headspace with a TEKMAR™ headspace Autosampler 7000

into a gas chromatograph (Hewlett Packard 5890) equipped with a flame ionization
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detector. Separation and quantification of products were performed using a HP-608
column, 30 m I.D., 0.5 mm, 0.5 um film thickness (megabore), with helium (5
ml/min) as the carrier gas. Detector temperature was 250°C and column
temperature was 55°C. Oven temperature settings were adjusted between 55°C
(for the more volatile, e.g., diethyl ether) and 140°C (for the less volatile, e.g.,

bromoform) in order to keep retention times close to 3 minutes.

Data analysis

Using the headspace concentrations of the chemicals determined at equilibrium,

oil+water:air and blood:air PCs were calculated as follows (Gargas et al., 1989):

Cr- Vi —Cs. (Ve — Vs) »

matrix; airPC=
Cs- Vs

where C, = Chemical concentration in the empty, reference vial

Cs = Chemical concentration in the headspace of the vial containing the

matrix
V: = Volume of the reference vial, and

Vs = Volume of the sample

Comparison of blood:air and oil+water:air PCs
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Results of the experimentally determined blood:air PC and oil+water:air PC were
compared by Student-f test in order to determine statistical significance (p < 0.05).
Protein binding was assumed to be present when a statistically significant
difference between experimentally determined oil+water:air PCs and blood:air PC

was observed.

Il. Contribution of hemoglobin binding to the blood:air PC

When protein binding was present for the VOCs, the role of hemoglobin was
evaluated for these chemicals. The experimental procedure was identical to the
one presented above, except that the oil+water mixture matrix was replaced with
an n-octanol (99.99%, Fischer Scientific Ltd, Nepean, Ontario, Canada) and water
mixture, to which was added rat hemoglobin (Hb) (Sigma-Aldrich, Oakville, Ontario,
Canada) in order to yield a physiological concentration (2.34 mM) (Poulin and
Krishnan, 1996a). The headspace concentrations were analysed to determine the
PCs, according to Egn. [1]. The hemoglobin+water+n-octanol:air PC of each VOC

was then compared to its whole blood:air PC.
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RESULTS

Experimentally determined oil+water:air PCs and whole blood:air PCs of ten
chemicals, as well as their ratios are presented in Table 2. Both PCs were similar
for butyl methyl ether, t-butyl methyl ether, diethyl ether, isooctane, methyl ethyl
ketone, and a-pinene, and the ratio of their oil+water:air PC/blood:air PC is > 1 for
all 6 chemicals (Table 2). Therefore for these VOCs, the blood:air PC is adequately
determined by the solubility in blood lipids and water. However, when the
experimental blood:air PCs and oil+water:air PCs for BF, CB, CF, and EB are
compared, a statistically significant difference between the PCs is observed as the
oil+water:air PC/blood:air PC ratio is < 1. In fact, for these chemicals, solubility in
lipids and water accounts for only about 10 to 20% of the whole blood:air PC and
binding to blood protein must additionally be considered to adequately determine
their blood:air PC values. Based on the hypothesis that Hb was the major ligand of
VOCs in rat blood (Lam et al., 1990), the contribution of Hb to the blood:air PCs of
these four VOCs was evaluated. The PCs of VOCs determined using whole blood
were comparable to those obtained using a reconstituted mixture of n-octanol,
water and Hb (meanzSE, n=3-4) for bromoform(154+1.5), chlorobenzene (55+6),
chloroform (15+0.87), and ethylbenzene (30+1.5) (Table 3). The ratio of
reconstituted blood mixture:air PC to whole blood:air PC approached unity for three
of the four chemicals investigated (Table 3), indicating that Hb binding contributes

significantly to their blood:air PCs.
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DISCUSSION

Recently, algorithms have been developed for predicting blood:air PCs of VOCs
from data on their solubility in the lipid and water fractions of blood (Poulin and
Krishnan, 1996a,b). However, as in the case of rats, when binding to blood
proteins occurs, consideration of solubility in water and lipid alone is inadequate for
estimating the blood:air PC (Poulin and Krishnan, 1996a). Although never
demonstrated experimentally, binding to rat blood proteins has been suspected to
be responsible for the discrepency between experimental values and solubility-
based predictions of blood:air PC (Poulin and Krishnan, 1996a). Because of the
possible impact on the dose-dependency of VOCs, it is essential to verify whether
chemicals diéplay binding and whether that phenomenon contributes significantly

to the numerical value of blood:air PC.

A previous study (Poulin et al., 1999) identified three mechanistic determinants of
the possible VOC binding to blood proteins. Even though these determinants
suggest that relatively small lipophilic molecules partition preferably into the
erythrocytes and are consistent with data found in the literature (Lam et al., 1990),
experimental evidence is lacking for the validation of the predictive ability of these
determinants. The present study addressed this lacuna by comparing the blood:air
PCs of VOCs determined using whole blood and a matrix composed of water and
oil found in whole blood. In case of chemicals with a GV < 300 A®, a log P < 1, and
an oxygen in their molecule, the ratios of PCs estimated using whole blood and

reconstituted oil/water mixture approached unity. However, in the case of
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chemicals which lack an oxygen and have a smaller GV, the ratio of the
reconstituted mixture to whole blood PCs was smaller than 1, indicating that
solubility in lipid and water cannot account for the entire value of the blood:air PC.
However, when this lipid+water was supplemented with rat Hb, a ligand
hypothesized to be responsible for VOC binding in rat blood, this ratio approached
unity, indicating that solubility or binding in hemoglobin accounts for the observed

discrepancy between whole blood PCs and lipid+water PCs.

The binding could be related to the lipophilicity of the chemical, as it has been
shown that all molecules that display binding have a log P > 1. There is evidence in
the literature of the presence of hydrophobic domains or pockets within both
human hemoglobin and albumin (Eckenhoff and Johansson, 1997) that bind to
drugs and anesthetics. Due to the general interspecies similarities between blood
proteins (Lindup, 1987), it is reasonable to assume that these pockets can exist
within rat hemoglobin. The presence of oxygen can be a determining factor since,
contrary to the aromatics, haloalkanes, and alkanes, chemicals containing oxygen
(ketones, alcohols and esters) have the potential of forming hydrogen bonds with
water molecules (Eckenhoff and Johansson, 1997). An oxygen surrounded by
water molecules could have an impact on the global GV of the molecule. The
water-VOC GV would be much greater than the VOC GV, possibly greater than the
limit of 300 A This chemical-water complex could exert steric hindrance, and
would therefore not fit in the hydrophobic pocket, despite possessing the lipophilic
character, or the water hydration simply lowers the lipophilicity of the compound

below the log P threshold of 1. The effective threshold of lipophilicity would have to
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be higher in order to break free of the hydrogen bond and solubilize in the pocket.
Further studies that examine the effect of replacing the oxygen with another less
electrophilic atom (i.e. nitrogen), could shed light on the influence of hydrogen

bonds on the binding to blood proteins.

The fact that molecules with a GV > 300 A’ do not display binding is not surprising
since a physical molecular size limit for blood protein binding is possible
(Schoenborn, 1968; Schoenborn, 1976; Eckenhoff and Johansson, 1997). The fact
that for 6 of the 10 VOCs investigated in the present study, there is no marked
discrepancy between the whole blood and oil+water PCs suggests that the
solubility in the water and lipid fractions of rat blood are the only mechanistic
determinants involved in the blood:air PC and protein binding is minimal for these
chemicals. If the log P > 1, GV < 300 A?, and the chemical contains no oxygen (4
of the 10 chemicals investigated in the present study), then a discrepancy occurs
and blood protein binding must be considered in addition to lipid and water

solubility as a mechanistic determinant of the blood:air PC.

Although studies by Lam et al. (1990) suggest hemoglobin is the major transporter
molecule of VOCs in rat blood, the relative contribution of Hb to the blood:air PC
has never been investigated previously. The results of the present study confirm
that a reconstituted mixture of n-octanol, water, and Hb can adequately represent
the blood:air PC. The mixture of water, lipid and proteins was able to account for
86%, 96%, 88%, and 60% of the value of the blood:air PC for bromoform,

chlorobenzene, chloroform, and ethylbenzene respectively. Hb is therefore likely to
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be the protein in rat blood that contributes the most to the blood:air PCs of VOCs.
However, other blood proteins such as albumin, have the potential of
demonstrating an important role (up to 40% in the case of ethylbenzene) and this
aspect should be verified experimentally. Overall, the present study demonstrated
that a mixture of water and oil adequately describes the blood:air PC of hydrophilic
VOCs whereas the additional consideration of the role of proteins was essential to

approximate the blood:air PC of lipophilic VOCs.
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Table 1: Chemicals used in this study, their geometric volumes (GV), log oil:water

partition coefficients (log P), and the presence of their binding to blood proteins

Chemicals log P GV (A% Oxygen® Binding to
blood proteins®

Butyl methyl ether >1 <300 + -
t-Butyl methyl ether >1 <300 + -
Diethyl ether <1 <300 + -
Methyl ethyl ketone <1 <300 + -
[sooctane >1 >300 - -
a-Pinene >1 >300 - -
Bromoform >1 <300 - +
Chlorobenzene >1 <300 - +
Chloroform >1 <300 - +
Ethylbenzene >1 <300 - +

® + denotes the presence of oxygen within the molecule

® + denotes the presence of blood protein binding
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Table 2: Blood:air partition coefficients (PC) and oil+water:air partition coefficients

of the VOCs used in this study

Chemical Blood:air PC? Oil+water:air Ratio of
pc2® experimental PCs
Butyl methyl ether 6.64+1.4 11.1+£2.0 1.67
t-Butyl methyl ether 15.024 15.042 1.00
Diethyl ether 9.24+0.75 9.50+1.16 1.03
Isooctane 1.92+0.4 2.88+0.48 1.5
Methyl ethyl ketone 13946 15948 1.14
a-Pinene 16.9+1.8 20.5+2.7 1.21
Bromoform 161+5 19.0+£3.4* 0.12
Chlorobenzene 61.8+2.8 8.30£2.4~ 0.13
Chloroform 16.9+£1.10 3.40+0.75" 0.20
Ethylbenzene 50.8+1.26 7.13+1.57* 0.14

? 1 Values represent mean + standard error (n = 3-8)

°: *indicates statistical significance.
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Table 3: Partition coefficient (PC) between a reconstituted blood mixture composed
of n-octanol, water and hemoglobin (Hb) and air for chemicals that displayed

binding in this study

Chemical Mixture:air PC of the n-octanol, Ratio of the mixture:air
water and Hb mixture® PC/experimental whole
blood:air PC°
Chlorobenzene 5546 0.89
Chloroform 15+0.87 0.89
Bromoform 154+1.5 0.96
Ethylbenzene 30£1.5 0.59

? . values are mean + S.E. (n = 3-4)

° - values for blood:air PC taken from Table 2.
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ABSTRACT

The rat blood:air partition coefficient (PC) of lipophilic volatile organic chemicals
(VOCs) cannot be predicted with the sole consideration of their solubility in blood
water and lipids, suggesting an important role of protein binding. Previous studies
have determined the importance of protein binding for bromoform (BF),
chlorobenzene (CB), chloroform (CF), and ethylbenzene (EB). The possible dose-
dependency and the quantitative nature of VOC-binding to hemoglobin [i.e.,
association constant (K;), number of binding sites (n)] have not been investigated
previously. The objectives of this study were therefore: i) to determine the dose-
dependency of the blood:air PC (Py.5) of four VOCs (BF, CF, CB, and EB) known to
display binding to rat blood proteins, and ii) to derive K, and n values for the
binding of these chemicals to rat blood proteins. /n vitro vial equilibration studies
were conducted using 0.1-0.5 ml whole blood, or an equivalent mixture of water
and n-octanol exposed to varying amounts of VOCs [bromoform (BF, 0.11 to 11.4
umol), chlorobenzene (CB, 0.11 to 24.6 umol), chloroform (CF, 0.11 to 186.6
umol), and ethylbenzene (EB, 0.11 to 20.2 umol)]. The Py, of all four VOCs
decreased significantly at higher amounts added, with no significant change in their
n-octanol+water mixture:air PC. For each in vitro exposure situation, the
concentration of free chemical (Cyee) in rat blood was calculated with the PC for the
n-octanol+water mixture, whereas the concentration of bound plus free chemical
(Ciot) was calculated from knowledge of the PC determined experimentally with
whole blood. The values of K, (mM™') and n for hemoglobin binding estimated by

linear regression of a plot of the reciprocal of the molar ratio of bound chemical vs
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1/Ctee were: BF (0.8, 4), CB (2.8, 1.4), CF (1.8, 1.2), and EB (2, 1.4). The results of
this study suggest that the dose-dependent nature of Py,., need not be considered

for modeling inhalation exposures to these VOCs for up to 2000-5000 ppm.

Keywords: Blood protein binding, VOCs, PBPK models, blood:air PC, hemoglobin

binding.



4~ ARTICLE Il 111

INTRODUCTION

The blood:air partition coefficient (Py.2), @ physico-chemical parameter widely used
in physiologically-based pharmacokinetic (PBPK) modeling (Krishnan and
Andersen, 1994), is an important determinant of the pharmacokinetics of volatile
organic chemicals (VOCs). Animal-replacement algorithms have recently been
developed for predicting the rat and human Py, of VOCs from information on the
solubility of these chemicals in vegetable oil or n-octanol and water along with
ihformation on the blood levels of lipids and water (Poulin and Krishnan, 1995,
1996b; Poulin et al., 1999). Although these algorithms accurately predicted the rat
Pva of alcohols, esters, and ketones, a large discrepancy appeared when these
algorithms were used to bredict the rat Py, of relatively lipophilic VOCs such as
alkanes, haloalkanes, and aromatic hydrocarbons. This discrepancy was attributed
to the potential binding of these lipophilic VOCs to rat hemoglobin (Hb) (Poulin and
Krishnan, 1996a). Following a detailed study of the structural features of VOCs, it
was hypothesized that chemicals lacking oxygen in their molecule, having a log
oil:water PC > 1. and a geometric volume < 300 A®, are likely to exhibit binding
(Poulin et al., 1999). Béliveau and Krishnan (1999) experimentally verified this
hypothesis by comparing the Py to the partition coefficient determined using a
matrix of n-octanol and water, equivalent to that contained in whole blood. A
discrepancy due to the binding of the VOCs to the blood proteins was observed, as
anticipated, in the case of four chemicals (chloroform [CF], bromoform [BF],
chlorobenzene [CB], and ethylbenzene [EB]). These studies also showed that rat

Hb contributed significantly to the Py, of three out of these four VOCs. For CB, CF,
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and BF, Hb binding contributed up to 96% of the value of P,.,, but in the case of
EB, it contributed only to 60%, indicating the possibility that some chemicals might

bind to other proteins, such as albumin, present in rat blood.

In vial equilibration studies designed to determine P, of VOCs, a single
concentration of chemical in the vial has routinely been used (Sato and Nakajima,
1979; Fiserova-Bergerova, 1983; Perbellini et al., 1985; Fiserova-Bergerova and
Diaz, 1986; Johanson and Dynesius, 1988; Gargas et al., 1989; Kaneko et al.,
1994; Tardif et al., 1997). Unfortunately, this approach does not facilitate the
identification of the occurrence and possible consequences of blood protein
binding. For example, a decrease in Py, at high exposure concentrations can
occur due to the increase in unbound chemical concentration resulting from the
saturation of binding sites. Dose-dependency of Py, or the linear range of
exposure concentrations where the Py, is unaffected, would depend mainly on the
association constant (K,) of the chemical for the blood proteins and the number of
binding sites (n) on the rat blood proteins. Although the K, for the binding of
several drugs and VOCs to many human blood proteins has been experimentally
determined (Goldstein, 1949; Meyer and Guttman, 1968; Vallner, 1977: Paxton,
1985; Hinderling, 1997), the experimental determination of the K, for VOC binding
to rat blood proteins has not yet been performed. Poulin and Krishnan (1996a)
previously estimated the K, for several VOCs, using the solubility-based
predictions of the Py, and the experimentally determined P,, found in the
literature. The K, was therefore estimated using only one vial exposure

concentration, whereas robust K, estimation methods require the use of data from
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a wide range of exposure concentrations (Goldstein 1949; Bridges and Wilson,
1976; Lindup, 1987). Further, the methodology used by Poulin and Krishnan
(1996a) did not enable the estimation of the number of binding sites (n) possibly an
important parameter, given that chemicals bind to a multitude of sites. The average
Ka value derived using this theoretical method is 1.93 mM™, which is within the
range of association constants for the binding of several drugs to human blood
proteins (Lindup, 1987). The generation of data on the concentration-dependancy
of PCs using vial equilibration studies with blood and oil+water mixtures might

provide a scientifically-sound basis for estimating K, and n for VOCs.

The objectives of this study were therefore: i) to determine the dose-dependency of
Py:a of four VOCs (BF, CF, CB, and EB) known to bind to rat blood proteins, and ii)

to derive K; and n values for the binding of these chemicals to rat blood proteins.
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MATERIALS AND METHODS

Chemicals

BF (99+%), CF (99.9%), CB (99%), and EB (99%) were purchased from AIdﬁch
Chemical Co. (Oakville, Ontario, Canada). n-Octanol (99.99%) was procured from

Fischer Scientific Ltd (Nepean, Ontario, Canada).

Animals

Male Fischer 344 rats (190-250g) were purchased from Charles River Canada, Inc.
(St-Constant, Quebec, Canada). The rats were housed in groups of three in
stainless steel cages and maintained on a 12-hour light/dark cycle under controlled
temperature and relative humidity. Food and water were provided ad libitum
throughout an acclimation period of 7 days. Rats were then sacrificed following

anesthesia with CO,, and heparinized blood from the animals was collected and

pooled.

Experimental set-up

. Determination of the concentration dependency of blood:air PCs of VOCs

The concentration dependency of the PCs of BF, CF, CB, and EB was determined

by vial equilibration technique as described by Gargas et al. (1989), and modified
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by Tardif et al. (1997). The experimental procedure for determining the PCs
involved: i) introducing 0.11 to 20.2 umol of EB, 0.11 to 24.6 umol of CB, 0.11 to
11.4 umol of BF, and 0.11 to 186.6 u‘moi of CF into sealed glass vials (22 ml)
containing the matrices (0.1 to 0.5 ml of blood, or a mixture of n-octanol and water)
and ii) quantifying the headspace concentrations of the chemicals at 1 hr following
their introduction into the vials. The matrices either consisted of pooled rat blood
obtained as described above, or a mixture of n-octanol and water. The volumes of
oil (2 ul) and water (842 ul) used in these experiments correspond to the volumes
of neutral lipid-like components and water-like components reported to be present
in 1 ml rat blood (Poulin and Krishnan, 1996b). Maximal level of the total quantity
injected varied from chemical to chemical according to their saturation levels in air.
The vials were placed in a shaker-incubator and maintained at 37°C throughout the

experimental procedure.
Chemical analysis

The concentrations of chemicals in the headspace of glass vials were determined
by injecting 1 ml of the headspace with a TEKMAR® headspace Autosampler 7000
into a gas chromatograph (Hewlett Packard 5890) equipped with a flame ionization
detector. Separation and quantification of VOCs were performed using a HP-1
column, 30 m I.D., 0.53 mm, 2.65 um film thickness with helium as the carrier gas.
Detector temperature was 250°C and column temperature was 55°C. Oven
temperature settings (115-150°C) were adjusted to keep adequate peak resolution

for the wide range of concentrations measured.
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Data analysis

Using the headspace concentrations of the chemicals determined at equilibrium,

PCs were calculated as follows (Gargas et al., 1989):

(Ce* Vi) = [Cs *(\/r — vs)] ]

PC =
Cs* Vs

where PC = Py, or n-octanol+water:air PC (Pgsw:a)
C: = VOC concentration in the empty, reference vial

Cs = VOC concentration in the headspace of the vial containing the matrix
V. = Volume of the reference vial, and

Vs = Volume of the sample

Statistics

The numerical values of Py, and Po.wa for each chemical were compared using
ANOVA. Post Hoc comparison was performed using Scheffé's test. Significance

was determined at p value of 0.05.

II. Determination of n and K, for VOC binding to rat blood proteins
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The n and K, values for VOC binding to blood proteins were estimated using a

double-reciprocal plot of binding data, based on the equation (Lindup, 1987):

L S
r nK, C, n [2]
where
. . Cy .
r = molar ratio of bound chemical calculated as ————, C,, being the
Cou +Cp

concentration of free protein (Cpy + Cp, = 2.34 mM for Hb or 8.13 mM for
total blood protein) (Long, 1961) and Cy, being concentration of bound
chemical calculated as C, = C, - C,

C: = concentration of total VOC in blood sample calculated as the product of Cys
and the experimentally determined Py,

Cy = unbound concentration of chemical calculated as C, = Cns-Poswa

Chs = concentration of VOC in headspace of vial, and

Posw:a = experimentally determined n-octanol+water:air PC

The plot of 1/r vs 1/C, yields a straight line with a slope of 1/nK, and an intercept of
1/n. Binding data were also graphed in a semi-log plot to verify that the half
saturation point had been reached (Klotz, 1982, 1983, 1985; Faguet, 1986; Lindup,
1987). Using the data on C,, Cp, and C,, the K; and n values for VOC binding to

blood proteins were estimated.
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RESULTS

The Py, Poswa, as well as C, values for BF, CF, CB, and EB as a function of the
amount injected into sealed vials are presented in Tables 1-4. For all the four
VOCs, the numerical values of P..wa were significantly lower than that of Py,
determined in all experiments, confirming the presence of protein binding for these
VOCs in rat blood. With increasing amount injected, the Py, and not Pgiwa,
showed a tendency to decrease. There is a statistically significant decrease in the
Pv.a at the higher amounts injected for EB, CB, and CF, whereas BF shows a
qualitative, but not significant decrease in the Py.,. The ratio of the highest to the
lowest Py, determined in these experiments varied from 1.4 to 3.5 for the four
VOCs. Even though somewhat variable the average of the results for Py.y.2 of €ach
chemical was used to estimate its C,. Using the C, and r values, double-reciprocal
plots of the binding data were constructed for the four VOCs using total rat blood
proteins (Figure 1), or rat Hb (Figure 2) as the binding protein. These plots were
then used to derive the K, and n values (Tables 5 and 6). As seen in Tables 5 and
6, the estimated n values vary from 1 to 4, whereas the K, values vary from 0.183

to 2.748 mM™.
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DISCUSSION

Previous studies have suggested that consideration of the role of possible protein
binding is important to adequately predict the Py, of lipophilic VOCs such as BF,
CB, CF and EB (Poulin and Krishnan, 1996a; Poulin et al., 1999; Béliveau and
Krishnan, 1999). The limited presence of binding sites on proteins implies that, at a
certain exposure concentration (determined by the K, and n), these sites will
become saturated with the ligand. Beyond this point, the bound concentration of
chemicals will be equal nC,, whereas unbound chemical concentration will
continue to increase as a function of exposure concentration. As exposure
concentration increases, Cp, becomes negligible relative to C,. Under such
conditions, Py, approximates P,.w.a. The results of the present study show a
decrease (38% for EB, 46% for CB, 28% for BF, and 35% for CF) in Py, as the
amount of chemical injected within the vial increased. Although this consequence
of rat blood protein binding of lipophilic VOCs has previously been suggested
(Poulin and Krishnan, 1996a; Kumarathasan et al.,, 1998), the present study
provides the first experimental evidence of the occurrence of such a process. The
dose-dependency seen in rat blood is not observed when the Pg.y.a is evaluated at
different exposure concentrations, suggesting that solubility within n-octanol and
water is the only mechanism driving this PC. The observed dose-dependency in rat

blood would depend on K, and n, which are likely to be chemical-specific.

Ka values for VOC binding to Hb have been previously derived based on the

discrepancy between experimental and solubility-based predictions of Py, (Poulin
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and Krishnan, 1996a). Actually, this theoretical approach geherated nK, values
and not K, values, and therefore the number of binding sites could not be
determined. In addition, Py, found in the literature are usually determined using
only one exposure concentration in vial equilibration studies. Rigorous K,
determination requires the use of a wide range exposure concentrations
(Goldstein, 1949; Meyer and Guttman, 1968; Bridges and Wilson, 1976; Lindup,
1987). A better approach for estimating the K, of VOCs that display binding would
be to determine the PCs of VOCs in rat blood and in an equivalent lipid+water
mixture at increasing exposure concentrations. Although the Py, decreases at
higher exposure concentrations due to the saturation of available binding sites on
the binding proteins, the corresponding Po«wa, representing the solubility of the
VOC, should not vary. Using the lipid+water solubility, which can be used to
estimate the unbound fraction of the VOC in blood, and the experimental Py,
which can be used to calculate the total amount of VOC present in the blood

sample, we can calculate the bound concentration of chemical (Chiou and Hsiao,

1974), as done in the present study.

With the PCs (blood:air and n-octanol+water:air) of the four chemicals used in this
study at multiple exposure concentrations, we were able to characterize the
binding of these chemicals to either rat total blood proteins or Hb. Evidence
suggests that although Hb contributes significantly to the Py, other proteins are
also, but to a lesser extent, ligands for VOCs (Béliveau and Krishnan, 1999). The
most common form of representing binding data has traditionally been the

Scatchard plot, where r/C, is plotted against r. Even though this method has been
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widely used, the statistical merit of this analysis has been questioned (Wilkinson,
1983). An alternative graphical method that is often used is the double reciprocal
plot, similar to Lineweaver-Burk plot commonly used in enzyme kinetics studies.
When this graphical analysis is combined to semi-log plot analysis to verify the
attainment of the half-saturation point during the experiments as been done in the

present study, more accurate estimations are made (Klotz, 1982).

This study represents the first effort to experimentally evaluate the parameters of
VOC binding to rat blood proteins. In this case, whole blood was used, and not a
pure protein solution. Nevertheless, using either total protein or Hb concentration,
an estimation of the general non-specific binding parameters could be made. The
number of estimated binding sites ranges from one for CB to five for BF, with CB
having the highest binding affinity. BF, the most lipophilic VOC (log oil:water PC =
2.40) used in this study also has the highest number of binding sites, but not
necessarily the highest affinity for the sites. When considering the binding as a
function of hemoglobin as the binding protein, only BF seems to have more than 1
binding site, and again CB has the highest affinity for the binding site. The nK,
values estimated in this study (CB = 3.902 mM™" and CF = 2.087 mM") compare
well with the values (CB = 3.279 mM™" and CF = 2.383 mM"") previously derived by
Poulin and Krishnan (1996a) based on theoretical considerations. The slightly
lower K, values obtained in this study can be explained by the generally slightly
lower Py, at lower exposure concentrations determined in this study compared to
Gargas et al. (1989), or simply by the fact that the PCs in this study were

determined over a range of exposure concentrations.
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The demonstration of the dose-dependency of Py, in vitro in rat blood may have
important implications for the development of PBPK models. It illustrates the
importance of determining the range of exposure concentrations where the
physicochemical parameters (particularly the Py.,) are not altered, especially in the
case of animal bioassays, where high exposure concentrations are often used.
Based on the results in this study, there are no significant changes in the Py, at in
vitro exposures below 5465 ppm for BF, CB, CF, and EB. Therefore, when
modeling inhalation exposures for up to 5000 ppm, the dose dependent nature of
the Py.a need not be considered for these chemicals. However, this concentration
will vary according to the K, and n of the chemical, and therefore lower or higher
threshold values for dose dependency of Py, are possible for other chemical. The
knowledge of the dose-dependency of Py, is essential to ensure their appropriate

use in PBPK models.
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FIGURE LEGENDS

FIGURE 1: Klotz plot of the reciprocal of the molar ratio of bound VOC (1/r) versus
the reciprocal of unbound concentration (1/C,) using total blood protein

concentration for: a) Ethylbenzene, b) Chlorobenzene, ¢) Bromoform, and d)

Chloroform.

FIGURE 2: Klotz plot of the reciprocal of the molar ratio of bound drug (1/r) versus
the reciprocal of unbound concentration (1/C,) using hemoglobin concentration for:

a) Ethylbenzene, b) Chlorobenzene, ¢) Bromoform, and d) Chloroform.
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FIGURE 1
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FIGURE 2
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TABLE 1: Blood:air partition coefficient (Py.a), n-octanol+water:air partition
coefficient (Po+w:a), @and unbound concentration (C,) of bromoform as a function of

the amount of this chemical injected into sealed vials.

Chemical (umol) Po.a” Poswa® Cy (mM)°
injected
9.73 129+2.4 2415 8 5.87
572 130%2.2 150.8 T 344
4.01 150%5.6 2218 2.28
2.86 15528.8 160.5 1.61
0.90 180217 2720.5 0.48
0.45 145212 18+1.7 0.26
0.27 16125.2 19+3.4 0.09
0.11 180212 1913 0.06

®: values presented as mean+S E. (n=3-4)

. C, was calculated as the product of measured headspace concentration and

Po+w:a
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TABLE 2: Blood:air partition coefficient (Py.), n-octanol+water:air partition

coefficient (Po+wa), @and unbound concentration (C,) of chlorobenzene as a function

of the amount of this chemical injected into sealed vials.

Chemical (umol) Po:a™® Porwa® Cu(mM)©
injected
24.6 31+1.3* 6+0.18 4.35
19.7 37+1.5* 9+0.12 3.23
14.8 32+0.8* 7+0.06 2.56
9.83 33+1.9* 6+0.29 1.70
4.93 41+4 2* 6+0.74 0.78
2.46 54+3.8 7+0.37 0.34
0.90 59+3.2 5+1.14 0.11
0.45 62+2.5 4+0.18 0.05
0.27 62+2.8 8+2.35 0.04
0.11 5742.5 6+0.07 0.01

% . values represent mean+S.E. (n=3-4)

°:* denotes statistical significance compared to the lowest injected quantity.

¢ . C, was calculated as the product of measured headspace concentration and

PO+W13
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TABLE 3: Blood:air partition coefficient (Pp.a), n-octanol+water:air partition
coefficient (Po+wa), @and unbound concentration (C,) of chloroform as a function of

the amount of this chemical injected into sealed vials.

Chemical (umol) Poa™® Poswa " Cy (mM)°
injected
186 6+0.32* 5+1.40 23.94
62.2 6+0.47* 5+0.17 7.93
37.3 910.42~ 320.25 4.60
9.32 19+1.5 2+0.27 1.02
6.20 1516 2+0.71 0.73
3.11 21£1.2 4+1.24 0.35
0.90 18+0.6 3+0.37 0.09
0.45 20+£1.2 3+0.27 0.04
0.27 17£1.1 3+0.75 0.03
0.11 17+0.4 2+0.30 0.01

® . values represent mean+S.E. (n=3-5)
°:* denotes statistical significance compared to lowest injected quantity.

¢ : C, was calculated as the product of measured headspace concentration and

Po+w:a
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n-octanol+water:air partition

coefficient (Po+w:a), @and unbound concentration (C,) for ethylbenzene as a function

of the amount of this chemical injected into sealed vials.

Chemical (umol) Pp.a™® Porwa’ Cy (mM)©
injected
17.0 31+0.5" 8+0.46 3.09
8.47 37+0.5 5+1.32 1.41
4.25 43£1.0 5+0.33 0.94
2.12 41£0.7 6+0.96 0.47
0.90 45+2 1 7+0.66 0.14
0.45 51+4.4 510.47 0.06
0.27 51+1.3 7+1.57 0.05
0.11 50+4.2 6+0.97 0.02

® . values represent mean+S.E. (n=3-4)

° - * denotes statistical significance compared to the lowest injected quantity.

¢ : C, was calculated as the product of measured headspace concentration and

PO*’WIS
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TABLE 5: Rat blood protein (total fraction) association constant (K,) and number of

binding sites (n), as derived from the binding data, for the four VOCs used in this

study
Chemicals Ka (mM7) n nK, (mM7)
Bromoform 0.183 4.94 0.904
Chlorobenzene 1.076 1.01 1.087
Chloroform 0.282 2.08 0.587
Ethylbenzene 0.402 1.99 0.800
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TABLE 6: Rat blood protein (hemoglobin fraction) association constant (K,) and

number of binding sites (n), as derived from the binding data, for the four VOCs

used in this study

Chemicals Ka (mM7) n nKs (mM7)
Bromoform 0.825 4 3.300
Chlorobenzene 2.748 1.42 3.902
Chloroform 1.769 1.18 2.087
Ethylbenzene 2.018 1.43 2.886
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CHAPITRE CINQUIEME :

5 — DISCUSSION GENERALE
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La modélisation PCBP permet la prédiction de la cinétique d'une substance
dans une espéce a l'aide de parametres physiologiques, biochimiques, et physico-
chimigues. Des algorithmes mécanistes peuvent étre utilisés pour prédire la valeur
des parametres physicochimiques, comme le Py, en utilisant des informations sur
la solubilité des substances dans les composants tissulaires tel que les lipides et
I'eau. Toutefois, les valeurs de Py, estimées chez le rat pour les SOV relativement
lipophiles (p. ex., alcanes, haloalcanes, et aromatiques) sont inférieures aux
valeurs determinées expérimentalement. Bien que cette discordance entre les
valeurs estimées et expérimentales ait été attribuée a la présence de liaisons entre
les SOV et les protéines du sang de rat, une évaluation expérimentale de la liaison
aux protéines sanguines n'a jamais ete effectuée. Le présent projet de recherche
avait pour objectif de combler cette lacune.

L'hypothese de la liaison aux protéines sanguines du rat émise par Poulin et
Krishnan (1996a) était baseée sur I'existence de certaines structures ("cavités")
hydrophobes sur les protéines sanguines humaines, comme I'Hb (Featherstone et
Schoenborn, 1964). Ces structures peuvent lier faiblement de nombreux SOV et
anesthésiques (Featherstone et al., 1961, Schoenborn, 1968, 1976; Brown et al.,
1976, Eckenhoff et Johansson, 1997). Puisque la structure tertiaire des protéines
du sang est relativement semblable entre les espéces (Lindup, 1987), ces
structures sont fort probablement présentes chez le rat également. De plus, les
protéines du sang de rat contiennent généralement plus d'acides aminés
hydrophobes (Lindup, 1987), ce qui laisse prévoir une plus grande importance de
la liaison chez le rat. Il est reconnu qu'il existe un lien étroit entre la structure des

substances liées et celle de leurs sites de liaison sur les protéines ("clé et serrure")
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(Franks, 1985; Curry, 1990). Le nombre de site sur I'Hb humaine étant limité
(Schoenborn, 1976), il est raisonnable de penser que certaines caractéristiques
sont communes a toutes les substances liantes.

Ainsi dans ['Article |, certaines caractéristiques moléculaires communes aux
SOV pressentis comme étant des ligands de I'Hb ont été déterminées. Suite a ceci,
la présence ou l'absence de liaison a été confirmée expérimentalement pour
certains SOV sélectionnés a partir de ces déterminants et la fraction protéinique
impliquée a été déterminée pour des SOV montrant de la liaison aux protéines
sanguines (Article Il). Finalement, dans I'Article lll, la valeur de K, et n a été
déterminée, caractérisant plus en détail les paramétres de cette liaison.

Dans I'Article IIl, il a été démontré que pour les SOV utilisés dans cette
étude, la liaison protéinique avait un impact seulement a de hautes concentrations
d'exposition, la plus faible concentration ayant un effet étant 5465 ppm pour le
chlorobenzene. Au cours de plusieurs études portant sur la toxicité
(cancérogeénicite, toxicite hépatique, toxicité développementale) de certains SOV
chez le rat, les animaux sont exposés a de hautes concentrations de substance
variant de 8000 a 800 000 ppm (Tableau 1), dépendant de la volatilité de la
substance. Lorsque la prédiction de la cinétique des SOV chez le rat par
modeélisation PCBP a de telles concentrations d'exposition est nécessaire, la
liaison potentielle de ces substances aux protéines sanguines et la variation de la
valeur du Py, doivent étre considérées. En se basant sur les résultats obtenus dans
cette etude, il est possible de développer une démarche qui considére la liaison
lors de la modeélisation PCBP (Figure 1). Lorsque la presence de liaison entre le

SOV et les protéines sanguines est soupgonnée suite a une interrogation sur ies
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Article | Article |l Article Il

Aucune

variation de la
valeur duP: en
fonction de la
concentration
Absence de liaison d'exposition
aux proteines
sanguines

Est-ce que le LogPow
t<1
non Présencede 2. Estimation de
liaison aux K _etdenpour
proteines I'Hb
sanguines

la liaison dans un algorithme pour estimer|
Py en conséquence

l

Incorporation des informations concemantJ

v

Modélisation PCBP

Figure 1: Algorithme décisionnel concernant la liaison aux protéines sanguines du rat tel que
déterminée dans cette étude

caratéristiques moléculaires de la substance, la présence de la liaison, le seuil ou il
y aura baisse de la valeur du Py, et la valeur de K, et de n, peuvent étre
déterminés expérimentalement. Ces résultats peuvent ensuite étre incorporés
dans un algorithme (développé dans ['‘Article I) qui, lorsque qu'intégré dans un
modéle PCBP, estime le P, en fonction de la liaison aux protéines sanguines du
rat. Comme mentionné dans l'article I, si la saturation des sites de liaison sur I'Hb
du rat et la baisse du P, a de hautes concentrations d'exposition ne sont pas
considérées, la liaison pourrait avoir un impact majeur sur les extrapolations haute
dose-faible dose. En effet, a de hautes doses, le P, unique estimé in vitro a de

faible concentrations (Gargas et al., 1989) serait plus élevé que le P, apparent (qui
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est influenceé par la saturation des sites de liaison), ce qui modifierait la cinétique
prédite de la substance dans l'organisme a ces concentrations d'exposition.

En plus de son impact sur l'extrapolation haute dose-faible dose intra-
espece, |'effet de la liaison protéinique sur le P, chez le rat pourrait avoir un impact
sur les extrapolations inter-especes. Par exemple, lors de l'extrapolation animal-
humain utilisant la modélisation PCBP, il est important de considérer I'absence de
liaison chez I'hnumain. Bien que cette hypothese d'absence de liaison soit basée
sur l'observation que la valeur des P, expérimentaux chez I'humain peut étre
prédite par l'equation 14, des études de tubes a I'équilibre similaires a celles
décrites dans l'article Il seraient nécessaires afin de confirmer l'absence de liaison
dans le sang humain. Ainsi, lors de la modélisation de la cinétique a haute dose
chez le rat, un Py, variable en fonction de la dose serait utilisé alors que lors d'une
modélisation de la cinétique chez I'humain, I'utilisation d'un P, invariable serait
suffisante.

En se basant sur les résultats de cette étude et avec la réalisation de
certaines expérimentations futures, il est possible d'utiliser de fagon plus judicieuse
le P, dans les modéles PCBP chez le rat ou I'humain. Les outils développés pour
les SOV dans le cadre de cette étude peuvent servir a mieux comprendre certains
mecanismes tel que la solubilité dans I'eau et les lipides, ainsi que la liaison aux

protéines sanguines, qui regissent le partage entre le sang et l'air chez le rat.
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Tableau 1: Concentrations d'exposition par inhalation de certains SOV lors

d'études de toxicité chez le rat

Substance Concentration (ppm) Source
Bromochlorodifloromethane 50 000 Wickramaratne et al., 1988
1,3-Butadiene 7760 Dahl, et al., 1991

8000 Owen et Glaister, 1990

Owen et al., 1987

1-Chloro-2,2,2-trifluoroethane 50 000 Ellis et al., 1995
t-1,2-Dichloroethylene 12 000 Hurtt et al., 1993
1,1-Difluoroethylene 82 000 Jaeger et al., 1975
Difluoromethane 50 000 Ellis et al., 1996
Ethylchloride 10 000 Landry et al., 1982
1,1,1,1,2,2-Pentafluoroethane 800 000 Kawano et al., 1995
Pentane 10 000 Hurtt et Kennedy, 1999
1,1,1,2-Tetrafluoroethane 50 000 Collins et al., 1995
1,1,1-Trifluoroethane 40 000 Brock et al., 1996

Vinyl chloride 46 500 Jaeger et al., 1975
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