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Abbreviations:   

ADME: absorption, distribution, metabolism and excretion; AUC: area under the curve;  

BCRP: Breast cancer resistance protein; B/P: blood to plasma concentration ratio; BCS: 

Biopharmaceutics Classification System; CLiv: intravenous clearance; CLint,u: unbound 

intrinsic clearance; CLPD: transplacental passive diffusion clearance; CLPD,u: unbound 

transplacental passive diffusion clearance; CLr: renal clearance; Cmax: maximum plasma 

concentration; CYP: cytochrome P450; C-T: concentration-time; CV: coefficient of 

variation; ENT: equilibratuve nucleoside transporter; fm,CYP: fraction metabolized by a 

given CYP enzyme;  fu,p: fraction unbound in plasma; Fa: fraction absorbed; Fg: fraction 

escaping gut metabolism; Fh: hepatic bioavailability; GW: gestational week; HLM, 

human liver microsomes; ka: first order absorption rate constant; Kp: tissue-to-plasma 

partition coefficient; MRP5: Multidrug resistance-associated protein 5; OATs: Organic 

anion transporters; Papp: apparent membrane permeability; PBPK model: physiologically-

based pharmacokinetic model; P-gp: P-glycoprotein; PK: pharmacokinetics; RSS: 

residual sum of squares; UGT: UDP-glucuronosyltransferase; T1, T2 and T3: 1
st
, 2

nd
 and 

3
rd

 trimester; Vss: volume of distribution at steady state.  
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Abstract:  

Fetal exposure to drugs cannot be readily estimated from single time point cord blood 

sampling at the time of delivery.  Therefore, we developed a physiologically-based 

pharmacokinetic (PBPK) model to estimate fetal drug exposure throughout pregnancy.  

Here we report verification of this novel maternal-fetal physiologically-based 

pharmacokinetic (m-f-PBPK) model for drugs that passively diffuse across the placenta 

and are not metabolized/transported there.  Our recently built m-f-PBPK model was 

populated with gestational age-dependent changes in maternal drug disposition and 

maternal-fetal physiology.  Using midazolam as an in vivo calibrator, the transplacental 

passive diffusion clearance of theophylline and zidovudine was first estimated.  Then, for 

verification, the predicted maternal plasma (MP) and umbilical venous (UV) plasma drug 

concentrations by our m-f-PBPK were compared against those observed at term.  Overall, 

our m-f-PBPK model well predicted the maternal and fetal exposure to the two 

verification drugs, theophylline and zidovudine, at term, across a range of dosing 

regimens, with nearly all observed MP and UV plasma drug concentrations falling within 

the 90% prediction interval [i.e.5
th

 -95
th

 percentile range of a virtual pregnant population 

(n=100)].  Prediction precision and bias of theophylline MP and UV were 14.5% and 

12.4%, and 9.4% and 7.5%, respectively.  Further, for zidovudine, after the exclusion of 

one unexpectedly low MP concentration, prediction precision and bias for MP and UV 

were 50.3 % and 30.2, and 28.3% and 15.0%, respectively.  This m-f-PBPK should be 

useful to predict fetal exposure to drugs, throughout pregnancy, for drugs that passively 

diffuse across the placenta.    

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#73957 

Page 5 of 41 

 

Introduction  

Medication use during pregnancy is remarkably common.  The average number of over-

the-counter and prescription drugs used by women during pregnancy increased from 2.5 

in 1976-78 to 4.2 in 2006-08 in the United States alone (Mitchell et al., 2011).  The same 

study also revealed that, over the same period, use of such drugs during the first trimester 

increased from 1.6 to 2.6.  The above statistics are not surprising as pregnant women 

need to be treated for many medical conditions, either pre-exiting (e.g. epilepsy, asthma, 

HIV-infection) or pregnancy-induced (e.g. gestational hypertension, diabetes, 

preeclampsia).  In addition, the fetus is sometimes the therapeutic target, for example, to 

prevent vertical transmission of HIV (e.g. zidovudine, lamivudine), to treat fetal 

supraventricular tachycardia (e.g. digoxin) or to prevent fetal respiratory distress 

syndrome (e.g. dexamethasone) (Evans et al., 1993).  

Regardless of whether or not the fetus is the intended target of pharmacotherapy during 

pregnancy, the fetus is de facto exposed to all drugs taken by the mother.  Clearly, 

quantitative assessment of fetal exposure to drugs, especially during early gestation when 

the fetus is more prone to teratogenic effects (Chung, 2004), is important from both 

efficacy and toxicity standpoint.  However, fetal drug exposure cannot be ethically 

studied before the time of delivery, when a single time cord blood sample [usually 

umbilical venous (UV) plasma] can be safely obtained.  As we have shown before 

(manuscript submitted), this UV plasma concentration, except at steady-state after 

maternal drug infusion, does not provide information on fetal drug exposure, a 

determinant of drug efficacy and/or toxicity.  Furthermore, these term or near-term data 

cannot be readily extrapolated to early gestation.  Therefore, there is a pressing need to 
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develop other in silico methods to predict fetal drug exposure, such as physiologically-

based pharmacokinetic (PBPK) modeling and simulation approaches.   

Recently, we expanded our previously verified maternal PBPK (m-PBPK) model to 

include the fetus (m-f-PBPK model) (manuscript submitted).  The placenta, amniotic 

fluid, and fetal organs important for drug disposition as well as the gestational age-

dependent fetal physiological changes (when available) were included in this m-f-PBPK 

model.  Once developed, all models need to be verified.  However, in this case, the only 

data available for verification are the UV and maternal plasma (MP) drug concentrations, 

often obtained simultaneously, at the time of birth.  Therefore, as a first step, the primary 

objective of this study was to verify our novel m-f-PBPK model for drugs that cross the 

placenta predominantly by passive diffusion and for which UV and MP concentrations at 

the time of delivery are available in the literature (i.e. theophylline, and zidovudine). 

Materials and Methods    

The General Maternal-Fetal PBPK Model Structure and Key Assumptions  

The general m-f-PBPK structure (Supplementary Figure S1b) and the key assumptions 

made in constructing the model have been described in detail (manuscript submitted).
   

In 

brief, a fetal PBPK model was developed to replace the lumped, non-eliminating 

placental-fetal unit in our verified m-PBPK model (Ke et al., 2012; Ke et al., 2013a; Ke 

et al., 2013b).  The resulting m-f-PBPK contained organs that are relevant to fetal 

disposition of pharmaceutical agents, including those involved in drug disposition (e.g. 

fetal liver, fetal kidneys) and in drug efficacy/toxicity (e.g. fetal brain).  The model also 

contained compartments representing the placenta and the amniotic fluid.  The ordinary 

differential equations defining mass balance in the maternal PBPK have been described 
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previously (Gaohua et al., 2012; Ke et al., 2012), whereas those describing the fetal 

PBPK are provided in supplementary information (Supplementary Methods).  Briefly, 

all tissues except the placenta were regarded as well-stirred tissues; that is, the unbound 

tissue drug concentration is in instant equilibrium with the unbound drug concentration in 

the emergent venous blood.  The placenta was modeled as a permeability-limited tissue 

and therefore it was subdivided into maternal placental blood, placenta tissue, and fetal 

placental blood compartments.  Only the unbound, unionized fraction of drug can 

passively diffuse across the placenta.  The bidirectional unbound maternal-placental and 

fetal-placental transplacental passive diffusion clearances (CLPD,u) across the placenta 

were assumed to be equal (Tuntland et al., 1999).  Our model has the capability of 

including placental transport and fetoplacental metabolism of drugs when quantitative 

data on transporters and metabolic enzymes become available.  Since this fetal PBPK 

does not contain an umbilical vein compartment per se, the predicted fetal plasma drug 

concentration in the central venous blood compartment was assumed to represent that in 

umbilical vein.    

Known gestational age-dependent changes in maternal and fetal physiology (e.g. blood 

flows, organ volumes, etc.) from recent literature meta-analyses were incorporated into 

the m-f-PBPK (Abduljalil et al., 2012) (manuscript submitted).  The change in drug 

unbound fraction in plasma (fu,p) was assumed to result from altered serum albumin 

concentration during pregnancy and was accounted for as described previously (Ke et al., 

2012).  Maternal hepatic 3A and 1A2 activity was assumed to increase by 99% [as 

measured by 1’-hydroxymidazolam formation clearance (Hebert et al., 2008)] and 

decrease by 65% [as indicated by salivary caffeine clearance (Tracy et al., 2005)] during 
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the third trimester (T3), respectively].  Current clinical data suggest that maternal 

UGT2B7 activity is unchanged during pregnancy (Anderson, 2005; Tasnif et al., 2016).  

Therefore, we assumed that maternal hepatic or extrahepatic UGT2B7 activity does not 

alter during pregnancy.  Maternal renal glomerular filtration rate was assumed to increase 

by 33% at term [gestational week (GW) 40] (Abduljalil et al., 2012).  For zidovudine, its 

renal net secretion clearance in the mother was assumed to be unaltered during pregnancy.   

General Workflow of PBPK Model Development and Model Verification Criterion   

Drug-specific parameters of midazolam and theophylline in non-pregnant subjects (Table 

1) were obtained from our previous publications to populate their respective m-f-PBPK 

models (Ke et al., 2012; Ke et al., 2013a), whereas those of zidovudine were first refined 

based on the Simcyp Simulator
®
 Version 14 (Simcyp Ltd., A Certara Company, Sheffield, 

UK) compound library using our previously published approach (Ke et al., 2013b).  

Briefly, refinements of zidovudine drug-specific parameters were made if the predicted 

zidovudine population mean plasma C-T curve in non-pregnant population using our 

MATLAB
®
 13-compartment PBPK model (Supplementary Figure S1a) significantly 

deviated from that observed.  The refined zidovudine PK parameters were subsequently 

used to populate the zidovudine m-f-PBPK model.  In addition, the available 

interindividual variability in physiological parameters and in drug-specific absorption, 

distribution, metabolism and elimination (ADME) processes in healthy volunteers (for 

zidovudine) or in the pregnant women (for midazolam, theophylline, and zidovudine at 

GW 0) was predicted within the Simcyp Simulator
®
.  In brief, a compound profile was 

first constructed for each of these drugs within the Simcyp Simulator
® 

using their 

respective drug-specific parameters.  Interindiviudal variabilities associated with these 
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parameters were those specified by the Simcyp Simulator
®
.  Then, the above predicted 

ADME characteristics for each virtual individual was used for the simulations conducted 

by the MATLAB
®
 13-compartment PBPK model (for zidovudine only) or by the m-f-

PBPK model (for midazolam, theophylline, and zidovudine).  For the pregnant 

population, the reported gestational age-dependent changes in maternal and fetal 

physiology (Abduljalil et al., 2012)(manuscript submitted) and the changes in maternal 

hepatic enzyme activity based on phenotyping studies conducted in pregnant women 

were taken into account as described above.   

For each of the above test compounds, MP and UV drug C-T profiles were simulated in a 

virtual population consisting of 100 pregnant women at GW 40.  The model was deemed 

to have met our verification criterion if the observed individual UV and MP drug 

concentrations (except midazolam MP concentrations, where the mean values from 8 

subjects were used)  at the time of delivery (extracted or digitized from literature using 

MATLAB
®
 Grabit m.file ; available free online at 

http://www.mathworks.com/matlabcentral) fell within the 90% prediction interval (5
th

 - 

95
th 

percentile range of the virtual population) calculated based on the interindividual 

variability in the maternal PK.  Additionally, model prediction precision and  prediction 

bias were evaluated by calculating the mean absolute prediction error (𝐴𝑃𝐸̅̅ ̅̅ ̅̅ ; calculated as 

∑
|𝑃𝑟𝑒𝑑𝑖−𝑂𝑏𝑠𝑖|

𝑂𝑏𝑠𝑖

𝑛

𝑖=1

 ) 

𝑛
) and the mean prediction error ( 𝑃𝐸̅̅ ̅̅ ;  calculated as 

∑
𝑃𝑟𝑒𝑑𝑖−𝑂𝑏𝑠𝑖

𝑂𝑏𝑠𝑖

𝑛

𝑖=1

𝑛
 ), 

where Pred and Obs denote the predicted and observed values, respectively (Sheiner and 

Beal, 1985).  
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Estimation of in vivo Transplacental Passive Diffusion Clearance of Drugs   

Because data on the in vivo transplacental passive diffusion clearance (CLPD) of drugs are 

not available in the literature, we chose midazolam as an in vivo calibrator to estimate 

CLPD of theophylline and zidovudine (the same approach can be used for any drug).  First, 

we optimized the in vivo CLPD,u of midazolam (see below).  Then, the CLPD,u of drug X 

(theophylline or zidovudine) was estimated by scaling CLPD,u of midazolam using Eq. 1.   

  𝐶𝐿𝑃𝐷,𝑢,𝑋 =  
𝑃𝑎𝑝𝑝,𝑋̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑃𝑎𝑝𝑝,𝑚𝑖𝑑𝑎𝑧𝑜𝑙𝑎𝑚̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
× 𝐶𝐿𝑃𝐷,𝑢,𝑚𝑖𝑑𝑎𝑧𝑜𝑙𝑎𝑚 (L/h) (Eq. 1) 

where CLPD,u,midazolam is the optimized in vivo CLPD,u (L/h) of midazolam (see below), and 

𝑃𝑎𝑝𝑝,𝑋
̅̅ ̅̅ ̅̅ ̅̅  and 𝑃𝑎𝑝𝑝,𝑀𝐷𝑍

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 are the mean Papp values (nm∙s

-1
) of drug X and midazolam, 

respectively.  Reported Papp values of model drugs were collected from multiple sources 

in the literature (Table 2).  The average Papp values of midazolam, theophylline, and 

zidovudine used were obtained by computing the mean values of Papp reported by 5, 5, 

and 7 independent studies, respectively.  For physiological relevance and to avoid the 

confounding factor of binding, we only included studies conducted in established 

epithelial cell lines that form tight junctions between cells in monolayer cultures (i.e. 

MDCK and Caco-2) in the absence of serum/binding proteins.   

Midazolam m-f-PBPK Model   

First, the predicted midazolam plasma C-T profile, following a single 15mg oral dose in 

thirteen pregnant women (GW=40) proceeding elective cesarean section surgery, was 

compared against the observed data (Kanto et al., 1983).  Midazolam drug-specific 

parameters, previously validated, are outlined in Table 1 (Ke et al., 2012).  CYP3A 

metabolism occurs in maternal gut, liver, and fetal liver.  The observed 99% increase in 
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CYP3A activity was confined to maternal liver as we have previously shown that only 

maternal hepatic CYP3A activity appears to be induced during pregnancy (Zhang et al., 

2008; Ke et al., 2012).  To match the observed midazolam maternal absorption profile, a 

lag time of 0.1 h was introduced and a first-order absorption rate constant ka of 4.0 h
-1

 

was chosen through sensitivity analysis (data not shown).  Because fetal liver 

predominantly expresses CYP3A7 (Shuster et al., 2014), fetal hepatic intrinsic clearance 

of midazolam (CLf,hep,int) was estimated using Eq.2.  

𝐶𝐿𝑓,ℎ𝑒𝑝,𝑖𝑛𝑡 =
𝑉𝑚𝑎𝑥,3𝐴7×𝐴𝐶𝑌𝑃3𝐴7×𝑀𝑃𝑃𝐺𝐿×𝑊𝑓,𝑙𝑖𝑣𝑒𝑟

𝐾𝑚,𝐶𝑌𝑃3𝐴7
   (Eq. 2) 

Where Vmax,3A7 and Km,CYP3A7 are the maximal velocity and Michaelis-Menten constant 

determined in recombinant CYP3A7, ACYP3A7 is CYP3A7 abundance per mg microsomal 

protein, MPPGL is the fetal hepatic microsomal protein concentration per gram fetal liver, 

and Wf,liver is fetal liver weight at term.  Reported in vitro Vmax /Km value of midazolam 

hydroxylation in recombinant CYP3A7 is 2.1 mL/h /nmol P450 (Williams et al., 2002) 

and it is estimated that fetal liver microsomes contain 0.3 nmol P450 proteins per mg 

protein (Barter et al., 2007).  Fetal MMPGL is 26 mg/g liver (Barter et al., 2008) and the 

average fetal liver at term weighs ~130 g (Abduljalil et al., 2012).  Therefore, fetal 

hepatic CLf,hep,int, mediated by CYP3A7 was estimated as 2.13 L/h.  The CLPD,u value of 

midazolam was optimized through sensitivity analysis.  Briefly, the magnitude of 

midazolam CLPD,u was varied to reduce the residual sum of squares between the 

predicated and observed fetal C-T profile [RSS; calculated as ∑ (𝑦𝑝𝑟𝑒𝑑 −𝑛
𝑖=1

𝑦𝑜𝑏𝑠)2 ,where ypred and yobs refer to the predicted and observed fetal plasma midazolam 

concentrations, respectively].  The observed fetal C-T profile was created by pooling the 
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reported midazolam UV plasma concentrations from seven newborns in the same study 

(Kanto et al., 1983).   

Theophylline m-f-PBPK Model 

Maternal theophylline drug-specific parameters were those previously published (Table 1) 

(Ke et al., 2013a).  Because the major placental CYP1A isoform, CYP1A1, has negligible 

contribution to theophylline metabolism (Ha et al., 1995) and no report on CYP1A2 

expression in the term placenta or fetal liver is available, the placenta and fetal liver were 

considered as non-metabolizing organs for theophylline.  Using the estimated 

CLPD,u,theophylline (Eq. 1), maternal and fetal theophylline C-T profiles following multiple 

oral doses of theophylline were simulated  and compared with the observed data using the 

verification criterion described above.  The observed theophylline data were from a study 

where 10 asthmatic women with normal pregnancies were administered 160 mg 

theophylline (in the form of aminophylline) every 6 hours for 30 hours prior to delivery 

(Ron et al., 1984).  The observed maternal and fetal C-T profiles were created by pooling 

single time point MP and UV plasma theophylline concentrations from 10 maternal-

fetal pairs.   

Zidovudine m-f-PBPK Model  

In non-pregnant adults following an intravenous dose, only ~17% of zidovudine is 

excreted unchanged in the urine, whereas 67% of the intravenous dose is recovered in the 

urine as 5’-O-gluduronide via UGT2B7 mediated glucuronidation (Cload, 1989; Stagg et 

al., 1992).  Other identified metabolites include its active triphosphate metabolite formed 

via sequential intracellular phosphorylation (Veal et al., 1994), 3’-amino-3’-

deoxythymidine, and  3’-amino-3’-deoxythymidine glucuronide (Stagg et al., 1992).  
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Average zidovudine intravenous plasma clearance is 91 L/h normalized to 70 kg body 

weight (Collins and Unadkat, 1989).  Thus, plasma zidovudine glucuronidation clearance 

is estimated as 61 L/h.  These data, in conjunction with the observed zidovudine absolute 

bioavailability (F) of ~ 63% (Klecker et al., 1987), suggests considerable extra-hepatic 

zidovudine metabolism.  However, although UGT2B7 is expressed in the gut, liver, and 

kidneys (Ohno and Nakajin, 2009), investigations on the extrahepatic metabolism of 

zidovudine revealed that zidovudine is not glucuronidated by gut microsomes and that 

renal glucuronidation is minimal (Cretton et al., 1991; Howe et al., 1992; Knights et al., 

2016).  Moreover, published in vitro-to-in vivo (IVIVE) approach based on human liver 

microsomal data substantially underpredicted zidovudine glucuronidation clearance by a 

factor of 30.5 (Kilford et al., 2009).  Based on these analyses, we speculate that there are 

unidentified extrahepatic, non-renal pathways responsible for zidovudine metabolism 

(glucuronidation and non-glucuronidation) in vivo.  Therefore, to recapitulate zidovudine 

intravenous clearance, zidovudine hepatic unbound intrinsic clearance (CLhep,int,u) was 

calculated using the well-stirred liver model   

𝐶𝐿ℎ𝑒𝑝,𝑖𝑛𝑡,𝑢 =
𝐶𝐿ℎ𝑒𝑝,𝑏

𝑓𝑢𝑝

𝐵/𝑃
×(1−

𝐶𝐿ℎ𝑒𝑝,𝑏

𝑄𝐻
)
 (Eq. 3) 

Where fup is the fraction unbound in the plasma, CLhep,b is hepatic blood clearance 

[ 
𝐶𝐿𝑖𝑣

𝐵/𝑃
∙ (1 −

𝐹

𝐹𝑎𝐹𝑔
) = 24.94 𝐿/ℎ] , B/P is the blood to plasma concentration ratio, and QH 

is the hepatic blood flow (90 L/h).  A systemic plasma metabolic clearance of 52.8 L/h 

(𝐶𝐿𝑖𝑣 − 𝐶𝐿ℎ𝑒𝑝 − 𝐶𝐿𝑟) was assigned to the unidentified extrahepatic zidovudine 

metabolic pathways.   Using the above detailed PK parameters (Table 1), the predicted 

zidovudine plasma C-T curves using the 13-compartment PBPK model were compared 
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with those observed following one hour intravenous infusion of 2.5 mg/kg (Figure 3a) or 

two different single oral doses (200 and 300 mg) in non-pregnant asymptomatic HIV-

infected male patients with normal hepatic and renal functions (Figure 3b and Figure 3c, 

respectively) (Cload, 1989; Gallicano et al., 1993; Anderson et al., 2000).   

Term human placenta perfusion studies have demonstrated that placental glucuronidation 

of zidovudine is nonexistent (Liebes et al., 1990; Schenker et al., 1990; Bawdon et al., 

1992) or negligible (Collier et al., 2002).  The information on fetal glucuronidation of 

zidovudine is currently unavailable but is likely to be negligible given the size of the fetal 

liver (~130 g at GW 40 vs. 1.5kg in adults).  Therefore, no irreversible loss of zidovudine 

was assumed to be present in the fetoplacental unit.  Using the estimated zidovudine 

CLPD,u, the predicted MP and UV C-T profiles of zidovudine using the m-f-PBPK model 

were compared against the observed zidovudine plasma concentrations obtained at labor 

(O'Sullivan et al., 1993) following a single 200mg oral dose (Figure 4a; n=8) or multiple 

200mg oral dose preceding an 1-h intravenous infusion (140mg/h)  (Figure 4b, c; n=7).  

In the latter study, the MP and UV plasma concentrations (observed data) were 

simultaneously obtained from 7 maternal-fetal pairs at the time of birth.   

Results 

Estimated in vivo transplacental passive diffusion clearance of midazolam 

Incorporation of a lag time and optimization of ka resulted in excellent agreement 

between the predicted and the observed maternal C-T profiles (Figure 1a).  Subsequent 

sensitivity analysis on midazolam CLPD,u demonstrated that though fetal exposure to 

midazolam was relatively insensitive to changes in CLPD,u (Supplementary Figure S2), 
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a value of 500 L/h [term fu,p= 0.045; CLPD of 22.7 L/h) best described the fetal exposure 

to midazolam (minimum RSS) (Supplementary Table S1).  The resulting UV plasma 

concentrations, except for one data point, were in close agreement with the observed UV 

plasma concentrations, falling within the 90% prediction interval (Figure 1b).  

Additionally, using midazolam as the calibrator, the resultant CLPD,u for theophylline and 

zidovudine were 342.4 L/h and 216.8 L/h, respectively (Table 2). 

Theophylline 

Using the estimated theophylline CLPD,u of  342.4 L/h (term fu,p = 0.66 ; CLPD = 

226.4L/h), the predicted MP (Figure 2a) and UV (Figure 2b) drug concentrations were 

in good agreement with the observed data.  All predictions (except a single MP 

concentration) met our verification criterion (i.e. observed plasma concentration fall 

within the 90% prediction interval).  Model prediction precision and bias for MP and UV 

concentrations were 14.5% and 12.4 % and 9.4% and 7.8%, respectively.   

Zidovudine 

First, the predicted zidovudine mean plasma C-T profile in non-pregnant population 

(n=100) was compared against the observed zidovudine mean plasma C-T profiles 

following various dosing regimens (Figure 3).  Predicted population mean data matched 

the observed data with precision of <40% and bias ranging from -30% to 9%.  After 

model verification in non-pregnant population, zidovudine drug-specific parameters were 

incorporated into our zidovudine m-f-PBPK model.  Using the estimated CLPD,u of  216.8 

L/h (term fu,p=0.8; CLPD = 172.6 L/h, Table 2), the predicted MP zidovudine plasma 

before the onset of labor passed our prediction criterion (Figure 4a), whereas the 

majority of maternal-fetal zidovudine plasma concentrations obtained during delivery fell 
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within the 90% prediction interval.  In the latter scenario, one out of seven MP (Figure 

4b) and two out of seven UV (Figure 4c) plasma concentrations fell outside this 90% 

prediction interval.  Prediction precision and bias for MP and UV plasma drug 

concentrations were 135.2% and 118.4% and 121.4% and 110.3%, respectively.  

However, these larger precision and bias data were largely due to the unexpected low MP 

concentration of 0.17 μg/mL at 43.3h (0.88 h post the initiation of 1-h intravenous 

infusion to the mother) and consequently low UV concentration.  When this point was 

excluded, the resultant prediction precision and bias for MP and UV drug concentrations 

reduced considerably to 50.3% and 30.2%, and 28.3 % and 15.0%, respectively.   

Discussion 

In the current work, we have verified a novel m-f-PBPK model using drugs that passively 

permeate the placenta and are not known or expected to be metabolized there.  Our fetal 

PBPK model was constructed to be consistent with the distinctive fetal vascular 

physiology and to allow future incorporation of transport and metabolism within the 

placenta.  The model contains a three compartment placenta consisting of maternal 

placental blood, placental tissue, and fetal placental blood.  The model also accounts for 

the unique fetal hepatic blood supply as the fetal liver is primarily perfused by umbilical 

venous blood flow (Supplementary Figure S1b).  However, a significant portion of the 

latter (~30-70%) is shunted to the fetal systemic circulation via the ductus venosus.   

Although this is not the first report of a fetal PBPK model (Yoon et al., 2011; Loccisano 

et al., 2013; De Sousa Mendes et al., 2016), to our best knowledge it is the first full m-f-

PBPK model that: (1) features fetal physiological aspects that are relevant to 

pharmaceutical drugs, (2) systematically incorporates the gestational age-dependent 
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changes in maternal drug disposition and maternal-fetal physiology, (3) accounts for the 

interindividual variability in maternal plasma C-T profile, and (4) well predicts the 

systemic exposure of test pharmaceutical drugs in maternal-fetal pairs at term.   

Crucial for predicting the fetal exposure of passive diffusion drugs is the magnitude of in 

vivo passive diffusion clearance across the placenta.  In our model, the mass transfer of a 

passive diffusion drug from the mother to her fetus is described by equal bidirectional 

maternal-placental and placental-fetal CLPD,u  (Tuntland et al., 1999).  In essence, the rate 

of drug transfer across the placenta is rate-determined by CLPD,u (after accounting for 

binding) or placental blood flow, whichever is lower.  In theory, CLPD,u equals the 

intrinsic permeability- surface area product.  At a given gestational age, the magnitude of 

this CLPD,u should be directly proportional to its intrinsic permeability (i.e. permeability 

after adjusting for plasma protein binding) across the syncytiotrophoblast that separates 

the maternal and fetal circulation.  Of note, the differing longitudinal changes in plasma 

drug binding protein concentrations across the placenta can have a significant impact on 

the transplacental passage of drugs (Hill and Abramson, 1988; McNamara and Alcorn, 

2002) and have been accounted for in our m-f-PBPK model.  Despite its importance, 

IVIVE of passive diffusion clearance across the placenta remains a challenge.  

Immortalized cell lines of human placenta origin, such as BeWo and Jar, cannot form 

tight junctions and therefore are poorly suited to estimate placental drug diffusion (Kitano 

et al., 2004).  Although ex vivo dually perfused human placentae may represent the most 

physiologically relevant system, only theophylline and zidovudine have been studied 

(Liebes et al., 1990; Schenker et al., 1990; Omarini et al., 1992; Dancis et al., 1993).  

Furthermore, none of these studies provide sufficient data for whole organ scale-up of 
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CLPD.  Therefore, we hypothesized that for a passive diffusion drug, the in vivo CLPD,u of 

the drug can be predicted by calibrating its in vitro permeability against the positive 

control, midazolam.  The magnitude of the in vivo CLPD,u of a new drug entity can then 

be calculated assuming that it will be proportional to its passive diffusion permeability 

relative to that of midazolam in epithelial cell lines that form tight junctions (Eq.2).   

Our in vivo calibrator midazolam [BCS class I (Benet, 2010)] crosses the placenta 

predominantly via passive diffusion.  Due to its high passive membrane permeability, the 

contribution of P-gp towards midazolam tissue distribution is negligible (Tolle-Sander et 

al., 2003; Doran et al., 2005).  Among the three test compounds, only midazolam 

maternal population average plasma concentrations (n= 8) have been reported at term.  

Therefore, midazolam was chosen as our in vivo calibrator to estimate the in vivo 

placental diffusion clearance of both theophylline and zidovudine (see next paragraph).   

Consistent with our previous findings, a 99% induction in hepatic CYP3A alone was 

sufficient to explain the clinically observed changes in maternal midazolam disposition 

during T3 (Ke et al., 2012).  As expected, midazolam readily crosses the placenta.  The 

optimized CLPD  resulted in all observed UV midazolam plasma concentrations falling 

within the 90% prediction interval, suggesting ~50% extraction ratio by the placenta and 

a blood-flow limited extraction by the fetal placental flow (CLPD of 22.7 L/h vs. term 

placental and umbilical venous blood flows of  ~50L/h and ~20L/h, 

respectively)(Abduljalil et al., 2012).  The first verification drug, theophylline, is also a 

BCS class I drug (Benet, 2010).  So far, only OAT2 has been indicated in theophylline 

tissue uptake but this transporter is absent in human placenta (Kobayashi et al., 2005; 

Mao et al., 2014).  Theophylline is mainly cleared by CYP1A2 with minor contributions 
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from CYP 3A and CYP2E1 as well as a small renal component (Ke et al., 2013a).  The 

incorporation of a 65% reduction in maternal hepatic CYP1A2 activity (Tracy et al., 2005) 

along with the 99% increase in CYP3A activity satisfactorily explained the observed 

maternal plasma concentrations (Figure 2a).  Using the predicted CLPD,u of  342.4 L/h , 

fetal exposure was well described (Figure 2b).  Of note, as a result of moderate protein 

binding (fu,p= 0.66 at term) and relatively high CLPD,u (342.4L/h), the predicted 

transplacental passage of theophylline was blood-flow limited.   

The second verification drug, zidovudine, is a nucleoside reverse transcriptase inhibitor 

and structure analogue of thymidine.  Although it has been shown to be transported in 

vitro by several transporters expressed in human placenta (e.g. P-gp, BCRP, MRP5, 

ENT2, and OAT4), several ex vivo placenta perfusion studies indicate that zidovudine 

crosses the placental via passive diffusion (Liebes et al., 1990; Schenker et al., 1990; 

Dancis et al., 1993).  Zidovudine is mainly cleared by UGT2B7 in vivo with a renal 

clearance exceeding renal filtration.  The activity of UGT2B7 is generally regarded not to 

be affected by pregnancy (Anderson, 2005) and is supported by our simulation.  Several 

studies have shown that zidovudine is a substrate for human OATs (i.e.OAT1-4), all of 

which are expressed in the kidney (Takeda et al., 2002).  Interestingly, although 

pregnancy may increase renal OAT1 activity [measured by the 55% increase in 

amoxicillin net renal secretion during T3, which may be attributed to enhanced renal 

OAT1 activity and/or reduced reabsorption(Andrew et al., 2007)], our simulations 

demonstrated that maternal physiological changes along with the increased renal filtration 

clearance sufficiently described the maternal disposition of zidovudine (Figure 4a and b).  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#73957 

Page 20 of 41 

 

zidovudine demonstrates good permeability and was also estimated to have blood flow 

limited distribution into the fetal compartment.   

Overall, the m-f-PBPK model described well-predicted the maternal and fetal exposure to 

the two verification drugs (zidovudine  and theophylline)  at term across a range of 

dosing regimens, with nearly all simulated plasma drug concentrations falling within the 

90% prediction interval in both the mother and her fetus.  Because these drugs passively 

diffuse across the placenta and are not significantly metabolized in the fetal liver or the 

placenta, the overall unbound fetal plasma AUC is predicted to be equal to the unbound 

maternal plasma AUC.  Due to the sparse fetal plasma drug concentration data available, 

the fetal AUC of the verification drugs could not be estimated.  Therefore our goal was to 

dynamically predict the fetal plasma drug concentrations available in the literature (i.e. 

predict the time-variant fetal plasma C-T curve).  Such dynamic prediction is a true test 

of any m-f-PBPK model, including when the drugs are extensively transported or 

metabolized in the placenta.  In the future, our aim is to incorporate these processes in our 

model when quantification data on expression of placental transporters and enzymes are 

available.   

The application of PBPK models for predicting drug disposition in the coupled maternal-

fetal pairs is still in its infancy.  Therefore, as is the case with other PBPK models, our 

model has several limitations.  First, while interindividual variability in maternal drug 

disposition, where available, was incorporated in our model, due to lack of data on 

variability of feto-placental parameters, such variability could not be incorporated in the 

model.  This may underestimate the true variability in fetal exposure.  Second, 

midazolam was not a sensitive calibrator and both theophylline and zidovudine 
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demonstrated blood flow limited passive placental diffusion clearance.  Ideally, the 

passive diffusion clearance of test compounds should span a much wider range, including 

hydrophilic drugs that passively diffuse across the placenta with CLPD much lower than 

the placental blood flow.  Unfortunately, coupled maternal-fetal PK data for such drugs 

are not available.  Third, until placental transporters and metabolic enzyme expression are 

available our model can be applied to only drugs that passively diffuse across the 

placenta and are not metabolized/transported there.  To address this limitation, 

proteomics based quantification of placental transporters and enzymes is currently 

underway in our laboratory.  Fourth, although our model can predict fetal exposure to 

passive diffusion drugs across fetal developmental stages (GW 14-term), many fetal 

physiological parameters are not available for the first half of pregnancy, and the fetal 

skin is not keratinized at < 20 weeks of gestation (Polin et al., 2004), potentially enabling 

the bidirectional diffusion of drugs through the fetal skin to the amniotic fluid.  While the 

latter limitation can be overcome by including such a possibility in a future version of our 

model, the former issue reflects an inherent limitation of studies in this special population. 

That is, the difficulty of measuring physiological parameters of the fetus at earlier 

gestational age.  As a result, we have less confidence in predicting fetal drug exposure at 

< 20 weeks of gestation.   

The clinical implications of the current study relate to addressing an urgent need for an 

understudied and vulnerable population: quantitative assessment of fetal exposure to 

drugs in the maternal-fetal dyad.  Drug use during pregnancy is a reality.  When the 

perceived benefits outweigh risks, pharmacotherapy of pregnant women is initiated, in 

most cases, without prior knowledge on the maternal-fetal disposition of the drug.  
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However, obtaining any fetal drug exposure data at term is fraught with logistical and 

ethical issues.  As a result, there is a paucity of fetal exposure data in this population.  As 

pointed out earlier, existing fetal drug exposure data are limited to term pregnancy.  

Furthermore, such data for early gestational age fetuses are virtually impossible to obtain, 

rendering fetuses orphan population with respect to drug exposure and drug 

efficacy/toxicity.  Instead, the proposed PBPK model can provide information on fetal 

drug exposure based on sound physiological data and modeling.  While data to verify our 

model for gestational ages other than term are not available, the term verification data 

presented above lends considerable confidence that our m-f-PBPK model can be used to 

a priori predict fetal exposure to drugs (that passively diffuse across the placenta) during 

pregnancy.  When earlier gestational age data become available, our model can be 

verified for these gestational ages.    
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Figure Legends 

Figure 1: Predicted population mean (black solid lines) and observed (open circles) 

maternal plasma (MP) (a) and umbilical venous (UV) plasma (b) midazolam 

concentration-time (C-T) profiles following a single 15 mg oral dose at term (gestational 

week 40) (Kanto et al., 1983).  In a, the predicted MP C-T profile is overlaid with the 

observed maternal plasma data (mean ± SD; n=8).  In b, each observed UV data point 

was derived from a single maternal-fetal pair from another subset of subjects from the 

same study (n=7).  The observed mean midazolam MP concentrations at various time 

points fell within the 90% prediction interval (5
th

-95
th

 percentile boundaries; lower and 

upper grey dashed lines, respectively) for a virtual population consisting of 100 maternal-

fetal pairs (a).  Consequently, all the observed individual UV plasma concentrations were 

within the 90% prediction interval (b).  Insets are the same data plotted to highlight early 

time points. 

Figure 2: Predicted population mean (black solid lines) and observed (open circles) 

maternal plasma (MP) (a) and umbilical venous (UV) plasma (b) theophylline 

concentration-time (C-T) profiles following 5 doses of 160mg oral theophylline every 6 

hour at term (gestational week 40) (Ron et al, 1984).  Each pair of observed data (MP and 

UV) were derived from a single maternal-fetal pair (n=10).  All observed MP drug 

concentrations, except one data point, and subsequently all observed UV data points, fell 

within the 90% prediction interval (5
th

-95
th

 percentile boundaries ; lower and upper grey 

dashed lines, respectively), for a virtual population consisting of 100 maternal-fetal pairs.   

Figure 3: Predicted population mean (black sloid lines) and observed (open circles) 

plasma zidovudine concentration-time (C-T) profiles following a 1-h 2.5mg/kg 
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intravenous infusion dose (a; Clod et al., 1989, n=8) or a single 200mg oral dose (b; 

Gallicano et al., 1993, n=10) or a single 300mg oral dose (c; Anderson et al., 2000, n=4) 

in non-pregnant population.  All observed plasma drug concentrations (mean ± SD), 

except one terminal phase plasma concentration (a), in HIV-infected asymptomatic male 

volunteers fell within the 90% prediction interval (5
th

-95
th

 percentile boundaries; lower 

and upper grey dashed lines, respectively) from a virtual population consisting of 100 

male subjects.   

Figure 4: Predicted population mean (black solid lines) and observed (open circles) 

maternal plasma (MP) (a and b) and umbilical venous (UV) plasma (c) zidovudine 

concentration-time (C-T) profiles in HIV-infected, asymptomatic women with 

uncomplicated pregnancies (O’Sullivan et al., 1993).  200 mg oral dose of zidovudine (5 

times per day) was commenced prior to onset of labor (a; gestational week 40, n=8) .  

Then, during labor, 4 hours after last dose, 140mg zidovudine was intravenously infused 

over 1-h period to the same volunteers (b and c; n=7 ).  In a, all the observed mean 

maternal plasma zidovudine concentrations fell within the 90% prediction interval (5
th

 

and 95
th

 percentile range; lower and upper grey dashed lines, respectively) for a virtual 

population consisting of 100 maternal-fetal pairs.  In b and c, each data point (open 

circles) represents an observed single time point zidovudine concentration from paired 

MP (b) or UV plasma (c) samples.  Six out of seven observed MP concentrations, and 

five out of seven UV plasma concentrations, fell within the 90% prediction interval.  

Insets are the same data replotted with a different time scale to illustrate the dosing 

regimen.    
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Table 1: Summary of midazolam, theophylline, and zidovudine drug-dependent  

parameters  

Parameter 

Midazolam 

value 

Methods/ 

reference 

Theophylline 

value 

Methods/ 

reference 

Zidovudine 

value 

Methods/ 

reference 

Molecular 

Weight 

325.8 Library
a
 180.2 Library

a
 267.2 Library

a
 

Log Po:w 3.13 Optimized
b
 -0.02 Library

a
 0.05 Library

a
  

pKa 10.95,6.2 Library
a
 8.8,0.99 Library

a
 9.70 Library

a
 

B/P Ratio 0.66 Library
a
 0.82 Library

a
 0.91 Library

a
  

fu,p
* 

0.032 Library
a
 0.58 Library

a
 0.80 Library

a
 

Fa 0.88 Library
a
 0.97 Library

a
  0.83 

Predicted by  

ADAM model 

ka (h
-1

) 4.0 Optimized
c
 1.0 Reported 

e
 4.05 Reported

f
 

Fg 0.58 Library
a
 1.0 Reported

d
 1 Assumed

g
 

Vss (L/Kg) 1.1 Reported
d
 0.39 Reported

d
 1.10 Optimized

h
 

CLiv( L/h) 23.0 Library
a
 3.0 Reported

d
 91.0 Reported

i
 

CLr(L/h) 0.085 Library
a
 0.45 Reported

d
 15.5 Library 

CLhep,int,u(L/h) 1672.3 Library
a
 4.60 Reported

d
 30.9 Calculated

k 

fm and fe 

fm,3A =92%, 

fe ≈ 0% 

Reported
d
 

fm,1A2 =68%, 

fm,3A =7%, 

fm,2E1 =10%, 

fe =15% 

Reported
d
 

fm,UGT2B7=67%, 

fe =17% 

Reported
l 

*: Note fu,p refers to the reported unbound fraction of drug in plasma in non-pregnant 

population.   
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**: Midazolam is a weak base (Andersin, 1991), whereas zidovudine is a weak acid 

(Gallicano, 2000).  In contrast, theophylline is neutral (Hardman, 1962).  

[a]: Refers to the SimCYP Simulator
®
 compound library (version 14).  

[b]: Previously optimized and validated to match the predicted Vss to the reported Vss 

value of 1.10 L/kg in the literature (Ke et al., 2012).  

[c]: Optimized based on sensitivity analysis to match reported absorption in pregnant 

subjects(Kanto et al., 1983) .   

[d]: Validated literature value used in our pregnancy PBPK model (Ke et al., 2012; Ke et 

al., 2013a). 

[e]: Phoenix
®
 estimate from reported oral absorption data in healthy volunteers (Aslaksen 

et al., 1981). 

[f]: Phoenix
®
 estimate from reported oral absorption data in non-pregnant subjects 

(Klecker et al., 1987). 

[g]: No report on zidovudine Fg is available. zidovudine Fg was assumed 1 since human 

intestinal microsomes showed negligible UGT2B7 activity measured by two UGT2B7 

probes (diclofenac and gemfibrozil) (Furukawa et al., 2014).    

[h]: The reported average zidovudine Vss is 1.4 ± 0.4 L/kg.(Collins and Unadkat, 1989) 

This Vss was optimized through manual sensitivity analysis in the range of 0.8-1.6 L/kg  

to match the predicted peak plasma concentration (Cmax) to the reported Cmax following 

intravenous infusion in non-pregnant population (Klecker et al., 1987; Cload, 1989). 
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[i]: Calculated based on the reported average intravenous clearance of 1.3 L/h/kg 

assuming 70kg body weight.  

[j]: Reported zidovudine fraction excreted in the urine (fe) ranges from 14% to 20%.  The 

SimCYP Simulator
®
 compound library value of 15.5L/h (fe =17%) was used.    

[k]: Back calculation from well-stirred liver model using hepatic blood flow of 90 L/h 

assuming hepatic clearance of 20.7 L/h.    

[l]: Estimated from urinary data (Cload, 1989; Stagg et al., 1992). 
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Table 2: Papp values from in vitro studies and the estimated CLPD,u 's 

 

Drug 

P
app

 value  

(nm∙s
-1

) 

CLPD,u 

(L/h) 

 

Resources 

Mean S.D Median Range 

Midazolam 489.9 158.7 490.0 320 - 699 500.0 

(Yamashita et al., 2000; Mahar Doan et al., 2002; 

Taub et al., 2002; Tolle-Sander et al., 2003; 

Gertz et al., 2010) 

Theophylline 335.5 162.2 260.0 231-620 342.4 

(Yamashita et al., 2000; Masungi et al., 2004; 

Collett et al., 2008; Teksin et al., 2010; Di et al., 

2011) 

Zidovudine 212.4 217.2 69.3 31.8-543.3 

 

216.8 

 

(Yazdanian et al., 1998; Irvine et al., 1999; de 

Souza et al., 2009) 

a. The predicted theophylline maternal fu,p is 0.66 at term;  b. The predicted zidovudine maternal fu,p is ~0.80 at term;  c. The 

estimated CLPD,u values were based on mean Papp from in vitro reports.     

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


a b

0

10

20

30

40

50

60

70

0 2 4 6 8 10

M
at

er
na

l p
la

sm
a 

co
nc

  (
ng

/m
L)

Time (h)

0

20

40

60

0 1 2

0

5

10

15

20

25

30

35

0 2 4 6 8 10

U
m

bi
lic

al
 v

en
ou

s p
la

sm
a 

dr
ug

 c
on

c 
(n

g/
m

L)

Time (h)

0

10

20

30

40

0 1 2

Figure 1

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Figure 2 

0

2

4

6

8

10

12

14

16

0 10 20 30 40

M
at

er
n

al
 p

la
sm

a 
d

ru
g 

co
n

c 
(μ

g
/m

L)
 

Time (h) 

0

2

4

6

8

10

12

14

16

0 10 20 30 40

U
m

b
lic

al
 v

en
o

u
s 

p
la

sm
a 

d
ru

g 
co

n
c 

(μ
g

/m
L)

 

Time (h) 

a b 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


0

0.3

0.6

0.9

1.2

1.5

1.8

0 5 10

P
la

sm
a 

 d
ru

g 
co

n
c 

(μ
g

/m
L)

 

Time (h) 

a 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6

P
la

sm
a 

d
ru

g 
co

n
c 

(µ
g

/m
L)

 

Time (h) 

0

0.5

1

1.5

2

2.5

0 2 4 6

P
la

sm
a 

d
ru

g 
co

n
c 

(μ
g

/m
L)

 

Time (h) 

b c 

Figure 3 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8

M
at

er
n

al
 p

la
sm

a 
co

n
c 

(μ
g

/m
L)

 

Time (h) 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

42 47 52
M

at
er

n
al

 p
la

sm
a 

co
n

c 
(µ

g
/m

L)
 

Time (h) 

0

0.2

0.4

0.6

0.8

1

1.2

42 47 52U
m

b
ili

ca
l v

en
o

u
s 

 p
la

sm
a 

co
n

c 
(μ

g
/m

L)
 

Time (h) 

a b c 

Figure 4 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 3, 2017 as DOI: 10.1124/dmd.116.073957

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/

