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Abstract

Nifedipine is used for treating mild to severe hypertension and preventing preterm labor in pregnant women.Nevertheless, concerns about nifedipine
fetal exposure and safety are always raised. The aim of this study was to develop and validate a maternal-placental-fetal nifedipine physiologically
based pharmacokinetic (PBPK) model and apply the model to predict maternal, placental, and fetal exposure to nifedipine at different pregnancy
stages. A nifedipine PBPK model was verified with nonpregnant data and extended to the pregnant population after the inclusion of the fetoplacental
multicompartment model that accounts for the placental tissue and different fetal organs within the Simcyp Simulator version 22.Model parametrization
involved scaling nifedipine transplacental clearance based on Caco-2 permeability, and fetal hepatic clearance was obtained from in vitro to in vivo
extrapolation encompassing cytochrome P450 3A7 and 3A4 activities. Predicted concentration profiles were compared with in vivo observations and
the transplacental transfer results were evaluated using 2-fold criteria.The PBPK model predicted a mean cord-to-maternal plasma ratio of 0.98 (range,
0.86-1.06) at term, which agrees with experimental observations of 0.78 (range, 0.59-0.93). Predicted nifedipine exposure was 1.4-, 2.0-, and 3.0-fold
lower at 15, 27, and 39 weeks of gestation when compared with nonpregnant exposure, respectively. This innovative PBPK model can be applied to
support maternal and fetal safety assessment for nifedipine at various stages of pregnancy.
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Pharmacotherapy during pregnancy is confined by the
currently limited knowledge about fetal drug exposure
and safety. In 1996, the following question was pub-
lished in a specialized journal: Is the use of nifedipine
during pregnancy safe for the fetus (adapted fromTadio
et al1)? Nifedipine has been extensively used in the
treatment of mild to severe hypertension for pregnant
women and as a tocolytic agent to prevent preterm
labor.2–4 Twenty-seven years have passed since then
and there are still many questions to be answered on
this topic. Administering nifedipine during pregnancy
is believed to carry varying levels of teratogenic risks.
These risks range from atrial septal defects and um-
bilical hernias when administered in the first trimester,
as observed in animal models5 and/or humans,6,7 to
minor birth defects such as slight dysplasia of the hip.8,9

In addition, exposure to nifedipine during the third
trimester of gestation is linked to an elevated risk of
neonates developing jaundice and seizures.7,10

Different physiological changes take place during
pregnancy, which can alter drug exposure.11 Following
multiple administrations of 20-mg nifedipine slow-

release tablets every 12 hours, the area under the
plasma concentration-time curve from time 0 to 12
hours in women at labor (120 ng•h/mL)12 was found to
be approximately 60% lower than in the nonpregnant
population (300 ng•h/mL)13 under the same dosing
regimen. This decreased nifedipine exposure during
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pregnancy was largely attributed to the cytochrome
P450 (CYP) 3A4 metabolism14 that is induced during
pregnancy reaching about 2.3-fold.11 Nifedipine crosses
the placental membrane with an umbilical cord-to-
maternal plasma ratio ranging from 0.59 to 0.93.12,15–19

It has been reported that the pharmacokinetics (PK)
and placental transfer of nifedipine were similar
when studied in 2 groups of pregnant women with
hypertension during the third trimester with (n =
10) and without (n = 12) type 2 diabetes mellitus.12

Nonetheless, due to ethical, logistical, and practical
constraints, information regarding placental and fetal
exposure to nifedipine during pregnancy is limited to
the sampling of placenta, cord blood, and amniotic
fluid at birth or when a diagnostic amniocentesis is
performed.

Pregnancy physiologically based pharmacokinetic
(PBPK) models, which encompass both drug-related
parameters and the gestational age-dependent physio-
logical parameters of the mother, placenta, and fetus,
stand as a promising tool to investigate the influence
of these physiological changes on drug exposure dur-
ing pregnancy.20 While the impact of these changes
on maternal exposure has been demonstrated for dif-
ferent CYP3A4 substrates, including nifedipine19,21,22

and relevant maternal physiological models have also
been developed,11 nifedipine transplacental and fetal
exposure has not been assessed yet using the PBPK
approach.

This study aimed to extend the previously pub-
lished maternal nifedipine PBPK model to include the
multicompartmental fetal and placental components
and further apply the model to predict the maternal,
placental, and fetal exposure to nifedipine at different
stages of pregnancy upon administration of different
formulations with different dosage regimens.

Material and Methods
Workflow
The Simcyp Simulator Version 22 (Certara) was used
for all predictions of nifedipine PK in the pregnant pop-
ulation using the PBPK model workflow as depicted in
Figure 1. The first step was the model building and val-
idation using clinical data from the nonpregnant pop-
ulation. Subsequently, pregnancy-related physiological
parameters and their variability between subjects were
incorporated, as part of the virtual pregnancy popu-
lation available with the Simulator. The physiological
changes during pregnancy were incorporated into the
model as continuous functions to allow predictions
across various gestational ages.11

In this framework, the multicompartment fetal
PBPK model is linked with the maternal PBPK
model via a permeability-limited placenta model. Am-

niotic fluid was represented by a single compartment.
The structure of the model, including underlying as-
sumptions and equations, has been detailed in prior
publications.23,24

Model Building
The default settings from the nifedipine compound file
in the Simulator’s compounds library were retained for
the immediate release formulation. For the slow-release
solid formulation, the established slow-dissolution pro-
file was employed, as previously outlined.11 The input
parameters used for the nifedipine PBPK model can
be found in Table S1. Before the integration of the
fetoplacental and maternal PBPK models, the accu-
racy of the previously developed nifedipine PBPK
model11 predictions was verified in the nonpregnant
population25–27 (Table S1 and Figure S1).

To parameterize the maternal-placental-fetal model
(details provided in Table S1), the placental permeabil-
ity was estimated by scaling the nifedipine transplacen-
tal clearance (CLPD) based on Caco-2 cell permeability
studies. The nifedipine apparent permeability across
Caco-2 cells (52.3 × 10−6 cm/s)28 was used to estimate
the effective permeability (5.39× 10−4 cm/s). This value
was further adjusted by the placental villi surface area29

of 11.8 m2 and then divided by the placental volume
of 670 mL at term,30 resulting in CLPD of 0.33848
L/h/mL placenta. This CLPD was used as a model input
parameter for determining passive diffusion clearances
on both sides of the placenta, under the assumption of
a placental density of 1 g/mL.

To predict the amniotic fluid exposure to nifedipine,
the fetal renal clearance (CLR) was calculated using
the fetal glomerular filtration rate (GFR) of 4.92
mL/min,31 a typical adult GFR value of 121 mL/min,32

fetal body weight at term of 3.5 kg (Simcyp default),
and the adult nifedipine CLR of 0.031 L/h (Simcyp
default), using the following equation:

Fetal CLR (L/h/kg)

= Adult CLR (L/h) × Fetal GFR (mL/min)
Fetal body weight (kg) × Adult GFR (mL/min)

The average volume of amniotic fluid swallowed by
the fetus at term (400 mL/day)33 was used to describe
the swallowing activity clearance in the model (ie,
CLswallowing = 0.0048 L/h/kg fetal body weight). Ad-
ditionally, the intramembranous pathway transfers of
fluid and solutes, approximately 350 mL/day from the
amniotic cavity to the fetal circulation across the am-
niotic membranes, were incorporated into the model.
The average flow rate was calculated using 350 mL/day
and normalized to kilograms of fetal body weight at
term (ie, CLintramembranous = 0.0044 L/h/kg). The fetal-
to-amniotic clearance, composed of the sum of fetal
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Figure 1. Nifedipine physiologically based pharmacokinetic (PBPK) model workflow.ADME, absorption, distribution,metabolism, and excretion;CYP,
cytochrome P450; IVIVE, in vitro to in vivo extrapolation.

CLR and CLintramembranous, was incorporated into the
model (CLR + CLintramembranous = 0.005 L/h/kg) (Table
S1).

Two strategies were explored for predicting the
hepatic fetal metabolism of nifedipine. The first one
involved in vitro to in vivo extrapolation (IVIVE),
while the second leveraged neonatal clearance at birth
using pediatric population data within the Simcyp
Simulator. For the IVIVE strategy, it was assumed that
CYP3A7, CYP3A5, and CYP3A4 contributed to the
metabolism of nifedipine by term fetuses (see Table 1).
The in vitro maximum velocity (Vmax) and Michaelis
constant (Km) values for CYP3A4 and CYP3A5 were
taken from the Simcyp nifedipine file as they have
been combined from different experiments (see Table
S1). As for CYP3A7, published in vitro values for
Vmax and Km from recombinant CYP3A7 isoform
(Williams et al14) were used in the calculation of total
hepatic intrinsic clearance and scaled up to the fetal

hepatic clearance (CLH,fetus) according to the following
equations:

Vmaxcorr (pmol/min/pmol CYP3A7)

= Vmaxin-vitro (pmol/min/pmol CYP3A7)

× ISEFCYP3A7

Kmcorr,CYP3A7 (μM) = KmCYP3A7, in-vitro
× fumic

Vmax,fetus,CYPi (μmol/h) = Vmax, corr × CYPabundance fetus

×MPPGLfetus × LivWtfetus ×
(

60
1000000

)

CLint (L/h) = Vmax, fetus,CYP3A4

Km, corr,CYP3A4
+ Vmax, fetus,CYP3A5

Km, corr,CYP3A5

+ Vmax, fetus,CYP3A7

Km, corr,CYP3A7
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Table 1. In Vitro to In Vivo Extrapolation to Nifedipine Fetal Metabolism

Parameter CYP3A7 CYP3A4 CYP3A5 Reference

Km,rhCYP (μM) 34 9.11 30.29 Williams et al14; Simcyp Default
Vmax,rhCYP (nmol/min/nmol P450) 2 17.88 23.05 Williams et al14; Simcyp Default
CYP abundance in the fetus (pmoLCYP/mg microsome) 359 5 15 Shum et al34, Stevens et al35, Quinney et al22

Vmax,fetus (μmoL/h) 58.0 18.3 70.9 Calculated
ISEF 0.044 1 1 Shum et al34 for CYP3A7, value assumed for 3A4 and 3A5
CLint (L/h) 2.0 2.0 2.3 Calculated
CLH,fetus (L/h/kg) 0.14 0.14 0.16 Calculated

CLH, hepatic clearance; CLint,u, intrinsic clearance unbound; CYP, cytochrome P450; ISEF, intersystem extrapolation factor; Km, Michaelis constant; rhCYP,
recombinant human isoforms; S50, constant for sigmoidal kinetics that represents the substrate concentration at which 50% of Vmax is achieved; Vmax, maximum
velocity.

CLH,fetus (L/h/kg) = Q × fuB × CLint,fetus

Q + fuB × CLint,fetus

× 1
Body weightfetus

Vmax,in-vitro is the in vitro maximal reaction veloc-
ity, ISEFCYP3A7 is an intersystem extrapolation factor
(ISEF) for CYP3A7 of 0.044 obtained from Shum
and Isoherranen,34 CYPabundance, fetus is the amount of
CYP isoenzyme in the fetal liver and set to 5, 15,
and 297 pmol/mg microsomal protein for CYP3A4,35

CYP3A5,35 and CYP3A7,34 respectively. The amount
of microsomal protein in milligrams per gram of fetal
liver (MPPGLfetal) was set to 23.25 mg protein/g liver
(average of published values reported in Shum and
Isoherranen34 and Pelkonen et al36). TheVmax,rhCYP and
CYP abundance in fetus values are demonstrated in
Table 1. Fetal liver weight of 147 g in term neonates
weighing 3.5 kg is the calculated value within the
Simcyp Simulator.37 The fetal hepatic fumic is the frac-
tion unbound in microsome (calculated using Simcyp
calculator), fuB,fetal is nifedipine fraction unbound in
fetal blood of 0.07 (calculated within the Simulator
by dividing fetal plasma fraction unbound by fetal
blood to plasma ratio). Qfetal is the fetal hepatic flow
of 17.0 L/h for the fetus at term calculated within
the simulator.38 The total CLH,fetus calculated through
IVIVE was 0.13 L/h/kg fetal weight.

The second strategy to achieve CLH,fetus was using
the predicted neonatal CLH at birth (Simcyp Pediatric
Simulator) obtained for a single intravenous dose of
nifedipine 5 mg administered to virtual subjects (N =
200 neonates; 50% female) aged 0 years. The obtained
mean CLH was 0.14 L/k/kg body weight, so this value
was used as input for CLH,fetus.

The nifedipine transplacental transfer PBPK model
was validated by comparing simulated trials against
clinical studies using the same study design. The clinical
studies and the information used to set the simulated
trials are depicted in Table 2. The virtual pregnancy

population within the Simcyp Simulator was used to
replicate clinical studies during pregnancy using the
mean gestational week (GW) or GWs range if a wide
range is reported in the study. The disease status was not
considered for the performed simulations in the current
work.

The PBPK model predictions were deemed success-
ful and acceptable when the observed PK profile was
within the 5th and 95th percentiles of predicted data,
and the predicted PKparameters alignedwithin a range
of 0.5- to 2-fold in comparison to the observed data.

Results
The PBPK model predictions, aligned with available
observations, show nifedipine concentration profiles
in maternal plasma during delivery, as depicted in
Figure 2. Additionally, Figure 2 shows the predicted
nifedipine concentration profiles in the amniotic fluid,
umbilical vein (UV), and the placental intervillous
space during delivery according to the observed data.
Table 3 provides a comparison of the predicted nifedip-
ine transplacental transfer parameters with the ob-
served data from clinical studies.

The mechanistic placental model of passive
transplacental transfer (CLPD) of nifedipine using
Caco-2 permeability resulted in predicted nifedipine
umbilical concentrations that closely resembled the
observed concentrations in clinical studies (Figure 2,
Plots 1B, 2B, 3B, 4B, 5B, and 6B), indicating a UV-to-
maternal vein (UV/MV) ratio close to the unity.

Accounting for nifedipine’s fetal metabolism using
either full-term metabolic clearance at birth (data not
shown) or using the IVIVE approach to scale in vitro
data based on fetal liver yielded similar and accurate
descriptions of the observed nifedipine fetal concentra-
tions data. Ultimately, the IVIVE approach based on
scaled fetal data was selected.

The model prediction for nifedipine in maternal
blood within the placenta describes the observed val-
ues for nifedipine intervillous space concentrations
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(1a)

(2a)

(3a) (4a)

(5a)

(7a) (8a)

(6a) (6b)
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(5b)

(4b)(3b)

(2b) (2c)

(1a) (1b) (1c)

(1d)

Figure 2. Maternal-placental-fetal nifedipine concentration profiles after oral administration of nifedipine. Solid lines, predicted means; dashed lines,
5th and 95th centiles; closed circles, individual observations; closed circles filled with gray, observed mean and standard deviation. Plots 1, Trial Design
1 (Filgueira et al12 raw data); Plots 2, Trial Design 2 (Manninen and Juhakoski15); Plots 3, Trial Design 3 (Ferguson et al16); Plots 4, Trial Design 4
(Silberschmidt et al17); Plots 5, Trial Design 5 (Pirhonen et al18); Plots 6, Trial Design 6 (Prevost et al19); Plot 7, Trial Design 7 (Papatsonis et al39); Plot
8, Trial Design 8 (Marin et al40). (a) Maternal plasma concentration; (b) umbilical vein concentration; (c) amniotic fluid concentration; (d) intervillous
space concentration. See the Materials and Methods section for trial settings.

(depicted in Figure 2, Plot 1D). Regarding the predicted
nifedipine concentrations in the amniotic fluid, the
model matched observations from 1 study (Figure 2,
Plot 2C), yet it either underestimates (as seen in
Figure 2, Plot 6C) or overestimates (Figure 2, Plot 1C)
the values from other clinical studies.

Discussion
Regardless of recent advancements in clinical obstetric
pharmacology studies, gaps persist in comprehending
maternal and fetal drug exposure. The present work de-

scribes the development and application of an intricate
maternal-placental-fetal PBPKmodel to predict mater-
nal and fetal nifedipine exposure upon administration
of immediate or modified-release formulations. First,
predicted nifedipine PK parameters were within a 2-
fold range of the observed values in the nonpregnant
population. Moreover, the observed concentration pro-
files were captured within the predicted 5th and 95th
percentiles for the systemic exposure profiles in plasma
(Figure S1 and Table S2).

Validation of the combined maternal-placental-fetal
nifedipine PBPK model was conducted using data
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Table 3. Mean Predicted versus Observed Nifedipine Transplacental Transfer Data

Trial design 1 2 3 4 5 6

Parametera reference
Filgueira
et al12

Manninen and
Juhakoski15

Ferguson
et al16

Silberschmidt
et al17

Pirhonen
et al18

Prevost
et al19

(AUCUV/MV obs) 0.59 0.70 0.91 0.77 0.76 0.93
AUCUV/MV pred 1.02 1.02 0.86 0.99 1.06 0.91
Ratio 0.58 0.69 1.06 0.78 0.72 1.02
AUCAF/MV obs 0.050 0.20 NA NA NA 0.56
(AUCAF/MV pred) 0.056 0.31 NA NA NA 0.25
Ratio 0.89 0.65 NA NA NA 2.24
AUCIS/MV obs 0.85 NA NA NA NA NA
AUCIS/MV pred 0.81 NA NA NA NA NA
Ratio 1.04 NA NA NA NA NA

AF, amniotic fluid; AUC, area under the plasma concentration-time curve; AUCUV/MV obs, observed umbilical vein to maternal vein area under the curve ratio;
AUCUV/MV pred, predicted umbilical vein to maternal vein area under the curve ratio; IS, intervillous space; MV, maternal vein during delivery; NA, not applicable;
obs, observed mean; pred, predicted mean; UA, umbilical artery; UV, umbilical vein.
a
AUC data were used when available; in other cases, the ratio values reported in the study were considered for the observed data.

extracted from 9 clinical studies reporting maternal
plasma concentrations, 6 studies reporting UV plasma
concentrations, 3 studies reporting amniotic fluid con-
centrations, and 1 study reporting intervillous space
concentrations (Table 2). Predicted versus observed
nifedipine concentration-time profiles and PK param-
eters in the maternal and umbilical cord at delivery are
given in Figure 2 and Table 3, respectively. The UV/MV
nifedipine ratio in plasma based on the area under
the plasma concentration-time curve predicted was
0.98 (0.86-1.06), which agrees with the observed ratio
based on the drug plasma concentration at delivery of
0.78 (0.59-0.93). The observed UV/MV ratio data are
variable, for example, the average ratio from Prevost
et al19 is 1.6 higher than the average ratio reported by
Filgueira et al.12

The CLPD obtained from the Caco-2 cells approach
was selected for the nifedipine maternal-placental-fetal
PBPK model building for demonstrating an alternative
approach of integrating permeability cell line data for
the placental membrane. It would be ideal to use per-
meability data for nifedipine using a placenta-derived
cell line. However, such information is not available. An
attempt was also performed to include transplacental
clearance reported from an ex vivo cotyledon perfusion
experiment of 0.0324 L/h,41 but this value resulted in a
very low ex vivo transfer of 5%, which does not match
the observed in vivo listed in Table 3.

Results obtained from accounting for nifedipine
fetal metabolism in the model using either full-term
metabolic clearance at birth (data not shown) or using
the IVIVE approach to scale in vitro data based on
fetal liver were similar and adequately described the
observed nifedipine umbilical concentrations. Since the
IVIVE approach is based on scaled fetal data, it was
retained in the model. Nifedipine in vitro oxidation by
CYP3A recombinant human isoforms is in the follow-

ing order CYP3A4>>>CYP3A5>>CYP3A7.14 De-
spite CYP3A4 being the predominant form expressed
in adults,35 CYP3A7 is expressed in the fetus liver and
decreases with the progression of gestation, achieving
the levels of 311 and 160-201 pmoL/mg fetal micro-
somal protein in the second and third trimesters of
gestation, respectively.35,42 However, it should be noted
that the contribution of fetal nifedipine metabolism to
the overall drug metabolism in the maternal system
can be considered negligible due to small fetal liver
size. The calculated fetal metabolism clearance at term
was 0.45 L/h, which is approximately 0.5% of the
maternal clearance of 89.2 L/h.23 No effort was made
to assess the role of intestinal metabolism in the current
model as the gut CYP3A activity was found to be
approximately 30% of the liver CYP3A activity in
neonates.43

Nifedipine intervillous space concentrations are
about 80% of theMV concentrations, which is expected
since it is in direct contact with maternal blood. Model
predictions well described these observations as shown
in Figure 1, Plot 1D. Nifedipine can reach amniotic
fluid by different passive mechanisms including the
flux of the fluid through the membrane, placenta, fetal
skin, and lung, and through fetal urination, with the
latter being the main pathways. The developed model
considered multiple pathways, but not all, based on
available data.23 The observed nifedipine amniotic
fluid-to-maternal plasma concentration ratio at steady
state was highly variable (0.050-0.56). The model
predictions were well agreed with those reported by
Filgueira et al12 and Manninen and Juhakoski,15 but
lower than those observed by Prevost et al.19

Expanding the scope of the nifedipine pregnancy
PBPK model applications, the scenarios of maternal
and fetal nifedipine concentrations at the 15th, 27th,
and 39th GWs (Figure 3) were simulated using the
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Figure 3. Predicted mean maternal (a) and umbilical (b) plasma nifedipine concentration profiles after 20 mg twice-daily oral slow-release nifedipine
tablets to pregnant women at 15th (green dotted line), 27th (blue dashed line), and 39th (red solid line) GWs.The black dashed-dotted line represents
the mean plasma concentration in nonpregnant women under the same dosage regimen. GW, gestational week.

same study design of Filgueira et al12 (Trial Design
1). The maternal plasma concentrations decreased with
the increase of GWs due to the increase of CYP3A4
activity during pregnancy.11 The UV concentrations
were similar between the 27th and 39th GWs as
the placenta permeability to nifedipine increases with
pregnancy progression. This ratio is higher than in
earlier pregnancy (15th GW) when the placenta is
less permeable despite the maternal nifedipine gradient
levels at these GWs (Figure 3). The combined main
effects of the increasing maternal elimination and in-
creasing placenta permeability (with little contribution
from the increasing fetal elimination), the mean (±
standard deviation) predicted umbilical/maternal ratios
were 0.35 ± 0.07, 0.78± 0.16, and 1.09± 0.23 at 15, 27,
and 39 GWs, respectively.

While the nifedipine model has been developed and
integrated with different compound and physiological
parameters, there are still a few limitations to be ad-
dressed. There was a lack in the provided information
in the published studies about the brand and dissolu-
tion data of each nifedipine formulation. For Clinical
Studies 1, 4, 7, and 8, there was an indication that the
formulation was either controlled- or slow-release; a
slow-release option in the model was used. For Clinical
Studies 2, 3, 5, and 6, the solution option in the model
was used as those studies either mentioned the use
of immediate-release formulation or no details were
available (Table S1). For multiple-dose simulations, a
fixed time at steady state was assumed to compare
with the observed results since there was a lack of
treatment durations in the clinical studies. For the
remaining clinical trials, the same study period of the
clinical study was used in the simulation. Figure 1a
demonstrates the multiple-dose treatment followed by
the last-dose treatment for better data visualization.

It was not possible in the current features of the
Simulator to replicate the trial design where the first
administered formulation was a fast-release and the
second dose was a slow-release formulation (Trials 7
and 8), for these cases, simulations were executed for
the slow-release formulation for which nifedipine con-
centrations were reported. The transplacental transfer
in the developed nifedipine PBPK model was assumed
to be a passive diffusion mechanism. Published studies
showed that nifedipine is a substrate of breast cancer
resistance protein transporter,44–46 but not a substrate
of P-glycoprotein.47,48 Accounting for the transporter
kinetics may improve the slight overprediction of the
UV/MV ratio. Nevertheless, such data are still not avail-
able. In the IVIVE approach for predicting nifedipine
fetal metabolism, the ISEF for CYP3A4 and CYP3A5
were set as unity (ISEF = 1) due to the lack of
nifedipine in vitro metabolism data by human fetal liver
in the third trimester of gestation, while the ISEF for
CYP3A7was set as 0.044 based on data from Shum and
Isoherranen.34 Furthermore, samples obtained from
fetal-placental units are not available before delivery,
so verification of the model prediction during earlier
GWs were not feasible. The variability in UV/MV
ratio measurements could be either due to sampling
procedures or the fact that the efflux transporter was
induced by medications, which were not provided in the
published studies.

The developed nifedipine PBPK model can be used
to predict placental and different fetal organ exposures
aftermaternal administration of immediate ormodified
release formulations, which were limitations in the
previously published model.11,22,49,50 A fundamental
aspect of fetal pharmacology is that of the amount
(and rate) of the drug reaching the fetus. The drug
transfer to the fetus determines the presence or absence
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of pharmacologic or toxic effects. The model can
be used to assess the fetal exposure scenarios where
maternal exposure is altered due to comedication,
dose or formulation modifications, and changes in
maternal physiology due to comorbidity that can
affect the normal kinetics of nifedipine. Generating
such information for clinicians can help to address
the current gap between nifedipine maternal and fetal
exposure and neonatal outcomes.2,4,51

In conclusion, a detailed mechanistic PBPK model
has been developed in this work to predict thematernal-
placental-fetal PKof nifedipine. Themodel can provide
insight into the nifedipine placental and fetal expo-
sure helping to better understand the mechanisms of
nifedipine distribution and elimination within the fetal-
placental unit. By combining the current model with
response and safety data, we could support precision
dosing strategies based on maternal-fetal exposure.
Continuous enhancement of this “live” PBPK model
depends on future in vitro, ex vivo, and in vivo studies
that can be used to fill any knowledge gaps regarding
transfer mechanisms to improve the confidence in the
model.

Acknowledgments
The authors thank Gabriela Filgueira for providing the
nifedipine raw data used in the study.MaryaAntônyaWerdan
thanks Fundação Carlos Chagas Filho de Amparo à Pesquisa
do Estado do Rio de Janeiro for the scholarship provided
(Process Number E-26/204.526/2022).

Author Contributions
Conceptualization: F.L.M.; methodology: M.A.W.R.,
F.L.M.; validation: M.A.W.R., F.L.M.; formal analysis:
M.A.V.R.., F.L.M.,K.A., L.P.; N.V.M.; investigation: R.C.C.,
G.D.; resources: F.L.M.; writing—original draft: F.L.M.;
writing—review and editing: K.A., L.P., R.C.C., G.D.,
N.V.M.; supervision: F.L.M., K.A.; project administration:
F.L.M.

Conflicts of Interest
Marya Antônya Werdan, Leonardo Pinto, Ricardo Carvalho
Cavalli, Geraldo Duarte, Natália Valadares de Moraes, and
Fernanda de Lima Moreira declare no conflict of interest.
Khaled Abduljalil is an employee of Certara UKLimited and
may hold shares in Certara.

Funding
This study was supported by Fundação Carlos Chagas Filho
de Amparo à Pesquisa do Estado do Rio de Janeiro for the
scholarship provided (Process Number E-26/204.526/2022).

Data Availability Statement
The original contributions presented in the study are included
in the article/Supplemental Information. Further requests can
be directed to the corresponding author.

References
1. Tadio A, Oskamp M, Ito, S, et al. Is nifedipine use during

labour and breast-feeding safe for the neonate? Pediatric Res.
1996;39:248.

2. Wu H, Cheng Y, Yu D, et al. Different dosage regimens of
nifedipine, labetalol, and hydralazine for the treatment of severe
hypertension during pregnancy: a network meta-analysis of
randomized controlled trials. Hypertens Preg. 2022;41:126-138.

3. Cleary EM, Racchi NW, Patton KG, et al. Trial of intra-
partum extended-release nifedipine to prevent severe hyperten-
sion among pregnant individuals with preeclampsia with severe
features. Hypertension. 2023;80:335-342.

4. Hawkins JS, Wells CE, Casey BM, et al. Nifedipine for acute
tocolysis of preterm labor: a placebo-controlled randomized
trial. Obstet Gynecol. 2021;138:73-78.

5. Adalat® CC. FDA Drug Sheet. Accessed May 10, 2023.
https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/
020198s023lbl.pdf

6. Sørensen HT, Czeizel AE, Rockenbauer M, et al. The risk of
limb deficiencies and other congenital abnormalities in children
exposed in utero to calcium channel blockers. Acta Obstet
Gynecol Scand. 2001;80:397-401.

7. Davis RL, Eastman D, McPhillips H, et al. Risks of congenital
malformations and perinatal events among infants exposed to
calcium channel and beta-blockers during pregnancy. Pharma-
coepidemiol Drug Saf. 2011;20:138-145.

8. Tabacova SA, Kimmel CA, McCloskey CA. Developmental
abnormalities reported to FDA in association with nifedipine
treatment in pregnancy. Teratology. 2002;65:368.

9. Weber-Schoendorfer C, Hannemann D, Meister R, et al.
The safety of calcium channel blockers during pregnancy: a
prospective, multicenter, observational study. Reprod Toxicol.
2008;26:24-30.

10. Magee LA, Schick B, Donnenfeld AE, et al. The safety of
calcium channel blockers in human pregnancy: a prospective,
multicenter cohort study. Am J Obstet Gynecol. 1996;174:823-
828.

11. Abduljalil K, Pansari A, Jamei M. Prediction of maternal
pharmacokinetics using physiologically based pharmacokinetic
models: assessing the impact of the longitudinal changes in the
activity of CYP1A2, CYP2D6 and CYP3A4 enzymes during
pregnancy. J Pharmacokinet Pharmacodyn. 2020;47:361-383.

12. Filgueira GCO, Filgueira OAS, Carvalho DM, et al. Effect of
type 2 diabetes mellitus on the pharmacokinetics and transpla-
cental transfer of nifedipine in hypertensive pregnant women.
Br J Clin Pharmacol. 2017;83:1571-1579.

13. Debbas NM, Jackson SH, Shah K, et al. The bioavailability
and pharmacokinetics of slow release nifedipine during chronic
dosing in volunteers. Br J Clin Pharmacol. 1986;21:385-388.

14. Williams JA, Ring BJ, Cantrell VE, et al. Comparative
metabolic capabilities of CYP3A4, CYP3A5, and CYP3A7.
Drug Metab Dispos. 2002;30:883-891.

15. Manninen AK, Juhakoski, A. Nifedipine concentrations in
maternal and umbilical serum, amniotic fluid, breast milk and
urine of mothers and offspring. Int J Clin Pharmacol Res.
1991;11:231-236.

16. Ferguson JE, Schutz T, Pershe R, et al. Nifedipine PKs during
preterm labor tocolysis. Am J Obstet Gynecol. 1989;161:1485-
1490.

 15524604, 2024, 5, D
ow

nloaded from
 https://accp1.onlinelibrary.w

iley.com
/doi/10.1002/jcph.2404, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020198s023lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2011/020198s023lbl.pdf


Werdan Romão et al 577

17. Silberschmidt AL, Kühn-Velten WN, Juon AM, et al. Nifedip-
ine concentration in maternal and umbilical cord blood af-
ter nifedipine gastrointestinal therapeutic system for tocolysis.
BJOG. 2008;115:480-485.

18. Pirhonen JP, Erkkola RU, Ekblad UU, et al. Single
dose of nifedipine in normotensive pregnancy: nifedipine
concentrations, hemodynamic responses, and uterine and
fetal flow velocity waveforms. Obstet Gynecol. 1990;76:807-
811.

19. Prevost RR, Akl SA, Whybrew WD, et al. Oral nifedipine
pharmacokinetics in pregnancy-induced hypertension. Pharma-
cotherapy. 1992;2:174-177.

20. Abduljalil K, Gardner I, Jamei M. Application of a physiologi-
cally based pharmacokinetic approach to predict theophylline
pharmacokinetics using virtual non-pregnant, pregnant, fe-
tal, breast-feeding, and neonatal populations. Front Pediatr.
2022;10:840710.

21. Filgueira GC, Filgueira OA, Carvalho DM, et al. Analysis
of nifedipine in human plasma and amniotic fluid by liquid
chromatography-tandem mass spectrometry and its application
to clinical pharmacokinetics in hypertensive pregnant women. J
Chromatogr B Analyt Technol Biomed Life Sci. 2015;993-994:20-
25.

22. Quinney SK, Mohamed AN, Hebert MF, et al. A Semi-
mechanistic metabolism model of CYP3A substrates in preg-
nancy: predicting changes in midazolam and nifedipine phar-
macokinetics. CPT Pharmacomet Syst Pharmacol. 2012;1(9):
e2.

23. Abduljalil K, Ning J, Pansari A, et al. Prediction of mater-
nal and fetoplacental concentrations of cefazolin, cefuroxime,
and amoxicillin during pregnancy using bottom-up physiolog-
ically based pharmacokinetics models. Drug Metab Dispos.
2022;50:386-400.

24. Zhang Z, Imperial MZ, Patilea-Vrana GI, et al. Development
of a novel maternal-fetal physiologically based pharmacokinetic
model I: insights into factors that determine fetal drug exposure
through simulations and sensitivity analyses. Drug Metab Dis-
pos. 2017;45:920-938

25. Rashid TJ, Martin U, Clarke H, et al. Factors affecting the
absolute bioavailability of nifedipine. Br J Clin Pharmacol.
1995;40:51-58.

26. Foster TS, Hamann SR, Richards VR, et al. Nifedipine kinetics
and bioavailability after single intravenous and oral doses in
normal subjects. J Clin Pharmacol. 1983;23:161-170.

27. Holtbecker N, FrommMF, Kroemer HK, et al. The nifedipine-
rifampin interaction. Evidence for induction of gut wall
metabolism. Drug Metab Dispos. 1996;24:1121-1123.

28. Lau YY, Chen YH, Liu TT, et al. Evaluation of a novel in
vitro Caco-2 hepatocyte hybrid system for predicting in vivo oral
bioavailability. Drug Metab Dispos. 2004;32:937-942.

29. Mayhew TM. Fibrin-type fibrinoid in human placenta: a stere-
ological analysis of its association with intervillous volume and
villous surface area. Image Anal Stereol. 2001;20:1-7.

30. Abduljalil K, Furness P, Johnson TN, et al. Anatomical,
physiological andmetabolic changes with gestational age during
normal pregnancy. Clin Pharmacokinet. 2012;51:365-396.

31. Ezuruike U, Blenkinsop A, Pansari A, et al. Quantification
of fetal renal function using fetal urine production rate and
its reflection on the amniotic and fetal creatinine levels during
pregnancy. Front Pediatr. 2022;10:841495.

32. Rhodin MM, Anderson BJ, Peters AM. Human renal function
maturation: a quantitative description using weight and post-
menstrual age. Pediatr Nephrol. 2009;24:67-76.

33. Blackburn, S. Maternal, Fetal and Neonatal Physiology: A
Clinical Perspective. 3rd ed. Saunders Elsevier; 2007.

34. Shum S, Isoherranen N. Human fetal liver metabolism of
oxycodone is mediated by CYP3A7. AAPS J. 2021;23:24.

35. 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.

36. Pelkonen O, Kaltiala EH, Larmi TK, et al. Comparison of
activities of drug-metabolizing enzymes in human fetal and
adult livers. Clin Pharmacol Ther. 1973;14:840-846.

37. Abduljalil K, Jamei M, Johnson TN. Fetal physiologically
based pharmacokinetics models: systems information on the
growth and composition of fetal organs. Clin Pharmacokinet.
2019;58:235-262.

38. Abduljalil K, Pan X, Clayton R, et al. Fetal physiologically
based pharmacokinetic models: systems information on fetal
cardiac output and its distribution to different organs during
development. Clin Pharmacokinet. 2021;60:741-757.

39. Papatsonis DN, Bos JM, van Geijn HP, et al. Nifedipine
pharmacokinetics and plasma levels in the management of
preterm labor. Am J Ther. 2007;14:346-350.

40. Marin TZ, Meier R, Kraehenmann F, et al. Nifedipine serum
levels in pregnant women undergoing tocolysis with nifedipine.
J Obst Gynaecol. 2007;27:260-263.

41. Poranen A-K, Nurmi H, Malminiemi K, et al. Vasoactive
effects and placental transfer of nifedipine, celiprolol, and
magnesium sulfate in the placenta perfused in vitro. Hypertens
Preg. 1998;17:93-102.

42. Leeder JS, Gaedigk R, Marcucci KA, et al. Variability of
CYP3A7 expression in human fetal liver. J Pharmacol Exp Ther.
2005;314:626-635.

43. 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.

44. Shukla S, Robey RW, Bates SE, et al. The calcium channel
blockers, 1,4-dihydropyridines, are substrates of the multidrug
resistance-linked ABC drug transporter, ABCG2. Biochemistry.
2006;45:8940-8951.

45. Zhang Y, Gupta A, Wang H, et al. BCRP transports dipyri-
damole and is inhibited by calcium channel blockers.PharmRes.
2005;22:2023-2034.

46. Malfará BN, Benzi JRL, Filgueira, GCO, et al. ABCG2
c.421C>A polymorphism alters nifedipine transport to breast
milk in hypertensive breastfeeding women. Reprod Toxicol.
2019;85:1-5.

47. Kim RB, Wandel C, Leake B, et al. Interrelationship between
substrates and inhibitors of human CYP3A and P-glycoprotein.
Pharm Res. 1999;16:408-414.

48. Dorababu M, Nishimura A, Prabha T, et al. Effect of cy-
closporine on drug transport and pharmacokinetics of nifedip-
ine. Biomed Pharmacother. 2009;63:697-702.

49. Ke AB, Nallani SC, Zhao P, et al. A PBPK model to predict
disposition of CYP3A-metabolized drugs in pregnant women:
verification and discerning the site of CYP3A induction. CPT
Pharmacometrics Syst Pharmacol. 2012;1:e3.

50. Dallmann A, Ince I, Coboeken K, et al. A physiologically based
PK model for pregnant women to predict the pharmacokinetics
of drugs metabolized via several enzymatic pathways. Clin
Pharmacokinet. 2018;57:749-768.

51. Beser DM, Oluklu D, Hendem DU, et al. Fetal echocardio-
graphic evaluation before and after nifedipine treatment in
preterm labor. Echocardiography. 2022;39:1245-1251.

Supplemental Information
Additional supplemental information can be found by click-
ing the Supplements link in the PDF toolbar or the Supple-
mental Information section at the end of web-based version
of this article.

 15524604, 2024, 5, D
ow

nloaded from
 https://accp1.onlinelibrary.w

iley.com
/doi/10.1002/jcph.2404, W

iley O
nline L

ibrary on [29/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Mechanistic Framework to Predict Maternal-Placental-Fetal Pharmacokinetics of Nifedipine Employing Physiologically Based Pharmacokinetic Modeling Approach
	Material and Methods
	Workflow
	Model Building

	Results
	Discussion
	Acknowledgments
	Author Contributions
	Conflicts of Interest
	Funding
	Data Availability Statement

	References 
	Supplemental Information


