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Abstract

Currently, ethionamide is the most frequently prescribed second-line antituberculosis drug in children.After extensive metabolism by flavin-containing
monooxygenase (FMO) isoform 3 in the liver, the drug may exert cytotoxic effects. The comparison of children in different age groups revealed
a significant age-related increase in ethionamide elimination in vivo. However, to date, the exact mechanism underlying this dynamic increase in
ethionamide elimination has not been elucidated. We hypothesized that the age-dependent changes in ethionamide elimination were predominantly
a result of the progressive increases in the expression and metabolic capacity of FMO3 during childhood. To test this hypothesis, a full physiologically
based pharmacokinetic (PBPK) model of ethionamide was established and validated in adults through incorporation of comprehensive metabolism and
transporter profiles, then expanded to the pediatric population through integration of FMO3 maturational changes over time. Thus, a good prediction
PBPK model was validated successfully both in adults and children and applied to demonstrate the critical contribution of FMO3 in the mechanistic
elimination pathway of ethionamide. In addition, a significant correlation between clearance and age was observed in children by accounting for
ethionamide maturation, which could offer a mechanistic understanding of the age-associated changes in ethionamide elimination. In conclusion, this
study underlines the benefits of in vitro-in vivo extrapolation and a quantitative PBPK approach for the investigation of transporter-enzyme interplay
in ethionamide disposition and the demonstration of FMO3 ontogeny in children.
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Drug-resistant tuberculosis is a continuing threat to the
health of the world’s population. In 2016, the World
Health Organization reported there were 600,000 new
cases of resistance to rifampicin, of which 490,000 were
multidrug-resistant tuberculosis.1 As an oral second-
line drug, ethionamide is strongly recommended by
the World Health Organization for the treatment of
multidrug-resistant tuberculosis in both adults and
children.2 Owing to the global emergence and spread
of multidrug-resistant tuberculosis, ethionamide has
become increasingly used as a replacement ther-
apy for cases of isoniazid- and rifampicin-resistant
tuberculosis.3 A systematic review of children treated
for multidrug-resistant tuberculosis reported combina-
tion therapy success of 81.67%; ethionamide was a
part of the drug regimen in all the studies included.4

Ethionamide is a prodrug predominantly metabolized
by flavin-containing monooxygenases (FMOs), includ-
ing FMO2 and FMO3.5 It has minimal urinary excre-
tion (<1% of the administered parent drug dose)5–8

to form the active metabolite ethionamide sulfoxide,
which determines the therapeutic effect and the toxicity
of ethionamide. FMO2 is expressed predominantly in
human lungs as a truncated protein, whereas FMO3has
been proven to be the major form of FMO in the adult
human liver.5,9
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In adults, the absorption of ethionamide takes place
wholly within the gastrointestinal tract, and food has a
minor effect on this process. After absorption, ethion-
amide is distributed widely into body fluids and var-
ious tissues.10 In a pediatric-specific pharmacokinetic
(PK) study, significantly lower ethionamide exposure
(maximum observed plasma concentration [Cmax] and
area under the plasma drug concentration-time curve
[AUC]) was reported in tuberculosis-infected children
younger than 2 years when compared with older age
groups administered the same oral dose (mg/kg).11 This
finding may indicate a need for a higher dose in the
young age group. In addition, a significant correlation
between age and ethionamide elimination was reported
after 1 month of ethionamide therapy,11,12 which indi-
cated that age may be an additional covariate, along
with body weight, for determination of ethionamide
dose adjustment in pediatric indications. However, the
mechanistic cause of dynamic changes related to age
with ethionamide exposure is not well understood.11

Coupled with clinical findings, developmental changes
in the metabolic function of FMO3 during childhood
were indicated in in vivo phenotype tests, as well as
in vitro liver microsomal quantification.13–16 An addi-
tional mechanistic understanding of the fundamental
metabolic pathway and the effect of the maturational
process of FMO3 can assist in ethionamide dosing
decisions in children.

For an accurate prediction, an understanding of
the contribution of the interplay of drug trans-
porters and enzymes to overall absorption, distribution,
metabolism, and excretion based on mechanistic in
vitro-in vivo extrapolation techniques is required.17

Consequently, an additional in vitro metabolism exper-
iment using pooled human liver and lung microsomes
was conducted in this study for allometric scaling to
predict in vivo intrinsic clearance.18–20 Additionally,
our comprehensive in vitro transporter study of 22
antituberculosis drugs in cells overexpressing solute
carrier and adenosine triphosphate–binding cassette
transporters indicates that ethionamide is a highly
permeable drug with substrate affinity tomultiple efflux
transporters, including multidrug resistance protein
1/P-glycoprotein (MDR1/P-gp), multidrug resistance-
associated protein 1 (MRP1), andmultidrug resistance-
associated protein 2 (MRP2) (unpublished data).
Subsequently, the transport and metabolism kinetic
data were used to simulate the absorption, distribution,
metabolism, and excretion of ethionamide using phys-
iologically based pharmacokinetic (PBPK) modeling
and simulation.

We hypothesized that the causal mechanism for
change in ethionamide exposure with increasing age in
children was mostly FMO3 maturational changes over
time. To test the hypothesis, we conducted 1) an in vitro

metabolism experiment using pooled human liver and
lung microsomes and 2) established a PBPK model for
ethionamide by incorporating in vitro metabolism and
transporter profiles, verified it in adults, then expanded
the model for application in the pediatric population,
over the entire pediatric age range, through the inte-
gration of FMO3 maturational changes with time. The
final, well-established PBPK model was subsequently
applied to evaluate the effect of FMO3 ontogeny on
ethionamide elimination.

Materials and Methods
Ethionamide was purchased from Sigma-Aldrich
(Sigma-Aldrich Korea Ltd, Seoul, Republic of
Korea). Ethionamide sulfoxide was supplied by
Toronto Research Chemicals (Ontario, Canada). Other
reagents used in the present study were obtained
from commercial companies. Pooled human liver
microsomes (13 female donors and 17 male donors;
lot 28831) were provided by BD Biosciences (San
Jose, California). Pooled human lung microsomes
(2 female donors and 2 male donors; lot 1510341) were
purchased from Xenotech (Kansas City, Kansas).

Metabolism Studies Using Pooled Human Liver Micro
somes and Pooled Human Lung Microsomes
The final volume of the incubationmixture was 100μL.
Pooled human liver microsomes and pooled human
lung microsomes, both at a final protein concentration
of 0.1 mg/h/L, were incubated at 37°C with 100 mM
phosphate buffer (pH 7.4), nicotinamide adenine dinu-
cleotide phosphate-oxidase (1 mM), and ethionamide
for 30 minutes. Ethionamide concentrations 1, 5, 10,
50, 100, 250, and 500 μM were used for reaction. The
reactions were stopped by the addition of 100 μL ace-
tonitrile on ice, followed by centrifugation at 16,000× g
for 5 minutes. Finally, the supernatants were analyzed
by liquid chromatography tandem mass spectrometry
(LC-MS/MS).

Transport Study Using Stably Transfected Cell Lines.
Transport experiments were conducted in accordance
with our previously published method.21 Briefly,
porcine kidney-derived cell line (LLC-PK1)-P-gp,
Madin-Darby canine kidney II (MDCKII)-MRP1,
and MDCKII-MRP2 were seeded at a density of
2.5 × 105 cells per well in 24-well plates and cultured
for 5 days to reach sufficient confluency. The kinetic
parameters Km and Vmax were calculated using a
concentration-dependent bidirectional transport
assay for LLC-PK1-P-gp, MDCKII-MRP1, and
MDCKII-MRP2, as summarized in Table 2.

LC-MS/MS Analysis. The LC-MS/MS method for the
quantitation of ethionamide and ethionamide sulfoxide
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Figure 1. A proposed framework for the application of PBPK modeling. An ethionamide PBPK model in the pediatric population was constructed by
integration of multiple levels of in silico, in vitro, and in vivo data.

was performed in accordance with a previous report.22

Briefly, high-performance liquid chromatography was
performed on an Agilent 6410 Triple Quadrupole
LC/MS system (Agilent Technologies, Santa Clara,
California). The separation was performed on Xbridge
C18 column (150 × 2.1 mm, 3 μm; Waters, Milford,
Massachusetts). The mobile phase comprised (A) 100%
distilled water containing 0.1% formic acid and
(B) 100% acetonitrile containing 0.1% formic acid.
The mobile phase was eluted using an Agilent 1200
series pump (Agilent Technologies) at a flow rate of
0.25 mL/min, and 0.1 μL was injected. The mass
spectra of ethionamide and ethionamide sulfoxide
were recorded by electrospray ionization in positive
ion mode. The turbo ion spray interface was set at
5500V and 600°C.Multiple reactionmonitoringmodes
using specific precursor-to-product ion transitions were
performed for the quantification of ethionamide and its
metabolite. Ethionamide was detected at ion transitions
of m/z 167.1 → 107.0, whereas ethionamide sulfoxide
was detected at the transitions of m/z 183.1 → 107.0.
Rifabutin and linezolid were used as internal standards
for the detection of ethionamide and ethionamide
sulfoxide. The peak areas of all compounds were auto-
matically incorporated using MassHunter quantitative
analysis (version B.1.5.2; Agilent Technologies).

Modeling Strategy
In general, the comprehensive development process
of a PBPK model of ethionamide in the pediatric

population followed the guidelines of the US Food
and Drug Administration, as outlined in Figure 1.23,24

The modeling strategy was implemented as follows:
1) Ethionamide metabolism was determined by quan-
tification of the velocity of ethionamide sulfoxide for-
mation in the pooled human liver and lungmicrosomes.
2) The ethionamide PBPK model in the adult popula-
tion was developed by incorporating in vitro, in silico,
and in vivo data. 3) The developed model in adults was
validated through comparison with the available clini-
cal data. 4) The verified adult model was then expanded
for the prediction of ethionamide PK in children of 3
age categories (0 months-2 years; 2-6 years, 6-12 years).
In the pediatric PBPKmodel, we used the same physic-
ochemical properties of ethionamide and replaced age-
dependent protein abundance, metabolic kinetics of
FMO3, and age-associated anatomic and physiological
changes using a virtual pediatric population in a Simcyp
simulator (version 15 release 1, Certara, Sheffield, UK)
(Table 2). 5) Pediatric PBPK models were used for
further evaluation against observed clinical data in
children in the 3 corresponding age groups.

Development of Ethionamide PBPK Model in Adult and
Pediatric Populations
There are two default white adult population databases
in the Simcyp simulator population library. The first
database is the “Healthy North European Caucasian
Volunteers,” which was constructed based on de-
mographic information for 19- to 65-year-olds; the
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second is the “General North European Caucasian”
database of 18- to 95-year-olds. Virtual populations
were matched to the volunteers of the correspond-
ing observed study for demographic information (age,
height, weight, sex, and ethnicity). Thus, the first
database was chosen for the simulation of a 500-mg
single oral dose of ethionamide PK in adults aged
29-43 years and a female proportion of 0.075.25 The
second database was used to predict the ethionamide
exposure following a single dose of 250 mg in adults
aged 18-53 years and a female proportion of 0.5.10

FMO3 abundance in the liver was determined from
a literature analysis of 3 separate studies. Only data
from adult whites (older than 16 years) were selected.
Finally, a mean value of 59.3 pmol/mg human liver
microsomes with a 38% coefficient of variation (CV),
calculated from 3 studies,15,26,27 as listed in Table 1, was
incorporated into the virtual adult population.

The default virtual pediatric populations in the Sim-
cyp population-based simulator, with extensive libraries
on demographics and the developmental physiology
associated with FMO3 maturation, were used to create
the virtual duplicates of clinical studies for simulating
an ethionamide model in children. Microsomal FMO3
protein content from 240 liver samples representative of
children aged 8 weeks-18 years13 and 199 liver samples
representative of children aged 0-18 years15 previously
reported were used to estimate the weighted mean
value (CV%) of FMO3 for the following 3 age groups:
(1) 0-2 years: 7.9 pmol/mg (75.4%); (2) 2-6 years:
16.9 pmol/mg (58.2%); (3) 6-12 years: 22.1 pmol/mg
(49.6%). The calculation for the FMO3 abundance in
children is shown in Table 1.

Together with the mean value, FMO3 ontogeny
was fitted using a nonlinear regression formulation
(equation 2) in R software (R Foundation, Vienna,
Austria),28 as reported previously29:

F =
(
Adultmax − Fbirth

Agen50 + Agen

)
× Agen + Fbirth (1)

where Adultmax is themaximum average relative protein
abundance, Age is the age in years of the subject at
the time of sample collection, Age50 is the age in years
at which the half-maximum adult protein abundance
is obtained, F is the fractional protein abundance at
a given age, Fbirth is the fractional protein abundance
(of adult) at birth, and n is the exponential factor. The
values of Fbirth, Adultmax, Age50, and n were deter-
mined as 0.86, 25.95, 0.80, and 0.49, respectively, and
were integrated into the virtual pediatric population.

Although the functional metabolic capacity of
FMO3 was significantly decreased (–40%) in children
in the 0-2 years group, in the older age groups, the
catalytic efficiency was similar to adults.16 Therefore,

the intrinsic clearance (CLint) of FMO3 in the 0-
to 2-year-old group was defined as 6.43 (μL/min/mg
microsomal protein).

The physicochemical properties and in vitro
data used in PBPK model development, along with
the source, are outlined in Table 2. The advanced
dissolution absorption metabolism model within the
Simcyp population-based absorption, distribution,
metabolism, and excretion simulator was selected
for absorption.30 A full PBPK model following the
Rodgers and Rowland method31 (Method 2), which
accounted for the rapid equilibrium between blood
and tissues (except gut, liver, and lungs), was adopted
to model ethionamide distribution into all organs.
In the case of hepatic and lung disposition, the
permeability-limited model was considered, wherein
the intrinsic clearance of canalicular active efflux
transporters, including P-gp, MRP1, and MRP2, were
incorporated.

The extrapolation of in vivo lung clearance from
in vitro intrinsic clearance in pooled human lung
microsomes was represented using Michaelis-Menten
kinetics, as shown by the following equation:

CLulung,int =
(

Vmax

Km × fumic

)
× MPPGLU

×Lung weight (2)

MPPGLU is milligrams of microsomal protein per
gram of lung, as reported by Prough RA,32 with the
value of 2.27 mg/g, and fumic is the fraction of unbound
drug in the in vitro microsomal incubation. The total
right and left human lung weight were observed33

(mean value of 840 g in adults). The data for lung
weight in children were obtained from a previous
study,34 which reported a mean value of 156.4 g for the
0- to 2-year-old group, 316.7 g for the 2- to 6-year-old
group, and 438.3 g for the 6- to 12-year-old group. Thus,
the in vivo lung clearance (L/h) in children of the 3 age
groups and adults was predicted as 2.1, 4.2, 5.8, and
11.2, respectively.

The sensitive analysis technique is required in
addition to PBPK modeling and simulation to as-
sess the influence of different factors on the drug
response and explore the interaction between individual
parameters.35 Therefore, to provide insight into the
effect of metabolizing enzymes and transporters on
ethionamide disposition, sensitivity analyses focusing
on FMO2 and FMO3 intrinsic activity were performed
to explore their potential effects on ethionamide clear-
ance and absorption rate (Cmax) by expanding the
ethionamide PBPKmodel after a single dose of 500-mg
ethionamide in adults. The maximum CLint value of
FMO2, FMO3, and transporter kinetics were modified
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Table 1. Input Parameter for FMO3 Abundance in Adults and Children

FMO3 Content (pmol/mg) Reference

FMO3 abundance in adult livera 69.8 (53) 25

80.0 (50) 26

28.0 (39) 15

Mean (CV) 59.3 (38)
FMO3 abundance in child liverb 0-3 weeks 1.1 13

3 weeks-10 months 4.7 13

10 months-11 years 12.7 13

11-18 years 26.9 13

0-1 years 14.4 15

1-6 years 20.0 15

6-12 years od 24.6 15

Mean (CV)a 0-2 years 7.9 (75.4)
2-6 years 16.9 (58.2)
6-12 years 22.1 (49.6)

aData presented as mean (coefficient of variation).
bData presented as mean.

Table 2. Ethionamide Input Parameters in PBPK Models

Parameter (Unit) Value Reference

1. Physicochemical Properties and Blood Binding

Molecular weight (g/mol) 166.25 Internal data
fu 0.7 Internal data
Blood-to-plasma ratio (B:P) 0.55 Simcyp predicted
logPo:w 1.74 Internal data
Compound type Monoprotic acid 54

pKa 4.49 55

Main plasma protein binding HSA 56

2. Absorption Model Advanced Dissolution, Absorption, and Metabolism Model

fugut 0.98 Simcyp predicted
QGut (L/h) 14.19 Simcyp predicted
Caco-2 (A-B) (10−6 cm/s) 57.3 55

Peff,man (10−6 cm/s) 6.33 Simcyp predicted

3. Distribution Model Full PBPK Model

Vss (L/kg) 0.42 Simcyp predicted

4. Elimination Model Enzyme kinetics

ETA-SO formation in liver Km (μM) ± SD 147.3 ± 27.32 In-house data (Figure 2)
Vmax (pmol/min/mg
protein) ± SD

1987.9 ± 128.29

fumic 0.9
CLR (l/h) 0.23 Calculated from7

CLlung (l/h) 11.24 Described in method
Additional liver clearance (μL/min/mg
protein)

4.87 Representing about 26.5% of
ETA clearance in liver5

Permeability limited liver model (Active efflux transporter kinetics)
LLCPK1 transfected cells MDR1 In-house unpublished data

Km (μM) 238
Vmax (pmol/min/106 cells) 1120

RAF/REF 1.557

MDCKII transfected cells MRP2 Km (μM) 166
Vmax (pmol/min/106 cells) 1856

RAF/REF 1
MDCKII transfected cells MRP1 Km (μM) 71

Vmax (pmol/min/106 cells) 684
RAF/REF 1

logPo:w, octanol, water partition coefficient; fu, unbound fraction; pKa, ionization coefficient; HSA, human serum albumin; PSA, polar surface area; Vss, volume of
distribution at steady state; CLR, renal clearance; CLlung, lung clearance; ETA-SO, ethionamide sulfoxide;MDCKII, Madin-Darby canine kidney II; LLCPK1, porcine
kidney-derived cell line; Peff , effective permeability.
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from 100% to 0 of the control value (set at 100%), as
listed in Table 2.

The correlation between ethionamide systemic clear-
ance and age was evaluated by the performance
of a 10-trial simulation in virtual pediatric sub-
jects. The median prediction trends of systemic clear-
ance values expressed in 2 scenarios (with and with-
out the influence of FMO3 maturation) were com-
pared, with the observed values in children aged 0-12
years.

Validation of the Developed PBPK Model Using Clinically
Observed Data in Adults and Children
Human plasma concentration-time profiles after sin-
gle oral administration of 500-mg ethionamide ob-
tained from a published clinical study were used to
test and verify the base model in adults.10 In this
study, ethionamide PK was determined in 12 healthy
volunteers (3 Hispanic, 2 Indian, 7 white), aged
29-43 years, under fasted condition. In addition, a
further clinical study conducted in 40 healthy subjects
(aged 18-53 years) was used to validate the model (3
women and 37 men) after a single administration of
250-mg ethionamide25 in formulations including sugar-
coated and film-coated tablets. The sugar-coated tablet,
which was the original ethionamide formulation, was
reformulated in 2005 as a film-coated tablet.25 There-
fore, we assumed the clinical study that was conducted
before 2005 used the sugar-coated tablet. Moreover, the
film-coated tablet was shown to result in higher ethion-
amide bioavailability than the sugar-coated formula-
tion after oral absorption (54% and 17% increase in
Cmax and AUC, respectively).25 In this study, after com-
parison of the clinical study using sugar-coated tablets,
the Caco-2 permeability of ethionamide was estimated
by the application of the Simcyp parameter estimation
module (usingweighted least squares objective function
and Nelder-Mead optimization methods)36 to predict
ethionamide permeability in the study using film-coated
tablets. In vivo ethionamide PK data for the pediatric
PBPK model validation were collected from the study
conducted in children aged 3 months-13 years.11 In
association with the plasma concentration-time pro-
files, we collected dosing information, as well as demo-
graphic details such as age, sex, weight, and race.

Clinically observed PK data in the literature were
used for the validation of all simulation models. The
unreported individual data were extracted from figures
within the original studies using GetData Graph Dig-
itizer version 2.26. All simulations were constructed
in accordance with the trial design used in the corre-
sponding clinical studies, with particular parameters,
including dose regimen, subject demographics, trial
size, body weight, height, and ethnicities. The data
entry process for the virtual clinical study design was

performed in a manner similar to those in the re-
spective observed trials. The detailed information used
in all simulations of the present study is shown in
Table 3.

Validation of the developed PBPK models was
performed by visualization and comparison of the
predicted/observed ratio of PK parameters and calcu-
lated success criteria. In data visualization, the observed
plasma concentration-time data were overlaid with the
simulated results. As reported by Abduljalil et al,37

specific success criteria for PK parameter simulations
should be calculated to consider the interindividual
variability in the PKparameters of a drug in addition to
the sample size of each clinical study. This principle was
considered in determining the specific success criteria of
the ethionamide PK parameters for each simulation in
this study, as described below. The results are presented
in Table 4.

Overall, the upper and lower limits can be written as
Bx̄ � X � Ax̄

Ax̄ = exp
[
ln (̃x) + 4.26

σ√
N

]
(3)

and

Bx̄ = exp
[
ln (x) − 4.26

σ√
N

]
(4)

σ =
√
ln

((
CV%2

100

)
+ 1

)
x̄ : mean value of observed value
X: predicted value
Ax̄ : limit of upper value
Bx̄ : limit of lower value
N: sample size of clinical PK study
σ : standard deviation
CV: coefficient variability of observed data

Statistical Analysis
The results acquired from each experiment are shown as
the mean ± standard deviation and were analyzed via
Michaelis-Menten equation using GraphPad Prism 5
(San Diego, California) and SigmaPlot 8.0 (SPSS, Inc.,
Chicago, Illinois). The Pearson correlation analysis
and linear regression were computed using R (version
3.4.3)28 to analyze the association of predicted systemic
clearance of FMO3 abundance with age. Analysis
of covariance was performed with SPSS Statistics 23
(IBM, Armonk, New York) to compare predicted and
observed systemic clearance while controlling for the
effect of age. For all evaluations, P < .05 was con-
sidered significant. The individual in vivo ethionamide
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Table 3. Details on the Parameters Used for Each Simulation in This Study

Study Design Adult Model Simulations Pediatric Model Simulation

250 mg single-dose in
HVs35

500 mg single-dose
in HVs10

0-2 years11 2-6 years11 6-12 years11

Population General healthy north
European white

Healthy north
European white

Healthy pediatric
white

Healthy pediatric
white

Healthy pediatric
white

Pop size 400 (10 triala40) 120 (10 trialsa12) 50 (10 trialsa5) 60 (10 trialsa6) 50 (10 trialsa5)
Study duration 24 hours 24 hours 1 month 1 month 1 month
Dosing regimen Single dose of 250 mg;

fasted condition
Single dose of
500 mg; fasted

15-20 mg/kg
once daily/fasted

15-20 mg/kg
once daily/fasted

15-20 mg/kg
once daily/fasted

Female proportion 0.075(3/40) 0.5 (6/12) 0.6 (3/5) 0.67 (4/6) 1 (5/5)
Age (years) 18-53 29-43 0-2 2-6 6-12
Weight (kg)a 74 ± 15.9 78 ± 9 8.3 ± 2.6 13.1 ± 2 26.1 ± 7.5
Height (cm)a NA 174.3 ± 7 72.4 109.8 129.7
FMO3 abundance
(pmol/mg protein)b

59.3 (38) 59.3 (38) 7.9 (75.4) 16.9 (58.2) 22.1 (49.6)

F = ( A dul tmax−F bi r th
A gen

50+A gen ) × A gen + F bi r th

(The values Fbirth, Adultmax, Age50, and n: 0.86, 25.95, 0.80 and 0.49,
respectively)

CLint,FMO3 (μl/ min/mg
microsomal protein)

13.43 13.43 6.43 13.43 13.43

CLlung (L/h) 11.2 11.2 2.1 4.2 5.8

NA, not available; Adultmax, the maximum average relative protein abundance; Age, the age in years of the subject at the time of sample collection; Age50, the age
in years at which half-maximum adult protein abundance is obtained; F, the fractional protein abundance in adult samples; Fbirth, the fractional protein abundance
(of adult) at birth; HV, healthy volunteer; n, the exponential factor.
aData presented as mean ± standard deviation.
bData presented as mean (coefficient of variation).

clearance was generated from the clinical study using a
Bayesian estimation withNONMEM software (version
7.4; GloboMax LLC, Ellicott City, Maryland).

Results
Ethionamide Metabolism in Pooled Human Liver
and Lung Microsomes
Km and Vmax values of ethionamide sulfoxide
formation from pooled human liver microsomes
were 147.3 μM and 1987.9 pmol/min/mg protein,
respectively. Similarly, the Km and Vmax values in
pooled human lung microsomes were 52.3 μM and
4623.9 pmol/min/mg protein, respectively. The typical
Michaelis-Menten graphs of the reaction velocity
for the formation of ethionamide sulfoxide from
ethionamide in human liver and lung microsomes are
shown in Figure 2. Overall, the apparent CLint value for
ethionamide S-oxygenation in human liver microsomes
was approximately one-sixth that in human lung
microsomes.

Adult PBPK model development and validation.
Simulations of 500-mg and 250-mg single oral doses
of ethionamide. A PBPK model of ethionamide
was established through the incorporation of multiple
levels of in vitro and clinical data and the consid-
eration of the role of transporter-enzyme interplay
in its disposition.10,25 The developed PBPK model
was utilized to simulate the PK profiles of single-

dose ethionamide of 500-mg and 250-mg sugar-coated
tablets. The predicted Cmax (2.32 mg/L) and AUC
(9.40 mg·h/L) were within 0.88- to 1.0-fold of the
observed data (Table 4). The predicted ethionamide
plasma concentration-time profiles adequatelymatched
the clinical parameters for both 500-mg and 250-mg
single oral administration of sugar-coated tablets
within the prespecified acceptance criteria (Figure 3A
and B). Subsequently, the Caco-2 permeability value
was back-calculated at 87 (10−6 cm/s) to determine
the time-concentration profile of ethionamide for the
film-coated tablet. The simulated ethionamide exposure
for the film-coated formulation was comparable with
the observed data, within the predicted/observed ratio
of 0.87-1.1 (Table 4 and Figure 3C). Overall, these
results suggest that ethionamide PBPK models were
reasonably developed based on in vitro and in vivo
data.

The contribution of the enzyme and transporters
to ethionamide disposition is shown in Figure 4. In
particular, reducing the FMO3 activity to 0% resulted
in a marked change in ethionamide Cmax and clearance
(56% and 44%, respectively; P < .001) compared with
the control model. Collectively, the reduction of trans-
porter activity by 100% in the intestine and liver caused
a significant increase in Cmax and clearance (103% and
20%, respectively) compared with the control model.
Conversely, a minor effect in the alteration of ethion-
amide exposure with respect to clearance and Cmax
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Table 4. Comparison of PK Parameters for Simulations and Observed Data for Model Verification

Simulated (n = 120) Observed (n = 12)10

500-mg Single Dose in Adults
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)

Mean 2.32 1.6 9.4 56.74 2.3 1.7 10.0 64.5
CV% 29 42 25 26 59 51 36 24
Pred/Obs ratio 1.01 0.94 0.94 0.88
Success criteria for Pred/Obs

ratio
0.51-1.96 0.55-1.81 0.65-1.54 0.75-1.34

Simulated (n = 400) Observed (n = 40)35

250-mg Single Dose in Adults
(Sugar-Coated Tablet)

Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)

Mean 1.66 1.31 5.37 49.90 1.48 1.5 6.5 NA
SD 0.48 0.34 1.42 13.52 0.6 0.9 1.78 NA
Pred/Obs ratio 1.12 0.87 0.83 NA
Success criteria for Pred/Obs

ratio
0.66-1.51 0.71-1.4 0.45-2.2 NA

Simulated (n = 400) Observed (n = 40)35

250-mg Single Dose in Adults
(Film-Coated Tablet)

Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)

Mean 2.39 1.15 6.67 40.14 2.16 1.0 7.67 NA
SD 0.66 0.28 1.76 10.86 0.61 0.5 1.68
Pred/Obs ratio 1.10 1.15 0.87 NA
Success criteria for Pred/Obs

ratio
0.66-1.51 0.71-1.4 0.45-2.2 NA

Simulated (n = 50) Observed (n = 5)11

0-2 Years (Sugar-Coated Tablet)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax
a(h)

AUC
(mg·h/L) CL (L/h)

Mean 3.11 1.20 8.58 21.82 3.79 0.97 7.84 22.01
SD 1.42 0.42 3.46 8.73 1.59 0.9-1.0 3.74 9.89
Pred/Obs ratio 0.82 1.23 1.09 1.00
Success criteria for Pred/Obs

ratio
0.74-1.34 0.68-1.46 0.56-1.77 0.50-2.02

Simulated (n = 60) Observed (n = 6)11

2-6 Years (Sugar-Coated Tablet)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax
a, b (h)

AUC
(mg·h/L) CL (L/h)

Mean 4.14 1.22 11.46 28.33 4.43 1.11 11.51 24.29
SD 1.55 0.42 3.77 10.02 1.23 0.9-2.1 6.9 8.93
Pred/Obs ratio 0.93 1.10 1.00 1.17
Success criteria for Pred/Obs

ratio
0.79-1.26 0.56-1.77 0.34-2.9 0.57-1.75

Simulated (n = 50) Observed (n = 5)11

6-12 Years (Sugar-Coated Tablet)
Cmax

(mg/L) Tmax (h)
AUC

(mg·h/L) CL (L/h)
Cmax

(mg/L) Tmax
a(h)

AUC
(mg·h/L) CL (L/h)

Mean 4.41 1.40 13.12 39.52 3.62 2 13.54 34.49
SD 1.45 0.43 4.34 14.52 1.3 1.0-3.0 4.96 9.38
Pred/Obs ratio 1.22 0.70 0.97 1.15
Success criteria for Pred/Obs

ratio
0.78-1.28 0.68-1.46 0.57-1.75 0.47-2.11

NA, not available; CV, coefficient of variation; SD, standard deviation; Pred/Obs ratio, predicted value/observed value ratio.
aData presented as median (range).
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Figure 2. Formation kinetics of ethionamide sulfoxide. Michaelis-Menten curves show the formation kinetics of ethionamide sulfoxide over the
ethionamide concentration range of 1 to 500 μM at pH 7.4 in pooled human liver (A) and pooled human lung (B) microsomes. Each point represents
the average of triplicate incubations ± SD.

Figure 3. PBPK simulations of ethionamide pharmacokinetic profiles in adults and children. Time-concentration profiles of ethionamide in adults
were described following a single oral dose of 500 mg sugar-coated tablet (A), 250 mg sugar-coated tablet (B), and 250 mg film-coated tablet (C). The
concentration-time profiles of ethionamide in children were simulated across all age groups, including 0-2 years (D), 2-6 years (E), and 6-12 years (F).
Green solid lines represent the mean of simulated ethionamide plasma concentrations with 95% confidence intervals, whereas filled circles represent
the mean observed ethionamide plasma concentrations. Time-concentration profiles are shown in linear.

(only 10% and 8.9%, respectively) was observed, with a
decrease in FMO2 functional catalysis (P= .02). Over-
all, ethionamide clearance was sensitive to reductions in
FMO3 activity, whereas Cmax was markedly increased
by changes in transporter activity.

Ethionamide PBPK modeling in children. The Simcyp
platform creates age-dependent anatomic and
physiological characteristics for a virtual pediatric
population based on the formula, illustrating the
relationship between children’s age and each value,
as described previously.24 The simulated plasma

concentration-time profiles for 15 mg/kg once-daily
administration of ethionamide in the pediatric
population are shown in Figure 3D–F. Subsequently,
validation of the developed pediatric PBPK models
was performed using the observed data reported in
clinical PK studies for children of the 3 age groups.
Overall, the predicted/observed ratios of ethionamide
PK parameters were all within the acceptance criteria,
which suggests that ethionamide PBPK models appear
reasonably well developed in the pediatric population
for the in vitro absorption, distribution, metabolism,
and excretion data, as well as FMO3 maturation.
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Figure 4. Effect of FMO2, FMO3, and transporter activity on predicted ethionamide clearance (A) and Cmax (B) in virtual adults. Data are presented
as mean + SD of the simulation results. *P < .01, **P < .001, ***P < .0001.

After simulation in 50-60 virtual pediatric patients
for each age category (0-2, 2-6, and 6-12 years), the
predicted clearances were 21.82, 28.33, and 39.52 L/h,
respectively. The ratios of simulated to observed values
were between 1.0 and 1.1 (Table 4). These simulations
demonstrate that the current PBPK models were capa-
ble of accurate prediction of ethionamide exposure and
elimination in children.

The well-predicted pediatric PBPK models were
used to evaluate the effects of FMO3 maturation on
ethionamide pharmacokinetics in children (Figure 5A)
through the creation of a virtual duplicate with a
10-trial simulation. Consequently, by taking FMO3
maturation into account, a close match between the
predicted and observed values and a significant corre-
lation between clearance and age (R2 = 0.69, P < .001)
were observed. However, when FMO3 maturation was
not taken into consideration, an overprediction of the
PBPK-predicted total ethionamide clearance in the
pediatric population and a weak correlation between
clearance and age with R2 = 0.08 (P < .001) were
apparent compared with the observed data. One-way
between-subject analysis of covariance was performed
to examine the difference between observed value and
simulated data (type of data), controlling for the effect
of age. Because type of data had a significant effect
on clearance after controlling for the effect of age
(F2,351 = 37.52, P < .001) and age was a significant
covariate (F1,351 = 23.35, P < .001), a post hoc test
with Bonferroni correction was applied. Post hoc tests
revealed a significant difference between observed and
FMO3 maturation not considered data (P < .001), but
no significant difference between observed and FMO3
maturation considered data (P = 1.000). Furthermore,
a good association between FMO3 abundance and
systemic clearance was observed, with R2 = 0.61,
P < .001, when the ontogeny of FMO3 in childhood
was considered (Figure 5B), owing to the direct

influence of age-related FMO3 protein expression, as
well as its catalytic function.

Discussion
In the present study, we demonstrate that FMO3 matu-
ration was associated with changes in ethionamide PK
in children by considering the effect of transporter-
enzyme interplay and FMO3 ontogeny over time on an
ethionamide PBPK model.

In 2012, the FDA unanimously recommended
modeling and simulation be considered for all pediatric
drug development processes.38,39 After the success
of simulating PK in adult populations and the
inherent ability of models to assist in the progress of
extrapolation to different ages, the development of
pediatric PBPK models could be considered a natural
progression.40 Extensive physiological changes occur
during different periods of childhood, which signifi-
cantly affect the pharmacokinetics/pharmacodynamics
of drugs.41 The ontogeny of drug-metabolizing
enzymes will noticeably convert into age-related
dosage changes for some drug therapies in pediatric
patients. PBPK models incorporate multiple types of
information, including in vitro, preclinical, and clinical
profiles, thereby providing enhanced ability for the
prediction and understanding of age-dependent PK
alterations in the pediatric population.38

In addition to cytochromes P450 (CYPs), FMOs
are critical for the oxidation of a wide range of ther-
apeutic drugs, including nicotine, clozapine, sulindac
sulfide, and ranitidine.42 In contrast with CYPs, FMO3
expression has been reported to be stable, and in-
terindividual variability due to environmental effects is
highly improbable because FMO3 expression is widely
unaffected by exogenous factors.43 Although a number
of PBPK models for CYP450-specific substrates44,45

have been published, those for non-P450 enzymes,
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Figure 5. Scatterplots depicting the correlation of systemic clearance with age in children aged 0 to 12 years (A) and the relationship of FMO3
abundance with predicted systemic clearance (B). The correlation between predicted systemic clearance and age with consideration of FMO3 is
expressed by the green regression line and without consideration of FMO3 maturation by the blue regression line. The green and blue symbols
indicate the predicted individual systemic clearance with and without the presence of FMO3 ontogeny, respectively. The red line and square represent
the regression line and the individual value of the clinically observed clearance reported in the literature, respectively.

including FMOs, are not well established, owing to
limited knowledge of enzyme expression.46 Nonethe-
less, FMO2 is selectively expressed in the lungs. The
messenger RNA of FMO2 shows the greatest content
among FMO forms in human lungs,47 but isolation
and purification of FMO2 protein from human lung
tissues has been unsuccessful.48 In addition, the prin-
ciple of interindividual variability in FMO2 expres-
sion in humans depends on the presence of the en-
zymatically active protein (FMO2*1) or the truncated
inactive protein (FMO2*2). The majority of global
populations genotyped to date, including white and
Asian populations, do not produce functionally active
FMO2*1 in the lungs.48 In this study, the expression
andmetabolic activity of FMO2 during childhoodwere
considered to be similar to those observed in adults.
This was supported by an animal study in which FMO2
expression was detected in the fetus and during the
neonatal stage at levels similar to that observed in
adult animals.49 Notably, in this study, slight differences
were found in the effect of FMO2 metabolic function
on predicted ethionamide exposure (Figure 4). This
can be explained adequately by the markedly lower
scaling factor used to establish the lung model than
the liver model. For the liver model, scaling factors
were obtained from the Simcyp library, comprising
an approximate mean value of 39.79 mg microsomal
protein/g liver and 1744 g for liver weight, whereas
the in vivo scaling factor for the lung was only 2.27
microsomal protein/g lung and 840 g for lung weight, as
described in the method. Consequently, the estimation
of in vivo clearance generated a greater value for the
liver than for the lung, which can reasonably explain the
minor contribution of FMO2 on ethionamide exposure
(Figure 4). However, if the model is established in

a black population, which possess the functionally
active pulmonary form in a significant proportion of
individuals (2%-27%),9,42 the contribution of FMO2 to
ethionamide PK could be larger. Accordingly, in this
study, we focused on FMO3 maturation, specifically
the functional metabolic capacity and ontogeny profile,
which could explain the dynamic age-related changes in
ethionamide PK in children.

Although ethionamide metabolism kinetic data have
been reported previously5 using recombinant human
FMO2 and FMO3 enzymes, our data presented an-
other approach to the determination of Km and Vmax,
using pooled human liver and lung microsomes. In the
present study, Km of ethionamide in pooled human
liver microsomes showed an acceptable match with
a previous report using recombinant human FMO3.5

However, the rate of metabolite formation by pooled
human lung microsomes was lower than that by re-
combinant human FMO2 (83 μL/min/mg protein vs
12 μL/min/mg protein of enzyme). Differences in the
in vitro metabolic system (ie, recombinant enzyme vs
pooled human lung microsomes, pH= 9.5 vs pH= 7.4)
may explain, at least in part, the differences between the
studies.

Ethionamide is a class II drug (poor solubility and
high permeability) in the Biopharmaceutical Drug
Disposition Classification System,50 and exhibits
extensive metabolism and a predominant effect of
efflux transporters in the gut and liver for oral dosing.51

Consistent with this, our comprehensive in vitro
transporter assay demonstrated that ethionamide was a
potential substrate of P-gp,MRP1, andMRP2, but not
of any solute carrier transporters (unpublished data).
In this study, by taking advantage of PBPK simulation
and modeling, we initially quantitated the contribution
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of these efflux transporters on ethionamide disposition
through the incorporation of ethionamide efflux
kinetics by stably transfected LLC-PK1-MDR1,
MDCKII-MRP1/MRP2 in the intestine and liver.

With regard to FMO3, its expression is low or neg-
ligible in the fetus and continuously increases to reach
adult level in late childhood.25 Collectively, the messen-
ger RNA content of FMO3 was found to be increased
approximately 50-fold from fetal liver to adult liver.47

Similarly, FMO3 abundance in neonatal liver was sig-
nificantly lower compared with that observed in adults
(P < .001).15 The dynamic increase in the ontogenic
expression of FMO3 could be a reasonable explanation
not only for the substantial PKdifferences between chil-
dren and adults, but also for differences in drug efficacy
and toxicity during different stages of childhood.52,53

In this study, through incorporation of FMO3 matu-
ration, the predicted systemic clearance values showed
good correlation with age across the 3 age ranges
(R2 = 0.69, P < .001) (Figure 5A) and were consistent
with the results of a clinical PK study in children.11

This observation indicates that integration of FMO3
maturation was essential to adequately describe the
observed PK data in children in the PBPK model.
Notably, this study indicates a strong linear relationship
between FMO3 abundance and age-dependent increase
in clearance (Figure 5B), or R2 = 0.61. This find-
ing demonstrates that the age-associated developmen-
tal changes in ethionamide PK were mainly supplied
by FMO3 maturation. Consistent with our finding,
Shimizu et al16 indicated a significant correlation be-
tween trimethylamine N-oxygenation functional activ-
ity and FMO3 expression levels and developmental
changes in functional metabolic capacity of FMO3 in
childhood, using trimethylamine as a probe substrate.

Until recently, CYP- or carboxylesterase-specific
probe substrate enzyme ontogenic profiles integrated
in PBPK model were explored widely in a number
of drugs, including tramadol,54 acetaminophen,55

oseltamivir,29 and sotalol.56 However, for FMO-
substrate, only itopride’s PBPK model was described
to evaluate the impact of FMO3 polymorphism, by
incorporating FMO3 activity and abundance.57 Thus,
our study is the first to apply FMO3 maturational
changes from birth on the prediction of drug behavior.

The development and maturation of drug-
metabolizing enzymes can affect various aspects
of drug pharmacokinetics, especially in neonates
and infants (eg, increase in peak-to-trough ratios or
variability in exposure), which may modify a drug’s
efficacy and safety.58 Clearly, the ontogenic profile of
these enzymes will have to translate into age-dependent
dosage adjustment in children for some drugs.59

In our study, we indicate that the marked increase
of FMO3 maturation from neonate to child is the

most significant contributor to age-related changes
of ethionamide pharmacokinetics. Currently, the
application of our PBPK model to direct dosage
recommendation is limited, mainly due to the lack of
proper validation of our predictive performance.

There are some limitations to the present study.
(1) The mean value of FMO3 abundance was not
provided in the literature for age ranges similar to
those in to the observed clinical study in children.
Therefore, data extraction on individual subjects from
the original study was performed to obtain the mean
and coefficient of variation values for age groups that
correspond to the observed data. (2) The clinical study
in children was conducted in Africans, whereas our
simulations were established in the white population,
because data on African children were not available in
the Simcyp population library. (3) The interindividual
differences in FMO3 abundance or its catalytic activity
may be derived partially from genetic polymorphisms
of FMO3.43 However, genotype was not considered
in this study, and any genotype-related difference in
FMO3 expression, catalytic activity, or ontogeny may
have been disregarded in the simulations.

Conclusion
In conclusion, this is the first study to develop a PBPK
model of ethionamide that considers comprehensive
transporter-enzyme interplay and the effect of FMO3
maturation on ethionamide elimination in pediatric
populations of different ages. The developed and val-
idated model predicted ethionamide exposures accu-
rately in both adult and pediatric populations using
both opportunistic PK data and in-house data. This
study indicated that the FMO3 maturational process in
the pediatric population could primarily contribute to
age-dependent developmental changes in ethionamide
disposition. This approach could potentially be applied
to determine the recommended dosing regimen of
ethionamide in children to offer better patient out-
comes and decrease toxicities.
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