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 1 

Abstract  2 

The placenta acts as a barrier, excluding noxious substances whilst actively 3 

transferring nutrients to the fetus, mediated by various transporters. This study 4 

quantified the expression of key placental transporters in term human placenta (n=5) 5 

and BeWo, BeWo b30, and JEG-3 placenta cell lines. Combining these results with 6 

pregnancy physiologically-based pharmacokinetic (PBPK) modeling, we 7 

demonstrate the utility of proteomic analysis for predicting placental drug disposition 8 

and fetal exposure. Using targeted proteomics with QconCAT standards, we found 9 

significant expression of P-gp, BCRP, MRP2, MRP4, and MRP6 in the human 10 

placenta (0.05 - 0.25 pmol/mg membrane protein) with only regional differences 11 

observed for P-gp. Unexpectedly, both P-gp and BCRP were below the limit of 12 

quantification in the regularly used BeWo cells, indicating that this cell line may not 13 

be suitable for the study of placental P-gp and BCRP-mediated transport. In cellular 14 

and vesicular overexpression systems, P-gp and BCRP were detectable as 15 

expected. Vesicle batches showed consistent P-gp expression correlating with 16 

functional activity (N-methyl-quinidine (NMQ) transport). However, BCRP activity 17 

(Estrone 3-sulfate (E1S) transport) did not consistently align with expression levels. 18 

Incorporating in vitro transporter kinetic data, along with placental transporter 19 

abundance, into a PBPK model enabled the evaluation of fetal exposure. Simulation 20 

with a hypothetical drug indicated that estimating fetal exposure relies on the intrinsic 21 

clearances of relevant transporters. To minimize interlaboratory discrepancies, 22 

expression data was generated using consistent proteomic methodologies in the 23 

same lab. Integration of this data in pregnancy-PBPK modeling offers a promising 24 

tool to investigate maternal, placental and fetal drug exposure.    25 
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 1 

Significance statement 2 

This study quantified the expression of key placental transporters in human placenta 3 

and various placental cell lines, revealing significant expression variations. By 4 

integrating these data with PBPK modeling, the study highlights the importance of 5 

transporter abundance data in understanding and predicting placental drug 6 

disposition, essential for maternal and fetal health during pregnancy. 7 

 8 

Abbreviations:  9 

ABC transporter, ATP-binding cassette transporter; BCRP, breast cancer resistance 10 

protein; FASP, filter-aided sample preparation; LC-MS, liquid chromatography–mass 11 

spectrometry,; MRP, multidrug resistance-associated protein; LC-MS/MS, liquid 12 

chromatography-tandem mass spectrometry; PBPK model, physiologically based 13 

pharmacokinetic model; PK, pharmacokinetics; P-gp, P-glycoprotein; QconCAT, 14 

Quantification concatemer. 15 
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 1 

Introduction 2 

Approximately 80% of pregnant women receive prescription medicines, which may 3 

be transported across the placenta to the fetus. Pregnant women are, however, 4 

generally excluded from clinical studies (Blehar et al., 2013), and, at least initially, 5 

the only available data relevant to fetal exposure come from reproductive toxicity 6 

studies in animals. Unfortunately, animal models can have poor translational value, 7 

as placentation is highly diverse among mammals (Grigsby, 2016). The need for 8 

human-based preclinical models of pregnancy to bridge the gap between preclinical 9 

animal studies and first application of the drug in pregnant women is clear.  10 

 The placenta regulates the exchange of nutrients, waste products and xenobiotics 11 

between mother and fetus. The same mechanisms that transfer essential nutrients 12 

from mother to fetus may also transfer compounds that interfere with fetal 13 

development (Carter, 2020; Lupattelli et al., 2014). The rate and extent of placental 14 

transfer of a compound can, to some extent, be predicted by its physicochemical 15 

parameters. Passive diffusion across membranes is one of the relevant processes 16 

and small, unionized, lipophilic molecules display the largest diffusion coefficients 17 

(Al-Enazy et al., 2017).  18 

Placental transporters and enzymes (Gong et al., 2023; Kammala et al., 2022), 19 

however, also influence drug transfer.  Efforts to chart these have brought new 20 

insights into placental functioning, maternal-fetal transport of drugs and fetal 21 

protection (Iqbal et al., 2012). The expression of placental transporters (Dallmann et 22 

al., 2019; Han et al., 2018) particularly their functional expression in the (syncytio) 23 

trophoblast must be understood in order to make good predictions of placental 24 

transfer and, despite considerable effort over the past few years, for many drugs it is 25 
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unclear whether placental drug accumulation and/or transfer adds to effective 1 

therapy or increases the risk of toxicity in utero (Staud et al., 2012).   2 

The need for good data is exacerbated by poor understanding of the alternatives to 3 

drug treatment; it is easy for a clinician to suggest that a pregnant patient avoid the 4 

use of OTC painkillers to minimize the chance of harm to the fetus, but if the risk of 5 

metabolic imbalance in the mother due to the underlying condition (for example 6 

migraine) to the fetus is not known, such advice is potentially flawed. 7 

Currently, there are several in vitro and ex vivo approaches to study placental 8 

transfer. Ex vivo human placenta perfusion, where the structural and functional 9 

integrity of the placenta is retained, is considered the gold standard to study 10 

placental transport at term, as it mimics the in vivo situation most closely. The use of 11 

human placental trophoblast cell lines is an attractive approach, as it offers a higher 12 

throughput system and does not require access to fresh placental tissue. Commonly 13 

used cell lines include the b30 subclone of the BeWo human choriocarcinoma cell 14 

line, and JEG-3 cells (Eliesen et al., 2021; Li et al., 2013; Schneider et al., 2022). 15 

Likewise, studies in systems that recombinantly overexpress key human placental 16 

transporters (e.g., P-gp or BCRP) can also be used to infer overall placental drug 17 

transport. An important limitation of the use of cell lines and over expression systems 18 

is that they remain poorly characterized in terms of transporter expression.  19 

In vitro to in vivo extrapolation (IVIVE) of drug disposition, requires a comparison of 20 

absolute membrane transporter abundance in in vitro systems and in primary 21 

placental tissue (Harwood et al., 2022), measured using the same methods under 22 

similar conditions (Harwood et al., 2016; Prasad et al., 2019). This allows the 23 

incorporation of such data into physiology-based pharmacokinetic (PBPK) models 24 

(Abduljalil et al., 2012; Staud et al., 2012). Ultimately, such PBPK models will provide 25 
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the means to transform classical animal-based reproductive toxicology studies 1 

required for drug development into new approaches that apply in vitro and in silico 2 

alternatives to estimate fetal drug exposure and fetal risk (Chang et al., 2022). PBPK 3 

models can also assist in designing rational dosing adjustments during pregnancy 4 

and in rationalizing intervention-based research in pregnant women in the future 5 

(Abduljalil and Badhan, 2020; Ke et al., 2018).  6 

The aim of the present work was to quantify transporters in primary human term 7 

placental tissues and in commonly used in vitro model systems, using quantitative 8 

proteomic methods. The studied in vitro cell lines were BeWo cells, BeWo b30 9 

subclone, JEG-3 cells, HEK293 cells overexpressing P-glycoprotein (P-gp) or breast 10 

cancer resistance protein (BCRP), as well as membrane vesicles derived from P-gp- 11 

or BCRP-overexpressing human embryonic kidney (HEK)-293 cells. In addition, an 12 

approach of utilizing these data to parameterize a pregnancy PBPK model for a 13 

hypothetical drug was demonstrated. 14 

Materials and Methods 15 

Chemicals 16 

Unless otherwise indicated, all chemicals were supplied by Sigma-Aldrich (Poole, 17 

Dorset, UK) with the highest purity available. Lysyl endopeptidase (Lys-C) was 18 

purchased from Wako (Osaka, Japan), and proteomic-grade trypsin was supplied by 19 

Roche Applied Science (Mannheim, Germany) and Promega (Southampton, UK). All 20 

solvents were HPLC grade and supplied by ThermoFisher Scientific (Paisley, UK). 21 

ProteoExtract native membrane protein extraction kit was purchased from 22 

Calbiochem (Temecula, CA).  23 
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Human sample sets 1 

Approval of collection of placenta tissue samples was obtained from the Local Ethics 2 

Committee on research involving human subjects at Radboud University Medical 3 

Center, Nijmegen, Netherlands (file number 2014-1397). After obtaining written 4 

informed consent from the donors, placentae from 5 healthy pregnant women were 5 

included in this study, and placental tissue was collected after delivery. To assess 6 

intra placental variability, 3 samples of villous tissue were taken from different zones 7 

of each placenta: one sample from the insertion point of the umbilical cord into the 8 

placenta, one from the periphery of the placenta and one sample in between these 9 

two points. 10 

Microsomal and cytosolic protein preparation from placental tissue 11 

Frozen placental tissues were thawed, washed, blotted, and weighed. Each 12 

placental sample (500 mg) was homogenized and solubilized in  6 volumes of lysis 13 

buffer (7 M Urea, 2 M Thiourea, 100 mM Dithiothreitol, 4% (w/v) CHAPS, 10 mM 14 

HEPES pH 7.9, 0.1% Octyl β-thioglucopyranoside,1.5 mM MgCl2, 10 mM KCl, and 15 

protease inhibitor (complete mini, EDTA free - 1 tablet per 10 ml lysis buffer)) was 16 

used to prevent protein degradation; the samples were  kept  on  ice  for  2 min. 17 

Homogenization was carried out on ice for four bursts of 20s, each with 10s rest (to 18 

prevent heating). The lysed cells were kept on ice for 30 min, then centrifuged twice 19 

at 800 g at 4°C for 5 min to remove debris. The supernatant was collected and 20 

centrifuged at 10,000 g at 4°C for 10 min to remove mitochondrial contamination. 21 

The supernatant was then centrifuged in an Optima Ultracentrifuge (Beckman 22 

Coulter, CA) for 75 min at 125,000 g at 4°C to generate cytosolic and membrane 23 

fractions (pellet). Protein concentrations of both total membrane and cytosolic 24 
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fractions were determined using the Bradford protein assay (Bio-Rad). The final 1 

protein samples were stored at -80°C prior to LC-MS/MS.  2 

Production of cells and membrane vesicles overexpressing the efflux 3 

transporters (P-gp and BCRP) 4 

(1) HEK293 overexpressing P-gp or BCRP 5 

After cloning BCRP or P-gp behind a cytomegalovirus (CMV) promotor into a 6 

Baculovirus, HEK293 cells were transduced with these viruses and harvested by 7 

centrifugation, as described earlier (Wittgen et al., 2012). Transductions may be less 8 

or more efficient, resulting in variable activity of the transporter in the HEK293 cells. 9 

To estimate the degree of this variability, 3 batches of cells were transduced with 3 10 

different batches of Baculovirus (per transporter). In this way, 3 independent batches 11 

per transporter were created. HEK293 cells were cultured for 4 days in Dulbecco’s 12 

Modification of Eagle’s Medium (DMEM) supplemented with glutamax, including 10% 13 

fetal calf serum (FCS). No antibiotics were added to the culture medium. When 14 

harvesting, cells were detached via mechanical manipulation (i.e., tapping the culture 15 

flask multiple times against the lab bench) and no trypsin was used to detach the 16 

cells. Each harvested cell suspension was transferred to a 50 ml falcon tube after 17 

which the cells were centrifuged to create a cell pellet, containing 7x106 cells per 18 

pellet. The pellets (3 batches of cells overexpressing human P-gp, and 3 batches of 19 

cells overexpressing BCRP) were washed twice with ice-cold phosphate buffered 20 

saline (PBS) and were stored at -80°C until analysis. 21 

(2)  Trophoblast cell lines (BeWo, BeWo b30, JEG-3) cell lines 22 

BeWo cells and JEG-3 cells were obtained from ATCC https://www.atcc.org/. 23 

The BeWo b30 subclone was kindly provided by Dr. Burki (EMPA, St Gallen, 24 

Switzerland). BeWo cells (1 batch) and BeWo b30 cells (1 batch) were cultured in 25 

DMEM glutamax/F12K (1:1). JEG-3 cells (1 batch) were maintained in DMEM 26 
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containing glutamax. All culture media were supplemented with 1% 1 

penicillin/streptomycin and 10% fetal calf serum (FCS). When culturing was 2 

complete, cell layers were washed once with PBS before harvesting, followed by 3 

centrifugation to create a pellet which was stored at -80C until analysis. The final 4 

number of cells obtained after culturing, per batch of BeWo, BeWo b30 or JEG-3 5 

was determined to be 4.5x107, 8.7x107 and 5.2x107 cells, respectively.  6 

(3) Membrane vesicles overexpressing P-gp or BCRP  7 

Membrane vesicles overexpressing P-gp or BCRP were produced from HEK293 8 

cells overexpressing these transporters, as described earlier (Wittgen et al., 2012). 9 

Membrane vesicles are a common system for the study of drug transport by ATP-10 

binding cassette (ABC) transporters. These samples were included in our proteomic 11 

analysis. In brief, transduced HEK293 cells were harvested by centrifugation. The 12 

100,000 g membrane fraction was homogenized in ice-cold TS buffer (10 mM Tris-13 

HEPES and 250 mM sucrose, pH 7.4) and high shear passage through a 100 µm 14 

opening was used to prepare membrane vesicles. The vesicles were dissolved in a 15 

buffer containing 20 mM Tris and 500 mM sucrose, and HEPES was used to set the 16 

pH at 7.4. Vesicles were snap frozen in liquid nitrogen and stored at -80C, prior to 17 

use. Protein concentration of vesicles was determined using a Bradford assay.  18 

To verify functional expression of membrane transporters in the membrane vesicles, 19 

transport assays were conducted prior to proteomic analysis. Briefly, 30 ml reaction 20 

mix containing TS buffer, 10 mM MgCl2, 4 mM AMP or ATP and 7.5 μg pre-warmed 21 

(37ºC) vesicles preparations were supplemented with 0.1 µM N-methyl quinidine 22 

(NMQ) to measure P-gp activity and 0.1 µM estrone-sulfate (E1S) to measure BCRP 23 

activity. The reaction was started by incubation of the samples at 37ºC and was 24 

stopped by transferring the samples on ice and adding 150 μl of ice-cold TS buffer. 25 
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The diluted samples were filtered through a TS-prewashed 0.65-μm pore, 96-well 1 

Multiscreen HTS glass fiber filter plate using a Multi-screenHTS-Vaccum Manifold 2 

filtration device (Millipore, Etten- Leur, The Netherlands). After washing the filters 3 

with TS buffer twice (0.2 ml), samples were processed for NMQ or E1S analysis, as 4 

described previously (Wittgen et al., 2012). 5 

Preparation of membrane protein from cell lines (BeWo, BeWo b30, JEG-3 cells 6 

and HEK293) 7 

All cell lines were similarly processed using ProteoExtract native membrane protein 8 

extraction kit (Calbiochem), following the manufacturer’s protocol with minor 9 

modifications, to isolate total membrane proteins. Briefly, the cells were washed with 10 

2 ml ice cold wash buffer, then centrifuged at 100-300 g at 4°C for 10 min. The 11 

pellets were lysed in 2 ml of extraction buffer I of the kit, containing protease inhibitor 12 

cocktail (10 µl), and incubated with gentle shaking for 10 min. The resultant 13 

homogenate was centrifuged at 16,000 g for 15 min. The pellet was resuspended in 14 

1 ml of extraction buffer II of the kit with 5 µl of protease inhibitor cocktail. The 15 

fraction was incubated with gentle shaking for 1.5 h at 4°C, followed by centrifugation 16 

at 16,000 g for 15 minutes at 4°C. The supernatant, containing membrane fraction 17 

enriched in integral membrane and membrane-associated proteins, was collected, 18 

and the total isolated membrane protein concentration was determined using a 19 

Direct Detect® Spectrometer. The procedure was the same for all cell lines, but the 20 

volume of the reagents used was scaled according to the number of cells lysed.  21 

Sample preparation for proteomic analysis 22 

Placentae and cell lines (including membrane vesicles) protein digestion were 23 

prepared using the Filter-Aided Sample Preparation (FASP) as described previously 24 

(Al-Majdoub et al., 2019; Russell et al., 2013). Briefly, 0.12 μg of TransCAT 25 
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(QconCAT for the quantification of transporters) (Russell et al., 2013), used for 1 

targeted quantification, was spiked in 50 μg of each individual sample as internal 2 

standard. Details of sample preparation protocols and peptide desalting are 3 

described in our previous work (Al-Majdoub et al., 2019).  4 

Parallel Reaction Monitoring (PRM) assays and targeted LC−MS/MS analysis 5 

for placental tissues and cell lines 6 

Microsomal, cytosolic proteins and cell lines were analyzed by LC−MS/MS using a 7 

Thermo RSLC system consisting of a NCP3200RS nano pump, WPS3000TPS 8 

autosampler and TCC3000RS column oven configured with buffer A as 0.1% formic 9 

acid in water and buffer B as 0.1% formic acid in acetonitrile. An injection volume of 10 

2 µl was loaded into the end of a 5 µl loop and reversed flushed onto the analytical 11 

column (Waters nanoEase M/Z Peptide CSH C18 Column, 130Å, 1.7 µm, 75 µm x 12 

250 mm) kept at 35°C at a flow rate of 300 nl/min with an initial pulse of 500 nl/min 13 

for 0.1 min to rapidly re-pressurise the column. The separation consisted of a 14 

multistage gradient of 1% B to 6% B over 3 minutes, 6% B to 18% B over 67 15 

minutes, 18% B to 29% B over 9 minutes and 29% B to 65% B over 1 minute before 16 

washing for 6 minutes at 65% B and dropping down to 2% B in 1 minute. The 17 

complete method time was 120 minutes. The analytical column was connected to a 18 

Thermo Exploris 480 mass spectrometry system via a Thermo nanospray Flex ion 19 

source via a 20 µm ID fused silica capillary. The capillary was connected to a fused 20 

silica spray tip with an outer diameter of 360 µm, an inner diameter of 20 µm, a tip 21 

orifice of 10 µm and a length of 63.5 mm (New Objective Silica Tip FS360-20-10-N-22 

20-6.35CT) via a butt-to-butt connection in a steel union using a custom-made gold 23 

frit (Agar Scientific AGG2440A) to provide the electrical connection. The nanospray 24 

voltage was set at 1900 V and the ion transfer tube temperature set to 275°C. 25 
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Data acquisition, analysis and protein quantification 1 

Data were acquired in Retention Time Window mode, with an expected peak width 2 

of 15 seconds, and no full MS data acquired. The target list of TransCAT peptides 3 

(El-Khateeb et al., 2021; Vasilogianni et al., 2022) were imported into the method via 4 

an Excel .csv file, which included their previously determined retention times, with a 5 

retention time window of 4 minutes. Fragmentation spectra were acquired with a 6 

resolution of 15,000 with a normalized collision energy of 30%, the AGC target set to 7 

Standard, and a max fill time of 100 ms for a single microscan. All data were 8 

collected in profile mode. Skyline version 22.2 software (MacCross Lab Software, 9 

Seattle, WA) used for generation of the abundance data, as previously described (Al-10 

Majdoub et al., 2019). 11 

Statistical data analysis 12 

Microsoft Excel 2016 and GraphPad version 10.3.0 (La Jolla, CA) were used for 13 

statistical analysis. When multiple groups were compared one-way ANOVA was 14 

performed, followed by the Tukey’s post-hoc test. When two groups were compared, 15 

this was done via the Student’s unpaired, 2-tailed, t-test, assuming equal variances. 16 

A P value cutoff of 0.05 was considered for statistical significance. Differences 17 

between expression levels in 5 placentae and across the 3 sites were assessed 18 

using the Kruskal-Wallis test. Abundance data were presented as mean and SD, as 19 

a measure of interindividual variability. CV was used to describe variability. 20 

In vitro to in vivo extrapolation (IVIVE) of drug transport using vesicles 21 

overexpressing a single transporter as a starting point 22 

Overexpression systems offer potential means for extrapolating drug transport 23 

kinetics mediated by a specific transporter from in vitro to in vivo. Expression of the 24 
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studied transporters was measured in cell models. These expression values were 1 

then scaled to be utilized in pregnancy PBPK models as described below.  2 

In vesicular systems, transport by ABC-transporters was measured in the direction 3 

from the incubation buffer towards the interior of the vesicles, as only the inside-out 4 

folded vesicles (and not the right-side out folded fraction of the vesicles) contribute to 5 

transport. The advantage is that the fraction of the transporters contributing to 6 

transport is directly exposed to the drug from the incubation buffer. Therefore, 7 

transport rate can be related directly to the unbound concentrations present in the 8 

incubation buffer to calculate intrinsic transport clearance (CLintT) in a straightforward 9 

manner. A stepwise approach is as follows: 10 

 11 

1. The intrinsic transport clearance of a drug measured in vesicles specifically over-12 

expressing a single human ABC-transporter (CLintT, tot), is a composite of active and 13 

passive transport. To separate the active from the passive transport clearance in this 14 

system, a second set of control experiments are performed in vesicles that do not 15 

overexpress the specific transporter, but a control protein instead, e.g. Enhanced 16 

Yellow Fluorescent Protein (EYFP). The degree of passive transport clearance 17 

(CLdif) that contributes to CLintT, tot can thus be derived from these EYFP-expressing 18 

vesicles. 19 

 20 

2. To calculate an intrinsic active transport clearance from the vesicles that over-21 

express the transporter of interest, CLdif shall be subtracted from CLintT, tot, yielding an 22 

active intrinsic transport clearance CLintT, raw expressed as µl/min/mg total vesicular 23 

protein present in the in vitro system. 24 
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3. To conduct IVIVE based on membrane transporter abundance, this value should 1 

be first converted to an intrinsic transport clearance per mg of membrane protein 2 

present in vitro. Although for cellular systems, this may be a relevant intracellular 3 

protein fraction, for vesicles, it was assumed that all protein to be membrane bound, 4 

hence in this case: 5 

 6 

𝐶𝐿𝑖𝑛𝑡𝑇, 𝑚𝑒𝑚𝑏𝑟 = 𝐶𝐿𝑖𝑛𝑡𝑇, 𝑟𝑎𝑤  

 7 

Where CLinT, membr is the intrinsic transport clearance per amount of vesicular 8 

membrane protein (expressed as µl/min/mg membrane protein vesicle). 9 

 10 

4. The 𝐶𝐿𝑖𝑛𝑡𝑇, 𝑚𝑒𝑚𝑏𝑟 was then converted to an initial CLinT init, expressed in 11 

µl/min/pmol of transporter that was overexpressed in the membrane, by taking into 12 

account the number of picomoles of a specific Transporter that was present per mg 13 

Vesicular Membrane Protein (TpVMP), as measured in the proteomics procedure. 14 

 15 

𝐶𝐿𝑖𝑛𝑡𝑇, 𝑖𝑛𝑖𝑡 =  
𝐶𝐿𝑖𝑛𝑡𝑇, 𝑚𝑒𝑚𝑏𝑟

𝑇𝑝𝑉𝑀𝑃
  

 16 

5. Vesicles used for the measurement of in vitro transport rates generated from 17 

HEK293 cells are generally 50% right-side out and 50% inside-out, because of the 18 

way these vesicles fold during preparation. Only the inside-out vesicles contribute to 19 

the active transport observed in the in vitro assay, as only these will have the ATP 20 

binding site exposed to ATP present in the incubation buffer. Diffusion of the very 21 

hydrophilic ATP into right-side out vesicles, which would be required to activate that 22 

fraction of the transporters, is negligible. Since only half of the vesicles, i.e., 50% of 23 
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the transporters that were quantified by proteomics are active in the assay, the 1 

CLintT,init was corrected to yield a final CLintT  (i.e., divide by 0.5): 2 

 3 

𝐶𝐿𝑖𝑛𝑡𝑇 =  
𝐶𝐿𝑖𝑛𝑡𝑇, 𝑖𝑛𝑖𝑡

0.5
 

 4 

6. The Simcyp® PBPK model (Version 23, Certara Predictive Technologies, 5 

Sheffield, UK) utilizes the measured absolute expressions of these transporters in 6 

term placentae together with the experimental value for the transporter intrinsic 7 

clearance obtained from the vesicle system, using the following IVIVE approach. 8 

 9 

𝐶𝐿𝑢𝑖𝑛𝑡𝑇 (
𝐿

ℎ
) =

𝐶𝐿𝑖𝑛𝑡𝑇(𝑢𝐿/𝑚𝑖𝑛/𝑝𝑚𝑜𝑙)

𝑓𝑢𝑖𝑛𝑐,𝑇
∙ 𝐴𝑏𝑠𝑜𝑙𝐴𝑏𝑢𝑛𝑑𝑇,𝑥(𝑝𝑚𝑜𝑙/𝑔 𝑜𝑓 𝑝𝑙𝑎𝑐𝑒𝑛𝑡𝑎)

∙ 𝑃𝑙𝑎𝑐𝑒𝑛𝑡𝑎𝑊𝑇𝑥(𝑔) ∙ 𝑆𝐹 ∙
60

1000000
 

 10 

where CLintT is the in vitro intrinsic clearance in µL/min/pmol of the transporter, 11 

𝐴𝑏𝑠𝑜𝑙𝐴𝑏𝑢𝑛𝑑𝑇,𝑥 is the absolute expression of transporter abundance in the placenta 12 

in pmol per gram of the placental weight (𝑃𝑙𝑎𝑐𝑒𝑛𝑡𝑎𝑊𝑇𝑥) at term. The SF is the 13 

scaling factor for the transporter with respect to the abundance per phenotype (SF = 14 

1 for subjects carrying the wild-type phenotype of the transporter of interest, i.e., 15 

extensive transporter). The fuinc,T is the free fraction of the drug in the in vitro 16 

incubation, assumed to be 1. The scaled transporter unbound intrinsic clearance 17 

(CLuintT in L/h) is then used in the PBPK model equations for placenta transport. The 18 

following equation describes the change of drug concentration in the maternal 19 

placental compartment: 20 

 21 
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𝑉𝑝𝑙
𝑚(𝑡)

𝑑𝐶𝑝𝑙
𝑚

𝑑𝑡

= 𝑄𝑝𝑙
𝑚(𝑡)  ∙ (𝐶𝑎𝑟𝑡

𝑚 − 𝐶𝑝𝑙
𝑚)   + 𝐶𝐿𝑃𝐷𝑀 ∙ (𝐶𝑢𝐼𝑊,𝑝𝑙

𝑡𝑖𝑠𝑠 −  𝐶𝑢𝑝𝑙
𝑚)  

+ ∑ 𝐶𝐿𝑢𝑖𝑛𝑡,𝑇,𝑒𝑓𝑓𝑙𝑢𝑥
𝑚 ∙ 𝐶𝑢𝐼𝑊,𝑝𝑙

𝑡𝑖𝑠𝑠  

  1 

 2 

where V and C represent the volume and concentration of compartments, 3 

respectively. Passive permeability from the maternal side to the placenta is 4 

represented as CLPDM and CLu m,int,T,efflux represents the intrinsic unbound clearance 5 

of an efflux transporter. Compartments are represented as follows: 
𝑚

𝑝𝑙
 , maternal 6 

placenta; 
𝑚

𝑎𝑟𝑡
  , maternal arterial blood;  

𝑡𝑖𝑠𝑠

𝐼𝑊.𝑝𝑙
, intracellular water placental tissue. 7 

Maternal plasma fraction unbound (fu) is used to calculate the unbound 8 

concentration in the maternal placental compartment (𝐶𝑢𝑝𝑙
𝑚). 9 

 10 

For the placental tissue compartment: 11 

 12 

𝑉𝐼𝑊,𝑝𝑙
𝑡𝑖𝑠𝑠 (𝑡)

𝑑𝐶𝐼𝑊,𝑝𝑙
𝑡𝑖𝑠𝑠

𝑑𝑡

= 𝐶𝐿𝑃𝐷𝑀 ∙ (𝐶𝑢𝑝𝑙
𝑚 − 𝐶𝑢𝐼𝑊,𝑝𝑙

𝑡𝑖𝑠𝑠 )   + 𝐶𝐿𝑃𝐷𝐹 (𝐶𝑢𝑝𝑙
𝑓

−  𝐶𝑢𝐼𝑊,𝑝𝑙
𝑡𝑖𝑠𝑠 )         

− ∑ 𝐶𝐿𝑢𝑖𝑛𝑡,𝑇,𝑒𝑓𝑓𝑙𝑢𝑥
𝑚 ∙ 𝐶𝑢𝐼𝑊,𝑝𝑙

𝑡𝑖𝑠𝑠  

 13 

Where a placental intracellular water fu, predicted by default according to the 14 

Rodgers and Rowland method (Rodgers and Rowland, 2006), was used to calculate 15 

the unbound concentration in the placental tissue compartment (𝐶𝑢𝐼𝑊,𝑝𝑙
𝑡𝑖𝑠𝑠 ). Pl: 16 
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placenta; m: maternal; f: fetal; tiss: placental tissue; art: arterial blood; IW: 1 

intracellular; V: volume; C: concentration; CLPDM and CLPDF for the passive placental 2 

permeability clearance for maternal side to placenta and fetal side to placenta, 3 

respectively. Details of the model equations have been described earlier (Abduljalil 4 

et al., 2022; Zhang et al., 2017; Zhang and Unadkat, 2017). 5 

Simulation of a hypothetical exposure scenario 6 

To illustrate how in vitro CLintT data may be used in combination with placental 7 

transporter abundance to predict placental transfer, an exposure scenario was 8 

simulated for a hypothetical drug within the Simcyp Simulator, starting off with in vitro 9 

transport data generated for BCRP and P-gp mediated transport as they would 10 

typically be generated in a vesicular in vitro system. The data were analyzed 11 

according to the stepwise approach outlined in the previous section. 12 

 13 

1. Measured from in vitro experiments, the following values were assumed: CLintT, tot 14 

P-gp = 226 µl/min/mg total vesicular protein and CLintT, tot BCRP = 266 µl/min/mg total 15 

vesicular protein. Passive permeability (CLdif) observed in EYFP-expressing controls 16 

vesicles: CLdif = 5.7 µl/min/mg total vesicular protein.  17 

 18 

2/3. For this drug, this yields a CLintT,raw  of 220.3 µl/min/mg total vesicular protein for 19 

P-gp and 260.3 µl/min/mg total vesicular protein for BCRP. Assuming all protein 20 

measured in the vesicles is membrane-bound, these are also the corresponding 21 

CLintT, membr values.  22 

 23 

4/5. Next, this value was converted to an initial CLinT init, which is a clearance 24 

expressed in µl/ min/pmol transporter that was overexpressed in the membrane. This 25 
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is done by considering the number of picomoles of a specific Transporter that was 1 

present per mg Vesicular Membrane Protein (TpVMP), as measured in the 2 

proteomics procedure. In Table 2, it can be seen that the values differ between 3 

batches. For simplicity, for both, the average value was used for subsequent 4 

calculations.  5 

 6 

Mean TpVMP P-gp = 4.6 pmol/mg vesicular membrane protein 7 

Mean TpVMP BCRP = 14.4 pmol/mg vesicular membrane protein 8 

 9 

Dividing the CLintT, raw values by the TpVMP values, yields the CLintT, init values. Also 10 

correcting for the inside-out fraction of the vesicles (divide by 0.5) yields the 11 

corresponding CLintT of 95.8 µl/ min/pmol P-gp and a CLintT of 36.2 µl/min/pmol 12 

BCRP. These values can be used for Simcyp parametrization. The model also 13 

requires input of placental membrane transporter abundance, expressed as 14 

pmol/gram of placental tissue (see Table 4). Note that the abundance of transporters 15 

in placental membranes (pmol/mg membrane protein) is as listed in Table 1. Next, 16 

simulations were performed in Simcyp, using the input data described in Table 4. 17 

For all simulations, the default  virtual Sim-Pregnancy population of 200 pregnant 18 

women aged 18-45 years at 38 weeks of gestation (as the transporter abundances 19 

were measured in term placenta) was used. A template compound file was used and 20 

incorporated values observed for the well-known model substrates of P-gp (NMQ) 21 

and BCRP (E1S) for this hypothetical drug: CLint,tot values  of 226 and 266 µl/min/mg 22 

total vesicular protein, for P-gp and BCRP, respectively. Passive permeability (CLdif) 23 

was set at 5.7 µl/min/mg total vesicular protein (based on the experimental value 24 

observed for E1S). These estimates were calculated from the data listed in Table 3, 25 
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by averaging the values listed per batch and dividing the mean transport rates by the 1 

nominal substrate concentration that was tested (0.1 pmol/µl). For passive 2 

permeability across the placenta, it was assumed that a medium passive diffusion 3 

permeability of 3.1 L/h across the placenta to examine the impact of placental efflux 4 

transporters. This was done by assuming a small value of 0.005 L/h/mL placenta for 5 

CLPDM and assigning the same value for CLPDF parameters in the model to describe 6 

the permeability of the drug in both directions across the placental membrane. The 7 

average placenta volume at 38 weeks of gestation is about 620 mL (Abduljalil et al., 8 

2012). The simulation was executed assuming 100 mg of a hypothetical drug, as 9 

constant intravenous infusion over 24 h. A second simulation was performed without 10 

taking transporter activity into account. Since the impact of the efflux transporters 11 

localized on the maternal side of the placenta depends on how much drug is 12 

available in the intracellular compartment of the placenta via the passive diffusion, 13 

two additional simulations were run by varying the passive diffusion value 10-fold 14 

higher and 10-fold lower, while retaining the placental transporter clearance as per 15 

the initial scenario.  16 

Results 17 

A QconCAT-based proteomic assay was successfully used to quantify the 18 

abundance of several membrane transporters in 5 placenta samples and associated 19 

cell lines. The abundance data were used in a PBPK model for IVIVE-based 20 

prediction of fetal drug exposure.     21 

Abundance of ABC transporters in the human placenta in three placental sites 22 

QconCAT-based targeted proteomics method was used to quantify six transporters 23 

(P-gp, BCRP, multi drug resistance protein-2 (MRP2), MRP3, MRP4, MRP6) and 24 

one plasma protein marker ATP1A1 (Na+/K+ ATPase) in 5 individual samples 25 
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(Figure 1A and 1B). Table 1 summarizes the protein expression levels. The 1 

quantification was performed by parallel reaction monitoring (PRM) with the same 2 

specific peptides from the Liver TransCAT used in our previous report (Al-Majdoub et 3 

al., 2021; Vasilogianni et al., 2022). From our analysis, the transporters exhibited 4 

similar abundance levels (Figure 1A and 1B) in all placentae except the expression 5 

of MRP6 was found to be significantly different across all placentae (Kruskal-Wallis 6 

test, P = 0.026) (Table 1, Figure 1B). Large interindividual variation is observed in 7 

the measured abundances of both the transporters and the plasma membrane 8 

marker (ATP1A1), which was included in our study as a housekeeping protein. By 9 

measuring the ATP1A1, we were able to examine not only the expression levels of 10 

our target proteins but also the potential biological variability of ATP1A1 itself across 11 

different samples (Table 1). 12 

Site-dependent variability in placental transporter abundance 13 

Transporter protein abundance in three sites was measured (Figure 1A and 1B). Our 14 

analysis revealed a significant variation in the expression of P-gp across different 15 

placental sites, as determined by the Kruskal-Wallis test (P = 0.008). This indicates 16 

that P-gp expression is not uniform throughout the placenta. In contrast, the 17 

expression levels of other transporters (BCRP and MRPs) showed no significant 18 

differences across the various placental sites, suggesting a more consistent 19 

distribution (Table 1). 20 

Comparative levels of transporter protein expression in HEK293 cells 21 

overexpressing P-gp or BCRP, and cultured trophoblast BeWo, BeWo b30 and 22 

JEG-3 cells  23 

Protein expression of P-gp and BCRP was measured by LC-MS/MS in various 24 

placental cell lines (Table 2). In addition, expression was measured in HEK293 cells, 25 
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overexpressing these specific transporters. For HEK293 cells overexpressing P-gp 1 

or BCRP, expression levels were compared across three independently generated 2 

batches. For P-gp, expression was highest in HEK293, and was approximately 20- 3 

and 40-fold greater than P-gp expression in BeWo b30 and JEG-3 cells, when 4 

comparing the overall mean ± SD of the 3 HEK P-gp batches to the values found for 5 

BeWo b30 and JEG-3, respectively (Table 2).  6 

In all of the 3 separate batches of HEK-P-gp cells, this difference reached statistical 7 

significance compared to BeWo b30 and JEG-3 cells, as well as when comparing the 8 

overall mean of the 3 batches to the observed values for P-gp in BeWo b30 and 9 

JEG-3 cells. The difference in expression of P-gp between BeWo b30 cells and JEG-10 

3 cells did not reach statistical significance. Expression of P-gp in regular BeWo cells 11 

was below the limit of quantification (LOQ; 0.02 ± 0.01 pmol/mg protein) hence no 12 

ratio or level of statistical significance were calculated compared to the other cells. 13 

When comparing the expression levels of BCRP observed in the HEK 14 

overexpression system to those observed in BeWo b30 cells, we found that BCRP 15 

expression in BeWo b30 cells was not statistically significant. No difference were 16 

observed in BCRP expression between BeWo b30 and JEG-3 cells. Again, the 17 

expression of BCRP in regular BeWo cells was below the limit of quantification 18 

(LOQ) and hence no ratio or level of statistical significance were calculated. On 19 

average, the overall mean levels of overexpressed BCRP in the HEK293 cells 20 

appeared lower than those for P-gp in HEK293 cells (Table 2) but this did not reach 21 

statistical significance. Also, when comparing expression of P-gp and BCRP within a 22 

cell line, there were no statistically significant differences found between 23 

transporters.  24 

Abundance of P-gp and BCRP transporters in membrane vesicles  25 
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For the membrane vesicles, the expression of P-gp and BCRP transporters levels 1 

were compared across 3 batches which overexpressed either one of the two 2 

transporters. The measured abundances are presented in Table 2. Expression of 3 

BCRP was high in membrane vesicles (average with SD: 14.4 ± 8.55 pmol/mg 4 

membrane protein) and on average more than threefold greater than P-gp (average 5 

with SD: 4.57 ± 0.67 pmol/ mg membrane protein), but this did not reach statistical 6 

significance. Variation in P-gp expression across batches was low, while for BCRP it 7 

appeared that one batch had a substantial lower expression of the transporter 8 

compared to the other two batches. Transport studies using NMQ (for P-gp) or E1S 9 

(for BCRP) were conducted to evaluate the functional activity of these transporters in 10 

vesicles. Consistent with the expression data, P-gp showed consistent NMQ 11 

transport across all batches (Table 3). However, the transport activity of BCRP 12 

varied among batches (Table 3). Specifically, BCRP in batch one exhibited the 13 

lowest transport activity, aligning with the expression data (Tables 2 and 3). 14 

However, the activity of batches two and three did not correlate with their respective 15 

expression levels (Table 3). Batch two, despite showing higher BCRP expression, 16 

displayed a contradictory trend in activity. 17 

Simulation of the effect of including transporter kinetics and placental 18 

abundance in fetal exposure simulations 19 

Inclusion of transporter kinetics and placental abundance of relevant transport 20 

proteins (measured in both placental tissue and in vitro systems (membrane 21 

vesicles) using proteomics) in fetal and placental exposure predictions results in 22 

significantly different estimations of placental and fetal exposure (Figure 2). Notably, 23 

maternal exposure is not affected, while placental and fetal exposure were highly 24 

reduced when efflux transporters were included in the predictions. Figure 3 shows a 25 
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sensitivity analysis of the impact of passive diffusion on maternal, placental and fetal 1 

exposure. The analysis illustrates a considerable effect of passive diffusion 2 

clearance on drug concentration in the placenta and umbilical venous blood. 3 

 4 

 5 

Discussion 6 

Examining the impact of placental transporters function on drug disposition is 7 

essential for assessing potential drug exposure of the fetus during pregnancy. In 8 

vitro models offer a convenient and high-throughput approach to study potential 9 

placental xenobiotic metabolism and transport. However, it is important to note that 10 

cell lines may not accurately reflect the diverse cellular composition of the placenta 11 

with their unique cellular characteristics. Therefore, selecting the most appropriate 12 

model that closely aligns with the specific research question is of utmost importance. 13 

The latter is a necessary but not sufficient element and quantitative extrapolation of 14 

results is also an important step. 15 

Assessment of placental cell lines at the mRNA level has previously been conducted 16 

to determine their usefulness in examining placental functions (Msheik et al., 2019). 17 

Nevertheless, mRNA data frequently exhibits limited correlation with protein levels 18 

and function, attributed to factors such as post-translational modifications and mRNA 19 

instability (Christopher et al., 2022). In contrast, proteomics data demonstrates a 20 

stronger correlation with protein activity, including functions such as metabolism and 21 

transport activity, offering valuable insights into the functional aspects of biological 22 

processes (Monti et al., 2019).  23 

While other researchers (Gil et al., 2005; Mathias et al., 2005; Meyer zu 24 

Schwabedissen et al., 2006; Sun et al., 2006) have previously measured the 25 
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abundance of placental transporters, using Western blotting and ELISA, or applied 1 

qPCR for assessing transporter mRNA expression, these approaches present 2 

certain limitations (Goetzl et al., 2022; Nishimura and Naito, 2005). Part of this 3 

relates to the temporal changes of mRNA in tissue due to short half-life, whilst cell-4 

free RNA shed in exosomes into circulation is more stable and may correlate better 5 

with actual expression of the protein in the target tissue (Achour and Rostami-6 

Hodjegan, 2022).  7 

Current knowledge on protein expression of placental transporters is limited to one 8 

study (Anoshchenko et al., 2020) using LC-MS/MS. In our study, a targeted-9 

QconCAT based quantitative proteomics approach was performed to measure the 10 

abundance of several efflux transporters (P-gp, BCRP, MRPs), including 11 

transporters that had not 12 

been measured before (i.e., MRPs). Furthermore, the expression of P-gp and BCRP 13 

transporters in different placental cell lines was measured. All the protein 14 

measurements were achieved using LC-MS/MS. The zonal expression of 15 

transporters in the placentae was also assessed. Our findings are consistent with a 16 

previous study (Anoshchenko et al., 2020), with no notable distinctions observed in 17 

transporter expression in various locations, except for P-gp, which showed   a 18 

significant variation across various sites. This lack of variability and independence 19 

from the placenta site was reported before and suggests a uniform distribution of 20 

transporters across the placenta (Memon et al., 2014). One of the placentae, 21 

however, displayed greater variability (%CV) in the expression of the studied 22 

transporters compared to the other four placentae. The most significant variations in 23 

the abundance were observed among MRPs specifically in placenta 5, while the 24 

levels of P-gp and BCRP proteins were similar across all 5 placentae (Table 1). It is 25 
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worth mentioning that the sample size was limited, and our study exclusively focused 1 

on term placenta samples. Nevertheless, it is important to note that the methodology 2 

employed has been thoroughly established over years within the group. 3 

The abundance data, as well as in vitro vesicular transport data for a hypothetical 4 

drug, was used as an exploratory modeling scenario. We used a vesicular system as 5 

this is a very common test system used in in vitro drug transport studies, as vesicles 6 

(once generated) can be easily stored at -80 C and used when needed without the 7 

need for continuously culturing cells, or having to start a new culture of cells first 8 

when a question concerning drug transport arises. For BCRP and its model 9 

substrate E1S, we noted a discrepancy between the observed transport rates and 10 

measured protein BCRP abundance. Assuming measurements of transporter activity 11 

and protein abundance are correct, a possible explanation for the mismatch could be 12 

that part of amounts of BCRP that were measured in vesicle batch 1 and 2, was less 13 

functional compared to the functionality of transporter protein expressed in vesicle 14 

batch 3, e.g. due to misfolding of the protein or as a result of a loss of protein 15 

function as a result of slightly different conditions in the preparation procedure of this 16 

batch of vesicles. Whether this is common or not for the vesicles produced via this 17 

method, we do not know, as this is a first comparison between activity and absolute 18 

abundance. 19 

This aimed to describe the required steps for incorporating these results within a 20 

PBPK approach to estimate placental transporter kinetics and to simulate drug 21 

concentration in the placenta and in the umbilical cord.  22 

Simulation results indicated the relevance of acquiring data on efflux transport when 23 

estimating fetal exposure, as results heavily depended on the value of transporter 24 

intrinsic clearances used. With the assumed, but pharmacologically realistic values 25 
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for transporter CLint, intracellular placenta exposure decreased by approximately 10-1 

fold. In this case, an adequate passive diffusion process was maintained to bring 2 

drugs to the intracellular compartment. When this process increased by 10-fold 3 

(Figure 3), the impact of the efflux transporters became smaller, leading to only 2-4 

fold lower exposure in both placental and umbilical cord. On the other hand, when 5 

the passive diffusion reduced by 10-fold, the impact of placental transporters 6 

become more pronounced leading to about 30-fold lower exposure in the placenta 7 

and umbilical cord. These results indicate that placental efflux transporters can be of 8 

clinical significance in reducing fetal exposure and that higher fetal drug levels may 9 

be expected if their function is inhibited by, for instance, drug-drug interactions.  10 

Inclusion of patient variability on transporter level is also another advantage of the 11 

PBPK-IVIVE combination. This can identify the theoretically conceivable extremes in 12 

order to protect the most vulnerable individuals by setting the criteria of exposure 13 

based on these cases rather than the average patient. Knowledge on abundance of 14 

key drug transporters in placental tissue and placenta cell models is necessary to 15 

adequately interpret and extrapolate experimental transport data. Integration of this 16 

information in pregnancy-PBPK modeling offers a promising tool to investigate 17 

maternal, placental and fetal drug exposure.   18 
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 6 

Figure Legends 7 

 8 

Figure 1. Expression levels and the mean (red bars) of P-gp, BCRP (A) and MRPs 9 

(B) in membrane fraction derived from human placentae at term (n=5, 3 sites each), 10 

as determined by QconCAT based-targeted proteomics approach. Each point 11 

represents 1 site from each individual placenta. 12 

 13 

Figure 2. Concentration of a hypothetical compound in maternal plasma, intracellular 14 

placenta, and umbilical vein plasma over time without (left) and with (right) efflux 15 

transporter kinetics that efflux drug out of the placenta back to maternal circulation. 16 

Bottom plots are for the cord-to-maternal ratio. Insets show the same plots but with 17 

adjusted y-axis for clarity. Solid line represents the simulated mean and dashed lines 18 

represent the simulated 5th and 95th percentiles. Abbreviation: IC, intracellular. 19 

 20 

Figure 3. Sensitivity analysis for the impact of passive diffusion clearance (assumed 21 

to be 0.005 mL/h/ mL of placental volume) on maternal, placenta, and umbilical 22 

venous exposure. Value was set at 10-fold higher and lower. Abbreviation: CLPDM, 23 

placental passive diffusion clearance from maternal side to placenta.  24 

 25 

 26 
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Tables 1 

Table 1: Protein expression (pmol/mg total membrane protein) of ATP‐binding 2 

cassette (ABC) transporters and basal plasma membrane marker (Na+/K+ ATPase) 3 

obtained from human placentae (n=5) at term, sampled at 3 different sites of each 4 

placenta (1: near umbilical cord, 2: mid placenta, 3: outer placenta) 5 

Site P-gp BCRP MRP2 MRP3 MRP4 MRP6 Na+/K+ATPase 

Placenta 1 
      

  

Site 1 0.16 0.15 0.25 0.16 0.11 0.10 0.61 

Site 2 0.33 0.32 0.23 0.28 0.22 0.28 1.79 

Site 3 0.15 0.29 0.15 0.15 0.11 0.10 2.29 

Mean 0.21 0.25 0.21 0.20 0.15 0.16 1.56 

SD 0.10 0.09 0.05 0.07 0.06 0.10 0.86 

% CV 47.4 35.8 25.2 36.8 43.3 64.9 55.2 

Placenta 2 
      

  

Site 1 0.26 0.23 0.24 0.25 0.18 0.17 1.09 

Site 2 0.21 0.23 0.16 0.20 0.14 0.13 1.07 

Site 3 0.14 0.14 0.13 0.15 0.09 0.11 0.96 

Mean 0.20 0.20 0.18 0.20 0.14 0.14 1.04 

SD 0.06 0.05 0.06 0.05 0.05 0.03 0.07 

% CV 29.6 26.0 32.2 25.0 33.0 22.3 6.73 

Placenta 3 
      

  

Site 1 0.12 0.16 0.10 0.12 0.10 0.07 1.23 

Site 2 0.20 0.32 0.21 0.19 0.18 0.13 4.97 

Site 3 0.19 0.15 0.18 0.17 0.13 0.12 1.95 

Mean 0.17 0.21 0.16 0.16 0.14 0.11 2.72 

SD 0.04 0.09 0.06 0.04 0.04 0.03 1.98 

% CV 25.6 45.4 34.8 22.5 29.6 30.1 73.0 

Placenta 4 
      

  

Site 1 0.12 0.11 0.07 0.08 0.05 0.04 0.83 

Site 2 0.30 0.16 0.11 0.11 0.08 0.07 0.79 

Site 3 0.18 0.17 0.08 0.09 0.07 0.05 1.19 

Mean 0.20 0.15 0.09 0.09 0.07 0.05 0.94 

SD 0.09 0.03 0.02 0.02 0.02 0.02 0.22 

% CV 45.8 21.9 24.0 16.4 22.9 28.6 23.5 

Placenta 5 
      

  

Site 1 0.10 0.07 0.06 0.07 0.03 0.04 0.88 

Site 2 0.34 0.24 0.27 0.26 0.20 0.20 3.53 

Site 3 0.13 0.11 0.09 0.08 0.05 0.06 1.26 

Mean 0.19 0.14 0.14 0.14 0.09 0.10 1.89 

SD 0.13 0.09 0.11 0.11 0.09 0.09 1.43 
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% CV 68.8 63.5 81.1 78.2 99.6 87.2 75.8 

BCRP, breast cancer resistance protein; %CV, coefficient of variation; MRP, multi-drug resistance 1 

protein; P-gp, P-glycoprotein; SD, standard deviation 2 

 3 

 4 

Table 2. Expression (pmol/mg membrane protein, mean ± SD, n = 3) of P-gp and 5 

BCRP in HEK293, BeWo and BeWo b30, JEG-3 and in membrane vesicles derived 6 

of HEK293 cells overexpressing the indicated transporters as determined by 7 

QconCAT-based targeted proteomics. * Ratio (in vitro expression/tissue expression) 8 

is based on the mean of transporter expression in n = 3 placentae and n = 3 batches 9 

of vesicle/cells (model systems). These *ratios should be considered as indicative 10 

rather than absolute as they are based on the assumption of consistent protein 11 

yields, across different systems due to the use of different extraction methods. BLQ: 12 

below limit of quantification NA: not available (because of BLQ expression levels in 13 

BeWo cells).  14 

 15 

Cell line Protein Batch 1 Batch 2 Batch 3 
Overall 
mean (3 
batches) 

Model 
system / 

placentae 
expressio

n * 
                

Expression (pmol/mg)  
Mean ± SD 

 

HEK293            

Overexpressing P-gp  P-gp 8.84 ± 0.58 3.07 ± 0.19 6.17 ±2.24 6.03 ± 2.89 31.74 

Overexpressing 
BCRP 

BCRP          - 1.09 ± 0.40 4.94 ± 4.0 
3.02 ± 2.72 15.89 

Trophoblast cell line 
    

  

BeWo P-gp  BLQ 
  

 NA 

 
BCRP BLQ 

  
 NA 

 
    

  

BeWo b30 P-gp 0.26 ± 0.22 

  

 1.37 

 

BCRP 2.94 ± 2.54 

  

 15.47 

     
  

JEG-3 P-gp 0.14 ± 0.17 

  

 0.74 

  BCRP 0.99 ± 0.89      5.21 

Membrane vesicles  

 
 

  

  

Overexpressing P-gp P-gp 4.9 ± 3.45 3.80 ± 0.45  5.0 ± 0.80 4.57 ± 0.67 24.05 

Overexpressing 
BCRP 

BCRP 5.2 ± 0.91              22.1 ± 2.67       15.9 ± 1.17 
14.4 ± 8.55 75.79  

 16 

 17 
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 1 

Table 3. Transport of model substrates NMQ (for P-gp) or E1S (for BCRP) in various 2 

batches of membrane vesicles overexpressing P-gp or BCRP. The vesicle batches 3 

correspond to those analyzed for transporter abundance using proteomics. Transport 4 

rates are expressed per mg of total vesicular (crude membrane) protein. Transport 5 

was assessed both in presence and absence of ATP, to assess ATP-dependency of 6 

transport in the presence of 0.1 µM (0.1 pmol/µl) of the substrates. 7 

Overexpressed 
Transporter 

Batch 
Number 

Transport of 
substrate in 
presence of 

ATP  

Transport 
substrate in 
absence of 

ATP 

       Mean ± SD Mean ± SD 

    
(pmol/mg 

protein/min) 

(pmol/mg 
protein/min) 

P-gp 1 19.4 ± 0.08 3.11 ± 0.26 

 
2 23.3 ± 0.20 2.77 ± 0.08 

  3 25.3 ± 0.66 2.98 ± 0.28 

BCRP 1 8.08 ± 0.90 0.79 ± 0.23 

 
2 16.8 ± 0.29 0.25 ± 0.00 

  3 54.8 ± 1.75 0.69 ± 0.18 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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 1 

Table 4. Input parameters for the Simcyp model (hypothetical drug)  2 

Parameter Unit Value 

Physicochemical properties  

Molecular weight  g/mol 129.16 

log Po:w dimensionless -0.43 

Compound Type dimensionless Monoprotic Base 

pKa 1 Dimensionless 11.8 

Plasma fu Dimensionless 1 

B/P Dimensionless 1 

Distribution   

Model  Full PBPK model 

Vss  L/kg 

Predicted using 
Rodgers & Rowland 
method (Rodgers 
and Rowland, 2006) 

Elimination 

CLint (CYP3A4) µL/min/pmol 0.5 

Placental model 

CLPDM L/h/mL placenta 0.005 

CLPDF L/h/mL placenta 0.005 

CLuint_P-gp µL/min/pmol transporter 95.8 

fuinc (P-gp) Dimensionless 1 

ISEF (P-gp) 
 

Dimensionless 1 

CLuint_BCRP µL/min/pmol transporter 36.2 

fuinc (BCRP) Dimensionless 1 

ISEF (BCRP) Dimensionless 1 

System Parameters 

Absolute Abundance (P-gp) pmol / g placental tissue 5.27 

Absolute Abundance (BCRP) pmol / g placental tissue 5.16 

BCRP, breast cancer resistance protein; B/P, blood to plasma partition coefficient; CLPDM, 3 

placenta placental permeability clearance from maternal side to placenta; CLPDF, placental 4 

passive permeability clearance from fetal side to placenta; CLint, intrinsic clearance; CLUint, 5 

unbound intrinsic clearance; CYP3A4, cytochrome P450 3A4; fu, fraction unbound; fuinc, free 6 

fraction of the drug in the in vitro incubation system; ISEF, intersystem extrapolation factor; P-gp, 7 

P-glycoprotein; Vss, volume of distribution at steady state. 8 
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