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Physiologically based pharmacokinetic (PBPK) modeling can provide an effective way to utilize in vitro

and in silico based information in modern risk assessment for children and other potentially sensitive pop-

ulations. In this review, we describe the process of in vitro to in vivo extrapolation (IVIVE) to develop

PBPK models for a chemical in different ages in order to predict the target tissue exposure at the age of

concern in humans. We present our on-going studies on pyrethroids as a proof of concept to guide the

readers through the IVIVE steps using the metabolism data collected either from age-specific liver donors

or expressed enzymes in conjunction with enzyme ontogeny information to provide age-appropriate

metabolism parameters in the PBPK model in the rat and human, respectively. The approach we present

here is readily applicable to not just to other pyrethroids, but also to other environmental chemicals and

drugs. Establishment of an in vitro and in silico-based evaluation strategy in conjunction with relevant

exposure information in humans is of great importance in risk assessment for potentially vulnerable popu-

lations like early ages where the necessary information for decision making is limited.
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INTRODUCTION

A great deal of effort has been expended to promote the

use of in vitro and in silico approaches in chemical safety

assessment since the National Research Council (NRC)

report on Toxicity Testing in the 21st Century (1-3). The

emphasis in the NRC report is on developing mode-of-

action based testing strategies using modern biology tools

such as advanced cellular and molecular biology tech-

niques to identify key cellular toxicity pathways and the

molecular mechanisms by which chemicals perturb them, in

order to predict adverse outcomes in humans. In this regard,

application of the adverse outcome pathway (AOP) frame-

work to human safety assessment has gained significant

attention over the past few years. The AOP framework is

analogous to the mode-of-action framework, except that it

begins at a molecular initiating event, which is defined as

the interaction of a chemical with a specific molecular tar-

get (4). The rest of the AOP consists of chemical agnostic

response-response relationships. To apply this framework to

chemical safety assessment, an internal exposure in an

appropriate target tissue needs to be defined first in order to

provide the concentration-effect relationship of a chemical

for the key molecular initiating event. Then, the target tis-

sue exposure can be translated to human daily exposure for

conducting safety or risk assessment based on the AOP

framework. Physiologically based pharmacokinetic (PBPK)

modeling is an effective translation tool in this context for

extrapolating from the internal exposure at the target to the

equivalent exposure condition of interest, a process known

as reverse dosimetry (5,6). In addition, it provides a means

to address sensitive populations, including early age humans,

based on in vitro and in silico information.

PREDICTING THE AGE-SPECIFIC TARGET TISSUE 
EXPOSURE USING IN VITRO AND IN SILICO 

APPROACHES TO SUPPORT RISK ASSESSMENT

Rapidly changing physiology and biochemical processes

during development and growth are expected to affect chemi-

cal kinetics in the growing body (7). The resulting differ-

ences in target tissue exposure (pharmacokinetics) may lead

to age-associated sensitivity to chemical effects instead of

or in addition to the true difference in tissue sensitivity
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(pharmacodynamics) to the chemical exposure. Thus, age-

dependent changes in pharmacokinetics have to be taken

into account to properly evaluate a potential difference in

sensitivity to the effects of a chemical in different life stages.

Evaluating the impact of age-dependent pharmacokinetics

on chemical sensitivity in humans is, however, challenging

due to experimental and ethical reasons. Using animal stud-

ies to infer human early life sensitivity has several limita-

tions, mainly due to the well-known species differences in

physiological and biochemical changes during maturation,

especially metabolism. Both the types of metabolism

enzymes and their ontogeny patterns differ between species

(8). There are also other age-dependent physiological fac-

tors that affect the clearance of compounds during early life,

such as the blood flow to the liver, intestinal absorption,

renal clearance, etc. (9). Reliance on animal studies to infer

human infant and child sensitivity cannot account for these

factors.

Here we proposed an alternative approach to improve risk

assessment for early ages using PBPK modeling in conjunc-

tion with in vitro metabolism studies. The advantage of

using a physiologically based modeling approach is that it

provides a platform to incorporate and integrate diverse and

independent information on the key determinants of target

tissue exposure across life stages (Fig. 1). The parameters in

a PBPK model can be categorized into four types in gen-

eral: exposure, physiological, partitioning, and metabolism

(10). The exposure parameters are determined solely by the

characteristics of the exposures, such as route and rate. It is

important to incorporate age-appropriate exposure informa-

tion when predicting target tissue exposure in specific ages

of concern. This is provided through another type of model-

ing, namely exposure simulation modeling performed with

software platforms like the Cumulative and Aggregate Risk

Evaluation System (CARES) or the Stochastic Human Expo-

sure and Dose Simulation (SHEDS) model. The outputs

from the exposure model can be used as inputs in the PBPK

models (11,12). The physiological parameters are available

from the literature (13). Age-dependent changes in physiol-

ogy include increases in body weight, tissue weight, and tis-

sue blood flows. Several reviews are available for these

parameters in growing humans (9,14,15). These types of

parameters are not chemical-specific, and the values used in

the evaluation of an untested compound would be the same

as those used for well-characterized case compounds. Parti-

tioning and kinetic parameters, however, are chemical-spe-

cific and need to be estimated for untested compounds (10).

Age-dependent changes in biochemical processes include

metabolism, partitioning, and plasma protein binding (9).

Obtaining these parameters is the major challenge in devel-

oping PBPK models in human infants and children. In our

approach, in vitro studies are used to provide age-appropri-

ate metabolism parameters to a life stage PBPK modeling

platform. This approach has gained strong support for pre-

dicting in vivo metabolic clearance on the basis of in vitro

data using biologically based scaling processes (6,16). By

using age-appropriate exposure, physiological- and bio-

chemical parameter values, PBPK models are well equipped

to predict age-specific tissue internal exposure at the target

tissue.

USE OF IN VITRO METABOLISM DATA FOR EARLY 
LIFE PBPK MODEL DEVELOPMENT

With the recent advances and improvements in in vitro

assays, in vitro-derived metabolic constants have been

increasingly used in PBPK models through IVIVE (6). The

bottom-up approach, i.e., an in vitro data-based develop-

ment of PBPK models, has been widely accepted and has

become very popular for drug development in the pharma-

ceutical industry because of the growing availability of

generic PBPK modeling software, such as Simcyp, in the

past decade. Such models accept user-collected in vitro

metabolism data such as Vmax and Km or intrinsic clear-

ance values collected from subcellular fractions, primary

hepatocytes, or expressed enzymes etc. and predict not only

kinetics for a single drug, but also for drug-drug interac-

tions (17-19). The bottom-up PBPK modeling approach

actually started in environmental chemical risk assessment

even before the popularity of Simcyp and other generic

PBPK software for pharmaceutical compounds. It was

initially applied for volatile organic chemicals and then

later was extended to other chemicals including pesticides

(6,12,20-24). In general, the rationale for IVIVE is that the

capacity of metabolism (e.g., Vmax) can be related between

in vitro and in vivo by considering the total amount of

enzyme present in each system. The affinity of metabolism

(e.g., Km) can be related by considering free, i.e., avail-

able, substrate concentration for enzyme reaction in each

system (25). Therefore, in vitro-measured metabolic con-

stants can be ‘scaled up’ to respective metabolism parame-

ters in vivo in the PBPK model by relating enzyme content

in vitro, e.g., Vmax per mg protein in vitro, to that in vivo,
Fig. 1. Integrating the key determinants of early life dosimetry
using PBPK modeling.
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e.g., Vmax per g liver in vivo. There are several different in

vitro systems available for metabolism studies and biologi-

cal scaling factors (or steps) will vary depending on which

in vitro system is used (6).

One of the major application areas of the bottom-up

PBPK modeling approach is prediction of drug pharmaco-

kinetics in pediatrics, clearly showing the value of using an

in vitro-based approach to overcome data limitations in

early life stages. The performance of IVIVE-PBPK models

for eleven drugs showed that prediction of in vivo clear-

ance of drugs in neonates, infants and children is possible

based on in vitro data (26). This approach has shown its

applicability to early life PBPK modeling for environmen-

tal chemicals as well (12,22,27,28). The source-to-outcome

model of chlorpyrifos is a good example of an IVIVE-

PBPK model that is accepted by the US EPA (12,22). Price

and colleagues (12) demonstrated the ability of this IVIVE-

PBPK model to predict age-specific target tissue exposure

to chlorpyrifos and its active metabolite, chlorpyrifos oxon,

concentrations in the brain at age 3 in comparison to age 30.

Furthermore, this model allowed prediction of the associ-

ated pharmacodynamic responses under age-appropriate

exposure conditions for chlorpyrifos. A recent study on the

integration of dosimetry and population variability into

high-throughput screening assays for selected US EPA Tox-

Cast chemicals is another good example of IVIVE-PBPK

modeling applied to address potential sensitive populations

including early ages in risk assessment (28). In this study,

chemical specific adjustment factors (CASFs) for suscepti-

ble populations were estimated using the steady-state blood

concentration in each population estimated based on IVIVE.

The availability of in vivo human data for pediatric popula-

tions for environmental chemicals is necessarily limited due

to obvious ethical reasons. As described earlier, the data from

neonatal animals would not be an appropriate alternative

because of the well-known species differences in xenobiotic

metabolism and maturation characteristics (8). The IVIVE-

based parameterization is a promising alternative to obtain

biochemical parameters for early ages instead of conducting

in vivo studies using neonatal animals or collecting child data

for optimizing parameters, which has been the major obsta-

cle in expanding the utility of PBPK modeling to early age

risk assessment for environmental chemicals.

EARLY LIFE PBPK MODELING OF PYRETHROIDS - 
A CASE STUDY

A proof of concept study in rats. Although it is an

already accepted concept and has become a common prac-

tice in drug PBPK models for pediatrics (26,29,30), to vali-

date this approach for a specific class of environmental

chemicals, e.g., pyrethroids in this case, a case study has

been being conducted. First, a PBPK model for growing

rats for a pyrethroid is developed to show proof-of-con-

cept. Then the next step is to apply this method to develop

an age-specific PBPK model for the pyrethroid in humans

(Fig. 2). Deltamethrin was used as a case pyrethroid in our

study. It serves as a good example for this purpose consider-

ing the observed early life sensitivity to high doses of this

pyrethroid in rats (31). The increased lethality in neonatal

rats has been regarded to be due to immature metabolizing

enzymes resulting in higher target tissue concentrations of

deltamethrin in young rats than in adults (32,33). Pyre-

throids including deltamethrin are metabolized by several

cytochrome P450 (CYP) enzymes and carboxylesterase

(CES) enzymes in the liver both for humans and rats and by

carboxyesterases in the plasma only for rats (34,35). The

relative contribution between oxidative and hydrolytic

metabolism pathways varies depending on the pyrethroid

and substantial species differences also exist (34-37). In

addition, maturation profiles, or ontogeny of, CYP and CES

enzymes in humans are different compared to rats (8,38,39).

Given the experimental evidence, it is likely that the differ-

ential ontogeny of these enzymes is a key driver for the age-

related sensitivity observed in rats after the high dose of

deltamethrin (31).

PBPK models for growing rats have been refined for del-

tamethrin using in vitro metabolism data (40) based on the

previously published PBPK models for this pyrethroid

(41,42). In vitro metabolic constants collected from hepatic

microsomes (32) and cytosol (43) prepared from postnatal

day (PND) 10, 21, 40 and 90 rats were used for IVIVE of

oxidative metabolism of deltamethrin by CYPs and hydro-

lysis by CESs. Plasma samples were collected from these

rats and used to determine age-specific metabolic constants

for hydrolysis in plasma for this pyrethroid by CESs. The

current model therefore, describes the age-dependent changes

in deltamethrin metabolism as a function of developmental

changes in pyrethroid metabolism both by CYPs and CESs.

Other physiological and biochemical processes occurring

during development in rats were also included in this

refined PBPK model for deltamethrin. This model per-

formed satisfactorily in predicting in vivo kinetics of del-

tamethrin in a growing body of rats when we used in vitro-

Fig. 2. IVIVE-PBPK modeling to predict early life dosimetry.
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derived metabolism parameters in the model (40). Our results

show that the observed age-related sensitivity in rats is

indeed largely attributable to the limited metabolic capacity

in young rats, e.g., PND10 and PND21, when they were

treated with a high dose of deltamethrn (31). It should be

noted that this case study in rats is to demonstrate the valid-

ity of IVIVE methodology of using age-specific metabo-

lism data collected in vitro in estimating the total hepatic

metabolic clearance of this pyrethroid in vivo. The utility of

the model-estimated deltamethrin concentrations in brain or

plasma in rats is to compare to those from in vivo PK stud-

ies performed in rats, not to extrapolate those to respective

concentrations in humans.

Application of the IVIVE approach to humans. The

human PBPK model for deltamethrin in different ages is

currently under development using the IVIVE approach

evaluated in the rat described above (40). We present the

preliminary modeling results here to show the concept and

workflow, although the final form of the model may be

slightly different from the current version of the model. For

humans, a different in vitro system is selected for metabo-

lism. Instead of using subcellular fractions prepared from

age-specific liver donors, expressed enzymes are used to

provide metabolic constants for each age. Then the metabo-

lism profile can be reconstituted to represent the whole liver

across ages when combined with enzyme ontogeny data (6).

The approach used for rat model development was not

applicable for human model development, because age-spe-

cific pediatric liver samples would be required to obtain

subcellular fractions. The availability of such liver samples

is undoubtedly limited for humans. In addition, the quality

of those samples in terms of metabolic activity may not be

guaranteed. Even if a small number of pediatric liver sam-

ples were available, this method presents another issue, a

large variability among individuals in humans. This is espe-

cially an issue in metabolizing enzyme expression in early

ages (38) and cannot be adequately represented with a small

number of tissue donors, which would potentially lead to a

biased estimate of in vivo hepatic clearance. By using

expressed enzymes, it is possible to provide the intrinsic

metabolic capacity and affinity of each enzyme for a given

compound. The necessary information on human variabil-

ity in metabolism can be covered by population variability

in enzyme expression levels.

The ideal work flow is as follows. First, one determines

the metabolic constants for each of the CYP and CES

enzymes that are involved in metabolism of a given pyre-

throid. Then the intrinsic metabolic clearance (or Vmax and

Km) of each active enzyme is integrated in the PBPK

model to obtain a total intrinsic metabolic clearance for the

pyrethroid in the whole liver. During this IVIVE, the rela-

tive abundance of each enzyme in the liver is taken into

account. This approach has been demonstrated for several

drugs (26) and environmental chemicals (28). For prelimi-

nary simulations presented in our on-going study (40), the

average adult intrinsic clearance in vivo (Clint_in vivo) was

estimated using the data from subcellular fractions instead

of expressed enzymes (43). As the major contributor to del-

tamethrin metabolism in both microsomal and cytosolic

fractions in the liver is known to be CES-1 (39), the esti-

mated Clint_in vivo was determined as if it were estimated

from expressed CES-1 studies. Then the enzyme ontogeny

data for CES-1 was used to estimate the age-specific total

hepatic metabolic clearance in vivo for deltamethrin. CES-1

shows a rapid maturation in humans and reaches the adult

Fig. 3. Developing a human PBPK model for deltamethrin for different ages.
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level within 3 months after birth (44). Human growth physi-

ology (7) has been integrated along with these in vitro-esti-

mated age-appropriate metabolic constants as illustrated in

Fig. 3 into the PBPK model. Age-specific exposure levels

will be coherently integrated into the same PBPK modeling

platform in the future.

Given that our purpose is to demonstrate the IVIVE pro-

cess and show the expected outcomes of age-specific inter-

nal exposure at the target, we only used the average Clint_in vivo

for each age instead of simulating its distribution in a popu-

lation in the current preliminary modeling. In the PBPK

model, age-specific Clint_in vivo values are integrated with

other age-dependent parameters such as liver weight, hepatic

blood flow and additional IVIVE scaling factors (e.g., mic-

rosomal or cytosolic protein per g liver). For deltamethrin,

the intrinsic metabolic clearance of deltamethrin in the liver

in early ages was higher than that in adults (40). The result-

ing maximum brain concentrations (Cmax) after a single

exposure across ages showed a slight increase with age. In

contrast, the animal studies exhibited decreased metabolic

clearance and increased brain concentrations (40). This was

explained by efficient hydrolysis by CES-1 as well as its

early maturation in expression in the liver during human

development. The model predicted brain concentrations at

different ages can be used to compare internal exposures

among different ages and to compare in vitro or in vivo

neurotoxicity studies to support safety assessments for pyre-

throids for early ages.

CONCLUSION

The ultimate goal of the IVIVE-PBPK modeling pre-

sented here is to improve risk assessment for sensitive pop-

ulations. With the pyrethroid case study presented here, we

demonstrate the validity and utility of the PBPK models

parameterized with in vitro metabolism data in predicting

target tissue and plasma concentrations of a chemical in dif-

ferent ages of humans under various exposure conditions.

The ability to simulate realistic exposure condition is depen-

dent on the capability of PBPK models to connect to and use

the outputs from exposure models such as CARES and

SHEDS. The model-predicted target tissue or plasma concen-

trations or other dose-metrics can be used to develop chemi-

cal-specific adjustment factors for early age subpopulations

in risk and safety assessment. Ultimately, they can be used

to in conjunction with in vitro concentration-effect relation-

ships to inform margins of safety for a given chemical expo-

sure to support determining safe exposure guidelines in

potentially sensitive populations for environmental chemicals.
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