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Abstract: This study aimed to develop a physiologically based pharmacokinetic (PBPK) model
that simulates metabolically cleared compounds’ pharmacokinetics (PK) in pregnant subjects and
fetuses. This model accounts for the differences in tissue sizes, blood flow rates, enzyme expression
levels, plasma protein binding, and other physiological factors affecting the drugs’ PK in both the
pregnant woman and the fetus. The PBPKPlus™ module in GastroPlus® was used to model the PK
of metoprolol, midazolam, and metronidazole for both non-pregnant and pregnant groups. For each
of the three compounds, the model was first developed and validated against PK data in healthy non-
pregnant volunteers and then applied to predict the PK in the pregnant groups. The model accurately
described the PK in both the non-pregnant and pregnant groups and explained well the differences
in the plasma concentration due to pregnancy. When available, the fetal plasma concentration,
placenta, and fetal tissue concentrations were also predicted reasonably well at different stages of
pregnancy. The work described the use of a PBPK approach for drug development and demonstrates
the ability to predict differences in PK in pregnant subjects and fetal exposure for metabolically
cleared compounds.
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1. Introduction

Female physiology evolves during pregnancy, and understanding the impact of these
changes on the PK of an active pharmaceutical ingredient (API) is critical to ensure its safety
and efficacy for both the pregnant woman and the fetus. However, clinical trials rarely
include pregnant women for ethical reasons [1,2], and most drugs administered during
pregnancy have not been formally tested in a safe clinical environment [3]. New methods
to investigate API behavior in pregnant populations have been developed, such as in vitro
systems or preclinical studies [4,5], but the predictability of these tests is limited, and
other approaches are mandatory. Physiologically based pharmacokinetic (PBPK) models
integrate both API physicochemical information and physiological parameters that describe,
in a mechanistic way, the succession of anatomical, physiological, and physical events
involved in the API absorption, distribution, metabolism, and excretion (ADME) processes.
Berezowska et al. reviewed the current advantages and limitations of PBPK models used
to predict APIs’ PK during all stages of pregnancy [6]. The Medicines and Healthcare
Products Regulatory Agency (MHRA) from the United Kingdom recently pointed out how
PBPK models could support benefit–risk decisions, inform dose adjustment in pregnant
populations, and investigate medicine levels in fetuses to support risk assessment [7].
However, the MHRA presented the critical need for PBPK models’ extensive qualification
for high-impact applications, like clinical trial waivers [7]. In this context, our previous
study focused on the distribution and elimination changes that occur during pregnancy,
and presented the development of the PBPK model in GastroPlus® and its validation for
drugs cleared exclusively by the kidneys [8]. To further qualify the ability of the PBPK
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model to accurately describe the drug PK in pregnant subjects, this research project is
focused on metabolic changes in pregnancy and the validation of the model using PK data
for metabolically cleared drugs.

The liver is the major metabolic organ but other organs such as the intestine may play
a significant role in APIs’ PK following their oral administration. Drugs can be metabolized
via oxidation, reduction, hydrolysis, conjugation, or other chemical processes. For many
drugs, metabolism occurs in two phases: Phase one reactions involve the formation of
a new or modified functional group or molecule cleavage; Phase two reactions involve
conjugation with an endogenous substance [9]. The combination of phase one and two
reactions results in a more polar molecule that can be easily eliminated from the body via
renal or biliary secretion. The rate of drug metabolism may vary between subjects. Indeed,
for some metabolic enzymes, genetic polymorphisms have been identified and correlated
with significant differences in the enzyme activities. Environmental co-factors, such as
smoking, co-treatments, or some food components, can also have a significant, permanent,
or temporary effect on the metabolic rate [10].

The cytochrome P450 (CYP) enzymes are the main actors of the phase one detoxifi-
cation of xenobiotics [11], and the activities of a number of those (1A2, 2A6, 2B8, 2C19,
2D6, 2E1, and 3A4) have been reported to change in pregnancy [12,13]. Therefore, for APIs
that are metabolized by these enzymes, the metabolic rate and plasma concentration–time
course (Cp-time) are expected to change during pregnancy. However, Gong et al. reviewed
the effect of gestational age and hormonal regulation on the expression of phase two en-
zymes in pregnant woman and the placenta. As part of this review, they identified the
current knowledge gaps in phase two enzyme localization, expression, and regulation
during pregnancy [14]. Due to this knowledge gap, predicting the PK in pregnant patients
for APIs cleared by phase two metabolic enzymes remains a challenge.

The fetus does not significantly contribute to the maternal systemic metabolism [15].
However, the fetal metabolic capacity will appear as the liver is formed, and matures
during the later stage of pregnancy. This fetal metabolism can have a significant impact on
local concentrations, metabolite creation and accumulation, and potential fetal side effects.

The work presented here demonstrates the use of the PBPK model to predict both ma-
ternal and fetal exposure to APIs, mainly cleared through the metabolism. The three APIs
selected for the validation are commonly used during pregnancy and almost exclusively
cleared by metabolic processes: metoprolol (MET), midazolam (MID), and metronida-
zole (MTD).

2. Material and Methods

Most of the physiological changes linked with pregnancy (e.g., blood flow rates, GFR,
plasma protein binding) were described in a previous publication [8]. Those changes
remain important for the analysis of compounds cleared by liver metabolism. This section
focuses on the maternal and fetal changes in the enzymes’ expressions level and the liver
size during pregnancy.

2.1. Pregnancy Model
2.1.1. Maternal Changes: Enzymes

Although the maternal liver volume remains constant during all stages of pregnancy,
metabolic enzyme expression levels evolve as pregnancy progresses. The magnitude of
changes in enzyme expression was adapted from the literature [12,13]. For the enzymes
CYP2A6, CYP2B6, and CYP2E1, the expression levels only at the end of pregnancy were
available, so a linear interpolation was used to calculate their expression at all gesta-
tional ages. For CYP2D6, the expressions provided in the two papers have a big dis-
crepancy in the third trimester; therefore, the equation provided here was developed
according to both datasets. For the other enzymes, the equations were either adopted from
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Manikandan et al. [11] or fitted with the available data in Abduljalil et al. [12] (CYP3A5
was assumed to have the same change as CYP3A4 throughout pregnancy).

CYP1A2 Expression Level(%) = 100− 3.5814×GA + 0.0495×GA2

CYP2A6 Expression Level(%) = 100 + 2.05×GA

CYP2B6 Expression Level (%) = 100 + 2.25×GA

CYP2C19 Expression Level(%) = 100− 3.9083×GA + 0.0552×GA2

CYP2D6 Expression Level (%) = 100 − 0.802×GA + 0.1426×GA2

CYP2E1 Expression Level(%) = 100 + 2×GA

CYP3A4 Expression Level(%) = 100 + 2.9826×GA− 0.0741×GA2

CYP3A5 Expression Level(%) = 100 + 2.9826×GA− 0.0741×GA2

In all equations, GA represents gestational age, and the expression levels are presented
as percentages of the enzyme expression in a corresponding, non-pregnant female of a
similar age and body weight.

2.1.2. Fetal Changes: Liver Size and Enzyme Expression

A relationship linking liver tissue weight to post-menstrual age (PMA) model for newborns
born 16 weeks premature (i.e., PMA = 24 weeks) up to 1-year-old infants has been previously
developed [16]. For fetuses at a gestational age lower than 24 PMA, due to the lack of data, the
liver tissue weight is considered to represent the same fraction of whole body weight as it does
at 24 PMA, approximately 5.7% of fetal body weight (Supplementary Materials File S1).

In the current pregnancy model, the fetus is modeled as a single tissue. Therefore,
the enzyme expression levels are recalculated for the whole fetal tissue using the follow-
ing equation:

Enzi_expresion
Fetal

=
FetalLiverWeight

FetalWeight
× Enzi_expresion

Fetal_liver

The general equation for each enzyme is the same as that for the pediatric subject:

Enzi_expresion
Fetal_liver

=

ai ×
(

GA
52

)Ei

bi +
(

GA
52

)Ei
+ POi

 × Enzi_expresion
Adult_liver

where a, b, E, and PO are enzyme-specific parameters describing their ontogeny. These
parameters were previously validated for neonates, infants, and children [17]. In the
absence of data on the fetus, allowing their complete validation at different stages of
pregnancy, they were extrapolated based on GA.

2.2. Model Validation Compounds

Three case studies were identified to validate the PBPK model’s ability to predict the
PK in both maternal and fetal tissues at different stages of pregnancy for drugs mainly
eliminated by metabolism: MET, MID, and MTD. In all cases, sufficient in vitro and in vivo
information was available in the literature to develop and validate the PBPK models in
healthy non-pregnant and pregnant populations. All the PBPK models were developed



Pharmaceutics 2024, 16, 96 4 of 16

using GastroPlus version 9.8.3 (Simulations Plus, Inc., Lancaster, CA, USA). First, the
baseline model for non-pregnant healthy adults was developed and validated for each test
compound. The PBPK physiology was subsequently adapted to pregnant females using
the corresponding published demographic information. The clinical trials performed in
pregnant women were then predicted using the model. In all simulations, the maternal
Cp-time courses as well as available fetal concentrations (e.g., fetal venous return, placenta,
fetal tissue) were simulated and compared with the observed data from the corresponding
clinical studies. The model was deemed acceptable if the simulated tissue concentration–
time courses were within the range of the observed data, and if no systematic mispredictions
could be identified. The compound properties, model settings, and clinical studies used for
the model development, validation, and extrapolation to the pregnant population for all
compounds are summarized in Supplementary Materials File S2.

2.2.1. MET PBPK Model

The baseline distribution model consists of PBPKs with all tissues defined as perfusion-
limited. The tissue/plasma partition coefficients (Kp) were calculated using the default
Lukacova method incorporating lysosomal trapping [16], as the basic pKa value of 9.7 and
logP value of 1.88 make MET subject to this physiological process. The MET dose used
in the simulations was calculated for the free base, using the total administered dose of
the salt form, the molecular weight of the free base, and the salt used in the formulations.
The unbound in vivo Km value (26 µM) for CYP2D6 as determined by Madani et al. from
in vitro measurement of a-OH-metoprolol and O-desmethyl-metoprolol formation [18] was
used in all simulations. To account for the CYP2D6 polymorphism, the default expression
levels/activities for a poor metabolizer (PM), intermediate metabolizer (IM), extensive
metabolizer (EM), and ultra-rapid metabolizer (UM) were used. A single Vmax value was
fitted to describe the MET Cp-time profiles for all CYP2D6 polymorphism. The renal
clearance was set as plasma fraction unbound (fup) × glomerular filtration rate (GFR).

2.2.2. MID PBPK Model

The baseline distribution model consists of PBPKs with all tissues defined as perfusion-
limited. The Kp values were calculated using the default Lukacova method [19]. The
CYP3A4 metabolism was defined using the Km and Vmax values from in vitro studies [20].
The PBPK model also includes the impact of intestinal fatty acid binding proteins (I-FABP)
on the rate of MID entry into the portal vein following oral administration [21]. In all
simulations for oral solutions, the stomach transit time was set to 0.1 h. The renal clearance
was set to fup × GFR.

2.2.3. MTD PBPK Model

The baseline PBPK models for both MTD and its metabolite hydroxy-MTD in healthy
male subjects were developed with all tissues defined as perfusion-limited. The Kp values
were calculated using the default Lukacova method [19]. For both MTD and hydroxy-MTD,
in the absence of information from the literature, the blood-to-plasma ratio was fitted to
2.4 to accurately describe their volumes of distribution. For MTD, the in vivo Km and
Vmax values for CYPs 2A6 and 3A4 were scaled from in vitro measurements obtained
in rCYP systems [22]. Fitted ISEF values [23] of 4 and 13 were used for the in vitro-to-
in vivo extrapolation (IVIVE) of CYP 2A6 to describe the observed data in healthy subjects
obtained from two different clinical trials [24,25]. For CYP3A4, an ISEF value of 1.5
was used for the IVIVE. UGT2B7 also contributes to MTD metabolism; however, in vitro
data for MTD metabolism by this enzyme were not found in the literature. Therefore,
the Km value for the metabolism by UGT2B7 was assumed to be equal to the in vitro value
measured for CYP3A4, and Vmax was fitted to achieve a 10% contribution of UGT2B7 to
the MTD metabolism, aligned with the clinical data [26]. MTD renal clearance was set
as a combination of filtration (fup × GFR) and passive secretion by adjusting the apical
permeability–surface area product (PStc) in the kidney to 0.17 mL/s.
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MTD biotransformation into hydroxy-MTD is catalyzed by CYPs 3A4 and 2A6, based
on the published information [22]. Hydroxy-MTD metabolic elimination was mediated by
UGT2B7 in the model. The same UGT2B7 Km value was used for MTD and its metabolite.
Vmax was fitted using the observed concentration–time courses for hydroxy-MTD [25].
Hydroxy-MTD renal clearance was set as a combination of filtration (fup × GFR) and
passive secretion by adjusting the apical PStc in the kidney to 0.015 mL/s.

3. Results
3.1. Metoprolol

MET is a cardioselective β1-blocker, which is widely used in the treatment of cardio-
vascular diseases. It is used to control pregnancy-induced hypertension and belongs to FDA
pregnancy category C, meaning it should only be used if needed. This BCS Class I drug
is cleared by CYP2D6 in the gut and liver. This metabolic enzyme is highly polymorphic,
with four identified phenotypes: PM, IM, EM, and UM [27]. The plasma concentrations for
compounds eliminated by CYP2D6 can be several times higher in subjects with the PM phe-
notype compared to the subjects with the UM phenotype. Because of this polymorphism,
renal secretion contributes differently to the overall clearance based on phenotypes: in PM
subjects, it can contribute up to 20% of total MET clearance following oral administration,
while in EM subjects, the unchanged drug recovered in urine is less than 5% after oral
administration and 10% after IV administration [28,29].

To describe all the observed data in healthy subjects, a single Vmax value (42 pmol/
min/pmol CYP) was fitted and used for all the polymorph populations. The different
polymorphic enzyme expressions in the gut and liver accounted for the varying rates
of metabolism for the PM, IM, EM, and UM subjects. Overall, the model provides a
good description the observed data following both IV and PO administration in healthy
subjects [29,30] (Figure 1). Kirchheimer et al. reported separate Cp-time profiles for the
PM, EM, and UM groups, and the simulations could be compared with the observed
data for each phenotype [29]. For the IV administration reported by Godbillon et al., the
polymorphic phenotype was not described [30]. It was found that placing this population
in the IM group resulted in the best description of the observed IV data.

After the PBPK model was validated for healthy volunteers, it was used to predict the
MET PK following IV and PO administration in five subjects (labeled S1 to S5 in Figure 2)
during pregnancy or postpartum [31]. Högstedt et al. did not report the subjects’ CYP2D6
phenotype but the percentage of MET excreted unchanged in the urine varies from 6.1 to
30%, suggesting the subjects included different phenotypes from PM to EM [31]. Therefore,
the simulations were completed using built-in expression data for the PM, IM, and EM
phenotypes. The results for the IV administration of 7.8 mg MET at 37 weeks GA and at
the postpartum stage, as well as 78 mg PO administration in both groups, are presented
in Figure 2. The predicted concentration ranges between the PM and EM subgroups well
cover the range of the observed data for all groups of subjects, demonstrating the ability of
the PBPK model to capture the effect of pregnancy on the PK of MET, an API cleared by
the polymorphic CYP2D6 enzyme. It is noticeable that the fup predicted by the model for
pregnant subjects based on the fup in the non-pregnant subjects (91.1% in pregnant versus
89% for postpartum subjects) accurately captured the corresponding measured values
(90.8% in pregnant versus 89.1% postpartum subjects [27]).
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metoprolol HCl in healthy fasted volunteers: 88.7 mg IV infusion for 2.5 h in male subjects (26 years 
Figure 1. (Study A) Simulated and observed mean [30] Cp-time profiles after administration of meto-
prolol HCl in healthy fasted volunteers: 88.7 mg IV infusion for 2.5 h in male subjects (26 years old,
70 kg). (Study B) Simulated mean and observed individual [29] Cp-time profiles after administration
of metoprolol HCl in healthy fasted volunteers (PM: 37.5 years old, 90 kg; EM: 28 years old, 77 kg;
UM: 28 years old, 76 kg): 82 mg of metoprolol as an IR tablet in three groups with different CYP2D6
phenotypes: UM, EM, and PM.
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Figure 2. Simulated and observed [31] mean Cp-time profiles of MET in five (S1–S5) subjects either
postpartum (30 years old, 72 kg) or at 37 weeks GA (30 years old, 81.8 kg) following either IV
bolus (7.8 mg) or PO (78 mg) administrations. Solid, dashed, and dotted lines represent simulated
concentration time courses for the EM, IM, and PM phenotypes, respectively.
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3.2. Midazolam

MID is a benzodiazepine enhancing the effectiveness of the neurotransmitter gamma-
aminobutyric acid to decrease the excitability of neurons, resulting in a calming effect on
the central nervous system. In pregnant patients, MID is often used as an anesthesiologic
adjuvant before or after spinal anesthesia for patients undergoing a cesarean section. MID
is a BCS Class I compound. It is metabolized by the CYP3A4 enzyme into 1′-hydroxy-
MID and 4′-hydroxy-MID, and then excreted primarily as a 1′-hydroxy-MID glucuronide
conjugate. The unchanged amount of parent drug in the urine is less than 0.5% following
IV administration [32]. In the baseline PBPK model, the MID metabolism by CYP3A4 in the
gut and liver was calibrated using in vitro Km and Vmax values and the built-in enzyme
expression levels in both tissues. The simulations obtained with this model are overlaid
with the observed Cp-time profiles in healthy male volunteers following either IV 5 mg [33]
or PO solution 7.5, 15, and 30 mg [34] administrations (Figure 3).
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Figure 3. (Study A) Simulated and observed [33] mean Cp-time profiles after administration of MID in
healthy fasted volunteers (25 years old, 70 kg) following IV bolus (5 mg) of MID. (Study B) Simulated
and observed [34] mean Cp-time profiles after administration of either 7.5 (circles), 15 (triangles), or 30
(open circles) mg PO solution of MID in healthy fasted volunteers (38 years old, 73 kg).

After the model was validated for healthy male subjects, it was applied to postpartum
and pregnant female subjects receiving 2 mg PO solution of MID [35]. Initial simulations
were carried out using the in vitro enzymatic parameters. Although the model was able
to predict the reduced exposure in the pregnant subject versus the postpartum stage, the
predicted plasma Cmax was only half of the observed value in both groups. Therefore,
the in vitro Vmax (0.85 nmol/min/mg Prot.) was reduced by 17% to enhance the model
predictions in the postpartum female subjects. This change may reflect the intersubject
variability in the enzyme activity/expression [36]. Finally, the adjusted model was used to
predict the plasma concentration–time course in the pregnant population, and it accurately
described the observed data (Figure 4, study A).

The maternal plasma and fetal venous return following the single administration of
15 mg PO to the pregnant subjects were simulated [37]. The initial simulations carried out
using the in vitro enzymatic parameters overpredicted the observed exposure for both the
maternal and fetal plasma. Although postpartum data were not available for these subjects,
the characteristics of maternal PK plasma following the IV administration of 0.075 mg/kg
right after delivery to a patient group with similar population characteristics have been
presented [37]. This dataset was used to scale CYP3A4 Vmax 2.47-fold. By adjusting Vmax,
MID exposure following its IV administration in patients right after delivery was well
described (Figure 4). The final model using the scaled Vmax could predict well both the
maternal plasma and fetal venous return (Figure 4, study B).
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Figure 4. (Study A) Simulated and observed [35] mean Cp-time profiles after 2 mg PO tablet
administration of MID in postpartum subjects (30 years old, 71.6 kg) or in pregnant subjects (30 years
old, 76.4 kg) at 30 weeks GA. (Study B) Simulated and observed [37] mean Cp-time profiles either after
IV administration of MID (0.075 mg/kg) in healthy female volunteers following delivery (30 years
old, 80 kg) or following PO (15 mg) administration during pregnancy at 39 weeks GA (28 years old,
69 kg). Fetal venous return concentrations are also presented (green dots).

3.3. Metronidazole

MTD is an antibiotic indicated in multiple infections caused by anaerobic bacteria.
Around 80% of administered MTD is eliminated by metabolism [38] with the main con-
tributions from the CYPs 2A6, 3A4, and UGT2B7 [22]. A fraction (20%) of the drug is
excreted unchanged in the urine [38]. Cp-time courses following IV and PO administration
of 0.5 g to male patients were used for the model development and validation [24]. The
enzyme kinetic parameters (Km and Vmax) measured in the rCYP system were obtained
from the literature [22]. The in vitro Vmax was converted into the in vivo Vmax using ISEF
values fitted to match the in vivo PK. The study used for the initial model development [24]
required a CYP2A6 ISEF value of 4 to accurately match the observed Cp-time profile
(Figure 5, study A). For external validation, the MTD PK after IV and PO administration at
two dose levels (0.5 and 2 g) in healthy male subjects [25] were simulated and compared
with the observed data (Figure 5, study B). To accurately capture the Cp-time profiles for
MTD and its main metabolite hydroxy-MTD in this study, the ISEF value for CYP2A6 had
to be increased to 13. As CYP2A6 is known to be a polymorphic enzyme [39,40], and the
genotype information for the subjects involved in the studies was not reported, having a
study-specific Vmax was anticipated. Both ISEF values were used to predict the MTD PK
in the pregnant women.
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Figure 5. (Study A) Simulated and observed [24] mean MTD Cp-time profiles after administration
of 0.5 g MTD IV or PO in healthy male volunteers (22 years old, 77 kg). (Study B) Simulated and
observed [25] mean MTD (blue) and hydroxy-MTD (red) Cp-time profiles after administration of 0.5
or 2 g MTD IV or PO in healthy male volunteers (30 years old, 68 kg).

The model developed and validated against in the vivo data from healthy non-
pregnant subjects was applied to predict the PK in pregnant subjects with a variety of
dosing schedules: a single 0.25 or 1 g PO dose at 11 weeks GA [41]; 0.5 g PO administered
BID for four days at 12, 24, and 36 weeks GA [42]; 0.5g IV infusion at 39 weeks GA [43]
or 9 GA [44]; 0.4 g single PO dose at 9 weeks GA [45].The female physiologies and GA
were adapted for all datasets based on the information reported in the literature. The
simulations were performed using both in vivo CYP2A6 Vmax values determined in the
simulations of the non-pregnant subjects. Overall, the range of predictions captured the
in vivo data at various stages of pregnancy reasonably well (Figure 6). The maternal Cp-
time profiles were predicted accurately after IV and PO administrations at different stages
of pregnancy. The transplacental transport at 40 weeks GA is well captured, as the observed
cord blood concentrations overlap with the predictions (Figure 6, study C [43]). The fetal
tissue concentrations reported by Karhunen L. [44] at 9 weeks GA are well predicted by the
model (Figure 6, study E), whereas an overprediction is obtained for the data presented in
Heisterberg L.’s publication [45] (Figure 6, study D). However, it should be noted that the
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fetus observed data (1.9 and 3 µg/g) reported by Heisterberg L come from two patients
for whom the observed maternal plasma concentrations (1.8 and 4.5 µg/mL) are also
overpredicted by the model [45] (Figure 6, study D). Enhancing the maternal prediction
would likely result in a better prediction of the fetal concentrations in these two subjects.
Overall, for this study, both the maternal plasma and placenta predicted concentrations
are within the range of observed values from this study. The placenta concentrations are
overpredicted more than two-fold for the study by Karhunen L. [44] (Figure 6, study E).
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Figure 6. (Study A) Simulated and observed [41] mean Cp-time profiles after single administration
of MTD to pregnant volunteers: 0.25 or 1 g PO tablet of MTD in a female pregnant subject, 11 weeks
GA (29 years old, 66 kg). (Study B) Simulated and observed [42] mean Cp-time profiles after multiple
administrations of MTD to pregnant volunteers: 0.5 g PO tablet of MTD in a female pregnant subject at
either 12 (23 years old, 64 kg), 24 (23 years old, 81 kg), or 36 (23 years old, 84.7 kg) weeks GA. (Study C)
Simulated and observed [43] individual maternal plasma (blue) and cord blood (green) concentration–
time courses following the administration of 0.5 g IV infusion of MTD to female pregnant subject,
40 weeks GA (30 years old, 91 kg). (Study D) Simulated and observed [45] individual maternal
plasma (blue), placenta (pink), and fetal tissue (yellow) concentration–time courses following the
administration of 0.4 g PO tablet of MTD to female pregnant subject, 9 weeks GA (28 years old, 76 kg).
(Study E) Simulated and observed [44] mean maternal plasma (blue), placenta (pink), and fetal tissue
(yellow) concentration–time courses following the administration of 0.5 g IV infusion of MTD in a
female pregnant subject, 9 weeks GA (20 years old, 58 kg).
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In this case study, the PBPK model’s capacity to predict the maternal PK at different
stages of pregnancy using a model previously validated based on a healthy non-pregnant
subject population was validated. This model can also reasonably well predict the concen-
tration in multiple fetal tissues in early and late pregnancy.

Solid lines represent the simulations obtained using the in vivo CYP2A6 Vmax cal-
culated using an ISEF of 13. Dashed lines represent the simulations obtained using the
in vivo CYP2A6 Vmax calculated using an ISEF of 4. Shaded areas represent the range of
simulated concentration–time courses obtained using the in vivo CYP2A6 Vmax calculated
using an ISEF > 4 and < 13.

4. Discussion

This study builds upon the previously developed and validated human pregnancy
PBPK model. The model consists of a whole body PBPK model on the maternal side
and a simplified PBPK model on the fetal side. This model was previously validated for
compounds that are exclusively cleared by renal excretion, including active secretion by
transporters [8]. The model structure, equations, mechanisms, and how they compare to
other published PBPK models have already been discussed elsewhere [8]. In the present
research, the PBPK model’s ability to predict the maternal and fetal PK for APIs that
are cleared mainly by metabolism was validated using case studies for three different
APIs. The maternal PK at different stages of pregnancy was predicted accurately for all
studies. The fetal tissue exposures were also reasonably predicted without any additional
model adjustments.

The three APIs identified to validate the pregnancy PBPK model and the enzymes’
expression level changes occurring during pregnancy are MET, MID, and MTD. The com-
monalities between these drugs are that 80 percent or more of the administered dose is
cleared by metabolism, and the activity of all CYP enzymes contributing to the elimina-
tion of these compounds is affected during pregnancy [12,13,22,27,32]. Both the maternal
postpartum and pregnancy PK data were accurately predicted for MET and MTD with-
out any clearance model parameters adjustments (considering CYP polymorphism in the
predictions). Recent PBPK models focusing on similar compounds have used a similar
strategy [13,15,46–49]. Therefore, it is plausible that the relationships describing the CYP
enzymes’ expression level during pregnancy are sufficient to predict the maternal PK using
a PBPK model at different stages of pregnancy.

The current project focused only on phase one metabolic enzymes. Recent studies
using buprenorphine and lamotrigine demonstrated that the activities of both phase one
and phase two metabolic enzymes are affected by pregnancy, impacting maternal and
fetal exposure to these drugs [50,51]. However, the changes in expression levels for phase
two enzymes during pregnancy have not been characterized quantitatively yet [14]. As
scientific knowledge evolves, further modeling studies will be performed to evaluate the
ability of the pregnancy PBPK model to predict the changes in phase two metabolism
in pregnancy.

Pregnancy is a dynamic process and the physiological consequences are significantly
different between the first, second, and third trimesters [12,52–55]. In this project, the
maternal PK was well predicted for subjects from 9 to 40 weeks GA, confirming the PBPK
model’s ability to scale to all stages of pregnancy for the maternal PK using models previ-
ously validated for a non-pregnant healthy population. Based on previous work [8] and
MID and MTD case studies, the fetal blood concentration is also relatively well predicted
for the second and third trimesters. However, extrapolation to the first trimester will
require further validation in the future. The minimal dataset of MTD in the placenta and
fetal tissue indicates the exposure is relatively well described during the first trimester in
those biological spaces. It is known that there are significant physiological changes during
the second and third trimesters for the placenta and fetal tissues. Yet, due to the lack of
observed exposure data in those tissues during the later stages of pregnancy, the PBPK
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model predictions could not be fully validated. Hence, those simulations should remain
limited to an exploratory role until further clinical data are available.

Fetal PBPK structures can be composed of a single compartment, as the one proposed
in this research, or more complex associations of different tissues [56–58]. The ultimate aim
of the pregnancy PBPK model is to predict APIs’ behavior in the fetal tissues at different
stages of pregnancy. Yet, recently published PBPK models that aimed to describe fetal
exposure focused only on the fetal umbilical cord blood concentration at delivery, and solid
tissue concentrations were not simulated [59–64]. In this study, the simplified fetal model
structure used for the MTD case study accurately describes the fetal umbilical cord blood as
well as fetal tissue concentrations. Although the observed fetal tissue data present multiple
limitations due to, first, their small number; second, the lack of dynamic information
regarding the concentration–time profile; and third, the absence of information on fetal
tissue concentration during the second and third trimesters of pregnancy, the MTD case
study provides interesting and new insights into the ability to predict fetal tissue exposure
using a PBPK model. Indeed, in two studies, the predicted fetal tissue concentrations were
within a reasonable range compared to the observed data, especially once the observed
variability in the maternal plasma concentration was factored in. Despite these positive
results, the current model structure limits its ability to predict drug PK only in the lumped
fetus compartment representing solid tissues. It is expected that, as more data become
available, predictions in individual fetal tissues (liver, kidney, etc.) will be possible.

The distribution to the placental sub-compartments involved a perfusion-limited ma-
ternal and fetal placenta model for all the case studies presented in this research. The
APIs’ transfer rates are therefore driven by their physicochemical characteristics, as well
as the thickness of the membranes and exchange surfaces. This model structure is com-
parable to other structures published describing API transplacental transfer [65]. Using
this model setting, the fetal umbilical cord concentration–time courses for MID and MTD
were well predicted without any parameter adjustments. Similar processes were selected to
model the transplacental transfer of metabolically cleared APIs in other recently published
PBPK models [13,15,47,66,67]. Interestingly, for drugs that are substrates of transporters, a
permeability-limited model structure for the maternal and fetal placenta tissues provided
better predictions [8]. This structural change was mandatory to account for the effect of
transporters, present on the placental apical membrane, on the shape of the fetal cord
blood concentration–time course [54,68]. Using this model structure was a surrogate to
implementing the transporters directly into the placenta tissue, as the expression levels at
different stages of pregnancy remain mostly unknown [54,69].

The current model can describe with reasonable accuracy the API concentration in
all fetal-related compartments and gives a very good prediction for the maternal plasma
concentrations at different pregnancy stages. Future work will focus on adding a more
detailed fetal PBPK model to assist with the prediction of local tissue concentrations and
include the activity of phase two metabolic enzymes on the maternal side.

5. Conclusions

The work presented here has described the extended validation and use of a PBPK
model to predict the changes in PK during pregnancy for compounds mainly metabolically
cleared by phase one enzymes. The current approach has provided accurate maternal
and reasonable fetal exposure predictions at different pregnancy stages. Although this
approach is promising to predict fetal tissue exposure during the first trimester, validation
is still needed for the second and third trimesters of pregnancy, and for compounds
predominantly metabolized by phase two enzymes. To conclude, the ability to probe
into both the maternal and fetal concentrations has made the current model useful in
several other areas and explores dose predictions, drug safety, pharmacodynamics, and
drug–drug interactions.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics16010096/s1, File S1: Figure S1: Plot of liver weight vs.
GA. Points represent experimental data, the line shows values from the fitted equation. Individual colors
combined Chinese fetal liver (diamond), American fetal liver (square) and Japanese fetal liver(triangle).
File S2: Table S1: clinical data used for model verification in healthy subjects as well as clinical trials used
for PBPK-based predictions of pharmacokinetics in pregnant populations for metoprolol, midazolam,
and metronidazole. Table S2: Key physicochemical and biopharmaceutical parameters for metoprolol
used in GastroPlus simulations. Table S3: Key physicochemical and biopharmaceutical parameters for
midazolam used in GastroPlus simulations. Table S4: Key physicochemical and biopharmaceutical
parameters for metronidazole used in GastroPlus simulations. Table S5: Key physicochemical and
biopharmaceutical parameters for hydroxy-metronidazole used in GastroPlus simulations
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