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ABSTRACT

Digoxin is used as first-line therapy to treat fetal supraventricular
tachycardia; however, because of the narrow therapeutic window, it is
essential to estimate digoxin exposure in the fetus. The data from ex
vivo human placental perfusion study are used to predict in vivo fetal
exposure noninvasively, but the ex vivo fetal-to-maternal concentra-
tion (F:M) ratios observed in digoxin perfusion studies were much
lower than those in vivo. In the present study, we developed a human
transplacental pharmacokinetic model of digoxin using previously
reported ex vivo human placental perfusion data. The model consists
of maternal intervillous, fetal capillary, non-perfused tissue, and syn-
cytiotrophoblast compartments, with multidrug resistance protein
(MDR) 1 and influx transporter at the microvillous membrane (MVM)
and influx and efflux transporters at the basal plasma membrane (BM).
The model-predicted F:M ratio was 0.66, which is consistent with the
mean in vivo value of 0.77 (95% confidence interval: 0.64-0.91). The
time to achieve the steady state from the ex vivo perfusion study was
estimated as 1,500 minutes, which is considerably longer than the

reported ex vivo experimental durations, and this difference is consid-
ered to account for the inconsistency between ex vivo and in vivo F:M
ratios. Reported digoxin concentrations in a drug-drug interaction
study with MDR1 inhibitors quinidine and verapamil were consistent
with the profiles simulated by our model incorporating inhibition of
efflux transporter at the BM in addition to MVM. Our modeling and sim-
ulation approach should be a powerful tool to predict fetal exposure
and DDlIs in human placenta.

SIGNIFICANCE STATEMENT

We developed a human transplacental pharmacokinetic model of
digoxin based on ex vivo human placental perfusion studies in
order to resolve inconsistencies between reported ex vivo and
in vivo fetal-to-maternal concentration ratios. The model success-
fully predicted the in vivo fetal exposure to digoxin and the drug-
drug interactions of digoxin and P-glycoprotein/multidrug resis-
tance protein 1 inhibitors in human placenta.

Introduction

Digoxin is a cardiac glycoside extracted from the leaves of Digitalis
lanata (Tantivatana and Wright, 1958). It has been used for many years
to treat heart disease (Ziff et al., 2015), but therapeutic drug monitoring
is recommended because of serious adverse effects resulting from even
small exposure changes (Beller et al., 1971; Ragab, 2012). In obstetrics,
transplacental treatment of pregnant women with digoxin has been used
to manage fetal supraventricular tachycardia as first-line therapy (Strze-
lecka et al., 2017; Miyoshi et al., 2019). When digoxin is administered
to pregnant women, dose escalation is recommended because pregnancy
alters the drug disposition toward lower levels (Martin-Suarez et al.,
2017), but it remains challenging to maximize the fetal efficacy of
digoxin while minimizing the maternal adverse effects (Malhamé et al.,
2019). Thus, it is crucial to predict in vivo fetal exposure of digoxin
based on its transfer characteristics across the human placenta.
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Ex vivo human placental perfusion study is a valuable tool to predict
in vivo fetal exposure (Myren et al., 2007). Hutson et al. (2011) proposed
a method to predict the in vivo fetal to maternal concentration (F:M) ratio
from ex vivo data. Their predicted F:M ratios for twenty-four drugs were
generally consistent with the in vivo F:M ratios, with the exception of four
drugs. Digoxin was one of the exceptions, with a predicted F:M ratio
much lower than the in vivo ratio. Hutson et al. (2011) suggested that the
inconsistency between in vivo and ex vivo F:M ratios might be associated
with efflux transport via multidrug resistance protein 1 (MDR1/P-glyco-
protein/ABCB1) expressed at the microvillous plasma membrane (MVM)
of human placental syncytiotrophoblasts (Ushigome et al., 2003; Ceckova-
Novotna et al., 2006). Indeed, digoxin is a typical substrate of MDR1
(Tanigawara et al., 1992; Troutman and Thakker, 2003), and MDRI1
inhibitors were reported to alter digoxin uptake by MVM vesicles obtained
from normal human term placenta (Ushigome et al., 2003). However, an
ex vivo human placental perfusion study failed to find a significant effect
of MDRI inhibitors, such as quinidine and verapamil, on the transplacen-
tal transfer of digoxin (Holcberg et al., 2003), although ex vivo perfusion
studies have successfully demonstrated the involvement of placental
MDR1 in suppressing fetal transfer and drug-drug interactions (DDIs) of
drugs, such as indinavir, vinblastine (Sudhakaran et al., 2008), lopinavir
(Ceccaldi et al., 2009), methadone, paclitaxel (Nanovskaya et al., 2005),

ABBREVIATIONS: BM, basal plasma membrane; CYP, cytochrome P450; DDI, drug-drug interaction; F:M, fetal-to-maternal drug concentration
ratio; Kigw, inhibition constant for the efflux transporter at the BM; Kigm.anp, Kism of quinidine; Kigm vre, Kism of verapamil; K;mpr1, inhibition
constant for multidrug resistance protein 1 at the microvillous plasma membrane; MDR, multidrug resistance protein; MVM, microvillous plasma
membrane; OATP, organic anion transporting polypeptide; PK, pharmacokinetics; tss, time to achieve the steady state.
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and saquinavir (Molsa et al., 2005). Accordingly, quantitative assessment
of the interaction of digoxin with MDR1 inhibitors is needed to determine
the contribution of MDRI to the suppression of fetal digoxin transfer and
to understand the reason for the inconsistency between in vivo and ex
vivo studies.

A human transplacental pharmacokinetic (PK) model incorporating
parameters of passive and active (transporter-mediated) transmembrane
transfers estimated from ex vivo human placenta perfusion studies can
generate quantitative insights into the mechanisms governing the fetal
transfer of drugs (Kurosawa et al., 2020). Therefore, the purpose of this
present study was to develop a human transplacental PK model of
digoxin to predict in vivo fetal exposure to digoxin and digoxin DDIs at
MDRI in the human placenta.

Materials and Methods

A schematic diagram illustrating the development of the transplacental PK
model to predict DDIs of digoxin in the human placenta and in vivo fetal expo-
sure to digoxin is shown in Fig. 1. The procedure consisted of the following
four steps: i) model construction, ii) verification of the model for different
experimental conditions, iii) prediction of DDIs of digoxin and MDRI1 inhibi-
tors, and iv) confirmation for in vivo fetal exposure. In the first step, the model
was constructed by fitting to reported digoxin concentration-time profiles
obtained in an ex vivo human placental perfusion study with a closed system
(Derewlany et al., 1991). Next, verification was conducted by applying the
model to data obtained under different experimental conditions (Holcberg et al.,

i. Model construction of digoxin human transplacental PK by
ex vivo human placental perfusion study in a closed system
(Derewlany et al., 1991) (without MDR1 inhibitor)

G

ii. Model verification for digoxin human transplacental PK with
external data

+ Simulation for ex vivo perfusion study in a closed system
(Holcberg et al., 2003) (without MDR1 inhibitor)

g

iii. DDI predictions of digoxin and MDR1 inhibitors (quinidine or
verapamil) in ex vivo human placental perfusion studies

* Model development of quinidine human transplacental PK by
ex vivo human placental perfusion study in a closed system
(Tsadkin-Tamir., 2005)

» Simulations for ex vivo perfusion studies in a closed system
(Holcberg et al., 2003) (digoxin with quinidine or verapamil)

g

iv. Prediction of fetal to maternal concentration (F:M) ratio and
comparison with reported in vivo values

+ Simulations of F:M ratios using developed human
transplacental PK model of digoxin

Fig. 1. Schematic illustration of the development of the digoxin transplacental
pharmacokinetics model. i) Model construction. ii) Model verification. iii) Predic-
tion of drug-drug interactions of digoxin and multidrug resistance protein 1 inhib-
itors. iv) Prediction of in vivo fetal exposure.
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2003). Then, interactions of digoxin with quinidine or verapamil in an ex vivo
human placental perfusion study (Holcberg et al., 2003) were predicted using the
developed model. For the DDI predictions, a transplacental PK model of quinidine
was also developed using reported quinidine concentration-time profiles obtained
in an ex vivo human placental perfusion study with a closed system (https:/pri-
mo.bgu.ac.il/permalink/f/14tjq6c/972BGU_ALMAS1118865170004361). For the
prediction of DDI with verapamil, the initial verapamil concentration was assumed
to be maintained throughout the perfusion study. Finally, the predicted F:M ratios
from the digoxin transplacental PK model were compared with reported in vivo
values (Rogers et al., 1972; Chan et al., 1978; Nagashima et al., 1986; Zhou et al.,
2011).

Development of the Transplacental PK Model of Digoxin. The digoxin
transplacental PK model (Fig. 2A) was constructed based on our previous model
for metformin (Kurosawa et al., 2020), with the modification of adding a non-
perfused placental tissue compartment (Fig. 2, A and B). In a typical human pla-
cental perfusion experiment using a single cotyledon, non-perfused regions,
which are parts of cotyledon adjacent to the perfused single cotyledon (Fig. 2B),
remain (Mathiesen et al., 2010; Grafmiiller et al., 2013). In the reported perfusion
study (Derewlany et al., 1991), the digoxin concentrations and weights of the
perfused cotyledon and the non-perfused tissue were measured following the per-
fusion. Therefore, the non-perfused tissue compartment was incorporated into the
transplacental PK model separately from the maternal placental compartment
(Fig. 2A).

As observed data for fitting, we obtained the time and the digoxin con-
centrations in maternal artery, maternal vein, umbilical artery, umbilical
vein, perfused placental tissue (syncytiotrophoblast), and non-perfused pla-
cental tissue from the tables and figures published in the report of the ex vivo
human placental perfusion study (Derewlany et al., 1991) using WebPlotDigitizer
Version 4.4 (https://automeris.io/WebPlotDigitizer). In that study, a closed perfu-
sion system was applied to a single cotyledon subdivided from the normal-term
human placenta at delivery. The medium was perfused at flow rates of Q,, for the
maternal circuit and Q; for the fetal circuit (Table 1). Digoxin (Lanoxin®) at the
initial concentration of 5.5 ng/mL (digitized from the reported figure) in the
maternal reservoir was recirculated in the maternal and fetal circuits for 180
minutes. The differential equations of the digoxin transplacental PK model are as
follows (Egs. 1-10):

dc,
er X d:” = Qm X (Cmv - Cmr) (1)
dCI a
Vma X dtﬂl = Qm X (Cmr - Cma) (2)
dC,p
Vimp X i (Cina = Cup) X O + (PSyvt, act, eff + PSmva, aigr) X fu,t X Cy
- (PSMVM,acr, inf + PSMVM. dz_'ff) Xfu. med X Cmp - an X (fu,med X Cmp
7fu,np X Cnp) (3)
dC,,
va X dt = Qm X (Cmp - Cmv) (4)
d¢c;
Vi x o (PSmvm, act, inf + PSmvm,aif) X fu,mea X Cmp + (PSBM, act, inf
+ PSpum,dify) % fu,med X Cre — (PSyvm, act, eff + PSmvit, dig + PSBM, act, eff
+PSBM,diﬁ") Xfu,t x Cy (5)
dG,,
Vnp X T = an X (fu.med X Cmp _fu,np X Cnp) (6)
Vie X - Or X (Cua — Cr) + (PSpu, act, ef + PSeu, aify) X fui X G
- (PSBM,aL't,inf + PSBM,(liff) Xﬁtﬁmed X CfL (7)
dc,,
Vi X T = Qf X (Cfb - Cuv) ®)
dCy
Vi x =g = Qr X (Cur = Cp) ©)
dCl((l
Vua X dt = Qf X (Cf' - CW) (10)
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Fig. 2. The human transplacental pharmacokinetics model and perfusion experimental scheme. (A) The ex vivo human placental perfusion study used to develop the
human transplacental pharmacokinetics model of digoxin and quinidine. A maternal reservoir was connected to maternal artery and vein cannulas and a fetal reservoir
to umbilical vein and artery cannulas. The drugs were administered to the maternal reservoir and perfused in this closed system. Abbreviations are explained in Table
1. (B) The scheme of the ex vivo human placental perfusion study using a human placental lobule excised from human placenta (blue dashed square) containing per-

fused tissue connected to the fetal circulation and non-perfused tissue (shaded area).

where Crr, Cias Cinps Civs Cio Cops Crey Cuys Cr, and Cy, represent the total
digoxin concentrations in the maternal reservoir (C,,), maternal artery (Cp,,),
maternal placenta (Cy,p), maternal vein (Cy,), syncytiotrophoblast (C,), non-per-
fused placental tissue (C,p), fetal capillary (Cy), umbilical vein (C,,), fetal reser-
voir (Cg), and umbilical artery (C,,) compartments. At time O minutes (the start
of digoxin perfusion), C,, was 5.5 ng/ml, and other parameters were fixed to be
0 ng/ml Vi, Ve Vinps Vinvs Vo Vips Vies Vas Vi @and V, are the volumes of
the maternal reservoir (V,,), sampling port of the maternal artery (V,,,), maternal
placenta (Vy,p), sampling port of the maternal vein (Vy,,), syncytiotrophoblast
(Vo, non-perfused placental tissue (Vyp), fetal capillary (Vi), sampling port of
the umbilical vein (V,,), fetal reservoir (Vg), and sampling port of the umbilical

artery (Vya). Vigp is the sum of the volume of the perfusion medium in the mater-
nal chamber (V) and maternal intervillous volume (V) (Kurosawa et al.,
2020). fymeds funps and f,; denote the unbound fractions of digoxin in the medium
of maternal and fetal circuits (f, mea), the non-perfused placental tissue (f, p), and
the syncytiotrophoblast (f,;). Qyp is the intercompartmental clearance between
the maternal placenta and non-perfused placental tissue.

The passive clearances of digoxin in the MVM (PSyymairr) and the basal
plasma membrane (BM, PSgyqir) Were calculated using the same method as
that in our previous report (Kurosawa et al., 2020). The calculations are
described in detail in Supplemental Text and Supplemental Table 1. Because
digoxin is not extensively metabolized, no metabolic clearance was assumed in
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TABLE 1

Parameters used and determined in the construction of digoxin human transplacental PK model

Fixed or Fitted (coefficient

Parameter Definition of parameter of variation [CV] %) Reference Comments

Molecular weight 780.94

Parameters of perfusion experimental settings

fu.mead Unbound fraction of drug in medium of 1 Derewlany et al., 1991 No protein was added in
maternal and fetal circuits the perfusion medium

fuib Unbound fraction of drug in 0.20 Rodgers et al., 2005
syncytiotrophoblast

funp Unbound fraction of drug in non-perfused 0.20 Assumed to be the same
placental tissue as fy,

Cyr at start of digoxin Total drug concentration in the maternal 55 Derewlany et al., 1991

perfusion (ng/mL) reservoir

Vnr (ML) Volume of maternal reservoir 246 Derewlany et al., 1991

Vma (ML) Volume of sampling port for maternal artery 0.30 Derewlany et al., 1991

Viny (mL) Volume of sampling port for maternal vein 0.30 Derewlany et al., 1991

Vi, (mL) Volume of sampling port for umbilical artery 0.30 Derewlany et al., 1991

Vi, (mL) Volume of sampling port for umbilical vein 0.30 Derewlany et al., 1991

Vi (mL) Volume of fetal reservoir 135 Derewlany et al., 1991

V¢ (mL) Volume of the medium in the maternal 17.5 (0.005) Fitting
chamber

Q, (mL/min) Perfusion flow rate in the maternal side 139 Derewlany et al., 1991

Q¢ (mL/min) Perfusion flow rate in the fetal side 2.93 Derewlany et al., 1991

Physiologic parameters of human placental cotyledon

Vi (mL)c Volume of fetal capillaries 1.22 Mayhew et al., 2008

Vi (mL)e Volume of maternal intervillous space 5.55 Mayhew et al., 2008

V, (mL)c Volume of syncytiotrophoblast 2.49 Mayhew et al., 2008

Transplacental PK parameters of digoxin

PSmvM.actint (ML/min) Active influx clearance at the MVM 1.50 (0.034) Fitting

PSmvm.acterr (ML/min) Active efflux clearance at the MVM 2.18 (0.031) Fitting

PSpm.acterr (ML/min) Active efflux clearance at the BM 0.66 (0.021) Fitting

PSEM,actinf (ML/min) Active influx clearance at the BM 0.78 (0.037) Fitting

Qup (ml/min) Intercompartmental clearance between 0.51 (0.0015) Fitting
maternal placenta and non-perfused
placental tissue

Vyp (ml) Volume of non-perfused tissue 49.6 (0.0015) Fitting

Passive clearance at the MVM
Passive clearance at the BM

PSymvm,aitr (mL/min)
PSpm.aier (mL/min)

0.69
0.12

Zheng et al., 2015
Zheng et al., 2015

“Calculated using the following equation: fu = ﬁ,
7

"The estimation method of fy is described in the Supplemental Text.

n: number of binding sites, Pt: albumin concentration, Kd: dissociation constant.

“The calculation method of perfused tissue volumes (Vg., Vy;, and V) is described in the Supplemental Text. Vi, Vi, and V, are expressed as volume of a single cotyledon unit in human

placenta.

the model. Active influx and efflux clearances through the MVM (PSyivm.actinf
and PSyrvmactetr, Tespectively) and BM (PSgm actint @1d PSpm aceefrs TESpectively)
were assumed to be involved in the transport of digoxin.

The physicochemical properties of digoxin, the experimental conditions of the
ex vivo perfusion study, and the physiologic PK parameters in the model are
listed in Table 1.

The model fitting was performed using NONMEM version 7.4 (Icon Devel-
opment Solutions, Ellicott City, MD, USA; Beal and Sheiner, 1989) with nonlin-
ear least-squares regression. The R Project for Statistical Computing, Version
3.5.2 for Windows (Comprehensive R Network, http://cran.r-project.org) was
used for the graphics generation, post-processing of NONMEM, and statistical
analysis.

Verification of the Human Transplacental PK Model for Digoxin. The
transplacental PK model constructed by using the data of Derewlany et al.
(1991) was applied to other ex vivo perfusion studies in different experimental
settings, reported by Holcberg et al. (2003). The simulation of C,, and C,, was
performed using the same model. The physicochemical properties of digoxin, the
physiologic parameters of human placental cotyledon, and the experimental con-
ditions used for the model verification are listed in Supplemental Table 2.

Model Prediction of DDIs between Digoxin and MDRI1 Inhibitors.
Digoxin is a substrate of MDR1 (Fenner et al., 2009) at the MVM (Ushigome
et al., 2003; Ceckova-Novotna et al., 2006) and is transported from syncytiotro-
phoblasts to the maternal side (Nekhayeva et al., 2006; Sudhakaran et al., 2008).
Holcberg et al. (2003) examined the DDIs of digoxin with MDRI1 inhibitors
quinidine and verapamil, even though no inhibition was observed in the

perfusion studies. To quantitatively assess the DDIs of digoxin and these inhibi-
tors, simulations were performed using the developed transplacental PK model
of digoxin with the following equation (Eq. (11)

PSuv, act, eff
1+ Ju, X1y

Ki, mpr1, mvm

an

PSMVM, act, eff (+inhibitor) =

where I; and K; pmprivvm represent the total inhibitor concentration in
syncytiotrophoblast and the inhibition constant for MDR1 at the MVM,
respectively. For Kimprimvm of quinidine (Kimprimvm.onp) and
verapamil (K; mprimvmvre), the values obtained in in vitro studies
(Chaudhry et al., 2018) were used (Supplemental Table 2).

It was assumed that quinidine and verapamil were not metabolized in the ex vivo
human placental perfusion studies. Quinidine is mainly metabolized by cyto-
chrome P450 (CYP) 3A4 (Nielsen et al., 1999) and verapamil by CYP3A4/5
and CYP2CS (Tracy et al., 1999). However, messenger ribonucleic acid and pro-
tein expression levels of these enzymes are low or undetectable in human pla-
centa (Hakkola et al., 1996; Bieche et al., 2007). Thus, no metabolic clearance
was incorporated in the present model of quinidine, and this was also assumed to
be the case for verapamil in the DDI simulation studies.

The transplacental PK model of quinidine (Fig. 2A) was constructed using the
quinidine concentrations in the maternal artery, umbilical vein, and syncytiotro-
phoblast taken from the previously reported ex vivo human placental perfusion
study (https:/primo.bgu.ac.il/permalink/f/14tjq6c/972BGU_ALMAS51118865170
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004361). In that study, a closed perfusion system was applied to a single cotyle-
don obtained from a normal-term human placenta at delivery. The experimental
settings for the quinidine transplacental PK model are summarized in
Supplemental Table 3. The PSyiyva gir and PSgpm aier of quinidine were calculated
using the same method as employed for the digoxin model (Supplemental Text).
PSMVM,acl.inﬁ PSMVM,acl,cffs PSBM,acLinf and PSBM,achff were also assumed to
influence the active transport of quinidine in the human placenta in the model
construction. The same data collection methods and model fitting as in the case
of digoxin were used for the quinidine model development.

As for verapamil, the initial concentration of 250 ng/mL in the maternal cir-
cuit was assumed to be maintained throughout the DDI study. I; of verapamil
was calculated using the syncytiotrophoblast to maternal reservoir concentration
ratio of 0.97, obtained in a macaque study (Eyal et al., 2009), as the interhemal
barrier of the rhesus monkey is considered analogous to that of humans (Panigel
et al., 1975; Grigsby, 2016). A sensitivity analysis showed that syncytiotropho-
blast to maternal reservoir concentration ratio values between 0.3 and 3 had
almost no effect on the digoxin PK profile in the DDI study (data not shown).

The physicochemical properties of quinidine and verapamil, the physiologic
parameters of human placental cotyledon, and the experimental conditions used
for the DDI predictions of digoxin with quinidine or verapamil are summarized

in Supplemental Table 2.
Model Prediction of In Vivo Fetal Digoxin Exposure. To predict in vivo

fetal exposure to digoxin, Cy,, and C,, at the steady state were simulated by the
developed transplacental PK model for the experimental conditions used in the
ex vivo perfusion study by Derewlany et al. (1991). For the in vivo prediction,
the f, meq (= 0.67 for mother and fetus) of digoxin in humans under physiologic
conditions (Hubert et al., 1985; Hebert et al., 2008) was used. To predict in vivo
F:M ratio, it is hypothesized that F:M ratio obtained from a single cotyledon cor-
responds to that of whole placenta consisting of approximately 15-30 cotyledons
(Gundalli et al., 2015). Then, the ratios of the simulated steady-state C,, and C,,,
values were used as the predicted in in vivo F:M ratios. The predicted in vivo
F:M ratios were compared with the in vivo F:M ratio integrated from multiple
clinical reports (Rogers et al., 1972; Chan et al., 1978; Nagashima et al., 1986;
Zhou et al., 2011) using the Dersimonian and Laird method (Dersimonian and
Laird, 1986). The clinical information from the multiple reports of in vivo F:M
ratios are summarized in Supplemental Table 4.
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To predict in vivo fetal exposures to digoxin in the presence of the MDR1
inhibitors quinidine and verapamil, the increase in maternal concentration of
digoxin caused by inhibiting MDR1 in the small intestine and kidney as well as
placenta should be considered. Therefore, the maximum concentrations (Cy,ax) of
drugs after oral administration of digoxin with/without quinidine at the therapeu-
tic dosage to cardiac patients or verapamil (240 mg/d) to healthy volunteers in
clinical DDI studies (Pedersen et al., 1983; Rodin et al., 1988) (listed in
Supplemental Table 5) were also applied to the simulation of digoxin transpla-
cental PK profiles using the developed model.

Results

Development of Digoxin Human Transplacental PK Model.
The human transplacental PK model for digoxin was developed using
reported data obtained in a closed perfusion system of human placenta,
which includes non-perfused tissue (Derewlany et al., 1991). The fitted
profiles of digoxin concentration-time profiles for Cy,, Chys Cuvs Cuas
C., and C,, are shown in Fig. 3, A-C. The transplacental PK model
well captured the observed concentrations of digoxin in the ex vivo
study. The estimated parameters are listed in Table 1. V,,, was estimated
as 49.6 mL, which is consistent with the actual measured weight of

non-perfused tissue (44.2 g) reported by Derewlany et al. (1991).
Verification of the Digoxin Human Transplacental PK Model.

The values of digoxin C,, and C,, previously obtained in an ex vivo
closed perfusion experiment (Holcberg et al., 2003) were used to exam-
ine whether the developed transplacental model (Fig. 2A) is applicable
to different ex vivo perfusion conditions. The observed C,,, and C,,
were well simulated by the developed model (Fig. 4).

The value of 11.5 mL for V;,, which was estimated by fitting to the
quinidine concentrations in the reported perfusion study (https:/pri-
mo.bgu.ac.il/permalink/f/14tjq6c/972BGU_ALMAS1118865170004361)
as described below (see “Application of the developed model to ex vivo
DDI studies”) was used in the digoxin PK simulations of the digoxin
perfusion and DDI studies (Holcberg et al., 2003). Because the V.,
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Fig. 3. Fitted digoxin concentration-time profiles in maternal artery (red solid line in A), maternal vein (blue solid line in A), umbilical vein (blue dashed line in A),
umbilical artery (red dashed line in A), syncytiotrophoblast (black solid line in B), and non-perfused tissue (black dashed line in B) in a closed perfusion system (Der-
ewlany et al., 1991). Open red circles, blue circles, blue triangles, and red triangles represent the mean reported concentrations of digoxin in maternal artery, maternal
vein, umbilical vein, and umbilical artery, respectively. The closed circles and triangles in B represent the mean reported concentration of digoxin in syncytiotropho-
blast and non-perfused tissue, respectively. In the experiment, digoxin (5.5 ng/ml at 0 min) was added in the maternal reservoir.
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Fig. 4. Simulated digoxin concentration-time profiles in maternal artery (black
solid line) and umbilical vein (black dashed line) in a closed perfusion system
(Holcberg et al., 2003). Closed circles and triangles represent the mean reported
concentrations of digoxin in maternal artery and umbilical vein, respectively,
without multidrug resistance protein 1 inhibitor. In the experiment, digoxin (6.07
ug/ml) at 0 min was added to the maternal reservoir. Dotted lines represent the
simulated concentration-time profiles from the sensitivity analysis of V., (blue: 0
ml, red: 50 ml).

values may be different among perfusion studies, sensitivity analysis of
Ve was performed. Holcberg et al. (2003) stated that the remaining
medium in the chamber was kept at the lowest level on part of the pla-
centa (42.66 g), which consisted of perfused cotyledon and non-per-
fused tissue. Therefore, in the sensitivity analysis, the lower and upper
limit values of V., were set at 0 (no remaining medium) and 50 mL,
respectively. The simulated values of C,,, and Cy, were well overlapped
with the observed values in the digoxin perfusion study by Holcberg
et al. (2003) (Fig. 4). Thus, the influence of variation of V., can be

neglected.
Application of the Developed Model to Ex Vivo DDI Studies.

The profiles simulated by the model incorporating influx and efflux
transporters on both the MVM and BM were consistent with the
reported digoxin concentration profiles. Therefore, the possibility of
inhibition of these transporters by co-administered drugs, especially
MDRI1 inhibitors, should be considered. However, Holcberg et al.
(2003) observed no inhibition by quinidine or verapamil in an ex vivo
placental DDI study of digoxin with the MDR1 inhibitors quinidine and
verapamil in their ex vivo human placental perfusion system, which
afforded the data used to verify our developed transplacental PK model
for digoxin perfusion without inhibitors. To consider the reasons for this
negligible inhibitory effect, we applied our model to the reported DDI
data (Holcberg et al., 2003). For quinidine, the transplacental PK model
was also constructed using data from a reported ex vivo human placen-
tal perfusion study of quinidine (https:/primo.bgu.ac.il/permalink/t/
14tjq6c/972BGU_ALMAS1118865170004361), and fitted profiles of
quinidine concentration-time for C,,,, C,, and C, are depicted in
Supplemental Fig. 1, A and B. The estimated parameters of the quini-
dine model are summarized in Supplemental Table 3. The transplacental
PK model for quinidine well reproduced the observed concentrations of
quinidine in the ex vivo study. A static model for verapamil was applied

Kurosawa et al.

for the DDI study of digoxin and verapamil since sufficient data were
not available to construct a human placental PK model. Specifically, to
avoid a false-negative prediction of DDI, it was assumed that the
unbound syncytiotrophoblast concentration of verapamil of 41.2 ng/mL,
calculated from the maximum (initial) concentration of verapamil in the
maternal circuit (250 ng/mL), was maintained statically (static model).

Since MDRI is present at the MVM (Ushigome et al., 2003;
Ceckova-Novotna et al., 2006), the efflux transporter of digoxin at the
MVM is most likely MDRI1. Therefore, simulations were performed
with inhibition of MDRI1 at the MVM by quinidine and verapamil
based on the reported Ki,MDRl,MVM,QND of 0.27 and Ki,MDRl,MVM,VRP
of 0.55 pM, respectively (Chaudhry et al., 2018). Furthermore, the
efflux transporter of digoxin at the BM could also be sensitive to quini-
dine and verapamil, since MDR1 and/or MDR3, both of which accept
digoxin as a substrate (Smith et al., 2000) and are sensitive to quinidine
and verapamil (Schlemmer and Sirotnak, 1994; Aleo et al., 2017), are
expressed at the BM of syncytiotrophoblasts and/or cytotrophoblast,
adjacent to the BM of the syncytiotrophoblast (Evseenko et al., 2006,
2007; Lye et al., 2013; Kliman et al., 2018). Therefore, the simulations
were performed in the presence and absence of inhibition of the
efflux transporter at the BM by quinidine and verapamil, as shown in
Fig. 5. Various K; values for the efflux transporter at the BM were set:
0.027 uM (green lines), 0.27 pM (blue lines), and 2.7 uM (purple lines)
for quinidine (Kjgmonp) and 0.055 pM (green lines), 0.55 pM (blue
lines), and 5.5 uM (purple lines) for verapamil (K;gnvre), in addition to
the case that BM transporters were insensitive to these drugs (orange
lines). These values were chosen for sensitivity analyses because the
kinetic parameters of the efflux transporter at the BM are unknown. In
the case of quinidine inhibition, the observed digoxin concentrations in the
presence of quinidine were close to the simulated concentrations of
digoxin with the lower K;gvonp values of 0.027 and 0.27 pM (Fig. SA).
In the case of verapamil inhibition, the simulated digoxin concentrations
overlapped the observed concentrations in the presence of verapamil,
except at the lowest K; gpvre (0.055 pM) (Fig. 5B).

Since the steady state of digoxin was not achieved at the reported
perfusion time of 120 minutes, simulations of longer-term perfusions in
the presence and absence of quinidine or verapamil were carried out
(Supplemental Fig. 2, A and B). For quinidine, the unbound syncytio-
trophoblast concentration of quinidine at the steady state was estimated
as 1.22 ug/ml, which is higher than Ki,MDRl,MVM,QND and Ki,BM,QNDS
(Supplemental Fig. 2C). Indeed, the simulation profiles in the case of
longer-term perfusion (5,000 minutes, Supplemental Fig. 2A) were dif-
ferent in the presence and absence of quinidine. The co-administration
of quinidine decreased the fetal transfer of digoxin if the efflux trans-
porter at the BM showed higher affinity (K;gmonps 0.027 and 0.27
uM), but increased the transfer if the efflux transporter at BM was
insensitive or had the lowest affinity (K;gn,onp 2.7 uM). For verapa-
mil, the unbound syncytiotrophoblast concentration of verapamil was
constant at 41.2 ng/ml due to assumption of the static model and was
lower than K;mprimvmvre Of Kigmvres (Supplemental Fig. 2D).
Therefore, the simulation profiles for long-term perfusion showed little
difference between the presence and absence of verapamil, except for
the case that the efflux transporter at BM showed the highest affinity

(Kizm.vrp 0.055 M) (Supplemental Fig. 2B).
Model Prediction for In Vivo Human F:M Ratio of Digoxin.

In the ex vivo experiment (Derewlany et al., 1991), a lower albumin
concentration (Table 1) than that in vivo was used, and the perfusion of
digoxin was terminated at 180 minutes. When the digoxin C,, and C,,
were simulated with a higher albumin concentration reflecting the
in vivo value (f,mea = 0.67 for mother and fetus) and longer-term per-
fusion, the time to achieve the steady state (ti) was approximately
1,500 minutes (Fig. 6). The F:M ratio at the steady state in the in vivo
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Fig. 5. Simulated digoxin concentration-time profiles in maternal artery (solid lines) and umbilical vein (dashed lines) after co-administration with quinidine (A) or
verapamil (B) in a closed perfusion system (Holcberg et al., 2003). A: K; mpri,mvm,onp Was set as 0.27 uM and K gmonp as 0.027 (green), 0.27 (blue), or 2.7 uM
(purple) with no inhibition by quinidine at the basal plasma membrane (orange). (B) K; mprimvm.vrp Was set as 0.55 uM and K; gm vrp as 0.055 (green), 0.55 (blue),
or 5.5 uM (purple) with no inhibition by verapamil at the basal plasma membrane (orange). Black closed circles and triangles represent the reported mean concentra-
tions of digoxin in maternal artery and umbilical vein. The red lines represent the simulated digoxin-concentration time profiles in maternal artery (solid) and umbilical
vein (dashed) without multidrug resistance protein linhibitors. The lines in B, except for green lines, almost overlapped and are visually indistinguishable. Quinidine
or verapamil was added to the maternal reservoir at 7.57 pg/ml or 250 ng/ml, respectively. The medium without digoxin but including an multidrug resistance protein
linhibitor was perfused for 45 min prior to start of digoxin perfusion. After the pre-perfusion period, digoxin (6.07 ng/ml at O min in A, 5.22 ng/ml at O min in B)
was added to the maternal reservoir in the experiments. Digoxin concentrations in B were normalized by the initial maternal concentration observed in A (6.07 ng/ml).

condition was calculated as approximately 0.66, which is consistent
with previously reported in vivo F:M ratios (mean [95% confidence
interval (CD)]: 0.77 [0.64-0.91]) (Fig. 7).

Estimation of In Vivo F:M Ratio for DDIs between Digoxin
and MDRI1 Inhibitors. As described above, co-administration with
quinidine might decrease the fetal transfer of digoxin based on the
results of ex vivo DDI simulations for long-term perfusion. In clinical
settings, the increase of maternal digoxin exposure due to inhibition of
MDRI in the small intestine and kidney should also be considered. It is
reported that quinidine increases the digoxin exposure, i.e., Cp., and
the area under the plasma concentration-time curve, by approximately
1.8-fold, while verapamil increases it by approximately 1.4-fold after
digoxin oral administration with quinidine or verapamil, respectively
(Pedersen et al., 1983; Rodin et al., 1988). Therefore, the maternal and
fetal exposures to digoxin were simulated using the reported clinical
Chax Of digoxin after co-administration with quinidine or verapamil as
an initial Cy,, (Pedersen et al., 1983; Rodin et al., 1988) by the devel-
oped transplacental PK model, and the results were compared with the
simulation using data in the absence of the MDRI inhibitor
(Supplemental Table 5). In parallel, the developed transplacental PK
model for quinidine was used with its reported clinical C,,.x as an initial

/ C,y for the simulation of the unbound syncytiotrophoblast concentration
/ of quinidine. For verapamil, the unbound syncytiotrophoblast concentra-
[ tion was calculated from its reported clinical C,,,, with the assumption
that the verapamil concentration was maintained at Cy,,, throughout the
perfusion.

The observed digoxin concentrations in ex vivo DDI perfusion
experiments with quinidine were appropriately accounted for by the two
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Fig. 6. The long-term simulation of digoxin concentration in maternal artery
(black solid line) and umbilical vein (black dashed line). The simulation by the
developed transplacental pharmacokinetic model of digoxin was performed under
the experimental conditions of Derewlany et al. (1991), except for digoxin
unbound fraction in mother and fetus of 0.67 (Hubert et al., 1985; Hebert et al.,
2008) and the duration of perfusion of 5,000 min.

simulations in which quinidine inhibited the efflux transporter at BM
with K;pmonps 0.027 and 0.27 pM and also inhibited MDR1 at the
MVM with K mprimvmonn 0.27 pM (Fig. 5A). Therefore, the mater-
nal and fetal digoxin concentration profiles were simulated by the devel-
oped model by using these K; values and the digoxin C,,,, obtained
from a clinical DDI study with quinidine (Pedersen et al., 1983) (Fig.
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Fig. 7. In vivo fetal-to-maternal (F:M) ratios (mean + 95% confidence interval)
of digoxin integrated from multiple sources (Rogers et al., 1972; Chan et al.,
1978; Nagashima et al., 1986; Zhou et al., 2011) and the predicted and observed
ex vivo F: M ratios (Derewlany et al., 1991; Holcberg et al., 2003). The criteria
for literature selection to collect in vivo F:M ratios were as follows. i) Simulta-
neous blood sampling in full-term pregnant women was conducted in maternal
venous and umbilical cord. ii) The F:M ratio with standard deviation or range
could be obtained. The selected in vivo pharmacokinetic information of digoxin
is shown in Supplemental Table 4. The predicted ex vivo F:M ratios (@) were
derived from the steady state concentrations in simulations using the developed
transplacental pharmacokinetic model of digoxin. The observed ex vivo F:M
ratios at the end of the perfusion (mean values) ((HHIlll): Derewlany et al., 1991;
(HEM): Holcberg et al., 2003) were calculated from the values obtained from
the ex vivo perfusion studies as described in Materials and Methods. Open
squares ([J) represent the reported mean values of in vivo F:M ratio with the sam-
ple size (square size). The solid lines represent the 95% confidence intervals. The
mean ratios and 95% confidence interval (fixed or random) were estimated using
the Dersimonian and Laird method (Dersimonian and Laird, 1986).

8A). The steady-state digoxin concentration in the fetus after co-admin-
istration of quinidine was comparable to that in the absence of quinidine
(red dashed line) in the simulation with K;gmonp 0.027 pM (green
dashed line), but 1.6-fold higher in the simulation with K; gy onp 0.27
UM (blue dashed line). Those in the mother (solid lines) were increased
in both simulations because of the higher digoxin concentrations result-
ing from inhibition of both MDRI1 in maternal organs other than pla-
centa and the efflux transporter at the BM in placenta, even with a
decrease in PSyrymacter due to MDR1 inhibition at the MVM. At the
steady state, the unbound quinidine concentration in syncytiotrophoblast
was estimated as 0.20 pg/mL (= 0.62 pM), which is higher than
Ki,MDRl,MVM,QND (027 MM) and Ki,BM,QNDS (0027 and 0.27 HM) (Flg
8C). The F:M ratios of digoxin were estimated as 0.27 and 0.58 in the
simulations with K gmonps 0.027 and 0.27 pM, respectively, while
that in the absence of quinidine was 0.66.

Kurosawa et al.

For verapamil, the three simulations in which the efflux transporter at
the BM was sensitive to verapamil with K; gy vres 0.55 and 5.5 uM or
was insensitive, while verapamil inhibits MDR1 at the MVM with
Kivprimvmvre 0.55 pM, adequately accounted for the observed
digoxin concentrations in the ex vivo DDI perfusion experiments (Fig.
5B). With these K; values and the digoxin C,,,, reported in a clinical
DDI study with verapamil (Rodin et al., 1988), the maternal and fetal
digoxin concentration profiles were simulated by the developed model
(Fig. 8B). As a result, the steady-state maternal and fetal digoxin con-
centrations in all simulations after co-administration of verapamil (blue,
purple, and orange lines) were 1.4- to 1.5-fold higher than those in the
absence of verapamil (red lines), which are almost the same as the
increases in exposure observed in subjects who were not pregnant
(Rodin et al., 1988). Therefore, the increments were mainly accounted
for by MDRI inhibition in maternal organs other than placenta due to
the lower unbound verapamil concentration of 90.0 ng/mL (= 0.20
uM), compared with K; vprimvavre (0.55 pM) and K; gavivers (0.55
and 5.5 pM) in syncytiotrophoblast (Fig. 8D). The F:M ratios of
digoxin after co-administration of verapamil were estimated to be
0.65-0.74, which are almost the same as that in the absence of verapa-
mil (0.66).

Discussion

Data from ex vivo human placental perfusion were used here to pre-
dict fetal drug exposure in vivo. A previous systematic review (Hutson
et al., 2011) stated that ex vivo F:M ratios were generally consistent
with the in vivo F:M ratios, although there were 4 exceptions among 24
drugs, i.e., digoxin, metformin, glyburide, and oxcarbazepine. Those
four drugs are substrates of active transporters, and digoxin is a typical
MDRI1 substrate (Tanigawara et al., 1992; Kullak-Ublick et al., 2001;
Sata et al., 2005; Han et al., 2015; Nakamichi et al., 2013; Gedeon
et al., 2006; Zhang et al., 2011). The F:M ratio of digoxin predicted by
Hutson et al. (2011) was approximately 7-fold lower than the previously
reported in vivo F:M ratio. In the present study, our developed human
transplacental PK model of digoxin successfully predicted an F:M ratio
(0.66) comparable with the in vivo value (0.77). When digoxin is used
for fetal supraventricular tachycardia, the concentration in the fetus
should be adjusted to the therapeutic range with simultaneous adjust-
ment of maternal exposure to avoid maternal digoxin toxicity. Thus,
accurate prediction of the ratio is important for design of the dosing
strategy.

Our analysis revealed that the reason for the discrepancy between
in vivo and ex vivo F:M ratios of digoxin is that the estimated tg is lon-
ger than the duration of perfusion in the previous ex vivo studies (Hut-
son et al., 2011). Recently, we reported a transplacental PK model of
metformin (Kurosawa et al., 2020), another exception in Hutson’s sys-
tematic review. The ex vivo F:M ratios of metformin from closed perfu-
sion studies were 2- to 5-fold lower than the in vivo values, and this
inconsistency was explained by the longer ty than the perfusion time in
the ex vivo experimental settings, as in the present case of digoxin.
Both digoxin and metformin are low-permeability compounds classified
as biopharmaceutics classification system class 3 (Cheng et al., 2004;
Xia et al., 2013), which should have permeability-limited kinetics.
Therefore, digoxin and metformin would have long ty (1,500 minutes
and 1,000 minutes, respectively) in ex vivo perfusion studies. In the pre-
vious metformin model and the present digoxin PK model, influx and
efflux clearances were set in the MVM and BM, respectively, and suc-
cessfully accounted for the permeability-limited kinetics.
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Fig. 8. The long-term transplacental transfer simulations of digoxin for predicting inhibitory effects of placental multidrug resistance protein lat the microvillous mem-
brane and/or the efflux transporter at the basal plasma membrane by quinidine (A) and verapamil (B) on the basis that these inhibitors enhanced digoxin concentration
in maternal reservoir after oral co-administration with digoxin by inhibiting multidrug resistance protein lin maternal organs other than placenta. The digoxin concen-
tration-time profiles in maternal artery (solid lines) and umbilical vein (dashed lines) were simulated in the presence of quinidine (green and blue lines in A) or verap-
amil (blue, purple and orange lines in B) in a closed perfusion system (Holcberg et al., 2003). A: K vpriMmvm,onp Was set as 0.27 uM and K;gmonp as 0.027
(green) or 0.27 uM (blue). B: K; mpri,mvm,vrp Was set as 0.55 pM and K; gm vrp as 0.55 (blue), or 5.5 uM (purple) with no inhibition by verapamil at the basal
plasma membrane (orange). The red lines in A and B represent the simulated digoxin-concentration time profiles in maternal artery (solid) and umbilical vein (dashed)
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In the previous transplacental PK model analysis of digoxin (Derew-
lany et al., 1991), a PK model consisting of maternal and fetoplacental
compartments was applied to ex vivo human placental perfusion data to
explain the digoxin concentration-time profile only on the maternal
side. Since fetal concentrations were not used to build the model, the
estimation of fetal exposure and comparison of ex vivo and in vivo data
were not done. Moreover, since the syncytiotrophoblast compartment
was not separated from the fetal compartment and transportation
between placenta and fetus was not considered, it is difficult to simulate
transporter-mediated DDI at the unbound drug concentration in syncy-
tiotrophoblasts. On the other hand, our PK model shown in Fig. 2A suc-
cessfully predicted the DDIs in human placenta by taking account of
the possibility that the efflux transporter at the BM is inhibited by
MDRI1 inhibitors.

The present model incorporates four transporter-mediated clearances
in the transplacental transfer of digoxin. When we compared the model-
estimated active transport clearances of digoxin with the passive diffu-
sion clearances obtained from parallel artificial membrane permeation
assay, the active transport clearances were 2 to 7 times larger than the
parallel artificial membrane permeation assay clearances (Table 1).
Moreover, when the model fitting was performed with only four passive
clearances, one solely passive and three hybrid clearances (passive +
active clearances), two solely passive and two hybrid clearances, or
three solely passive and one hybrid clearances, convergence failed in all
cases (data not shown). Furthermore, sensitivity analyses for the four
transporters were performed to investigate the influences of changes
in the activities (Supplemental Fig. 3). As a result, the digoxin concen-
tration profiles were sensitively shifted by each change in clearance,
and the robustness of the model with the four estimated clearances were
confirmed. These results clearly indicate that transporters are involved
in the influx and efflux transport at the MVM and BM.

Among transporters expressed at the MVM of human placental syn-
cytiotrophoblasts, the efflux transport of digoxin from the syncytiotro-
phoblasts to the maternal intervillous space by MDRI has been
functionally confirmed, since the uptake of digoxin into human placen-
tal MVM vesicles was decreased in the presence of MDR1 inhibitors,
such as verapamil, progesterone, and cyclosporine A (Ushigome et al.,
2003). Organic anion transporting polypeptide (OATP) 1B3 has been
reported to transport digoxin in the human placenta (Tupova et al.,
2020; Kullak-Ublick et al., 2001), but this remains controversial
(Kimoto et al., 2011; Taub et al., 2011). Further investigation is neces-
sary to evaluate digoxin transport by OATP1B3 in human placenta. At
the BM, MDR3, and MDRI at the cytotrophoblast adjacent to the syn-
cytiotrophoblast could transport their substrates from syncytiotropho-
blasts to fetus (Evseenko et al., 2006; Lye et al., 2013; Kliman et al.,
2018; Ontsouka et al., 2021). Digoxin is a substrate of MDR3 (Smith
et al., 2000) and MDR1, which are inhibited by quinidine and verapamil
(Schlemmer and Sirotnak, 1994; Aleo et al.,, 2017). Therefore, we
assumed that the efflux transporter at BM could be sensitive to the
inhibitors.

In the ex vivo human placental perfusion study of DDI (Holcberg
et al., 2003), no inhibition by quinidine or verapamil was observed. Our
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simulations imply that the efflux transporter at the BM, as well as
MDRI1 at the MVM, is sensitive to the inhibitors. However, it should
be noted that simulation profiles of digoxin concentration in the absence
of inhibitor (red lines in Fig. 5, A and B) were also rather similar to the
observed digoxin concentrations in the presence of inhibitor. So, we
cannot yet completely rule out the possibility that the efflux transporters
at the MVM and BM are both insensitive to quinidine and verapamil.
Further investigations are necessary to clarify the functional role of
MDR1 and/or MDR3 at the fetal side of the placenta.

When digoxin is co-administered with MDR1 inhibitors, the increase
of maternal digoxin exposure due to inhibition of MDRI1-mediated
secretion in small intestine and kidney should be considered (Fenner
et al., 2009). When the maternal concentrations of digoxin were
increased 1.8- and 1.4-fold by quinidine and verapamil in our ex vivo
perfusion models, respectively, the simulated fetal digoxin concentra-
tions were similarly increased by verapamil, though this was not the
case for quinidine (Fig. 8, A and B). The unbound syncytiotrophoblast
quinidine concentration was estimated to be higher than the values of
Kimprimvmonp and Kigvonp and should inhibit both MDRI at
MVM and the efflux transporter at the BM. The stronger inhibition of
the efflux transporter at the BM results in lower fetal digoxin concentra-
tions. On the other hand, for verapamil, the increments in fetal exposure
were accounted for by the inhibition of MDR1 in the maternal intestine
and kidney, but not in the placenta because of the lower unbound syn-
cytiotrophoblast concentration of verapamil than K;yprimvmvre and
Kism.vrp. Thus, because of an increase in digoxin concentration in the
mother even if the increase in fetal digoxin concentration is similar to
or less than that of maternal concentration, therapeutic monitoring of
digoxin should be considered to predict fetal exposure when these
MDRI inhibitors are co-administered with digoxin in vivo.

In this study, we also constructed the first human transplacental PK
model of quinidine with transporter-mediated clearances. Transporters
involved in the transplacental transfer of quinidine have not yet been
clarified. However, since quinidine is a substrate of MDR1 (Patil et al.,
2011), which is located at the MVM, MDRI1 is likely to serve as the
MVM efflux transporter. As for other transporters, when four passive
diffusions or those with transporter clearances were tested, only the
model fitting with MDR1 on MVM and an unknown efflux transporter
on BM with four passive diffusions converged (data not shown). This
model made it possible to estimate the MDR1-inhibitory effect of quini-
dine on digoxin transplacental transfer. Considering that quinidine is a
substrate of organic cation transporter 3 (Hasannejad et al., 2004),
which is expressed at the BM (Kekuda et al., 1998), organic cation
transporter 3 may contribute to the transportation of quinidine in the
placenta.

For the successful construction of the transplacental PK model from
ex vivo perfusion studies, digoxin concentrations in non-perfused tissue
as well as maternal artery, umbilical vein, perfused tissue, and the
weight of perfused tissue are required. The volumes of maternal inter-
villous, syncytiotrophoblast and fetal capillaries can be calculated from
reported values (Supplemental Text). On the other hand, it is difficult to
measure the non-perfused tissue volume accurately because of

Fig. 8. (cont.)

without the inhibitors. The lines in B, except for red lines, almost overlapped and are visually indistinguishable. The simulated quinidine and verapamil concentration-
time profiles in syncytiotrophoblast (black solid) are presented in C and D, respectively. C: Green and blue represent K; gm,onp values of 0.027 and 0.27 pM, respec-
tively. K; mpri,mvm,onp Overlapped with the blue line. D: Blue and purple lines represent K; gy vrp 0.55 and 5.5 uM, respectively. K; mpri,mvm,vrp Overlapped with
the blue line. The simulations by the developed transplacental pharmacokinetic model of digoxin followed Holcberg’s ex vivo studies except for enhanced maternal
digoxin concentrations in the case of co-administration with inhibitor (Pedersen et al., 1983; Rodin et al., 1988) and f, ;cq in human plasma (Hubert et al., 1985;
Mihaly et al., 1987; Belpaire et al., 1995; Hebert et al., 2008) (Supplemental Table 5).
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unexpected spontaneous blood clotting and the vague boundary with
decidual septa. Therefore, the drug concentration in non-perfused tissue
has rarely been measured, though it is important for developing the
transplacental PK model to estimate the volume of non-perfused tissue
incorporated in the model.

In conclusion, the developed human transplacental PK model of
digoxin with four different transporter-mediated clearances well pre-
dicted the in vivo fetal exposure. This model should be useful to predict
in vivo fetal exposure and also DDI in the human placenta.
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