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Abstract

Dioxin ¢oncentrations in infant and child were simulated using physiclogically based pharmacokinetic (PBPK) models developed for these
groups. The infant mode] was validated by comparing the simulated concentration with the measured concentration from the literature, and
they showed good agreement. Simulations with our PBPK model} showed temporal patterns in concentrations in various tissues. For risk
assessment, estimated concentrations of 29 dioxins in the liver were summed up in a toxic equivalency (TEQ) basis to be compared with
actual 2,3,7,8-TCDD concentrations in rat liver associated with toxicity. Maximum liver concentrations in breast-fed and formula-fed infants
were 16.8 pg TEQ/g and 3.5 pg TEQ/g, respectively. The level in breast-fed infant liver was approximately 1/300 of the level associated with
hepatocellular carcinoma and 1/5 of the level found in matermnal rat liver associated with alterations in reproductive organs in the next generation.
Based on our analysis, the present contamination level is not safe ¢nough, but further dose—response data is required for & quantitative risk

assessment.
© 2004 Elsevier B.V, All rights reserved.

Keywords: Dioxin; Risk; Human; Infant; PEPK model

1. Introduction

QOur diets contain mixtures of dioxins that include
polychlorinated dibenzo-p-dioxins (PCDDs), polychlori-
nated dibenzofurans (PCDFs) and coplanar polychlorinated
biphenyls (CoPCBs) (Fries and Paustenbach, 1950; Guo
et al., 2001). According 1o a study of total diet in Japan
(Toyoda et al,, 1999), adults consume about 152pg TEQ
(toxic equivalency) of dioxins per day, which is eguivalent
to about 2.5pg TEQ/kg BW day (body weight per day).
Since dioxins are lipophilic, they accumulate in the lipid
portion of the body, and high concentrations are found in
breast milk (Abraham et al., 1998; Beck et al.,, 1994a,b;
Korner et al., 1993; Schecter et al., 1998; Tada et al., 1999),
and the composition of dioxin congeners is different among
countries. Consequently, infants take in more dioxins than
adults on a kilogram body weight basis, and the health
risks associated with this exposure are a public concern

* Corresponding author. Tel.: 481 29 850 2695; fax: +-81 29 850 2920.
E.nail address: marmmw@nies_go jp (W. Maruyama).

1382-6689/3 — see front matter © 2004 Elsevier B.V. All rights reserved.

doi: 10.1016/.e1ap.2004.05.003

(Kreuzer et al., 1997; LaKind et al., 200]; Patandin et al.,
1999).

In the risk assessment of dioxins, not only the adminis-
tered dose but also the internal concentration is important
as dosimetry, since accumulation patterns are different
among species. For example, half-lives of dioxins are very
different between rats {20 days) and humans (6-7 years),
50 dose~response data in an animal bioassay cannot be di-
recily used for human risk assessment. When animal data
are utilized, interspecies differences in administration, dis-
tribution, metabolism and excretion (ADME) of a chemical
complicate risk assessments. In these cases, tissue dose (tis-
sue concentration) is more appropriate for route-to-route,
low dose and interspecies extrapolations, The physiolog-
ically based pharmacokinetic (PBPK) model is a useful
tool for estimating these doses (Paustenbach, 2000) since
it can predict tissue levels over time. PBPK models for
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) have been de-
veloped in mice (Leung et al,, 1988), rats (Andersen et al,,
1993; Leung et al,, 1989; Wang et al., 1997), and adult
humans (Kissel and Robarge, 1988; Lawrence and Gobas,
1997).
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Kirman et al. (2000} applied the PBPK mode! to assess
the brain cancer risk of acrylonitrile and tried to characterize
the dose-response relationship in the target organ (the brain)
using bioassay data. Andersen and Dennison (2001) also
proposed that the tissue dose (tissue concentration) based
on interspecies extrapolation was appropriate for assessing
the risks of environmental chemicals. Based on these con-
cepts, we analyzed exposure to dioxins through breast milk
and food and the accumulation pattern in the target tissue as
the first step of assessing the health risk of dioxin to human
infant. Estimating tissue levels in infants is difficult because
they grow rapidly and dioxin levels in their tissues change
during the growth period. In addition, the composition of
food materials consumed changes with age, therefore, the
amount of dioxin uptake by infant and child may change
age-dependently, too. To solve this problem, we modified
an adult PBPK model (Maruyama et al,, 2003) for infants
and children by introdicing equations for time-dependent
changes in tissue weight, amount of consumed milk and food
materials. After validating the model and simulating tissue
levels, the sum of TEQ of 29 dioxins was compared with
actual TCDD concentrations in rat liver associated with hep-
atocellular carcinoma (Kociba et al., 1978) and reproductive
effects (Gray et al., 1995, 1997). We also estimated the peak
time of the concentration to predict the time of occurrence
of possible toxicity.

2. Methods
2.1, Basic equarions and parameters for PBPK model

The PBPK models for infant and child are based on a
previous model (Maruyama et al, 2003) for adult humar,
and the compartments in the models are liver, kidney, fat,
blood, muscle, richly perfused tissue (brain, spleen and lung)
and skin (Fig. 1).

The mass balance equations used in the model are as
follows.

Kidney, fat, muscle, skin and richly perfused tissue:

dC _  (Cblood — Ci/Ri)
3 = Qi G 1)
Blood:

BLOOD
(arterial & venous) l
A
4——|  MUSCLE I+__
4 SKIN -
V. RICHLY .
PERFUSED N
*—1 FAT «—
¢ KIDNEY —
LIVER <
A
Biliary excretion
! INTESTINAL TRACT f----ereerereene » Feces |
!‘ ............ Uptake

(Food Ingestion)

Fig. 1. Schematic diagram of the physiological model for humans. For
the infant and child models, the volumes of the compariments increase
time-dependently as described in Section 2.

Liver:
dCiiver
dr
— I Qtiver % {Clood— Cliver/ Riiver}= Cliver X Visver X K }
Gliver

@A)

Here ©; is blood flow (mL/min), C; is dioxin concentration
(pg/g tissue), G; is tissuc weight, and R; is the tissue-blood
partition coefficient for tissue “i"*. Chipog 18 the dioxin ¢on-
centration in blood.

Blood flow () is also time-dependent and is expressed as
follows using the blood perfusion rate (P;) (mL/min-g), tis-
sue volume (V) (mL} and compartment density (d;) (g/mL)
(Kissel and Robarge, 1968).

Q" = ‘Pl X ‘/j X df (4)
Qi = P x Gi(Gi = Vi x dj) (5)

Blood flow rates and tissue-blood partition coefficients for
infants were the same as for adults. The compartment den-

(Qtiver X Chiver/ River) + (Ofat X Cran/ Rew) + (Qkidney X Ckidney/Rkidney)
+ (Qmuscle % Cruscle/ Rmuscle) + (Orieh X Crich/ Rricn) + (@sxin X Cskin/ Fskin) ~ Chiood X (Qliver

dChload __

+ Q@ + Qridney + Omuscre + Grich + Qskin) + D x Abs

dr

2

Ghtood
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Table |

Concentration in breast and formuia milk, gastrointestinal absorprion (Abs) and daily amount of dioxins taoken al age 1, 5, 10, 15 and 20, used to estinate

\issue concentrations in a Japanese infant and child

Concentration Abs (%) Amount of uptake via food {(pg TEQ/day) ar ages (years)
Breast milk® (pg/g) Formula milk® (pgfe) 1 5 10 15 20

2378-TCDD 0.09 0.005 97 28 444 8.29 13.7 9.41
12378-PeCDD 0.22 0.02 99 6.09 8.43 13.5 19.9 15.1

123478-HeCDD 0.09 0.03 o8 0.78 1.08 1.84 2.85 1.85
123678-HeCDD 0.38 0.04 97 1.03 1.43 2.33 .50 244
123789-HeCDD 0.22 0.02 96 0.68 0.94 1.68 2,70 1.76
1234678-HpCDD 1.10 0.20 86 0.46 0.65 1.0 1.65 1.34
OCDD 114 032 76 0.03 0.04 0.11 0.20 0.13
2378-TCDF 0.04 0.005 97 0.94 1.28 2.09 3.6 2.86
12378-PeCDF 0.03 : 0.005 99 0.24 0.32 0.57 092 0.713
23478-PeCDF 054 0.04 98 5.55 11 1.7 16.3 134

123478-HeCDF 0.21 0.05 o7 1.10 1.54 2.45 .60 246
123678-HeCDF 0.42 0.05 a7 1.06 1.48 235 345 2,32
123789-HeCDF 0.05 0.01 a5 0.59 0.80 1.52 2.35 1.67
234678-ReCDF 0.22 0.12 95 1.79 254 3.55 4.60 3.12
1234678-HpCDF 0.25 0.1% 87 0.30 043 0.59 Q.75 0.55
1234789-HpCDF 0.05 0.03 100 0.08 0.11 0.18 0.28 0.19
OCDF 022 0.13 a5 0.00 0.00 0.01 0.01 0.01
PCB77 0.97 0.05 99 0.00 0.01 0.01 0.02 0.01
PCBS1 0.26 0.08 90 0.01 0.01 0.02 0.03 0.02
PCBI126 2.65 0.20 99 120 16.5 25.6 370 336

PCBIL6S 1.12 0.05 99 0.48 0.63 1.10 135 1.34
PCBI0S 747 3.00 29 037 0.51 0.77 1.08 1.12
PCB114 204 0.50 99 . 022 0.30 0.53 0.85 0.65
PCBEI118 340 11.0 99 1.38 1.90 285 3.9 4.12
PCB123 5.67 0.50 99 0.08 0.10 0.17 0.26 0.23
PCB156 112 1.00 99 072 0.98 1.56 2.29 2.16
PCB157 210 0.50 99 0.27 0.36 0.62 0.98 0.79
PCB167 kyA 0.50 90 0.02 003 0.04 0.06 0.06
PCBI89 8.17 0.50 98 s+ 004 0.05 0.10 0.16 0.12

2 Cylculated by the authors from blood concentration in Japanese women, measured by the Ministry of Environment, Japan in 1998.
b Calculated by the authors from dioxin concentration in Japanese cow’s milk, measured by Toyoda et al. (1999).

sities {d}) of liver, kidney, fat, blood, muscle, skin and richly
perfused tissue are 1.04, 1.05, 0.92, 1.06, 1.04, 1.1, and
1.04, respectively. G; is also time-dependent and changes
with age (Age) according to equations given later. The blood
perfusion rates P; (mL/min/g) of liver, kidney, fat, muscle,
richly perfused tissue and skin are set at 0.197, 0.22, 0.018,
0.03, 0.469 and 0.024, respectively, based on blood content
in tissues (Snyder et al., 1974).

D is the daily amount of dioxin uptake and Abs is the in-
testina) absorption rate. D is the sum of uptakes from milk
and food consumed. The uptake from milk (DyiLg) is ex-
pressed by dioxin concentration in breast- or formula milk
(CMmiLg) and the amount of milk ingested (Vmix). VMnk
was set in a time-dependent manner as described later.

Dmnk = Cvicx x VmiLk (6)

Gastrointestinal absorption is variable from 70 to 85% de-
pending upon the lipophilicity of food materials (Neal et al.,
1982). The US EPA sets 50% as the gastrointestinal absorp-
tion for humans (US EPA, 2000), although its reason for
doing so is not clear. In this study, we obtained Abs values

for 29 dioxins from several reports (Dahl et al., 1995; Liem
and Theelen, 1997; McLachlan, 1993). Concentrations in
breast- and formula milk and Abs are listed in Table 1.

The elimination constant from the liver (K ) is set as be-
low, vsing the lipid content of the liver (Ljiver, 6.5%) and bile
(Liite, 1.9%), and biliary excretion rate (BILE) (mL/day).

BILE x Ly

Liiver %X Wiver @
K, is the ratio of the amount eliminated from the liver. In this
model, BILE for infant (BILE;,fan) changes with the change
of body weight (BW) as described below. BILE for an
adult human (BILE g, ) of 70kg BW is set at 237.6 mL/day
(Snyder et al.,, 1574).

BILE;nfom = BILEsguyt % (BWinfant/70 kg)o's (8

K

About urinary excretion, we tried a preliminary calculation
in previous studies (Mamuyama et al., 2002, 2003) and found
that the elimination via urine is sufficiently small to be ne-
glected,

The elimination constant of dioxins in the human body
is difficult to determine, since no supporting or quantita-
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tive data, such as concentration of metabolites in feces or
decrease in the concentration of non-metabolized dioxin in
tissues, are available for humans. Although half-life is of-
ten used for the elimination constant in a one-compartment
model, elimination speed is considered to be different in dif-
ferent tissues and one fixed half-life cannot be applied 10
all tissues. Therefore it is not reasonable to use the same
constant (half-life} in the PBPK medel. In the previous rat
PBPK models, metabolism of 2,3,7,8-TCDD is considered
to relate to the induction of chtochrome p450s (CYPs) such
as CYP1A] and CYPIAZ, and accumulation of dioxin in the
liver is considered to relate to the binding protein CYP1A2
(Andersen et al., 1993; Camier et al., 1995a,b; Kohn et al.,
1993; US EPA, 2000; Wang et al., 1997). In the rat model, in-
duction rates of CYPs and accomulation of TCDD in rat liver
were set and validated using experimental data (Andersen
et al,, 1993, 1997; Kohn et al., 1993). However, CYPs do
not give direct information about the amount of melabolite,
and how the term of metabolic elimination is introduced in
the mass balance equation is different among the literature,
According to previous reports, the terms for metabolism and
protein binding can be inserted into Eq. (3} as follows:Liver:

Qhiver X {Colood — Cliiver/ Riiver) — Cliiver
dCliver _ X Viiver X K + Chyjyer — Kp 3 Cfyjyer

dr Griver

(3)

where Ciijver is the concentration of a free form of dioxin,
and Cbyjver is a bound form., Xr is a merabolic elim-
ination constant not directly related to the activity of
enzymes (CYPs). Cbyj. is divided into three types of
bound form, namely, AhR-TCDD, CYP1A2-TCDD and
CYP1A1-TCDD, and the former two types are the main
contributors.

However, the induction patterns of these proteins by other
dioxin congeners are not known cither in experimental anij-
mals or in humans, and no quantitative information is avail-
able about these proteins in the human body. It was not
successful to introduce the same induction and binding con-
stants for rats into our human PBPK model because of lack of
information, and model validation was impossible. We need
at least induction speed and dissociation constant of himan
CYPs to be introduced into human model. On the other hand,
dioxin concentration in human tissue does not seem high
enough to induce binding protein, as observed in experimen-
tal animals (Andersen et al., 1993), and non-metabolized
dioxin levels in human feces were greater than uptake Jevels
(Schrey et al., 1998; Rohde et al., 1999).

Strictly, elimination of dioxins is considered to be
the summation of (1) degradation to completely differ-
ent compounds, (2) fecal excretion of metabolized and
non-metabolized forms and (3) vrinary excretion of me-
tabolized and non-metabolized forms. About dioxin, (1)
is not probable, since dioxins are stable compounds both

in the environment and an anima) bedy, and degradation
has not been reported either for animals or humans. Al-
though metabelism in (2) and (3) is possible by hydroxy-
lation or conjugation and some metabolites of dioxin has
been detected in animals, the metabolites in human feces
and urine have not been reported. About fecal excretion,
dioxin concentration data in rat feces was suggested by
Abraham et al. (i1989) and 3-20% of administered diox-
ins (PCDDs and PCDFs) were excreted in feces within 7
days in a non-metabolized form. From these results, we as-
sumed that absorbed dioxin could be excreted in feces in a
non-metabolized form. When the route of diexin transpont
from tissues to feces is considered, an excretion of liver
lipid via bile is reasonable, since dioxins are very lipophilic
and possibly exist in liver lipid or bile lipid. PCDD/Fs and
PCB77, PCB126 and PCB169 are found in human bile, and
the concentration ratios among congeners in bile are quite
similar to the ratjos in the liver (Kitamura et al., 1999),

Therefore, in this study, we assumed fecal excretion of a
non-metabolized form via bile excretion as a route of dioxin
climination, This assumprion is reasonable, and the elimi-
nation rate can be validated using simulated and measured
amounts of excreted dioxin in infant feces (Abraham et al.,
1994; Korner et al., 1993). Ideally, fecal excretion js the bal-
ance of non-absorbed dioxins in food and excreted dioxins
via bile. However, these two dioxins cannot be separated
quantitatively because of lack of information in humans.
Re-absorpticn of dioxins by enterohepatic circulation is not
considered in this model, ecanse of lack of quantitative in-
formatien about the 29 kinds of dioxins.

Time-dependency was iniroduced to correct for growth in
BW, tissue weight, milk consumption, food consumption and
dioxin concentration in breast milk. Age-dependent changes
in BW and tissue weight were based on previous report
(Snyder et al., 1974) and introduced to the model. Tissue
weights were set as follows;

For infants: (the unit of age is “week™.)

BW (kg): age x 0.144 + 3.961 (9}
Liver (g): BW x 23+ 21.4 (10)
Muscle (kg): BW x 0.25 (11)
Blood (g): BW x 58.2 4 142 (12)
Fﬁt (kg): BW x 0.11 (13)
Kidney (g); BW x 6.2+ 3.8 (14)
Richly perfused tissue (g): BW x 95 4 35 (15
For children: (the unit of age is “year™.)
BW (kg): age x 2.86 + 6.12 (16)
Liver (g): age x 69.6 + 184 (17)
Muscle (kg): BW x 0.4 (18)
Blood (g): BW x 90.3 — 26.5 (19)
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Fig. 2. Simulated (lines) for body weight (A and B} and liver weight (C and D) of infanis (A and C) and children (B and D) in the model. Circles and

tangles are the actual data obtained from the literature (Snyder et al,, 1974).

Fat (kg): BW x 0.17 (20)
Kidney (kg): age x 12.6 4- 46.8 (21)
Richly perfused tissue (g): age x 68 + 1158 22)

Although actual body and tissue weights do not increase
according to these simple linear equations, body weights
calculated with the equation were within the range of ref-
erence weights found in the literature (Snyder et al., 1974)
(Fig. 2A and B) and calculated tissue weights also fitted
the data found in the literature (Fig. 2C and D). BWs for a
1-year-old infant calculated from Eq. (9) (10.8kg) and from
Eq. (16) (8.98) do not match, due to the difference in the
vnits of age and slope factors used in the equations. Con-
sidering these preliminary data, we vsed these equations in
our model for time-dependency of body and tissue weight.

The concentrations of 29 dioxin congeners in Japanese
breast milk vsed for simulation are listed in Table 1. The
concentrations were calculated based on the blood concen-
tration of Japanese women (Environment Agency, 2000).
The concentration in formula milk was calculated from the
dioxin concentration in cow's milk (Toyoda et al., 1999) and
the lipid content of milk (3.8%). For a breast-fed infant, de-
crease in dioxin concentration in breast milk (CwmiLg) was
alsa taken into account in this model, since studies report a
decrease in dioxin concentration in women's tissue during
lactation (Abraham et al., 1998; Iida et al., 1999; LaKind
el al., 200]; Schecter et al., 1998).

CumiLk = (1 —age x 0.0125) x Cq 23)

where Cp is the initial dioxin concentration in breast milk
on the Oth week, and the unit of age is weeks.

The amount of milk ingested (Vmix) (mL) changed with
age (week) as shown in Fig. 3A, according to a report by
Tada et al. (1999). Uptake of dioxin via baby food was cal-
culated from dioxin concentration in Japanese food materi-
als (Toyoda et al., 1999) and food consumption rate via baby
food (Table 2) (Sato et al., 1999). Time-dependent changes
of dioxin uptake for an infant via breast milk, formula milk
and baby food are shown in Fig. 3B in a toxic equivalency
basis (pg WHO-TEQ/day).

The food consumption rates for males between 1 and
20 years of age (Table 2) were calculated based on the
Natjonal Nutrition Survey of Japan (1998). Change in
total uptake amount (pg WHO-TEQ/day) for a man of
1-20 years of age is shown in Fig. 3C, and the uptake
amount’ of each congener used in the model is listed in
Table 1.

2.2. Simulation of dioxin concentration

The PBPK model was built on Microsoft Excel 2000™
and sequential calculations were performed with an Ex-
cel macro function. Time courses over 48 weeks of the
concentrations of 7 PCDDs, 10 PCDFs and 12 CoPCBs
were simulated. The CoPCBs tested in this swdy were



26 W. Maruyama et al./ Environmente! Toxicelogy and Pharmacology 18 (2004) 21-37

A. Milk Consumption

= 1000

g

E 800}

g 800

A

5 400

[

g 200

= 0 ) .

= 0 12 24 38 48
Age (weeks)

B. Dloxin Uptake (infant}

o 1200

3 = Breast-milk 'l

E fo00 == Formula-mil

= 800 o= Baby food

g 600

2

g 400

£ 200

5o |

0 12 24 38 48

Age [weeks)

« C. Dioxin Uptake (child)

S 150

a

#

g 100}

2

8 50

e

g o
N TR (-

Age (years}

Fig. 3. (A) Daily amount of milk consumption (mL/day) nsed for simy-
lation. (B) Daily uptake of dioxin (pg WHO-TEQ/day) by infants from
breast milk {solid line), formula milk (broken line} and baby food (solid
line with closed circle), (C} Daily uptake of dioxin {pg WHO-TEQ/day)
for males between the ages of 1-20 years.

3,3’ 4,4'-tetrachlorobiphenyl (TeCB) (PCB77), 3,4,4'.5-
TeCB (PCB81), 3,3'4,4',5-pentachlorobiphenyl (PeCB)
(PCBI126), 3,3,4.4',5,5-hexachlorobiphenyl  (HxCB)
(PCB169), 2,3,34,4-PeCB (PCBI105), 2,3,4,4'.5-PeCB
(PCB114), 2,3 4.4'5-PeCB (PCBI118), 2',3,4,4' 5-PeCB
(PCB123), 23,3 44"5-HxCB (PCB136), 2,3,344.5-
HxCB (PCB 157), 2,3'44'55-HxCB (PCBI167) and
2,3,3',4,4' 5,5"-heptachlorobiphenyl (HpCB) (PCB 189).

In this study, we focused on the exposure after birth and
did not consider in vtero exposure, and initial concentration
in infant tissue was not set for simulation. In our prelimi-
nary calculation, setting initial concentration resulted in no
apparent difference in tissue concentration. In the prelim-
inary study, initial concentration was calculated using the
dioxin concentration in breast milk and (e ratio between
dioxin concentrations in breast milk and fetus (Schecter
et al.,, 1995). For children between the ages of 1 and 20
years, simulated tissue concentrations at 48 weeks of age
were used as the initial concentrations.

Tabie 2
{A) Daily amount of food materials (g/day) assumed for an infant and (B)
assumed daily food consumption (g/day) of children and young people

Food material Age (month)
-5 56 6-8 9-10 1-12
A
Rice und cereals {dry) 1] 7.0 26 72 84
Oil and fat 0 0.5 30 30 30
Fruits 0 12 17 35 45
Vegetables 0 23 )} 70 90
Fish and shellfish 0 3.8 56 9.0 9.9
Meut and epgs 0 33 90 26 60
Dairy products 0 28 7 60 S0
Apge (years)
B (1-6) (7-14) (15-19) (20-29)
Rice and cereals {dry) 102 168 370 338
Oil and fat 6.1 9.0 237 216
Fiuits 59.5 643 924 778

Vegetables and beans 730 124 215 224
. Fish and seafood 229 52 647 714

Meat and eggs 41.3 68.3 1539 1392
Milk and dairy product 974 165 146 93.6
Sum (g} 734 1175 1241 811

2.3, Validation

For validation, we simulated tissue concentrations in in-
fants using dioxin concentration in breast milk (Table 3) and
term of nursing (Table 4) and compared the simulated con-
centration to the measured concentration. Ideally, the data
set shou)d include the dioxin concentration data in breast
milk and baby feod, the term of breastfeeding, the dioxin
concentration in the infant’s tissue and the age of the infant
at sampling time from a mother and her baby, While this
data set is very difficult to cbtain from humans, dioxin con-
centration in breast milk and food are sometimes available
in the literature. Therefore, we prepared the concentration .
data sets for validation from different sources. We assumed
that (1) dioxin concentration in maternal breast milk was
similar among people in the same country over 5 years, (2)
materials for baby food were not different between coun-
tries, and (3) the term of breastfeeding and the infant age
at sampling were important for simulation and validation.
We used 10 milk concentrations, simulated dioxin levels in
infant liver, fat and blood, and compared these Jevels to 10
measured concentrations as listed in Table 4. Dioxin con-
centrations in feces were also used to validate elimination
(Table 4).

2.4. Risk analysis

Since dioxins are Jipophilic and accumulate in lipid por-
tions of the body such as fat (adipose), internal concentration
is preferred as dosimetry to evaluate health risk. The US EPA
employed body burden to express internal dioxin level, and
calculated benchmark dose and excess risk using estimated
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Tuble 3
Dioxin concentrations in breast milk used for model simulation and validation
Data sources Abraham (1998) Beck (1994) Korner (1993) Abrzham {1994}
Data number Al A2 A3 Ad AS B1, B2 Cl c2 D1 D2
Targeted tissue Blood Liver, fat Feces Feces
2378-TCDD 0.07 0.06 0.05 0.07 0.05 0.02 0.14 0.08 0.06* 0.06
12378-PeCDD 0.20 0.15 0.19 0.20 0.14 0.46 0.59 0.21 0.26 0.24
123478-HeCDD 0.15 0.2 0.15 0.18 0.3 0.38 042 0.18 0.08* 0.08
123678-HeCDD 0.78 0.54 0.65 0.61 0.53 1.79 1.22 0.80 0.80 0.79
i23789-HeCDD 0.08 0.07 012 0.10 0.10 0.34 048 0.20 0.06° 0.06
1234678-HpCDD 0.39 0.30 D42 0.89 0.76 1.94 1.26 1.78 0.47 0.50
oCcDD 1.96 1.48 3.89 3.54 5.60 13 482 6.86 1.99 220
2378-TCDF 0.10 0.05 0.10 0.03 0.03
12378-PeCDF 0.04 0.01 0.02 0.01 0.01
23478.PcCDF 0.52 0.35 0.34 0.47 0.30 0.76 0.20 0.45 0.6% 064
123478-HeCDF 0.14 Q.12 0.43 0.17 0.12 0.30 0.28 0.13 0.12 Q.12
123678-HeCDF 0.11 0.08 0.09 o1l 0.09 0.30 0.21 0.14 0.12 0.14
123789.HeCDF 0.00 0.01*
234678-HeCDF 0.04 0.04 0.04 0.05 0.04 0.11 0.16 0.07 0.03* 0.02
1234678-HpCDF 0.15 0.35 011 0.07 020 0.32 0.30 0.26 0.19 0.20
1234789-HpCDF 0.001° 0.001°
OCDF 0.06 0.27 0.14 0.17 0.16
PCB77
PCBBI
PCBI26 279 240 368 536 4.03
PCB169 343 2.76 581 3.50 252
PCB105 0.08 0.10 0.16 0.32 0.10
PCBI114
PCBI118 0.60 0.25 0.84 1.17 0.66
PCB123
PCB156
PCB157
PCBI167
PCB189

* Concentralion was set as half of the detection limit.

Table 4

The sources of dioxin concentration in breast milk and tissues, terms of nursing and infant age used for simulation and validation

Datz pumber® Target tissue for validation Data source for milk Data source for Term of Sampling age of
tissves and feces breast-feeding infant (week)
(week)
Al Blood Abrsham (1998) Abraham (1998) 26 49
A2 29 48
A3 30 50
A4 32 52
AS 30 5t
B! Liver Beck (1994b} Beck {19%94a) 21 39
B2 Fat 2 39
Cl Liver Beck (1994b) Kreuzer (1997) 6 44
2 19 19
C3 Fat 6 44
C4 19 19
Dl Fecal excretion Komer (1993) Komer (1993) 3 3
jorl 8 8
El Fecal excretion Abraham (1994) Abraham (1994} 20 20
E2 20 20

" The data numbers cosresponds to the numbers in Toble 3.
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body burden. The merit of body burden is its convenience,
since it can be calculated using a one-compartment model
and the half-life of the dioxin. The demerit of body burden is
that jt is too simple an indicator and not sufficient to charac-
terize the dose-response relationship in a target organ, and
furthermore body burden cannot fully analyze route-to-route
extrapolation. For example, the concentration of dioxin in
rat liver is higher than the concentration based on Jipid con-
tent, when the administered dose is high enough to induce
dioxin-binding proteins in the liver (Abraham et al., 1988),
Thus, body burden is rather an ambiguous indicator of in-
ternal level. Some researchers are still skeptical and request
addijtional explanation of the use of body burder for inter-
species scaling (US EPA, 2001). In addition, the method of
calculating body burden is not uniform among researchers,
and it is not clear whether body burden is calculated with a
one-compartment model or calculated from measured con-
centration in blood or fat,

In this study, we selected liver concentration as a dose
metric for interspecies extrapolation between animal and hu-
man. This assumption is based on the concept that the same
concentration at the target organ brings the same adverse
effect both for animal tissue and human tissve. For quanti-
tative risk assessment, dose-response data at specific target
organs is required, but these data are not available at present.
Instead, we used the liver concentrations found at LOAEL
(lowest-observed adverse effect level) associated with can-
cer (Kociba et al., 1978; Teeguarden et al., 1999; Tritscher
et al., 1992) and reproductive toxicity (Faqi et al., 1998; Gray
et al., 1995, 1997; Ohsako et al,, 2001). Only liver concen-
trations were available as the common exposure marker in
these reports. The liver concentration is often measured in
animals and human and the mechanism of the cancer promo-
tion activity of dioxins is well studied in the liver (Tritscher
et al., 1992).

The relative risk of dioxin uptake for Japanese infants
was calculated by comparing the simulated dioxin concen-
tration in the infant liver to the measured concentration data
in rat liver that showed abnormalities in previous reports
(Table 5). The reason why we selected these four picces
of literature for toxicity data was that the liver concentra-
tions were available in the same application dose conditions.
Kociba's study is on cancer effect, Teeguarden’s study is on
cancer promotion activity, and the others are on non-cancer
effects. Kirman et al. characterized the dose—response rela-
tionship for brain cancer risk by acrylonitrile at the target
organ, and the brain concentrations were estimated with a
PBPK model and application dose in the literature. In this
study, intended to improve risk assessment, we used tem-
poral concentration at a target organ, Area vnder the con-
centration curve {AUC) is often used to assess cancer risk,
however, we simply calculate risk as the ratio of measured
concentration in animal tissue and estimated concentration
in human tissue, because of lack of supporting information
about the relationship between cancer formation and the du-
ration of exposure 10 dioxin,

Tuble 5

2,3,7.8-TCDD doses with which toxic responses were observed in rois
2,3,7,8-TCDD in
liver {pg/g)

Kociba (1978) Alleration in porphyrin -~ 5100

metabolisim, squanous
carcinoma,
hepatocelivlar
carcinorna (rat)

Teeguarden (1999)  Promotion of hepatic 1670%
foci in & DEN-treated

rat's liver.
Fagi (1998) Reduced spenn 75 (matemat, GD2))
number {raf) 240 (feral, weaning)
Gray (1997) Reproductive toxicity 368" {maternal), 6.2%

to male ofspring (rat) (fetul}

® Liver concentralion was oblaired from Tritscher's report (1992),
b iver concentrations were measured by Hurst ot al, {2000) nfter
dosage of the same amount of dioxin.

In this study, for the sum of toxic equivalencies (TEQs) of
29 kinds of dioxin congensrs, we use two kinds of different
TEQs based on different toxicity equivalent factors (TEFs).
WHO-TEQ is calculated using WHO-TEF (Van den Berg
et al., 1998). H4IIE-TEQ is calculated using H4IIE-TEF,
which is based on an ethoxyresorufin-O-deethylase (EROD)
acrivity assay using the HAIIE rat hepatoma cell line (Giesy
et al, 1997). EROD activity is considered to be parallel
to many toxic effects by dioxin-like compounds. Although
WHO-TEF is well recognized to express the total toxicity
of dioxin congeners, we did not use it, since WHO-TEF is
based on administered dose and does not even dislinguish
the difference in half-lives between rodents and humans.
WHO- and H41IE-TEF values are listed in Table 6.

3. Results
3.1, Dioxin uptake for infont and child

The uptakes of dioxin by infants and males, as calculated
in the WHO-TEQ basis, arc shown in Fig. 3B and C, respec-
tively. Uptake increased from age 1-20 years but decreased
with age when calculated per kilogram-body weight basis
(data not shown). Maximura uptake by a man of 1-20 years
of age was 4.4 pg TEQ/kg BW day.

The maximum amount of dioxin uptake from breast milk
was 960pg TEQ/day in the 4th week. This amount was
equivalent to 212 pg WHO-TEQ/kg BW day, which was ap-
proximately 80 times mors than the adult’s daily uptake
(2.54 pg TEQ/kg BW day). The maximum uptake from for-
mula milk was 88.2pg TEEQ/day, which is equivalent to
19.4 pg TEQ/kg BW day and approximately 8 times more
than the uptake for adults. The uptake from baby food staried
from 6.74 pg TEQ/day (1.03 pg TEQ/kg BW day) on the
16th week and continuously increased 1o 40.9 pg TEQ/day
on the 48th week (3.76 pg TEQ/kg BW day) as shown in
Fig. 3B. Dioxin uptake from breast milk decreased after
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Table 6

Toxic equivalent factors (TEQ) based on CYPIAI induction using rat
hepaioma cell-line (H4IIE-TEF) (Gicsy et al., 1997) and WHO-TEF {Van
den Berg ct al, 1998)

H4IIE-TEF WHO-TEF
2378-TCDD 1.0 1.0
12378-PeCDD 4.2 x 107! 1.0
123478-HeCDD 8.3 x 1072 1.0 x 10°7
123678-HeCDD 24 x 10~ 1.0 x 1077
123789-HeCDD 34 x 107t 1.0 x 107!
1234678-HpCDD 23 x 10?7 10 x 1072
oCDD 54 x 107 1.0 x t0~4
2378-TCDF 20 x 197! 1.0 x 10!
12378-PeCDF 20 x 10°! 50 x 1072
23478-PeCDF 2.8 x 16~! 5.0 x 107!
123478-HeCDF 2.0 x 1072 1.0 % 107!
123678-HeCDF 6.0 x 107! 1.0 x 1071
123789-HeCDF 2.0 x 10°! 1.0 x 107!
23678-HeCDF 30 xi0”! 1.0 x 107!
1234678-MpCDF 3.0 x 107! 1.0 x 1072
1234789-HpCDF 20 x 1072 10 x 1072
OCDF 0 1.0 x 1o~
PCB 77 19 x 10-% 1.0 x 10™*
PCB 81 1.8 x 1073 1.0 x 104
PCB 126 22 x 1072 1.0 x 10~}
PCB 169 47 x 1074 1.0 x 1072
PCBIOS 12 x 1o-* 1.0 x 10~*
PCBIl4 3.5 x 107 50 x 104
PCB!18 1.0 x 1077 1.0 x 10-*
PCBI23 8.0 x 10°% 1.0 x 107
PCBI156 9.0 x 10~® 50 x 1074
PCBI1S7 55 x 1073 5.0 x 1074
PCB167 1.5 x 10°% 10 x 1074
PCBI189 . 10 x 1073 1.0 x 10-4

reaching a peak at the 4~5th week (Fig. 3A), because of
the decrease in both of the amount of milk ingested and
the dioxin conceniration in breast milk. On the 48th week,
the infznt's body weight was approximately 10.8 kg, and the
tota] dioxin uptake for the breast- and formula-fed infants
were 21.8 and 7.7 pg TEQ/ kg BW day, respectively.
Among the 29 dioxin congeners tested, the dominant
contributors to dioxin uptake (pg TEQ/day) for breast-fed
infants were 2,3,7,8-TCDD (5.78%), 1,2,3,7,8-PeCDD
(24.5%), 1,2,3,6,2,8-HxCDD (9.4%), 2.3,4,7.8-PeCDF
(17.6%), PCB126 (25.5%) and PCB118 {4.6%) (data not
shown). Most of these dioxins were also dominant contrib-
utors to dioxin uptake for adults (Maruyama et al., 2002).

3.2. Simulation of vissue concentrations

Tissue concentrations were simulated for 29 dioxin con-
geners, and examples of 2,3,7,8-TCDD are shown in Fig. 4.
The patterns of change in concentrations were similar among
congeners, and the concentrations varied between lissues
(data not shown). The concentration of 2,3,7,8-TCDD in the
liver, kidney, blood and richly perfused tissue peaked on
the 14th, 15th, 12th and 13th week, respectively (Fig. 44,
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Fig. 4. Simulated concentrations (pg WHO-TEQ/g) of 2,3,7,8-TCDD in
breast-fed (solid line) and formula-fed (broken line) infant liver (A),
kidney (B), fat (C), blood (D), muscle {E) and richly perfused tissue (F).

B, E, F). The simulated concentrations increased contin-
wously in fat and muscle both for breast and formula-fed
infants (Fig. 4C and D). In breast-fed infants, the maxi-
mum concentrations of 2,3,7,8-TCDD in tissues (pg/g) were
1.4 (liver), 1.8 (kidney), 1.6 (fat), 0.6 (blood), 2.2 (mus-
cle) and 2.5 (richly). The corresponding concentrations in
formula-fed infants were 0.1 (liver), 0.12 (kidney), 0,15 (fat),
0.04 (blood), 0.21 (muscle) and 0.17 {richly). The average
tissue concentrations of 2,3,7,8-TCDD (pg/g) in a breast-fed
infant in a year were 1.0 (liver), 1.3 (kidney), 1.1 (fat), 0.43
(blood), 1.5 (muscle), and 1.7 (richly). These results sug-
gest that the time-dependent change in concentration is quite
different among different tissues, and it is important to es-
timate dioxin concentration in the target organ in the risk
assessment process.

3.3. Model validation

Dioxin concentrations in infant liver and blood were sim-
ulated using our model and the set of milk concentration
data from publications (Table 3}, Data source and simulation
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Table 7
Simulated (Sim} and measured (Mes) concentrations in infant blood

Al A2 Al Ad AS

Sim Mes Sin Mes Sim Mes Sim Mes Sim Mes
2378-TCDD 0.08 0.02 0.07 0.01 0.07 0.02 0.10 0.02 0.06 0.0l
12378-PeCDD 0.20 Q.05 017 0.01 0.22 0.06 0.24 0.03 017 0.03
123478-HeCDD 0.26 0.04 0.25 0.01 0.29 G.06 0.37 0.00 0.26 0.04
123678-HeCDD 0.71 0.19 0.56 - Q.05 0.68 0.21 0.68 0.10 0.57 0.15
123789-HeCDD 0.09 0.03 0.08 0.01 0.13 0.05 0.11 0.02 (193] 0.05
1234678-HpCDD 0.53 0.11 0.49 013 0.62 0.26 IN N 0.08 0.93 0.16
oCDD 2.82 0.67 259 1.04 4.75 1.06 4.66 045 6.27 1.94
2378-TCDF
12378-PeCDF
23478-PeCDF 03] 0.10 0.26 0.03 0.26 0.14 0.35 0.04 0.24 0.08
123478-HeCDF 023 0.04 0.23 0.02 0.24 0.05 0.31 0.04 0.23 0.04
123678-HeCDF 0.14 0.04 013 0.01 0.14 0.04 0.16 0.02 0.14 0.04
123789-HeCDF
234678-HeCDF 0.27 0.02 0.28 0.0 0.28 0.02 0.35 0.01 0.2¢ 0.0t
1234678-HpCDF 0.43 (.06 0.65 0.04 0.41 0.04 0.37 0.02 0.50 0.10
1234785-HpCDF
OCDF
PCB77
PCBEI1
PCBI126 4.82 129 464 0.21 7.02 1.68 10.6 0.51 7.64 0.64
PCB169 6.00 1.22 540 0.06 1ns 0.67 7.44 0.40 510 0.34
PCB105
PCBI14
PCBI18
PCBI23
PCB156
PCBI157
PCB167
PCB189

Measured concentration data are from American Infants (Abraham et al., 1998).

conditions such as nursing term and point of sampling are
listed in Table 4. The uptake of dioxin from baby food was
based on Japanese babies and variations in food consump-
tion behavior of babies in other countries were not included.
Simulated concentrations were compared to the measured
concentration data listed in Table 4.

Simulated and measured blood concentrations in Amer-
jcan Infants are listed in Table 7. In most of the con-
geners, simulated concentrations are 2-10 times larger
than corresponding measured concentrations, except
2,3,4,6,7,8-HeCDF, 1,2,3,4,6,7,8-HpCDF, PCB126 and
PCB169. In simulating adult tissue concentration, our
model tends to overestimate 2,3,4,6,7,8-HeCDF concen-
tration, and sometimes overestimate 1,2,3,4,6,7,8-HpCDF
concentration, too. The overestimations for PCB126 and
PCB169 are probably because these congeners are found
in high concentration in Japanese fish and the uptake level
from baby food was too high for American jnfants.

Simulated and measured concentrations in liver and fat
are listed in Tables § and 9. In Table 8, simulated concen-
trations were within the range of measured concentrations
in liver and fat, except that 4 simulated congeners in liver

were overestimated. In Table 9, 90% of the ratios of simu-
lated/measured concentrations were 0.]1-10. From these re-
sults, our simulation data seems to show good agreement
with the data in the literature.

The amounts of dioxin in infant feces are eajculated
as “Cliver X Viver x K", and simulated and measured
amounts in feces are listed in Table 10. The purpose of this
simulation is to see whether the elimination route we set
in our model can reasonably explain the actual elimination
of dioxin in humans. A similar method for elimination via
biliary excretion was also vsed in a previous model and val-
idated in the literature (Kreuzer et al., 1957), In Table 10,
we severely overestimated some data for 8 congeners
(2,3,7,8-TCDD, 1,2,3,7,8-Pe(CDD, 1,2,3,4,7,8-PeCDD and
1,2,3,6,7,8-HeCDD), but most of the ratios between sim-
ulated and measured amounts are within the range 0.1-10
suggesting good agreement. From these results, our as-
sumption of elimination route seems acceptable, although
it might only work under the condition of the present leve]
being low-dose and slow-elimination, and it might cause
severe underestimation in an accidental high exposure. This
assumption was similar to that by Kreuzer et al,, and they
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Table 8
Simutated (Sim) and measured (Mes) concentrations in infant Jiver (B}) and fat (B2)

B1 (liver) B2 (fa1)

Sim Mes Sim Mes

Avr Min Max Avr Min Max

2373-TCDD 0.29 0.1l 0.03 0.30 0.37 1.01 017 335
12378-PeCDD 6.22 0.34 0.07 091 7.26 3.89 034 12.0
123478-HeCDD 6.67 043 0.08 111 7.19 2.52 0.26 791
123678-HeCDD 275 1.24 0.20 3.51 30 12.2 1.81 318
123789-HeCDD .76 0.39 0.09 1.04 2.56 2.93 0.69 8.17
1234678-HpCDD 18.3 7.4% 1.30 257 178 154 439 49.0
oCDD 108 79.4 244 190 99.1 91.9 370 203
2378-TCDF 1.57 011 0.07 0.20 1.78 1.00 043 267
12378-PeCDF 0.53 010 0.07 0.13 0.56 0.43 0.43 043
23478-PeCDF 10.5 1.47 0.21 533 1.9 744 1.38 28.4
123478-HeCDF 430 1.76 0.3 6.96 4.39 3 0.86 10.3
123678-HeCDF 4.18 1.96 0.19 5.53 4.93 2.38 0.60 8.00
123789-HeCDF
234678-HeCDF 1.51 0.38 0.07 0.98 2.32 0.92 0.26 258
1234678-HpCDF 442 324 0.26 11.0 513 4.47 0.86 103
1234789-HpCDF
OCDF 1.00 0.59 0.29 0.98 1.03 0.51 0.43 1.03

Measured data are from German infant tissues {Beck et ol., 1994), Average (avr), minimum (min} and maximum (max) values were calculated by the

authors based on the concentrations in the literature.

also validated their model by comparing simulated concen-
trations in liver, fat and feces to the comresponding tissue
concentrations in previous reports (Kreuzer et al., 1997). We
used the same assumption in an adult model and the model
was validated using adult Liver concentration (Maruyama
Zet al., 2003). However, it is advantageous to validate it in
an infant model, since the contribution of the background
Tevel in the liver is sufficiently low to be neglected in
infants.

3.4. Effect of breastfeeding on the tissue concentrations in
young people

To investigate the effect of breast milk on the tissue
concentration in children, we simulated the time-course of
dioxin concentrations for males of 1-20 years of age. Differ-
ent model parameters were used for children, as described
in Section 2. The calculated final concentrations in infant
tissues were wsed as the initial concentrations in 1-year-old

Table 9
Simulated (Sim) and mcasured (Mes) concentrations in infant liver (C1, €2) and fat {C3, C4)

Cl c2 C3 c4

Sim Mes Sim Mes Sim Mes Sim Mes
2378-TCDD 0.10 0.04 0.23 0.36 1.60 011 3.2 0.28
12378-PeCDD 0.53 0.31 0.76 7.86 6.16 182 9.04 554
{23478-HeCDD 0.58 0.52 0.7 8.24 4.40 1.87 7.60 554
123678-HeCDD 1.82 1.29 0.29 359 24.9 713 449 237
123789-HeCDD 0.38 0.28 0.84 3.07 3.36 (.76 108 1.2l
1234678-HpCDD 123 1.60 7.20 207 14.1 5.08 61.6 131
OCDD 64.7 10.7 40.7 121 60.1 28.5 202 73.2
2378-TCDF 0.06 0.20 0.13 193 0.44 0.49 1.44 1.38
12378-PeCDF 0.07 0.08 0.05 0.62 0.70 017 0.48 0.42
23478.PeCDF ERE! 0.42 1.66 14.1 12.8 274 14.6 9.44
123478-HeCDF 404 0.39 088 5.10 4.24 120 6.00 3.28
123678-HeCDF 490 0.31 0.56 5.72 328 115 5.44 4.00
123789-HeCDF 0.0} 0.04 0.06 0.00 0.04 0.04 g.10 0.00
234678-HeCDF 113 0.36 0.25 1.69 1.28 - 0.8] 1.92 1.67
1234678-HpCDF 5.28 0.81 0.98 5.60 3.84 1.47 7.84 408
1234789-HpCDF 0.4) 0.13 0.14 0.02 0.04 007 023 0.00
OCDF 1.00 047 0.70 1.10 1.12 046 1.76 0.74

Measured data ure from German infant tissues (Kreuzer et al., 1997).
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Tabie 10
Simulated (Sim) and measured (Mes) smounts excreted (pg/day) in infant feces

DI D2 E) E2

Sim Mes Sim Mes Sim Mes Sim Mes
2378-TCDD 6.18 0.63 9.40 1.34 5.63 1.18 3.2 1.64
12378-PeCDD 26.6 1.47 27.6 270 137 7.28 129 5.58
123478-HeCDD 23.7 1.85 .2 7.07 7.78 4.06 7.65 3.45
123678-HeCDD 65.6 574 134 15.0 471 337 46.7 29.5
123789-HeCDD 16.1 2,99 14.1 7.90 247 6.79 259 617
1234678-HpCDD 399 13.4 137 88.2 260 6.3 26.9 11¢
oCcpD 135 130 456 746 125 118 130 984
2378-TCDF 2.96 1.37 17.0 352 386 1.61 4,12 1.37
12378-PeCDF 0.48 0.34 246 0.56 L 0.67 1.72 0,73
23478-PcCDF 9.95 1.39 65,4 6.85 376 15.2 355 119
123478-HeCDF 12.0 0.62 158 545 9.61 1.14 9.53 8.70
123678-HeCDF 119 1.16 249 4,70 106 .91 1.7 671
123789-HeCDF 0.10 0.12 041 0.75
234678-HeCDF . 6.23 1.20 7.62 4.04 747 2.1% 7.22 221
1234678-HpCDF 149 4.14 38.9 8.27 238 46.6 24.3 36,1
1234789-HpCDF 0.03 0.13 1.35 0.93
OCDF 18.5 259 179 273

Measured data are from German (Komer et al., 1993) (D! and D2) and American (Abraham et al., 1994} (E1 and E2) infants,

children’s tissues. Simulated liver, fat and blood concen-
trations of breast-fed and formula-fed children’s tissues
were compared to the concentration range in corresponding
adult tissues (Fig. 5). The high concentration that resulted
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Fig. 5. Simuolated liver (A), fat (B) and bincd (C) concentrations for a
man of 0-20 ycars of age. Solid lincs are concentrations of breast-fed
infant, and broken lines are those of formula-fed infant. Bars with 1 circle
are the ranges of meosured concentration in Japanese adults. The circle
indicates the mean concentration,

from breast milk decreased rapidly after milk ingestion was
stopped. The difference in concentration between bireast-fed
and formula-fed infants disappeared in 5~10 years in all tis-
sues except fat. This is partly due 1o the decrease in dioxin
uptake and the dilution of tissue concentration because of
gaining of weight, Simulated concentration in the infant
liver had a temporal high level at age 1 and this level was
the same level as the maximum of the adult liver concenira-
tion range (Fig. 5A). The simulated concentration in infant
fat was lower than the measured concentration in adult fat
(Fig. 5B), while simulated infant blood concentration was
more than 10 times higher than adult blood concentration
(Fig. 5C). From these results, the ratios between adult and

. infant tissue concentrations are variable depending on each
tissue. About the liver concentration, the level in infant liver
secms to be in the range of that in adult liver, suggesting
that the toxic effect to infant may not be severer than that
to adult.

3.5. Risk analysis of human infant

Kirman et al. (2000) proposed an improved method for
cancer dose response characterization. Their approach is
more sophisticated than the historical cancer slope fac-
tors used by the US EPA, since the method of Kirman
is based on a mechanistic approach and the PBPK niodel
is applied for route-to-route extrapolation. They showed
that the pooled bioassay data could be uiilized to obtain
a dose-response model along with a PBPK model and
applied their method to characterize the dose—response of
acrylonitrile on brain tumors. Ayotte et al. simulated con-
centrations of 2,3,7,8-TCDD, PCB77, 126 and 169 in liver
and fat in human infant, using a three-compartment model
established by Carrier et al. (19952,b), and compared simu-
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lated liver concentration in 2 human infant to the measured
liver concentration in a rat carrying liver cancer as reported
in Kociba's study.

Aiming at a similar approach, we tried to estimate dioxin
concentration in the target organ using a heman PBPK
model. In this study, we focused on the infant liver, since
concentration data are usually available for blood, fat and
Jiver in the literature, and the relationship between dioxin
exposure and the formation of hepatic foci in liver is stud-
ied from the mechanistic point of view (Pitot et al., 1930;
Portier et al., 1996; Tritscher et al,, 1992). Although the
liver concentration may not be appropriate dosimetry for
non-cancer risk such as immune toxicity and developmen-
tal toxicity, we used the liver concentration to non-cancer
assessment.

To analyze the relative risk of dioxins in breast-fed in-
fants, we compared simulated liver concentrations in human
infants and adults with the concentrations that were associ-
ated with toxicity in rats (Table 5). Relative risk values were
calculated as the ratios of liver concentrations between rat
and human.

Simulated maximuom, minimum and mean concentra-
tions for a breast-fed infant were 16.8, 0.95 and 11.5pg
HAIE-TEQ/g tissue, respectively. The maximum, minimum
and mean concentrations for a formula-fed infant were
3.51, 0.18 and 2.89pg HAITE-TEQ/g tissue, respectively.
In Kociba's repont, Jiver concentration of 2,3,7,8-TCDD
in a rat with liver cancer was 24,000pg/g (= 24,000pg
H41IE-TEQ/g), and liver concentration in a rat with liver
lesions (related to liver cancer) was 5100pg/g (= 5100pg
HAIE-TEQ/g). Therefore, we selected 5100 pg/g as a
LOAEL for liver cancer, and the relative risk to breast-fed
and formula-fed infants were approximately 1/300 and
1/1460, respectively. Teeguarden et al. (1999) reported
cancer promotion activity of 2,3,7,8-TCDD in diethylnj-
trosoamine (DEN)-treated rat. In their report, formation of
altered hepatic foci increased at dose 10ng/kg BW day,
biweekly intraperitoneal administration after partial hepate-
ctomy. According to Tritscher’s study (1992) liver concen-
tration after biweekly oral administration at dose 10,7 ng/kg
BW day was 1.67 ng/g tissue. From these data, the LOAEL
of liver concentration for cancer promotion activity is
1670 pgfg, although the routes of dioxin administration to
rats arc different in Teeguarden's and Tritscher’s studies.
Relative risks for cancer promotion from this concentration
were 1/100 and 1/480 for breast- and formula fed infants,
respectively.

About non-cancer risks, there are fewer concentration
data sufficient for risk assessment. Faqi et al. reported a re-
duction in sperm number in pups whose mother received
25 ng/kgBW of initial dose and 5 ng/kgBW of weekly main-
tenance dose (Faqi et al., 1998), and they suggested liver
concentrations in maternal (75 pg/g) and offspring (240 ng/g)
liver. Gray et al. reported that | ug/kgBW of TCDD ad-
ministration at gestational day 15 (GD15) caused reduction
of fertility in the next generation (Gray et al., 1995) and

50ng/kgBW of TCDD administration at GD15 caused de-
layed eye opening and reduction of sperm number in the
next generation (Gray et al., 1997). Hurst measured matemal
and fetal liver concentrations after the same TCDD admin-
istration to a pregnant rat as in Gray's study (Hurst et al.,
2000), and the maternal and fetal liver concentrations were
368 and 6.2 pg/g. respectively.

The relative risks of reproductive toxicity calculated from
maternal liver concentration in Faqi’s study were 1/5 and
1721 for breast- and formula fed infants, respectively, and the
risks calculated using Gray's data were approximately 1/22
and 1/105 for breast- and formula fed infant, respectively.
According to these results, the internal leve! for human infant
may be close to the level in rat associated to reproductive
risk.

Although it seems inappropriate to compare the concen-
tration in human infant to the concentration in adult rat, there
is no other concentration data available for better reference.
Gray’s and Ohsako'’s studies should be referred in assess-
ing reproductive toxicity, since the present TD1 of dioxin is
based on the dose in their reports. When the simulated liver
concentration in human aged 17-20 (1.0 pg H41IE-TEQ/g)
is referred to the maternal concentration in Gray's study,
the relative risk is reduced to 1/368. This is considerably
low and seems inconsistent with the ratios between TDI
(4pg TEQkgBW day) and the present uptake level (2pg
TEQ/kg BW day), There is no other report on toxicity ver-
sus internal concentration in rat infant. To determine the risk
level quantitatively, critical age, target tissue and the tissue
concentration are required both for animals and humans.

4, Discussion

Some researchers have estimated the internal concentra-
tion in a human infant using mathematical models. Most
of those models are one to three compartment models, and
the obtained results are body burden or the concentrations
in fat and liver. An advantage of our model] is that seven
compartments are taken into account and detailed concen-
tration changes in various target tissues are available. For
example, the previous models did not estimate concentra-
tion in brain or reproductive organs, although we need 1o
consider these tissue as the target organs for neurotoxicity
and reproductive toxicity. We set richly perfused tissue as a
substitute for Jung, brain and spleen, and this concentration
can be substituted for the concentration in reproductive or-
gans, since measured concentrations in the human brain are
similar to those in the human ovary and testis (Environment
Agency, 2000). A demerit of our model is that it might not
estimate liver concentration fully after accidental high expo-
sure, because our model lacks a component for induction of
binding protein in the liver. If sufficient information about
the concentrations of CYPLA1 and CYPIA2 in the human
liver is available, this parameter can be introduced in our
model,
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We have presented only simulation patterns of 2,3,7,8-
TCDD in our figures, but concentrations of all 29 dioxin con-
geners were studied and their time-dependent patierns were
similar to those observed in 2,3,7,8-TCDD concentration
(data not shown). Our simulated pattern of time-dependent
change in tissue concentration is similar to the patterns ob-
served in infant body burden and tissue concentration in
previous reports (Ayotte et al., 1996; Kreuzer et al., 1997;
Lakind et a)., 2000). Ayotte et al, simulated liver and fat
concentration of 2,3,7,8-TCDD, and their simulated concen-
tration in liver in the WHO-TEQ basis had a peak at age
1 and decreased to the lowest leve] at age 10. According
to our resuits, decrease in concentration to the basa) level
was obscrved at an early age (age five), and this is proba-
bly because of a difference in method of calculation from
that in the model used by Ayotte et al. Using their estima-
tion, Ayotte et al. compared the simulated liver concentra-
tion to the measured concentrations in rat Jiver in Kociba's
study for cancer risk assessment. A similar risk assessment
method using tissue concentration was proposed by Kirman
et a. (2000), and Kirman characterized the dose-response
relationship of acrylonitrile on brain tumors.

In the risk assessment, no-observed adverse cffect level
{NOAEL) is generally used to set tolerable daily intake
(TDI) or the margin of exposure (MOE). Safety factor (usu-
ally 3-10) is also taken into account, and the risk is calcu-
lated by present exposure times safety factor divided by TDI.
This assessment result means that how far the present ex-
posure is from NOAEL and safe, In the case of dioxins, the
present level may not be sufficiently safe especially for the
next generation according to the NOAEL obtained from an-
imal stodies (Gray et al., 1995; Ohsako et al., 2001). There-
fore it may not be practical to calculate a margin of “safety”
vsing NOAEL. We are trying to calculate the probability of
suffering a toxic effect nsing the LOAEL found in the liter-
ature, The probability of toxicity indicates how dangerous
the present level is. Its merit is that we can know and char-
acterize risk potential and prepare for a probable toxic effect
in the future. It can also suggest quantitative information to
risk management using risk/benefit and cost/benefit analy-
sis, since this kind of information can be usaful to calculate
the social cost.

The schematic view of risk characterization is shown in
Fig. 6. For quantitative risk assessment, accurate interspecies
extrapolation and route-to-route extrapoiation should be per-
formed based on the concentration at the target organ (Tissue
A). Route-to-route extrapolation and interspecies extrapo-
lation are often required, since avaijlable bioassay data are
not usually vniform in their route and term of exposure or
dose level. For this purpose, the PBPK model is most ap-
propriate to estimate concentrations not only in Tissue A
but other tissues for pool or elimination of the compound
{tissue B, C, etc.). Dose-response characterization should
be analyzed at the target organm, and unit risk or excess
risk can be calculated using the benchmark dose method

(Crump, 1995).
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Fig. 6. Schematic dingram of guantitative risk assessment of dioxin to
bumans. Tissue A indicates the target organ in which dose versus toxic
response should be considered based on a mechanistic model. Tissues
B and C are non-target but impo:tant tissues to consider ADME. Shad-
owed areas (tissoe A) are rat and human livers in this study, ROUTE-1
is interspecies extrapolation based on the administered dose of dioxin,
ROUTE-2 is interspecies extrapolation based on tissue dose, which is
measured or estimated with the PEPK model. ROUTE-3 is the method
used for calculating unit risk or sfope factor.

Historically, in risk assessment for humans, unit risk (unit
dose versus excess risk) was obtained from epidemiology
data and risk (probability of adverse effect) is calculated by
multiplying unit risk and exposure {dose) leve). The demerit
of using epidemiclogy data is that too many unknown fac-
tors are included in the data and they cannot be separable
from the effect of the target chemical. If the interspecies ex-
trapolation method is reliable and dose-response data at the
target organ is available, bioassay-based assessment is more
accurate for predicting health risks to humans, In ROUTE-]
(Fig. 6), uncertainty is apparently larger than in ROUTE-2,
since interspecies differences such as half-life and tissue vol-
umes are not taken into account. The US EFPA calculated the
cancer slope factor for dioxin using body burden of exper-
imental animals and benchmark dose (BMD) in their final
report (US EPA, 2000). This is an intermediate method be-
tween ROUTE-1 and RQUTE-2, since body burden is 2 kind
of tissue dose approved by EPA. We tried to improve the
EPA’s method, by introducing tissue dose estimaled with
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our PBPK model in this study, although our results are stil}
not sufficient for quantitative risk assessment.

Risk assessment for infant and child has been tried by
several researchers using epidemiology data. For example,
Rogan et al. (1991} analyzed the cancer risk of infants and
found no clear differences between breast- and formula-fed
infants. Pluim et al. (1994) reported a difference in infant
plasma aminotransferase levels. Nagayama et al. (1998)
reported different thyroid hormone levels in Japanese
breast-fed infants, although their results seem unclear.
Hoover (1999) assessed the health risk to infants using an
exposure analysis of organochlorines that included dioxins
and PCBs. Despite these studies, differences in health sta-
tus between breast-fed and formula-fed infants are still not
clear, probably because the present contamination level is
not severe enough to make a distinct difference between
exposed and unexposed groups in an epidemiology study.
Bicassay-based risk assessment is more sensitive for detect-
ing a subtle adverse effect, but the absence of appropriate
methodologies for interspecies extrapolation is a critical
point at present.

Our model can be applied 10 assessing quantitative health
risks to humans, but information about the toxicity of dioxin
to humans is still limited in quantity, especially on infants
and children. For example, the cumulative exposure of a
chemical is taken into account on cancer risk and the area
under the concentration curve (AUC) is used as dosimetry,
while AUC is not used in non-cancer assessment. In the case
of dioxins, the relationships are not known guantitatively be-
tween effect and dose, AUC and tissue concentration. In or-
der 10 assess health risk quantitatively, we need information
concerning (1) the amount of chemical at the target tissue,
{2) time of exposure and (3) doses that cause toxicity.

Nevertheless, our PBPK model distingnished different
temporal patterns of dioxin concentration among tissues,
which other previous studies did not. The transient high con-
centrations in liver, kidney, and richly perfused tissue on the
12th-24th weeks may be associated with adverse effects.
For example, immunoglobulin (Ig) G decreases rapidly af-
ter birth and is at the lowest level around 3 months of age
(the 12th week) (McClelland et al., 1978; Ogawa et al,
2000). Dioxin concentrations reach their peak at this time
in many tissues (Fig. 4A, B, E, and F). Ig A, which pro-
tects the newborn from bacterial infections, is supplied from
the maternal body during nursing. We noticed a possible ef-
fect on immune function in breast-fed infants, because the
peak dioxin concentration in infant tissue coincided with de-
creased immunoglobulins (Fig. 4) (McClelland et al., 1978;
Ogawa et al., 2000). Several researchers have reported rcla-
tionships between TCDD exposure and virus infection (Yang
et al,, 1994), nematode infection (Luebke et al., 1994) and
decrease in immunoglobulin producing cells (House et al.,
1990) in mice. Weisglas-Kuperus et al. (2000) found that the
number of lymphocytes and T-cells, lower antibody levels
to mumps, and occurrence of measles were associated to the
level of prenatal exposure of PCB. We did not assess risk

to immune function in this study; however, we believe that
more attention should be given to the physical conditions of
infants, since their immune and metabolic systems may not
be sufficient compared 1o those of adults.
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