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Abstract
Pediatric physiologically- based modeling in drug development has grown in the 
past decade and optimizing the underlying systems parameters is important in 
relation to overall performance. In this study, variation of clinical oral bioavail-
ability of midazolam as a function of age is used to assess the underlying ontog-
eny models for intestinal CYP3A4. Data on midazolam bioavailability in adults 
and children and different ontogeny patterns for intestinal CYP3A4 were first 
collected from the literature. A pediatric PBPK model was then used to assess six 
different ontogeny models in predicting bioavailability from preterm neonates to 
adults. The average fold error ranged from 0.7 to 1.38, with the rank order of least 
to most biased model being No Ontogeny < Upreti = Johnson < Goelen < Chen < 
Kiss. The absolute average fold error ranged from 1.17 to 1.64 with the rank order 
of most to least precise being Johnson > Upreti > No Ontogeny > Goelen > Kiss 
> Chen. The optimal ontogeny model is difficult to discern when considering 
the possible influence of CYP3A5 and other population variability; however, this 
study suggests that from term neonates and older a faster onset Johnson model 
with a lower fraction at birth may be close to this. For inclusion in other PBPK 
models, independent verification will be needed to confirm these results. Further 
research is needed in this area both in terms of age- related changes in midazolam 
and similar drug bioavailability and intestinal CYP3A4 ontogeny.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Studies have been performed to investigate and model the ontogeny profile of 
intestinal CYP3A but there is uncertainty about the optimal profile to include in 
p- PBPK models.
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INTRODUCTION

There has been a rapid rise in the application of pediatric 
physiologically- based pharmacokinetic (p- PBPK) models 
both clinically and in drug development,1 the latter being re-
flected in regulatory submissions involving this approach.2 
Although regulatory bodies are supportive of the use of 
these models, an appropriate level of model qualification 
related to the context of use is required. This in turn has 
generated further research into uncertain parameters and 
this cycle of model building, evaluation, verification, and 
application is important for generating robust PBPK mod-
els with associated user confidence. For p- PBPK models 
including and verifying the developmental physiology and 
enzymes/transporter ontogeny data is important for pre-
dicting drug pharmacokinetics (PK) in certain age groups.3 
While many age- changing parameters such as liver size 
and α1- acid glycoprotein are well defined,4,5 there are some 
that require more research including the ontogeny of cer-
tain intestinal and hepatic enzymes and transporters.

Pediatric PBPK models alongside available clinical 
data can be used as a research tool to investigate the de-
velopment of specific parameters. Recent examples using 
this approach have resulted in the identification of the de-
velopmental changes in (i) hepatic OCT1 ontogeny using 
morphine PK data,6 (ii) characterization of the effects 
of physiological factors on oral drug absorption in pedi-
atrics,7 and (iii) determination of the likely ontogeny of 
biliary excretion based on azithromycin, ceftazidime, bu-
prenorphine, and digoxin clearance.8

The role of intestinal CYP3A4/5 on the pre- systemic 
metabolism of drugs has been well documented.9 
Although the total mass of CYP3A4/5 in the intestines is 
about 1% of that in the liver,10 its strategic expression at the 
villous tip in the proximal bowel means that it can make 

a significant contribution to the overall first pass and oral 
bioavailability of drugs such as midazolam.11 Concordant 
with the liver, enterocytic CYP3A5 is also polymorphic-
ally expressed in ~20% to 70% of adults, depending on 
ethnicity.12

Several studies have been conducted on the ontogeny 
of intestinal CYP3A with varying results depending on the 
marker of CYP3A. Chen et al.13 and Fakhoury et al.14 have 
investigated the changes in duodenal mRNA and both 
showed a negative correlation with age and overexpression 
in the neonate declining to adults. The study by Fakhoury 
et al.14 showed a similar negative age- developmental pat-
tern for duodenal CYP3A4 and CYP3A5 mRNA and min-
imal CYP3A7 mRNA with no developmental pattern. All 
data were normalized for villin, a marker of enterocyte 
harvest. In contrast, a study performed by Johnson et al.15 
on 115 fetal and pediatric duodenal samples showed a 
positive ontogeny (increasing activity) with age. These ob-
servations were made on protein abundance measured by 
Western blotting and in vitro metabolism of testosterone to 
6β- hydroxytestosterone, results were normalized for villin. 
Two recent studies both based on proteomics and measur-
ing multiple enzymes and transporters have shown posi-
tive ontogeny patterns for duodenal and jejunal CYP3A4 
ontogeny when data are normalized for villin.16,17 The 
study of Kiss et al.17 showed No Ontogeny for ileal CYP3A4 
compared with a positive ontogeny in the jejunum and 
showed No Ontogeny for CYP3A5 in both segments of the 
GI tract. In contrast, Goelen et al.16 showed a trend toward 
a positive duodenal ontogeny profile for CYP3A5 although 
a statistically significant correlation was not seen.

Midazolam is a useful probe substrate for CYP3A activ-
ity and given the low frequency of extensive metabolizers 
for CYP3A5 in the Western population,18 it can be used 
to assess CYP3A4 activity. The mean and median fraction 

WHAT QUESTION DID THIS STUDY ADDRESS?
This study used a p- PBPK model and published pediatric midazolam bioavail-
ability data to assess the different published ontogenies of intestinal CYP3A and 
determine which was best performing.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
There is a definite ontogeny for intestinal CYP3A enzymes between neonates and 
older children. Based on the current analysis the best- performing model could be 
further optimized in terms of fraction at birth and speed of onset.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Increasing the confidence in system parameters that are used in p- PBPK models 
such as intestinal CYP3A ontogeny is important in relation to their use in pediat-
ric drug development and for subsequent regulatory acceptance.
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metabolized (fm) are ~ 85% and 95%, respectively, in the 
adult healthy Western population. In two recent studies 
based on intravenous (iv) midazolam and other CYP3A4 
drug data in pediatrics from term birth onward to adults,19,20 
the modified hepatic CYP3A4 ontogeny of Upreti and 
Wahlstrom,21 was shown to better predict the impact of age 
on clinical PK data compared with that of Salem et al.22 As 
a parallel study, using available oral midazolam bioavail-
ability data in neonates to adults should allow assessment 
of the published ontogeny patterns for intestinal CYP3A.

Accordingly, given the uncertainty around the ontog-
eny for intestinal CYP3A enzymes the aims of this study 
are to:

• Perform a detailed literature search on the oral bioavail-
ability of midazolam in adults and children.

• Test the different derived ontogeny models for intestinal 
CYP3A to see which best describes the oral midazolam 
clinical data.

• Investigate the likely expression of intestinal CYP3A in 
preterm neonates.

METHODS

Literature search

A detailed literature search was performed using Pubmed 
and the search terms (Human) AND (Adult OR Pediatric 
OR Pediatric) AND (midazolam) AND (Pharmacokinetics 
OR Bioavailability OR Oral). An inhouse library was also 
searched as were the reference lists of relevant publica-
tions. Separate data were compiled for midazolam bio-
availability in adult and pediatric subjects. The literature 
on the ontogeny of intestinal CYP3A had been constantly 
scanned previously using Pubmed search terms (CYP3A 
OR CYP3A4 OR CYP3A5) AND (Intestine OR Intestinal 
OR Gut) AND (Ontogeny OR Development OR Pediatrics 
OR Pediatrics) and the various models were available in 
the inhouse library.

Intestinal CYP3A ontogeny models

The published studies and modeling approach are sum-
marized in Table  S1 and Figure  S1 and a comparison of 
the derived models is shown in Figure 1, in total six ontog-
eny models were tested: Johnson et al.,15 “No Ontogeny” 
(adult expression from birth), Kiss et  al.,17 Chen et  al.,13 
Goelen et al.,16 and modified Upreti and Wahlstrom21 (See 
Supplementary – Modified Upreti Ontogeny for details). 
The latter was included as a recent study has suggested that 
this hepatic CYP3A4 ontogeny could also be optimal for 

intestinal CYP3A ontogeny.23 The study of Fakhoury et al.14 
was not included as the mRNA results were more extreme 
but broadly in agreement with those of Chen et al.13

Model development

All simulations were performed in Simcyp V22 (Certara 
UK Limited). The default Sim- Midazolam file incorpo-
rating minor elimination via CYP3A5 and UGT1A4 was 
used in all simulations from term birth onwards. A simpli-
fied version of this file was also used to develop the initial 
study ideas, where all hepatic and intestinal metabolism 
was assumed to be via CYP3A4. A global CLint value for 
this enzyme of 3.23 μL/min/ρmol of isoform (based on 
a mean CLiv of 25.6 L/h, default in Sim- Midazolam file) 
was incorporated into the compound file using the re-
verse translation tools within Simcyp. CYP3A7 is highly 
expressed in preterm neonates24 and may have an impor-
tant role in midazolam kinetics in these populations, thus 
a modified midazolam file incorporating this enzyme was 
used for preterm simulations, as previously described.19

PBPK modeling approach

The first- order absorption model was used to test the dif-
ferent ontogeny models for intestinal CYP3A4/3A5. This 

F I G U R E  1  Summary of the different published ontogeny 
profiles for intestinal CYP3A4 (term neonate to adult). Black line is 
Johnson et al.,15 Black dashed line is No Ontogeny, Dark gray line 
is Kiss et al.,17 Dark gray dashed line is Chen et al.,13 dotted black 
line is Goelen et al.16 and Light Gray line is modified Upreti and 
Wahlstrom21 hepatic CYP3A4 ontogeny.
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approach uses the Qgut model to determine intestinal me-
tabolism and FG as shown in Equations 1 and 2, this ap-
proach has been previously described in detail.25

where QGut is a hybrid value, where Qent represents the vil-
lous blood flow and CLperm is the clearance permeability of 
the drug (estimated from in vitro data, for example, Caco- 2 
cells).

where FG is the fraction escaping metabolism in the intes-
tine and CLuint.gut is the unbound gut intrinsic clearance 
value, in this case for CYP3A4/CYP3A5 and fugut is the 
fraction unbound within the enterocyte (1 in this case). In 
the pediatric PBPK model, the CLperm is calculated from the 
permeability and age- related small intestinal surface area, 
Qent is calculated as 6% of the age- changing cardiac output 
and CLuint,gut is the adult entered value multiplied by the 
intestinal ontogeny for that enzyme and relative small in-
testinal surface area for each age. Within the simulations, 
the FG was multiplied by the FH (calculated using in vitro 
in vivo extrapolation incorporating the relevant hepatic on-
togeny profile, and the well- stirred liver model) and Fa (fixed 
at 1) to calculate the age- related changes in bioavailability 
(F). The optimal hepatic CYP3A4 ontogeny was fixed as that 
of the modified Upreti and Wahlstrom21 (with modification 
of fraction at birth = 0.15, Age Cap 2 = 12.5 year and removal 
of C3 parameter – see notes after Table  S1) and hepatic 
CYP3A5 was assumed to have No Ontogeny based on a re-
cent publication.19

Simulations trial design

Simulations in pediatrics were performed using the SIM- 
Pediatric and in preterm using the SIM- Preterm popula-
tions. For the simplified midazolam compound model, 
simulations in pediatrics for each intestinal CYP3A4 on-
togeny were performed twice in 1000 subjects, 50% male 
and female, 0–25 years, firstly with physiological variabil-
ity set to zero (All CV values set to zero) and then with 
default variability included. A fixed seed was used in the 
simulator so that the same individual subjects were re-
peated between simulations. Simulations were performed 
twice to construct the figures.

For simulations incorporating CYP3A5 as well as 
CYP3A4 into the metabolism of the midazolam, the same 
intestinal ontogeny was applied to both enzymes. To 
separate the contribution of the two different enzymes, 

simulations were run without variability in 830 male and 
female subjects with phenotype for CYP3A5 set to Poor 
Metabolizer (PM) based on the CYP3A5 PM frequency in 
healthy Western Caucasian population = 0.83. Simulations 
were run again without variability in 170 male and female 
subjects with phenotype for CYP3A5 set to extensive me-
tabolizer (EM). For the 170 subjects common to both sim-
ulations, a weighted average, age- related bioavailability 
(F) was calculated for the Caucasian population CYP3A4/
CYP3A5 mix (Equation 3).

Finally, a simulation was run in 1000 male and female 
subjects with CYP3A5 phenotype set to 0.83 for PM and 
0.17 for EM with variability included. These multiple sim-
ulations were performed to generate the figures, separat-
ing the influence of CYP3A4, CYP3A5 (PM & EM), and 
variability.

For comparison, the best- performing intestinal 
CYP3A4 ontogeny model using the first- order absorption 
model was also run with the pediatric advanced dissolu-
tion, absorption and metabolism (p- ADAM) model.26 In 
this case, a crossover design was used with all 1000 subjects 
(prop females = 0.5, 0 to 25 year, PM for CYP3A5 = 0.17, 
dose = 0.5 mg/kg given intravenously) simulated in first- 
order and p- ADAM oral models, in all cases CV values 
were set to default and variability included. The ratio of 
AUC0- inf values (oral/iv) was used to calculate the impact 
of age on bioavailability.

The preterm simulations were matched as closely as 
possible to the two clinical studies in terms of the number 
of subjects, gestational, and postnatal age. For the de Wildt 
study27 the multiple population trial design was used with 
differing gestational ages (GA) set to 26, 28, and 31 weeks 
and postnatal age (PNA) set to 8 days. For the study by 
Brusse et  al.,28 the multiple population trial design was 
also used with GA of 26, 30, and 34 weeks and PNA set 
to 7 days. For both simulations, an equal number of sub-
jects per sub- population was assumed. The default hepatic 
CYP3A4 (same assumed for CYP3A5) and CYP3A7 ontog-
eny were applied in all cases.29 The ontogeny for intestinal 
CYP3A4/5 was varied from zero (no expression) up to 1 
(adult expression) to replicate the reported bioavailability 
in each clinical study.

Data analysis

The adult midazolam bioavailability data were combined 
to give a global weighted mean and standard deviation 
as previously described.30 Less weighting for number 
of subjects was applied to the three studies conducted 

(1)Q
Gut=

CLperm×Qent
CLperm+Qent

,

(2)FG=
QGut

QGut + fuGut × CLuint.Gut

(3)
Individual Weighted average FEM,PM=

FEM×0.17+FPM×0.83
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using population PK (POPPK) rather than a standard iv 
to oral crossover design (see footnote Table S2). The pre-
dicted changes in F (with and without added physiologi-
cal variability with age were visually compared against 
the available clinical studies for each of the intestinal 
CYP3A ontogeny profiles). Prediction accuracy for age- 
specific F values was based on Equations 4 and 5 used to 
calculate the average fold error (AFE) and absolute aver-
age fold error (AAFE) as measures of bias and precision 
respectively.31

RESULTS

Literature search

In total, 36 studies were found giving values for the bio-
availability of midazolam in adults, some studies provide 
multiple values based on sex, dose, ethnicity, CYP3A5 
genotype, formulation, and renal dialysis and these are 
shown in Table S2 and Figure 2. The range of values was 
0.096–0.68; however of the 54 values, only six were outside 
the range of 0.2–0.45 with a weighted mean value of 0.29. 
Only two studies considered the CYP3A5 genotype and six 
had information on ethnicity.

Only six studies were found reporting midazolam F 
values across the pediatric age range, two of these were 
in premature neonates as shown in Table  S3. A total of 
13 values were reported in discrete age bands and these 
are shown with postmenstrual age (PMA) in comparison 

to the weighted adult values in Figure  3 and Figure  S2 
(log scale). After the neonatal/early infant period most re-
ported values were in a similar range compared with adult 
values.

Comparison of the possible intestinal 
CYP3A4/CYP3A5 ontogeny

A comparison of the six tested ontogeny models based 
on the simplified midazolam model, with metabolism 
via CYP3A4 only, is shown in Figure  4 and Figure  S3 
(log scale). Visually comparing the mean simulated 
values across the PMA with the observed values, the 
models of Johnson and modified Upreti and Wahlstrom 
(Upreti) appear to perform best and capture the early 
PMA studies. After the neonatal and infant ages 
(around 100 weeks PMA) the difference between all 
models, except for Kiss, appears marginal. The model of 
Chen based on mRNA data underpredicts F in the very 
young while that of Kiss overpredicts in some of the in-
fant ages. The predictions of F for the individual study 
age ranges for the different ontogeny models as shown 
in Table S4 and the AFE and AAFE values are shown 
in Table  1. The AFE ranges from 0.7 to 1.38 and the 
rank order of least to most bias model is No Ontogeny 
< Upreti = Johnson < Goelen < Chen < Kiss. The AAFE 
ranges from 1.17 to 1.64 and the rank order most to least 
precise is Johnson > Upreti > No Ontogeny > Goelen > 
Kiss > Chen.

Comparing the same models but incorporating CYP3A5 
into the midazolam compound file (Figure 5 and Figure S4 
on log scale) increases the level of uncertainty but visually 

(4)AFE = 10
1
n

∑

log Pred
Obs

(5)AAFE=10
1
n

∑

∣log Pred
Obs

∣

F I G U R E  2  Summary of the published data on the bioavailability of midazolam in adults used in the Meta- analysis. For each study, 
the mean values and error bars (±SD) are shown. For some studies, male and female values were combined. For full list of references see 
Table S2.
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the No Ontogeny, Johnson, Goelen, and Upreti models ap-
pear to perform best with most of the observed data points 
between the CYP3A5 PM and EM moving average lines. 
Again, the model of Chen based on mRNA data underpre-
dicts F in the very young while that of Kiss overpredicts in 
some of the infant ages. The predictions of F for the indi-
vidual study age ranges for the different ontogeny models 
are shown in Table S4 and the AFE and AAFE values are 
shown in Table 1. The AFE ranges from 0.69 to 1.48 and 
the rank order of least to most bias model is No Ontogen
y < Upreti < Johnson = Goelen < Chen < Kiss. The AAFE 
ranges from 1.39 to 1.56 and the rank order most to least 
precise is Johnson = Upreti > No Ontogeny > Goelen > Kis
s = Chen. The rank order was similar between each of the 
two midazolam compound files but particularly when in-
cluding CYP3A5 the difference in the performance of the 
best- performing four models was marginal. Taking the 
Johnson model as one of the best- performing models, a 
comparison was made in bioavailability prediction between 
the first- order and p- ADAM models in Simcyp using the 
default Sim- Midazolam file. The results are shown together 
with PMA in Figure 6a alongside observed data, it should 
be pointed out a different method was used to calculate F in 
this case compared with previously (Figure 5) and there is 
some slight overprediction. However, as expected there re-
mains a high correlation between the two absorption mod-
els r2 = 0.94 (Figure 6b).

The observed bioavailability for the two preterm studies 
performed in a similar GA and PNA range were 0.4927 and 
0.9228 with a weighted mean of 0.80. Using the preterm 

population model in Simcyp with the hepatic fractional 
ontogeny for CYP3A4 and CYP3A5 and CYP3A7 set to de-
fault, the simulated bioavailability was 0.94, 0.77, and 0.62 
assuming an intestinal CYP3A4/5 ontogeny fraction of 0, 
0.42, and 1, respectively. To capture the bioavailability of 
0.49 the intestinal CYP3A4/5 ontogeny was set to 1 (adult 
expression) and the hepatic CYP3A4 ontogeny fraction 
had to be increased from 0.077 to 0.35, the latter value is 
higher than the default value for term neonates of 0.15.

DISCUSSION

There was significant variability in the bioavailability re-
ported in adult studies with values ranging from 0.096 to 
0.68 with a weighted mean of 0.29. Only two studies con-
sidered the effects of CYP3A5 genotype, Karasch et al.32 
showed a modest effect with F = 0.26 and 0.22 in PM and 
wild- type EM, respectively while Kvitne et al.33 reported 
a relatively high value of 0.46 in CYP3A5 PMs after ex-
cluding subjects with *1 alleles. In the present study, the 
simulated values in pure PM or EM adult subjects were 
0.34 and 0.17, respectively based on the Sim- Midazolam 
compound file. This study predicts a more significant ef-
fect of CYP3A5 phenotype than that observed in the clini-
cal studies. Further studies are needed to investigate the 
influence of CYP3A5 on midazolam bioavailability.

Only six studies were found reporting the bioavailabil-
ity of midazolam in children, four were based on a cross-
over design, one on a parallel group design and the other 
on a population PK approach. The difficulty of performing 
crossover bioavailability studies in neonates and young 
children is acknowledged. None of the studies considered 
the effects of CYP3A5 and this could have been signifi-
cant in the studies by Payne et al.34 and Reed et al.35 as 
these were performed in South African and US popula-
tions respectively. Unfortunately, neither study reported 
subject ethnicity and it is well known that Black African/
African American populations have a much higher pro-
portion of CYP3A5 EM phenotypes.18 In general, after 
1 year of age the mean bioavailability was at adult values 
although some of the studies observed significant variabil-
ity.35 Reported bioavailability was highest in the studies 
performed in premature neonates,27,28 and term neonates 
and infants,36 the latter study was performed in stable but 
critically ill subjects and some may have had CYP3A4 sup-
pression due to inflammation.37 Other limitations of the 
current pediatric midazolam bioavailability data include 
the lack of values in the 0–2- year- old age range separated 
into discrete age categories. Additionally, unlike the adult 
data which is predominantly obtained from healthy sub-
jects, pediatric studies are performed in children with dis-
ease and the impact of this cannot be ignored.37

F I G U R E  3  Summary of the published data on the 
bioavailability of midazolam in neonates, infants, and children in 
relation to post- menstrual age (PMA). The circles with different 
fills represent different studies, black horizontal stripe is data 
from adult meta- analysis, no fill is Brussee et al.38 black fill is 
Reed et al.,35 white fill is Payne et al.,34 light gray fill is de Wildt 
et al.,27 dark gray vertical stripe is von Groen et al.36 and dark 
gray is Brussee et al.28 and their size reflects the size of the study 
population. The vertical gray dashed line at 40 weeks PMA 
distinguishes studies mainly performed in preterm and from term 
neonates.
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Midazolam is a BCS class 1 compound where absorp-
tion is likely to be rapid and complete. Given that the 
ontogeny of the hepatic metabolism via CYP3A4 and 
CYP3A5 is relatively well understood,19 oral midazolam 
bioavailability was considered as a possible marker to as-
sess the intestinal ontogeny of CYP3A. Two separate mid-
azolam models with and without CYP3A5 were presented 
in this paper to try to add clarity and delineate the effects 
of this enzyme.

Two of the studies13,14 investigating the ontogeny of 
intestinal CYP3A showed an overexpression of mRNA at 
birth which then declines to adult levels. While this may 
be the case, this study suggests this overexpression does 

not translate into higher enzyme activity at birth as the 
Chen model showed high bias and low precision. Four of 
the ontogeny models are based on protein abundance15–17 
but have different fractions at birth values and different 
trajectories, the Kiss ontogeny is based on their data for 
the jejunal whereas the “no ontogeny model” is based on 
their data from ileum.17

Several limitations and assumptions exist regarding 
the compared ontogeny models, not least the relatively 
small number of wide age groups reported in some stud-
ies.17 The study by Goelen et al.16 only included data down 
to 11 months of age and so below this age, the ontogeny is 
extrapolated linearly back to birth. The modified Upreti 

F I G U R E  4  Predicted age- related bioavailability using the different intestinal CYP3A ontogeny profiles for a midazolam compound file 
assuming all CYP3A4 metabolism. Gray open circles are simulated values from 1000 subjects aged 0–25 years (40–1340 Weeks PMA), solid 
black line is the mean simulated value (all variability set to zero, akin to a moving average), the open black circles are the clinical studies, 
and their size reflects the number of subjects, error bars are ±SD. The vertical black dotted line is at 40 weeks PMA and divides studies 
performed in preterm and term neonates.



8 |   JOHNSON et al.

ontogeny is extrapolated from a hepatic CYP3A4 ontog-
eny.21 A recent PBPK study23 on predicting tacrolimus 
disposition in pediatric subject concluded that this was 
the best- performing CYP3A4 ontogeny in both liver and 
gut and hence the reason for evaluating it in this study. 
Conflicting evidence exists for this intestinal ontogeny 
pattern, in vitro studies on intestinal CYP3A4 mRNA sug-
gest overexpression in pediatrics compared with adults but 
protein expression and activity studies do not support this. 
A physiological POPPK study by Brussee et al.38 including 
midazolam data from 264 postoperative children found 
a higher intestinal intrinsic clearance per gram intestine 
in 1- year olds compared with older children. The data to 
support this finding are largely dependent on the physio-
logical parameter estimations included in the model; how-
ever, the calculated values for F with age agree with other 
studies. A criticism of this study is that given the strategic 
expression of the enzyme in the gut wall, data would have 
been better presented as intrinsic clearance per gut sur-
face area rather than per gram intestinal weight. Previous 
studies have shown separate regulation of intestinal and 
hepatic CYP3A enzymes in humans which may translate 
into different ontogeny patterns.39

For the Sim- Midazolam compound file incorporating 
CYP3A5, it was assumed that intestinal CYP3A4 and 5 
both had the same ontogeny, based on visual inspection 
of the presented data, two of the available in vitro stud-
ies visually show a similar ontogeny for both enzymes16,17 
but did not report a statistically significant correlation 
for CYP3A5 with age. Overall, the expression of CYP3A7 
appears to be very low in the intestine, in infants the 
mRNA/villin ratio was reported as 2500- fold lower than 
for CYP3A4, its contribution to enterocytic metabolism 
was described as limited14 and is thus ignored in this 
study. However, the contribution of hepatic CYP3A7 

to overall midazolam bioavailability was considered in 
preterm neonates.

Visually the Johnson, Upreti, and No Ontogeny models 
appear to perform best. Overall, the Johnson model was 
the most precise, and the No Ontogeny model showed the 
least bias regardless of the midazolam model. However, 
the results were marginal and it was difficult to discern 
the most optimal model particularly when the effects of 
CYP3A5 were factored into the midazolam compound 
model. In terms of precision, the Johnson, Goelen, Upreti, 
and No ontogeny models all gave similar values for AAFE. 
The AFE and AAFE values are calculated for mean data, 
when physiological variability is added to the PBPK model, 
including for both hepatic and intestinal determinants of 
F, distinguishing the best- performing models becomes 
even harder. Making the Johnson ontogeny faster with a 
lower value at the time of birth17,21 would potentially im-
prove its performance, this pattern is suggested by a recent 
study.40

The bioavailability of midazolam in a similar cohort 
of preterm neonates (GA and range of PNA) is reported 
to be 0.4927 and later as 0.92.28 In both studies, subjects 
were in neonatal intensive care but not on drugs likely 
to affect CYP3A4 or reported having significant underly-
ing disease. The discrepancy is likely due to the different 
methodologies used between the observed preterm PK 
studies, de Wildt et al.27 used a crossover design, whereas 
Brussee et al.28 used a physiological population PK model 
incorporating the ontogeny of some physiological pa-
rameters such as tissue volumes and protein binding. In 
our investigation, only using the default preterm hepatic 
CYP3A4 (& CYP3A5) and CYP3A7 ontogeny and assum-
ing no intestinal CYP3A4/5 expression was a value for F 
of 0.94 simulated. In contrast, to recover a value of 0.49 
intestinal CYP3A4/5 ontogeny had to be set to 1 as well 

Ontogeny model

CYP3A4 Midazolam 
model

CYP3A4 and CYP3A5 
Midazolam model

AFE AAFE AFE AAFE

Johnson et al. 1.04 1.17 1.28 1.39

No Ontogeny 1.02 1.35 1.10 1.40

Kiss et al. 1.38 1.49 1.48 1.56

Chen et al. 0.7 1.64 0.69 1.56

Goelen et al. 1.22 1.39 1.28 1.41

Modified Upreti and 
Wahlstrom

0.96 1.33 1.12 1.39

Note: CYP3A4 midazolam model.
AFE (Bias) including all studies No Ontogeny < Upreti = Johnson < Goelen < Chen < Kiss.
AAFE (Precision) including all studies Johnson > Upreti > No Ontogeny > Goelen > Kiss > Chen.
CYP3A4 and CYP3A5 Sim- Midazolam model.
AFE (Bias) including all studies No Ontogeny < Upreti < Johnson = Goelen < Chen < Kiss.
AAFE (Precision) including all studies Johnson = Upreti > No Ontogeny > Goelen > Kiss = Chen.

T A B L E  1  Summary of the 
performance of the different ontogeny 
models for intestinal CYP3A against 
available pediatric values for F.
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as increasing hepatic expression of the enzymes above 
that currently used for term neonates. What this study 
does show is increased bioavailability of oral midazolam 
in preterm neonates but in these populations, the intes-
tinal CYP3A ontogeny remains uncertain, a recent study 
has shown lower but variable expression in preterm neo-
nates.40 Further research is needed on oral absorption and 
both intestinal and hepatic CYP3A expression in preterm 
neonates and on how these changes impact the bioavail-
ability of midazolam.41

The current study utilizes the Qgut model which as-
sumes a unified expression of intestinal CYP3A4/5 

through the length of the gut, in the pediatric model the 
overall adult intestinal expression is corrected using the 
ontogeny, and both Qgut and CLint are corrected by rel-
ative gut surface area compared with adults. This Qgut 
model was compared with the ADAM model42 which di-
vides the gastrointestinal tract into nine segments each 
with their own blood flow and CYP3A4/5 expression 
with physiological distribution of these enzymes more 
toward the duodenum and jejunum as found physiologi-
cally. The intestinal metabolism is calculated in each gut 
segment rather than using the Qgut model. Within the p- 
ADAM model26 the ontogeny of various GI parameters 

F I G U R E  5  Predicted age- related bioavailability using the different intestinal CYP3A ontogeny profiles for the default Sim- Midazolam 
file incorporating CYP3A4 and CYP3A5 metabolism. Gray open circles are simulated values from 1000 subjects aged 0–25 years (40–
1340 Weeks PMA), solid black line is the mean simulated value for a mixed CYP3A4/3A5 Western population (all variability set to zero, akin 
to a moving average), dashed–dotted black line is for CYP3A5 PM population and dashed black line is for a CYP3A5 EM population, the 
open black circles are the clinical studies, and their size reflects the number of subjects, error bars are ±SD. The vertical black dotted line is 
at 40 weeks PMA and divides studies performed in preterm and from term neonates.
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is defined; gut metabolism is again corrected for relative 
gut surface area and intestinal enzyme ontogeny. A sim-
ilar bioavailability was predicted across the pediatric age 
range using both absorption models. One advantage of 
the ADAM model is that it could be expanded to allow 
the inclusion of the ontogeny of enzymes in different 
segments of the GI tract, as measured in the study by 
Kiss et al.17

Other areas for further research relate to the strategic 
expression of the intestinal CYP enzymes and the inter-
play between enterocyte turnover and enzyme expression 
with age. The CYP expression within the enterocytes is 
key and there is some evidence that in subjects less than 
6 months old, only certain enterocytes seem to express the 
enzyme.14

Although there is increasing evidence for the improved 
performance19,20,23,43 of the modified Upreti21 hepatic 
CYP3A4 ontogeny compared with that of Salem et al.,22 
some studies have failed to reach a firm conclusion.44–46 
Any error here will impact the evaluation of intestinal 
CYP3A ontogeny and remains a limitation for the current 
study.

In conclusion, there is a definite ontogeny for intes-
tinal CYP3A in neonates and infants but there appears 
to be little age- related change beyond 1 year of age. The 
optimal ontogeny model is difficult to discern after con-
sidering the effects of CYP3A5 and other population 
variability. Given the available data, the modified he-
patic CYP3A4 ontogeny of Upreti et al.21 and the intesti-
nal CYP3A ontogeny of Johnson et al.47 will be retained 

in the Simcyp model for term neonates and older. Future 
development of this intestinal CYP3A4 ontogeny model 
could include optimization in terms of speed of onset 
and fraction at birth. For inclusion in other PBPK soft-
ware models the user should perform their verification, 
particularly if the hepatic ontogeny for CYP3A4 is dif-
ferent. Improving the current study requires additional 
information both on midazolam and other specific 
CYP3A4 drug bioavailability in pediatrics and on in-
testinal CYP3A ontogeny, particularly in the early age 
groups.

AUTHOR CONTRIBUTIONS
T.N.J., H.K.B., J.G., R.D.H. and J.D. wrote the manu-
script. T.N.J. and H.K.B. designed the research. T.N.J. 
and J.G. performed the research. T.N.J. and J.D. ana-
lyzed the data.

ACKNOWLEDGMENTS
The authors would like to thank Adi Reader from the 
Library team at Certara UK for help in submitting this 
manuscript.

FUNDING INFORMATION
No funding was received for this work.

CONFLICT OF INTEREST STATEMENT
TNJ and JD are employees of Certara UK Limited and 
may hold shares in Certara. All other authors declared no 
competing interests for this work.

F I G U R E  6  Comparison of the prediction of the bioavailability of oral midazolam in pediatrics using the first- order and ADAM models. 
(a) Direct comparison of the two models against PMA, black diamonds are for first- order model and gray triangles are ADAM model, dark 
black circles are the clinical data. (b) Correlation for predicted bioavailability between the two models.



   | 11PEDIATRIC PBPK TO ASSESS INTESTINAL CYP3A ONTOGENY

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

ORCID
Trevor N. Johnson   https://orcid.
org/0000-0003-0778-0081 
Hannah K. Batchelor   https://orcid.
org/0000-0002-8729-9951 
Jan Goelen   https://orcid.org/0000-0002-6796-3210 
Richard D. Horniblow   https://orcid.
org/0000-0002-3996-9236 
Jean Dinh   https://orcid.org/0000-0003-3255-8925 

REFERENCES
 1. Johnson TN, Small BG, Rowland YK. Increasing application of 

pediatric physiologically based pharmacokinetic models across 
academic and industry organizations. CPT Pharmacometrics 
Syst Pharmacol. 2020;11:373-383.

 2. Zhang X, Yang Y, Grimstein M, et  al. Application of PBPK 
Modeling and simulation for regulatory decision making and 
its impact on US prescribing information: an update on the 
2018–2019 submissions to the US FDA's Office of Clinical 
Pharmacology. J Clin Pharmacol. 2020;60(Suppl 1):S160-S178.

 3. Verscheijden LFM, Koenderink JB, Johnson TN, de Wildt SN, 
Russel FGM. Physiologically- based pharmacokinetic models 
for children: starting to reach maturation? Pharmacol Ther. 
2020;211:107541.

 4. Johnson TN, Tucker GT, Tanner MS, Rostami- Hodjegan A. 
Changes in liver volume from birth to adulthood: a meta- 
analysis. Liver Transpl. 2005;11:1481-1493.

 5. Maharaj AR, Gonzalez D, Cohen- Wolkowiez M, Hornik CP, 
Edginton AN. Improving Pediatric protein binding estimates: 
an evaluation of alpha1- acid glycoprotein maturation in healthy 
and infected subjects. Clin Pharmacokinet. 2018;57:577-589.

 6. Emoto C, Johnson TN, Neuhoff S, Hahn D, Vinks AA, Fukuda 
T. PBPK model of morphine incorporating developmental 
changes in hepatic OCT1 and UGT2B7 proteins to explain the 
variability in clearances in neonates and Small infants. CPT 
Pharmacometrics Syst Pharmacol. 2018;7:464-473.

 7. Villiger A, Stillhart C, Parrott N, Kuentz M. Using physiologi-
cally based pharmacokinetic (PBPK) modelling to gain insights 
into the effect of physiological factors on Oral absorption in 
paediatric populations. AAPS J. 2016;18:933-947.

 8. Johnson TN, Jamei M, Rowland- Yeo K. How does in vivo biliary 
elimination of drugs change with age? Evidence from in vitro 
and clinical data using a systems pharmacology approach. Drug 
Metab Dispos. 2016;44:1090-1098.

 9. Watkins PB, Wrighton SA, Schuetz EG, Molowa DT, Guzelian 
PS. Identification of glucocorticoid- inducible cytochromes 
P- 450 in the intestinal mucosa of rats and man. J Clin Invest. 
1987;80:1029-1036.

 10. Paine MF, Khalighi M, Fisher JM, et  al. Characterization 
of interintestinal and intraintestinal variations in human 
CYP3A- dependent metabolism. J Pharmacol Exp Ther. 
1997;283:1552-1562.

 11. Paine MF, Shen DD, Kunze KL, et  al. First- pass metabolism 
of midazolam by the human intestine. Clin Pharmacol Ther. 
1996;60:14-24.

 12. Lown KS, Kolars JC, Thummel JL, et  al. Interpatient hetero-
geneity in expression of CYP3A4 and CYP3A5 in small bowel. 
Lack of prediction by the erythromycin breath test. Drug Metab 
Dispos. 1994;22:947-955.

 13. Chen YT, Trzoss L, Yang D, Yan B. Ontogenic expression of 
human carboxylesterase- 2 and cytochrome P450 3A4 in liver 
and duodenum: postnatal surge and organ- dependent regula-
tion. Toxicology. 2015;330:55-61.

 14. Fakhoury M, Litalien C, Medard Y, et  al. Localization 
and mRNA expression of CYP3A and P- glycoprotein in 
human duodenum as a function of age. Drug Metab Dispos. 
2005;33:1603-1607.

 15. Johnson TN, Tanner MS, Taylor CJ, Tucker GT. Enterocytic 
CYP3A4 in a paediatric population: developmental changes 
and the effect of coeliac disease and cystic fibrosis. Br J Clin 
Pharmacol. 2001;51:451-460.

 16. Goelen J, Farrell J, McGeehan J, et al. Quantification of drug 
metabolising enzymes and transporter proteins in the paedi-
atric duodenum via LC- MS/MS proteomics using a QconCAT 
technique. Eur J Pharm Biopharm. 2023;191:68-77.

 17. Kiss M, Mbasu R, Nicolai J, et  al. Ontogeny of small intes-
tinal drug transporters and metabolizing enzymes based 
on targeted quantitative proteomics. Drug Metab Dispos. 
2021;49:1038-1046.

 18. Kuehl P, Zhang J, Lin Y, et al. Sequence diversity in CYP3A pro-
moters and characterization of the genetic basis of polymor-
phic CYP3A5 expression. Nat Genet. 2001;27:383-391.

 19. Johnson TN, Howgate EM, de Wildt SN, Turner MA, 
Rowland YK. Use of developmental midazolam and 
1- Hydroxymidazolam data with Pediatric physiologically based 
Modeling to assess cytochrome P450 3A4 and uridine diphos-
phate Glucuronosyl transferase 2B4 ontogeny in  vivo. Drug 
Metab Dispos. 2023;51:1035-1045.

 20. Codaccioni M, Southall RL, Dinh J, Johnson TN. Prediction of 
pediatric pharmacokinetics for CYP3A4 metabolized drugs: 
comparison of the performance of two hepatic ontogeny 
within a physiologically based pharmacokinetic model. J Clin 
Pharmacol. 2024; (in press) DOI 10.1002/jcph2452.

 21. Upreti VV, Wahlstrom JL. Meta- analysis of hepatic cytochrome 
P450 ontogeny to underwrite the prediction of pediatric phar-
macokinetics using physiologically based pharmacokinetic 
modeling. J Clin Pharmacol. 2016;56:266-283.

 22. Salem F, Johnson TN, Abduljalil K, Tucker GT, Rostami- 
Hodjegan A. A re- evaluation and validation of ontogeny func-
tions for cytochrome P450 1A2 and 3A4 based on in vivo data. 
Clin Pharmacokinet. 2014;53:625-636.

 23. Van der Veken M, Brouwers J, Ozbey AC, et al. Investigating tac-
rolimus disposition in paediatric patients with a physiologically 
based pharmacokinetic model incorporating CYP3A4 ontogeny, 
mechanistic absorption and red blood cell binding. Pharmaceutics. 
2023;15:2231. doi:10.3390/pharmaceutics15092231

 24. Stevens JC, Hines RN, Gu C, et al. Developmental expression 
of the major human hepatic CYP3A enzymes. J Pharmacol Exp 
Ther. 2003;307:573-582.

 25. Rostami- Hodjegan A, Tucker G. ‘In silico’ simulations to assess 
the ‘in vivo’ consequences of ‘in vitro’ metabolic drug- drug in-
teractions. Drug Discov Today Technol. 2004;1:441-448.

https://orcid.org/0000-0003-0778-0081
https://orcid.org/0000-0003-0778-0081
https://orcid.org/0000-0003-0778-0081
https://orcid.org/0000-0002-8729-9951
https://orcid.org/0000-0002-8729-9951
https://orcid.org/0000-0002-8729-9951
https://orcid.org/0000-0002-6796-3210
https://orcid.org/0000-0002-6796-3210
https://orcid.org/0000-0002-3996-9236
https://orcid.org/0000-0002-3996-9236
https://orcid.org/0000-0002-3996-9236
https://orcid.org/0000-0003-3255-8925
https://orcid.org/0000-0003-3255-8925
https://doi.org/10.1002/jcph2452
https://doi.org//10.3390/pharmaceutics15092231


12 |   JOHNSON et al.

 26. Johnson TN, Bonner JJ, Tucker GT, Turner DB, Jamei M. 
Development and applications of a physiologically- based 
model of paediatric oral drug absorption. Eur J Pharm Sci. 
2018;115:57-67.

 27. de Wildt SN, Kearns GL, Hop WC, et al. Pharmacokinetics and 
metabolism of oral midazolam in preterm infants. Br J Clin 
Pharmacol. 2002;53:390-392.

 28. Brussee JM, Yu H, Krekels EHJ, et  al. First- pass CYP3A- 
mediated metabolism of midazolam in the Gut Wall and liver 
in preterm neonates. CPT Pharmacometrics Syst Pharmacol. 
2018;7:374-383.

 29. Abduljalil K, Pan X, Pansari A, Jamei M, Johnson TN. A preterm 
physiologically based pharmacokinetic model. Part I: physio-
logical parameters and model building. Clin Pharmacokinet. 
2020;59:485-500.

 30. Johnson TN, Boussery K, Rowland- Yeo K, Tucker GT, Rostami- 
Hodjegan A. A semi- mechanistic model to predict the effects 
of liver cirrhosis on drug clearance. Clin Pharmacokinet. 
2010;49:189-206.

 31. Maharaj AR, Wu H, Hornik CP, et al. Use of normalized pre-
diction distribution errors for assessing population physiologi-
cally based pharmacokinetic model adequacy. J Pharmacokinet 
Pharmacodyn. 2020;47:199-218.

 32. Kharasch ED, Walker A, Isoherranen N, et  al. Influence of 
CYP3A5 genotype on the pharmacokinetics and pharmacody-
namics of the cytochrome P4503A probes alfentanil and midaz-
olam. Clin Pharmacol Ther. 2007;82:410-426.

 33. Kvitne KE, Drevland OM, Haugli N, et al. Intraindividual vari-
ability in absolute bioavailability and clearance of midazolam 
in healthy individuals. Clin Pharmacokinet. 2023;62:981-987.

 34. Payne K, Mattheyse FJ, Liebenberg D, Dawes T. The phar-
macokinetics of midazolam in paediatric patients. Eur J Clin 
Pharmacol. 1989;37:267-272.

 35. Reed MD, Rodarte A, Blumer JL, et al. The single- dose phar-
macokinetics of midazolam and its primary metabolite in pedi-
atric patients after oral and intravenous administration. J Clin 
Pharmacol. 2001;41:1359-1369.

 36. van Groen BD, Krekels EHJ, Mooij MG, et al. The oral bioavail-
ability and metabolism of midazolam in stable critically ill chil-
dren: a pharmacokinetic microtracing study. Clin Pharmacol 
Ther. 2021;109:140-149.

 37. Vet NJ, Brussee JM, de Hoog M, et al. Inflammation and organ 
failure severely affect midazolam clearance in critically ill chil-
dren. Am J Respir Crit Care Med. 2016;194:58-66.

 38. Brussee JM, Yu H, Krekels EHJ, et al. Characterization of intes-
tinal and hepatic CYP3A- mediated metabolism of midazolam 
in children using a physiological population pharmacokinetic 
modelling approach. Pharm Res. 2018;35:182.

 39. von Richter O, Burk O, Fromm MF, Thon KP, Eichelbaum 
M, Kivistö KT. Cytochrome P450 3A4 and P- glycoprotein 

expression in human small intestinal enterocytes and hepato-
cytes: a comparative analysis in paired tissue specimens. Clin 
Pharmacol Ther. 2004;75:172-183.

 40. de Waal T, Handin N, Brouwers J, et al. Expression of intestinal 
drug transporters and metabolic enzymes in neonatal and pedi-
atric patients. Int J Pharm. 2024;654:123962.

 41. Dinh J, Johnson TN, Grimstein M, Lewis T. Physiologically 
based pharmacokinetics modeling in the neonatal population- 
current advances, challenges, and opportunities. Pharmaceutics. 
2023;15:2579. doi:10.3390/pharmaceutics15112579

 42. Jamei M, Turner D, Yang J, et al. Population- based mechanistic 
prediction of oral drug absorption. AAPS J. 2009;11:225-237.

 43. Heimbach T, Lin W, Hourcade- Potelleret F, et al. Physiologically 
based pharmacokinetic model to supplement nilotinib pharma-
cokinetics and confrom dose selection in pediatric patients. J 
Pharm Sci. 2019;108:2191-2198.

 44. Cleary Y, Gertz M, Grimsey P, et  al. Model- based drug–drug 
interaction extrapolation strategy from adults to children: ris-
diplam in pediatric patients with spinal muscular atrophy. Clin 
Pharmacol Ther. 2021;110:1547-1557.

 45. Zhou W, Johnson TN, Bui KH, et  al. Predictive performance 
of physiologically based pharmacokinetic (PBPK) modeling of 
drugs extensively metabolized by major cytochrome P450s in 
children. Clin Pharmacol Ther. 2018;104:188-200.

 46. Lang J, Vincent L, Chenel M, Ogungbenro K, Galatin A. Impact 
of hepatic CYP3A4 ontogeny function on drug- drug interaction 
risk in pediatric physiologically based pharmacokinetic/phar-
macodynamic modeling: criteria literature review and ivabra-
dine case study. Clin Pharmacol Ther. 2021;109:1618-1630.

 47. Johnson TN, Rostami- Hodjegan A, Tucker GT. Prediction of the 
clearance of eleven drugs and associated variability in neonates, 
infants and children. Clin Pharmacokinet. 2006;45:931-956.

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Johnson TN, Batchelor 
HK, Goelen J, Horniblow RD, Dinh J. Combining 
data on the bioavailability of midazolam and 
physiologically- based pharmacokinetic modeling to 
investigate intestinal CYP3A4 ontogeny. CPT 
Pharmacometrics Syst Pharmacol. 2024;00:1-12. 
doi:10.1002/psp4.13192

https://doi.org//10.3390/pharmaceutics15112579
https://doi.org/10.1002/psp4.13192

	Combining data on the bioavailability of midazolam and physiologically-based pharmacokinetic modeling to investigate intestinal CYP3A4 ontogeny
	Abstract
	INTRODUCTION
	METHODS
	Literature search
	Intestinal CYP3A ontogeny models
	Model development
	PBPK modeling approach
	Simulations trial design
	Data analysis

	RESULTS
	Literature search
	Comparison of the possible intestinal CYP3A4/CYP3A5 ontogeny

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


