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ABSTRACT. Pharmacology and toxicology share a
common interest in pharmacokinetic data, especially as it
is available in pediatric populations. These data have
been critical to the clinical pharmacologist for many
years in designing age-specific dosing regimens. Now
they are being used increasingly by toxicologists to un-
derstand the ontogeny of physiologic parameters that
may affect the metabolism and clearance of environmen-
tal toxicants. This article reviews a wide range of physi-
ologic and metabolic factors that are present in utero and
in early postnatal life and that can affect the internal dose
of an absorbed chemical and its metabolites. It also pre-
sents a child/adult pharmacokinetic database that in-
cludes data for 45 therapeutic drugs organized into spe-
cific children’s age groupings and clearance pathways.
Analysis of these data suggests that substantial child/
adult differences in metabolism and clearance are likely
for a variety of drugs and environmental chemicals in the
early postnatal period. These results are also relevant to
in utero exposures, where metabolic systems are even
more immature, but exposures are greatly modified by
the maternal system and placental metabolism. The im-
plications of these child/adult differences for assessing
children’s risks from environmental toxicants is dis-
cussed with special focus on physiologically based phar-
macokinetic modeling strategies that could simulate chil-
dren’s abilities to metabolize and eliminate chemicals at
various developmental stages. Pediatrics 2004;113:973—
983; children, metabolism, pharmacokinetics, risk assess-
ment.
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CYP, cytochrome P-450; ADR, adverse drug reaction; Vd, volume
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trointestinal.
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similarly concerned with human responses to

xenobiotics, but there is typically little cross-
over between these 2 endeavors. As outlined in Fig 1,
whereas the starting point in both cases can be the
same (eg, a child), the problem addressed and ulti-
mate goals are different. However, pharmacokinetics
(PK) offer a linkage in which the principles regarding
children’s absorption, distribution, metabolism, and
excretion of drugs can be applied to an area where
there is typically very little information, the PK han-
dling of environmental toxicants (toxicokinetics
[TK]) in children. This critical data gap arises because
controlled TK studies are not feasible in children: the
intentional exposure of children or pregnant women
to toxicants that have no potential benefit, even at
low environmental exposure levels, is not ethically
acceptable.

In contrast, clinical pediatric drug trials are well
accepted for the attainment of PK data and thus
provide a data resource for understanding the
ontogeny of physiologic/metabolic parameters. This
understanding is possible because many drugs are
metabolized and cleared by 1 or 2 predominant path-
ways and so can be used as indicators of PK pathway
function.! Drugs are imperfect surrogates for envi-
ronmental toxicants in terms of chemical structure,
types of biological activity, and size of doses used in
clinical trials. However, because environmental tox-
icants and therapeutic drugs can have the same met-
abolic pathway, the PK developmental profile ob-
served in drug trials is of relevance to toxicology and
risk assessment.

This article summarizes our efforts to better un-
derstand children’s PK through the development of a
comparative child/adult PK database that encom-
passes 45 therapeutic drugs.?? By combining this in
vivo information with in vitro information from liver
bank studies on relative protein amounts for key
metabolizing enzymes (eg, cytochrome P-450s
[CYPs]), -8 it is possible to draw conclusions about
clearance pathway function at various stages of de-
velopment, from in utero through adolescence. This
information has applicability to children’s risk as-
sessment and also as an aid to pediatric drug therapy
in terms of understanding how to adjust dosages and
the potential for adverse drug reactions (ADRs) and
drug-drug or drug-environment chemical interac-
tions. In addition, the PK of the placental-fetal unit
can affect in utero exposure to toxicants, and this
may contribute to unique sensitivity during this pe-
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riod.>?:1% The excretion of chemicals into breast milk
is another pharmacokinetic factor that affects early
life exposure and risks, in the realm of both thera-
peutics and environmental toxicants.!12

IN UTERO/CHILD/ADULT PK DIFFERENCES:
GENERAL OBSERVATIONS

The fetal and early postnatal periods differ from
more mature stages of development in a number of
ways that can affect chemical clearance, half-life, vol-
ume of distribution (Vd), and ultimately plasma or
tissue concentration. An overview of these factors in
children as compared with adults is presented in
Table 1. These differences include basic physiologic
properties such as lipid and water composition, or-
gan weights, and blood flows, as well as functional
deficits as a result of the immaturity of hepatic and
renal systems. The largest differences generally occur
in premature and full-term neonates with a progres-

TABLE 1.

!

Health Risk

sive shift toward adult values during the first
months to years of life.

Physiologic Factors

Neonates and infants have different percentages of
body content of water and lipid than older children
and adults.!3!* At birth, there is a greater percentage
of body water and less body lipid. This can increase
the volume of distribution of water-soluble chemi-
cals because of expanded water volume but may also
decrease the partitioning and thus retention of lipid-
soluble chemicals. Limited biomonitoring data for
tetrachlorodibenzo-p-dioxin and dioxin-like mole-
cules in the first year of life tends to support this
supposition as infants had lower body stores of these
lipophilic toxicants than would be expected on the
basis of the amount that they were receiving in breast
milk.1>16 However, another factor, faster biliary ex-
cretion, may have accounted for this finding as in-

Overview of Children’s Developmental Features That Can Affect TK

Developmental Feature

Relevant Age Period

TK Implications

Body composition: lower lipid
content, greater water content
Larger liver weight/body weight

Birth through 3 mo

ratios in first 2 y

Immature enzyme function: phase
I reactions, phase II reactions

Larger brain weight/body weight;
greater blood flow to CNS;
higher BBB permeability

Immature renal function Birth through 2 mo

Limited serum protein binding
capacity

Birth through 3 mo

Birth through 6 y but largest
Birth through 1 y but largest
differences in first 2 mo

Birth through 6 y but largest
differences in first 2 y

Less partitioning and retention of lipid-soluble chemicals;
larger Vd for water-soluble chemicals

Greater opportunity for hepatic extraction and metabolic
clearance; however, also greater potential for activation
to toxic metabolites

Slower metabolic clearance of many drugs and
environmental chemicals; less metabolic activation but
also less removal of activated metabolites

Greater CNS exposure, particularly for water soluble
chemicals which are normally impeded by BBB

Slower elimination of renally cleared chemicals and their
metabolites

Potential for greater amount of free toxicant and more
extensive distribution for chemicals which are nomally
highly bound

CNS indicates central nervous system; BBB, blood-brain barrier.
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fants are known to more readily excrete lipids and,
by inference, compounds that partition into circulat-
ing lipids.'® The combination of less storage and
more rapid biliary excretion of lipophilic toxicants
may partially offset the greater dose (per body
weight) that infants can receive via breast milk.

Body lipid rises steadily after birth for the first 9
months of life but then decreases steadily until pre-
adolescence, which marks a second period of increas-
ing body lipid.>'3 These changes in body composi-
tion can also modulate chemical storage, half-life,
and Vd. Tissue distribution of chemicals can also be
affected by differences in organ size across age
groups. Liver mass per body weight is higher in
infants than in adults,!” and tissues such as liver,
kidney, and lung undergo rapid growth during the
first 2 years.!® In contrast, reproductive tissues are
generally small per body weight during this period.
The brain is disproportionately large in young chil-
dren. This factor combined with the immaturity of
the blood-brain barrier leads to a significant addi-
tional volume for chemical partitioning,'® thus in-
creasing Vd. Immaturity of the blood-brain barrier
and less plasma protein-binding capacity (see below)
may also lead to higher brain concentrations and
potential for neurotoxic effects with certain xenobi-
otics.20

Another factor that can affect the distribution of
chemicals is the binding capacity of plasma proteins.
A large number of drugs and certain environmental
chemicals (eg, organic acids, such as trichloroacetic
acid)?! are strongly bound to plasma proteins such
that there is very little free drug or chemical in the
circulation. Because only free drug can cross the
placenta, be excreted by the kidney, enter the central
nervous system, or be taken up by the liver, exten-
sive protein binding will tend to delay elimination
processes that can occur at these sites; it also limits
the amount of chemical that is free at any time to
exert a toxic effect. Furthermore, extensive protein
binding creates the possibility for a drug-chemical
or chemical-chemical interaction in which 2 agents
compete for the same plasma protein-binding sites.
Neonates have low protein-binding levels, with re-
gard to both albumin and a-1-glycoprotein.'322 This
combined with the fact that neonates have immature
capability to conjugate and excrete bilirubin, an im-
portant endogenous molecule that binds extensively
to plasma proteins, may lead to a considerably
smaller number of available protein-binding sites in
plasma.

Immaturity of Renal and Hepatic Systems

Regarding renal clearance, both glomerular filtra-
tion rate and transporter (secretory) systems in the
proximal convoluted tubule are deficient at birth.!314
In part, renal clearance is impeded by the relatively
low percentage of cardiac output reaching this organ
in the first weeks to months of life. These factors lead
to relatively slow clearance of a wide array of anti-
biotics and other renally cleared chemicals. Another
factor of particular importance to the perinatal pe-
riod is that certain chemicals can dramatically curtail
renal function at this time. This has been observed

with angiotensin-converting enzyme inhibitors,
which reduce or eliminate urinary flow, resulting in
oligohydramnios in utero and no urine output in the
newborn.2324

One might expect metabolic clearance of xenobiot-
ics to be faster in children because, per body weight,
smaller organisms generally have greater respiratory
rates, cardiac output, nutrient and oxygen demands,
and metabolic rates compared with larger spe-
cies.?526 This seems to be true of children as well
because their respiratory rate, cardiac output, and
liver mass are greater per body weight than
adults.17-1927 However, faster metabolic rates are
generally not realized in neonates because of the
functional immaturity of a variety of metabolic sys-
tems.?8 The immaturity of hepatic enzymes in neo-
nates has been evidenced as prolonged drug half-life,
reduced hepatic clearance, and in select cases a shift
in the percentage of formation of various metabo-
lites.1422.28 Ag discussed further in the next section,
this has been seen across a variety of therapeutic
drugs and metabolizing pathways, including phase I
oxidative systems (various CYPs, flavin monooxy-
genases), phase II conjugating systems (glucuronida-
tion, N-acetyltransferases), and miscellaneous other
systems (eg, alcohol dehydrogenase, serum ester-
ases, epoxide hydrolase).>”2=31 This suggests that
PK immaturity in the perinatal period is a general-
ized phenomenon that can modulate the metabolism
and clearance of numerous environmental toxicants.
This could affect the removal of both parent com-
pound and metabolites and alter the degree to which
chemicals are converted to toxic metabolites. At later
ages, when the immaturity of hepatic systems has
been overcome, it is possible for children’s metabo-
lism and clearance of xenobiotics to supersede that in
adults.?”

Placental and Fetal Factors

Many of the PK differences described above for
neonates are true and even more dramatically so for
the fetus. For example, fetal content of lipid and
water, plasma protein binding, integrity of the blood-
brain barrier, and hepatic and renal clearance sys-
tems are progressively more immature at earlier
stages of fetal development.®810 These factors are
ameliorated to a great degree by the maternal sys-
tem, which bears the major responsibility for chem-
ical metabolism and clearance. Furthermore, the pla-
centa exhibits an increasing metabolic capacity
during development as a wide variety of phase I
oxidative (eg, CYPs in the 1A, 2C, and 3A families;
alcohol dehydrogenase) and phase II conjugating
(eg, glutathione transferases) enzymes have been
identified in placental tissues.”32-35 The maternal
and placental systems thus decrease the amount of
chemical that reaches the fetus, although metabolites
formed in the placental or fetal compartments might
reach higher local concentration than in the maternal
system.

Other factors can affect the propensity for chemi-
cals or their metabolites to reach higher concentra-
tion in the fetal compartment. For example, the find-
ings of higher concentrations of weak acids (eg,
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valproic acid, glycolic acid after ethylene glycol ex-
posure, methoxyacetic acid) in the fetus as compared
with maternal circulation may be related to a slightly
higher pH in the fetus with greater ion trapping in
that compartment.36-39 The generally greater concen-
trations of mercury in cord blood as compared with
maternal blood in various populations*'-42 is also
suggestive of heightened fetal exposure and sensitiv-
ity as a result of pharmacokinetic factors. However,
these prenatal factors are expected to be at work as
well in the rodent test systems used to screen drugs
and environmental toxicants for developmental ef-
fects. Thus, one might assume that as long as a
chemical has been evaluated in well-conducted ro-
dent developmental studies, there should be no sur-
prises, at least from a pharmacokinetic perspective,
when the chemical is used in pregnant women. How-
ever, this overlooks the uncertainties of relating an-
imal dose-response data to humans; it is possible
that the ontogeny of metabolic and other factors
differs in the rodent placenta/fetus as compared
with that in humans. In fact, it seems that full-term
human newborns are more mature than their rodent
counterparts with respect to liver metabolism.204344
This suggests that the human fetus may also be more
metabolically competent than the rodent fetus, lead-
ing to cross-species differences in in situ metabolic
activation or detoxification in the fetal compartment.
Such differences have not been sufficiently studied to
enable estimates of how much more or less internal
dose of toxicant a human fetus may receive com-
pared with the rodent fetus.

ADRs Related to Immature Metabolism in Early Life

The immaturities in metabolic function can affect
perinatal susceptibility to ADRs as demonstrated in
the well-documented case of chloramphenicol toxic-
ity (anemia) as a result of immature glucuronidation
capacity in neonates.*>4¢ This deficiency is critical for
chloramphenicol as its primary route of elimination
is via conjugation with glucuronide. The immaturity
of epoxide hydrolase (EH) in neonates also has im-
plications for ADRs and environmental risk. Fetal
and neonatal levels of EH seem to be below adult
levels as indicated by in vitro determinations of he-
patic protein levels3! and by the ratio of carbamaz-
epine-epoxide (CBZ-E) to CBZ in blood.*”48 Because
EH is the primary means for removal of CBZ-E,
reports of higher CBZ-E/CBZ ratios in children sug-
gest lower EH activity. Phenytoin toxicity and ter-
atogenicity seem to be related to an oxidative metab-
olite that requires EH for detoxification with 1 study
linking fetal EH deficiency with increased risk for
phenytoin’s teratogenic effects,* as originally pro-
posed by Spielberg et al,° in the mouse. Thus, the
deficiency of EH that extends into the postnatal pe-
riod may also predispose neonates to toxicity from
epoxides.

Valproic acid is also a case in which young chil-
dren seem to be more susceptible to ADRs on the
basis of pharmacokinetic mechanisms. This antiepi-
leptic drug induces hepatotoxicity most frequently in
young children (<2 years of age) who are on multi-
drug therapy.>!52 Although the mechanism for in-

creased sensitivity in children is still under investi-
gation, it seems to be related to the formation of a
particular oxidative metabolite (4-ene valproic acid)
that can then undergo additional bioactivation.354
This step seems to be mediated via CYPs 2A6 and
2C9.55 Although this reaction can occur in older chil-
dren and adults, the generally higher activity of CYP
metabolism per body weight in the 6-month to 2-year
age group suggests that PK factors can contribute to
this sensitivity. It may also be possible that CYP
inducibility in young children from antiepileptic
multidrug therapy is greater than in other age
groups.

These examples demonstrate that toxicologists
need to take the developmental profile of PK func-
tion into consideration when evaluating children’s
risks to environmental toxicants. The following sec-
tion explores further this aspect of children’s suscep-
tibility.

CHILD/ADULT PK DIFFERENCES: OBSERVATIONS
FROM THE THERAPEUTIC DRUG LITERATURE

We have developed a comparative child/adult da-
tabase across 45 drugs involving a wide array of
clearance mechanisms and children’s age groups.2 A
similar data set involving 36 drugs has been devel-
oped by others?”5¢ with essentially similar results.
The age groupings used to organize our data set
(Table 2) attempt to capture the rapid physiologic
and metabolic changes that occur in the first weeks to
months of life while also considering the amount of
data available for each period; ie, it would not be
useful for comparison purposes to have an age cat-
egory that contains few data. Of course, individuals
within any age group are at slightly different devel-
opmental stages. These interindividual differences
are evaluated in a variability analysis of this data
set.? For each PK study, information was compiled
into a central database on drug half-life (t'%), clear-
ance, Vd, peak concentration in plasma, and area
under the plasma X time concentration curve. The
greatest amount of data were available for tV2 (147
data groups involving 41 chemicals and 2090 sub-
jects), and so this summary focuses on across-age
comparisons with this endpoint. Clearance results
were generally consistent with the t2 data, although
in the opposite direction (eg, where children’s drug
tl2 was prolonged, the corresponding clearance rate

TABLE 2. Data Available for Different Age Groups in the
Children’s PK Database

Age Group Data Metab/Elim  No. of
Groups  Types*  Chemicals
Premature neonates (=1 wk) 15 5 7
Full-term neonates (=1 wk) 37 9 19
Newborns 1 wk-2 mo 52 7 14
Early infants 2-6 mo 22 6 7
Crawlers/toddlers (6 mo-2 y) 35 7 14
Preadolescents (2-12 y) 75 8 26
Adolescents (12-18 y) 12 5 7
Adults 118 11 42
Total 366 11 45

* Column lists the number of different metabolism or elimination
pathways for which data are available within each age group.
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was low). The metabolism and elimination pathways
represented in the database include various CYPs as
follows: CYP1A2 (2 drug substrates), CYP2C (1 sub-
strate), CYP3A (8 substrates), and multiple/miscel-
laneous CYPs (6 substrates). The database also
includes drug substrates for the glucuronidation
pathway (6 substrates) and renal clearance (8 sub-
strates).

Figure 2 summarizes the t2 results across the en-
tire database. The 2- to 4-fold longer t'2 in neonates
relative to adults reflects immaturity across a broad
range of clearance pathways, with this deficit not in
evidence by 2 to 6 months of age and a tendency for
shorter drug t'2 at older ages (6 months to 2 years).
This pattern is seen as well for CYP3A substrates (Fig
3), which is despite the fact that neonates have rela-
tively high levels of a fetal form of CYP3A,
CYP3A7.457 The data in Fig 3 suggest that this fetal
CYP is not very active at metabolizing the drug
substrates in our database as the child/adult t¥ ra-
tios are highest in early life and decrease along a time
frame consistent with the onset of CYP3A4 activity.>”
Results for CYP1A2 as indicated by 2 drug sub-
strates, caffeine and theophylline, are shown in Fig 4.
In this case, the neonate/adult t2 differential is
larger, but like the other pathways, a rapid recovery
toward and even surpassing of adult levels is seen.
The results for other CYPs and for glucuronidation
and renal elimination are consistent with the trends
shown in the previous figures. This suggests a gen-
eralized functional immaturity in PK systems in ne-
onates through 2 months of age, which lengthens t'2
by an average of 2- to 4-fold (higher in the case of
1A2). The onset of these systems can lead to more
rapid clearance (shorter t'2) relative to adults by 6
months to 1 year of age, with this continuing for
several years.

These findings are consistent with in vitro evi-
dence of the emergence of metabolizing systems in
postnatal liver bank samples.*5%® A wide variety of
CYPs have been found to be deficient in microsomes
from fetal and neonatal tissues, with some CYPs
barely detectable at birth (eg, CYPs 1A2, 2El),
whereas others are at levels that are 3- to 10-fold
below older children and adults (eg, CYPs 2C19,
2D6, 3A4).57:59-62 The CYP2E1 protein content of
microsomes increases rapidly during the first weeks
of life, but this and the other CYPs studied are still
below adult levels of expression through 6 months
with a gradual increase toward adult levels by 1 year
of age. The rate of development of CYP1A2 protein
levels is somewhat slower than that seen for other
CYPs. It is important to note that whereas CYP pro-
tein levels are still deficient through 6 months of age,
the in vivo data (Figs 2-4) suggest attainment and
perhaps even surpassing of adult clearance rates via
CYPs by this age. At this time, the larger liver mass
per body weight that is known to exist in young
children!” seems to compensate for the residual de-
ficiencies in CYP levels. Overall, the in vitro CYP
protein expression results provide support for the
ontologic profile of xenobiotic metabolism shown in
Figs 2 to 4 on the basis of in vivo t¥2 data.

IMPLICATIONS OF CHILD/ADULT PK
DIFFERENCES FOR ENVIRONMENTAL RISK
ASSESSMENT

Modeling Approaches for Incorporating PK Differences
Into Children’s Risk Assessments

A critical step in the risk assessment process for
children is relating the dose response for toxicity
from animal or epidemiology (typically adult
worker) studies to children. This can be done with

k%
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ADULTS 1.0

0.00
lwk-2mo

Fullterm

Premature

neonate neonate

2-6mo 6mo -2yr 2-12yr 12-18yr

*p<0.0001

Fig 2. Analysis of children’s pharmacokinetic database: half-life results for full dataset—40 substrates. Reprinted from Ginsberg et al

(2002) with permission from Oxford University Press.

SUPPLEMENT 977

Downloaded from by guest on January 2, 2017



12.00

wk
10.00

adults

4.00
Hk

Children's t, relative to

2.00

1.0(adults)

0.00

. T

Full term Twk- 2mo

neonate

Premature
neonate

2-6mo  6mo-2yr 2-12yr 12-18yr

49<0.1, #p<0.05

Fig 3. Analysis of children’s pharmacokinetic database: half-life results for CYP3A substrates (alfentanil, carbamazepine, fentanyl,
lignocaine, midazolam, nifedipine, quinidine, triazolam). Reprinted from Ginsberg et al (2002) with permission from Oxford University

Press.
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Fig 4. Analysis of children’s pharmacokinetic database: half-life results for CYP1A2 substrates (caffeine and theophylline). Reprinted
from Ginsberg et al (2002) with permission from Oxford University Press.

the aid of physiologically based toxicokinetic (PBTK)
modeling, which simulates blood and tissue concen-
trations of parent chemical and metabolites.®3¢* This
is accomplished by organizing the body into com-
partments that allow for partitioning of chemical
from blood into tissues and that model the various
clearance processes (metabolism, excretion) to occur
within specified compartments. In this way, the
physiologic characteristics and metabolic function of
a particular species or age group can be used to
predict internal dose. The relationship between in-
ternal dose and toxic response seen in animal toxi-
cology studies then can be compared with the range
of internal doses possible from children’s environ-
mental exposures with the assistance of a working
PBTK model in children.

These modeling adjustments to children’s internal
dose require knowledge throughout development of
the various physiologic and metabolic differences
between children and adults. This information can be
obtained from the pediatric pharmacokinetic data-

base exemplified in Figs 2 to 4 combined with other
types of data as described above. Although several
modeling efforts have provided screening-level esti-
mates of children’s internal dosimetry to environ-
mental toxicants,®>-¢7 the lack of toxicant exposure
data in children has precluded calibration or valida-
tion of such models. Furthermore, these approaches
will not capture the variability in TK handling of
xenobiotics that can be expected to occur across a
range of children in any particular age group and
across different chemicals. For example, child/adult
t/2 differences are considerably larger for caffeine
(15-fold) than for the closely related xanthine theoph-
ylline (3-fold) in the first months of life.2%¢ This
indicates that risk assessments can obtain misleading
information by relying on generalized models of ear-
ly-life TK function and need to be tailored to specific
pathways and chemicals to the extent possible. To
this end, it will be advantageous to develop chil-
dren’s models that are based on actual child and
adult PK data for therapeutic drugs, thus providing
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a point of calibration for specific pathways of rele-
vance to toxicants. This approach has recently been
used to model child/adult differences in the metab-
olism of caffeine and theophylline.®®

A notable exception to the lack of model calibra-
tion data in children is with respect to lead. There is
considerable blood lead data in children in commu-
nities where the degree of exposure from water, soil,
food, and air has also been estimated. US Environ-
mental Protection Agency’s Integrated Exposure/
Uptake Biokinetic Model for lead has capitalized on
these data sets to yield a fairly well calibrated and
predictive risk assessment tool for this toxicant.®

Physiologic models describing in utero exposure
have also been developed. These models have de-
scribed the disposition of a number of chemicals in
pregnant rodents and their fetuses, as well as the
lactating rat and nursing pup.”® Luecke et al”! and
Welsch et al”? adapted such models to human preg-
nancy to forecast potential teratogenic events.
O’Flaherty et al”® developed PBPK models that ac-
curately predicted time courses of lead in the blood
and its deposition in bone. These models incorpo-
rated age-dependent changes in body weight, tissue
volumes, blood flows, and bone formation and re-
sorption rates.

Child-Specific Adjustment Factors to Modify Estimates
of Exposure and Risk

Children’s risk assessments may also use less
quantitative approaches to address TK differences
across species and age groups, such as modification
of the traditional uncertainty factors used in risk
assessment or the application of child-specific uncer-
tainty or adjustment factors.”* The pediatric PK da-
tabase described in this article can also be used in
these applications to describe more generally chem-
ical throughput across various pathways in compar-
ison with adults. This qualitative assessment can de-
termine whether levels of parent compound or key
metabolites are likely to be affected by age of expo-
sure and the direction of such differences. Table 3
provides a summary of the in vivo and in vitro data
pertinent to pediatric PK function in terms of general
trends and how they may affect internal dose and
risk in children. The following highlights how these
factors can be taken into consideration when assess-
ing children’s risks to environmental toxicants.

Regarding gastrointestinal (GI) absorption, young
children may have severalfold greater uptake of tox-
icants as exemplified by lead, inorganic mercury,
and other metals.!*7578 This differential seems to be
related to greater pinocytic activity of intestinal epi-
thelium before closure of the GI tract.!® The possibil-
ity of higher GI uptake of ingested chemicals early in
life should be evaluated within the context of the
chemical’s behavior in the gut. If it is generally well
absorbed in rodents and adult humans by the oral
route (eg, small organic molecules), then any in-
crease in absorption during early-life stages may not
create a large difference in uptake (eg, methyl mer-
cury”®). However, for chemicals that are poorly ab-
sorbed in adults (eg, inorganic mercury, lead, other

metals), increased uptake in children may be an im-
portant factor in the exposure and risk assessment.

Because full-term newborns have a well-devel-
oped stratum corneum, it is generally assumed that
the dermal permeability of full-term newborns and
older children is not materially different from in
adults.”” This has been shown in in vitro test systems
using skin from neonates and adults for several dif-
ferent drugs.”?-8 However, the skin of premature
neonates can be substantially more permeable than
that of full-term neonates as a result of immaturity of
the stratum corneum.”#* The data for human skin
from premature neonates indicate an inverse corre-
lation between permeability and gestational age. Per-
meability rates were 100 to 1000 times greater before
30 weeks’ gestation as compared with full-term ne-
onates, with a 3- to 4-fold greater permeation rate
seen beyond 32 weeks.81-85 In vivo studies suggest
that this increased dermal permeability in premature
infants is a short-lived phenomenon with the perme-
ability barrier of even the most premature neonates
similar to that of full-term neonates by 2 weeks of
postnatal life.83

Inhalation exposure can also be greatest in early
life, which in this case is attributable to the greater
respiratory volume per lung surface area.!®-8687 Pre-
liminary modeling efforts for young children suggest
that this differential can be larger when considering
local deposition.®8 This exposure dose differential for
particles and aerosols may be of particular conse-
quence to young children who are sensitive to respi-
ratory irritants and allergens as a result of asthma or
other conditions. Furthermore, in asthma, the
changes in breathing pattern and respiratory vol-
ume/resistance may create local exposure patterns
that are different from that in healthy children or
adults. Therefore, it is important to analyze respira-
tory deposition of particles and aerosols in children,
both healthy and those with asthma. This can be
aided by the development of regional deposited dose
ratio models, which take into account respiratory
physiology at different life stages as well as a distri-
bution of particle sizes.®

Table 3 also points out that immaturity of meta-
bolic and renal elimination in early life leads to the
potential for prolonged half-life and higher internal
exposures to parent compound. This may decrease
metabolite formation, which if metabolism is a toxi-
fication process, may lead to less active toxicant be-
ing formed. Therefore, it is important to know
whether the particular xenobiotic being assessed re-
quires metabolic activation and how clearance of
parent compound and activated metabolites is nor-
mally accomplished. Given the immaturity of a wide
array of metabolic systems in neonates, it is prudent
also to consider detoxification reactions (whether
phase I or phase II) as immature. Regarding phase II
reactions, this seems to be true for glucuronidation,
acetylation, certain glutathione transferases, and EH.
The combination of less activation via CYPs and also
less conjugation and renal elimination in early life
leads to the suggestion of no net change in metabo-
lite levels in this age group. This assumption should
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be replaced with specific data for a particular xeno-
biotic whenever available.

Substrates for the CYP3A family require special
consideration because the predominant adult form of
the enzyme is deficient in neonates (CYP3A4), but
the fetal form of the enzyme (CYP3A7?) is highly
active in utero and immediately after birth. Because
CYP3AY7 is capable of activating a number of procar-
cinogens,?0—%3 it is important to find out whether the
chemical under investigation can be activated by this
pathway. If this is a data gap but it is known that the
activation step can be performed by CYP3A4, then it
may be prudent to consider this step also to be active
during the perinatal period. This is because of the
overlapping substrate specificity between CYP3A4
and 3A7 that often occurs. Because high CYP3A7
activity in early life is present when there is also a
larger liver size per body weight and perhaps also
poorer detoxification capacity, one should carefully
consider the possibility of higher exposure to active
metabolites in utero and during the first month of life
for CYP3A family substrates.

At present, it is difficult to draw quantitative in-
ferences (eg, child-specific TK adjustment factors)
from the trends shown in Table 3 because the way in
which the various factors interact to modulate inter-
nal dose needs to be tested in children’s PBTK anal-
yses. However, the overview shown in Table 3 can be
helpful in constructing a qualitative assessment of
whether child/adult differences are possible for a
given chemical and what direction such differences
may take.

SUMMARY

In summary, the various in utero/neonatal/adult
TK differences make early-life stages a special con-
cern with respect to both the administration of drug
therapies and the assessment of environmental risk.
Older children may metabolize and clear xenobiotics
faster than adults, which may be protective in some
cases but can lead to greater formation of toxic me-
tabolites for other chemicals. Although much has
been learned from pediatric pharmacokinetic stud-
ies, development of modeling approaches specific to
the in utero and postnatal periods is needed to ex-
tend these findings and enable the prediction of
ADRs and environmental risks for these ages. The
general trends in the ontogeny of clearance systems
described in this article can be an aid to risk assessors
as they evaluate potential susceptibilities and the
need for additional data and refinements in analyz-
ing children’s risks.
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