
1521-009X/46/11/1817–1826$35.00 https://doi.org/10.1124/dmd.118.083329
DRUG METABOLISM AND DISPOSITION Drug Metab Dispos 46:1817–1826, November 2018
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Equilibrative Nucleoside Transporter 1 (ENT1, SLC29A1) Facilitates
Transfer of the Antiretroviral Drug Abacavir across the Placenta

Lukas Cerveny,1 Zuzana Ptackova,1 Martina Ceckova, Rona Karahoda, Sara Karbanova,
Lucie Jiraskova, Susan L. Greenwood, Jocelyn D. Glazier, and Frantisek Staud

Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec Kralove, Charles University, Hradec Kralove, Czech
Republic (L.C., Z.P., M.C., R.K., S.K., L.J., F.S.) and Maternal and Fetal Health Research Centre, Institute of Human Development,

University of Manchester, St. Mary’s Hospital, Central Manchester, University Hospitals NHS Foundation Trust, Manchester
Academic Health Science Centre, Manchester, United Kingdom (S.L.G., J.D.G.)

Received June 24, 2018; accepted August 8, 2018

ABSTRACT

Abacavir is a preferred antiretroviral drug for preventing mother-to-
child human immunodeficiency virus transmission; however, mech-
anisms of its placental transfer have not been satisfactorily
described to date. Because abacavir is a nucleoside-derived drug,
we hypothesized that the nucleoside transporters, equilibrative
nucleoside transporters (ENTs, SLC29A) and/or Na+-dependent
concentrative nucleoside transporters (CNTs, SLC28A), may play a
role in its passage across the placenta. To test this hypothesis, we
performed uptake experiments using the choriocarcinoma-derived
BeWo cell line, human fresh villous fragments, and microvillous
plasmamembrane (MVM) vesicles. Using endogenous substrates of
nucleoside transporters, [3H]-adenosine (ENTs, CNT2, and CNT3)
and [3H]-thymidine (ENTs, CNT1, and CNT3), we showed significant
activity of ENT1 andCNT2 in BeWocells, whereas experiments in the
villous fragments and MVM vesicles, representing a model of the
apical membrane of a syncytiotrophoblast, revealed only ENT1

activity. When testing [3H]-abacavir uptakes, we showed that of
the nucleoside transporters, ENT1 plays the dominant role in
abacavir uptake into placental tissues, whereas contribution of
Na+-dependent transport, most likely mediated by CNTs, was
observed only in BeWo cells. Subsequent experiments with dually
perfused rat term placentas showed that Ent1 contributes signifi-
cantly to overall [3H]-abacavir placental transport. Finally, we
quantified the expression of SLC29A in first- and third-trimester
placentas, revealing that SLC29A1 is the dominant isoform. Neither
SLC29A1 nor SLC29A2 expression changed over the course of
placental development, but there was considerable interindividual
variability in their expression. Therefore, drug-drug interactions and
the effect of interindividual variability in placental ENT1 expression
on abacavir disposition into fetal circulation should be further
investigated to guarantee safe and effective abacavir-based com-
bination therapies in pregnancy.

Introduction

Mother-to-child transmission is the most common route of HIV
infection in children. The risk of vertical HIV transmission can be
minimized by perinatal administration of a combination antiretroviral
therapy that suppresses viral replication in maternal blood and genital
secretions. It has recently been emphasized that combination antire-
troviral therapy should include an antiretroviral drug with high placental
transfer for pre-exposure prophylaxis of the fetus (http://aidsinfo.nih.
gov/contentfiles/lvguidelines/PerinatalGL.pdf).
The functional part of the placental barrier is the polarized multinu-

cleated syncytiotrophoblast, which expresses various carriers, including
equilibrative nucleoside transporters (ENTs) (Staud et al., 2012). ENTs
are ubiquitously occurring proteins belonging to the solute carrier (SLC)

transporter superfamily that mediate bidirectional facilitated diffusion of
nucleosides in tissues to maintain nucleoside homeostasis (Molina-
Arcas et al., 2009). Beyond their physiologic role, ENTs, especially the
two important isoforms ENT1 and ENT2 (Griffiths et al., 1997), affect
the pharmacokinetics of a broad array of nucleoside-derived drugs,
including nucleoside reverse transcriptase inhibitors (didanosine and
zalcitabine), antihepatitis therapeutics (ribavirin and entecavir), or anti-
neoplastic drugs (gemcitabine and cladribine) (Yamamoto et al., 2007;
Molina-Arcas et al., 2009; Ma et al., 2017). Both ENT1 (encoded by
SLC29A1) and ENT2 (encoded by SLC29A2) are transcribed in the human
syncytiotrophoblast (Govindarajan et al., 2007; Yamamoto et al., 2007;
Errasti-Murugarren et al., 2011). ENT1 has been detected in the maternal-
facing (apical) microvillous plasma membrane of the syncytiotrophoblast,
whereas ENT2 is localized on both the apical and fetal-facing (basal)
plasma membrane (Barros et al., 1995; Govindarajan et al., 2007; Errasti-
Murugarren et al., 2011). ENT1-like activity has also been observed on the
syncytiotrophoblast basal plasma membrane despite undetectable ENT1
expression at this locus (Errasti-Murugarren et al., 2011).
Other than ENTs, placental expression of concentrative nucleoside

transporters (CNTs, SLC28A) that mediate unidirectional Na+-dependent
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influx of nucleosides and nucleoside analogs (Molina-Arcas et al., 2009)
has also been suggested, although with conflicting results. Whereas
Errasti-Murugarren et al. (2011) observed protein expression of CNT1
despite very low mRNA expression, Govindarajan et al. (2007) did not
detect protein expression of CNTs in the term placenta. In addition,
Barros et al. (1991) demonstrated that there is no effect of Na+ depletion
on nucleoside uptake into microvillous plasma membrane (MVM)
vesicles.
The expression of drug transporters in the placenta frequently varies

during gestation and differs among individuals (Gil et al., 2005; Mao,
2008; Ahmadimoghaddam et al., 2013). This holds true also for
SLC28A, exhibiting significant interindividual variability and higher
expression in the term placenta compared with the first trimester
(Jiraskova et al., 2018); however, such data are lacking for SLC29A.
Abacavir is a nucleoside analog belonging to the family of nucleoside

reverse-transcriptase inhibitors. It is currently a preferred anti–HIV
compound for mother-to-child transmission prevention (http://aidsinfo.
nih.gov/contentfiles/lvguidelines/PerinatalGL.pdf). Transplacental trans-
fer of abacavir in humans has been investigated only sparsely, and its
cord-to-maternal-blood concentration ratio is variable, ranging from 62%
to 163% at term (Chappuy et al., 2004; Best et al., 2006; Fauchet et al.,
2014). The pharmacokinetics of antiviral drugs are frequently affected by
the activity of drug transporters (Kis et al., 2010; Neumanova et al., 2014,
2015, 2016; Ceckova et al., 2016). Abacavir is a known substrate of
P-glycoprotein (ABCB1) and breast cancer resistance protein
(ABCG2) (Shaik et al., 2007; Giri et al., 2008; Neumanova et al.,
2015), and we recently demonstrated that these transporters may limit
abacavir maternal-to-fetal transfer (Neumanova et al., 2015). Impor-
tantly, abacavir was reported to reduce nucleoside uptake in vitro,
raising the possibility that abacavir is also a substrate for ENTs (Hong
et al., 2000; Li et al., 2015).
Because a detailed understanding of drug interactions with placental

transporters is required to guarantee safe and effective therapy during
pregnancy (Staud et al., 2012; Thomas and Yates, 2012; Staud and
Ceckova, 2015), we sought to determine whether ENTs play a role in the
transplacental transfer of abacavir. We analyzed abacavir uptake into the
placental choriocarcinoma-derived cell line BeWo and fresh villous
placental fragments and MVM vesicles, both derived from the human
term placenta.We then performed in situ dual-perfusion studies in the rat
term placenta to quantify the role of ENTs in total transplacental
abacavir clearance. In all experimental models, we also considered the
potential contribution of CNTs to abacavir placental kinetics. Finally,
using a quantitative polymerase chain reaction (PCR) method, we
investigated the expression of SLC29A1 and SLC29A2 and their inter-
and intraindividual variability in the first- and third-trimester human
placenta.

Material and Methods

Chemicals and Reagents. The radiolabeled compounds [3H]-abacavir (0.05
or 0.1 Ci/mM), [3H]-adenosine (23 Ci/mM), and [3H]-thymidine (74 Ci/mM)
were purchased from Moravek Biochemicals (Brea, CA); adenosine represents a
model substrate of ENT1, ENT2, CNT2, and CNT3, whereas thymidine is
transported by ENT1, ENT2, CNT1, and CNT3 (Molina-Arcas et al., 2009). The
specific ENT inhibitor S6-(4-nitrobenzyl)mercaptopurine riboside (NBMPR) and
the competitive inhibitors of ENTs and CNTs, uridine and adenosine (Molina-
Arcas et al., 2009; Errasti-Murugarren et al., 2011), were purchased from Sigma-
Aldrich (St. Louis, MO); NBMPR (0.1 mM) selectively inhibits human and rat
ENT1/Ent1, whereas a concentration of 100 mM abolishes the activity of both
human and rat ENT1/Ent1 and ENT2/Ent2 (Chishu et al., 2008; Sai et al., 2008;
Molina-Arcas et al., 2009; Nishimura et al., 2011, 2012; Karbanova et al., 2017).
Pentobarbital (Nembutal) was purchased from Abbott Laboratories (Abbott Park,
IL). Solvent dimethylsulfoxide was obtained from Sigma-Aldrich, and its

volume/volume concentration was 0.1% in all experiments. All other chemicals
were of analytical grade. Bicinchoninic acid (BCA) assay reagents were
purchased from Thermo Scientific (Rockford, IL), and Bradford Reagents were
purchased from Sigma-Aldrich.

Cell Lines. The human choriocarcinoma-derived BeWo cell line was
purchased from the European Cell Culture Collection (Salisbury, Wiltshire,
UK). Cells were cultured in Ham’s F12 medium supplemented with 10% fetal
bovine serum (Karbanova et al., 2017). The cells were cultured at 37�C under an
atmosphere containing 5% CO2.

Animals. PregnantWistar rats were purchased fromMediTox s.r.o. (Konarovice,
Czech Republic) and maintained under 12/12-hour day/night standard conditions
with water and chow pellets ad libitum. Experiments were performed on day 21 of
gestation (counted from the day when copulation plug was found). Overnight-fasted
rats were anesthetized by administering a dose of 40 mg of pentobarbital/kg
bodyweight (Nembutal; Abbott Laboratories) into the tail vein. All experiments were
approved by the Ethical Committee of the Faculty of Pharmacy in Hradec Kralove
(Charles University in Prague, Prague, Czech Republic) and were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals (2011) and
the European Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes.

Sample Collection of Human and Rat Placentas. Third-trimester placentas
were obtained from uncomplicated pregnancies (n = 14) following elective
cesarean section at term (between weeks 38 and 41 of gestation). First-trimester
placentas (n = 7) were acquired from voluntary interruption of physiologically
ongoing pregnancies between weeks 9 and 13 of gestation as described previously
(Ahmadimoghaddam et al., 2013). All participants provided written informed
consent. Rat term placentas were collected from five rats on day 21 of pregnancy
(n = 5). The samples were frozen in liquid nitrogen immediately after surgery and
then stored at 280�C until analysis.

RNA Isolation and Reverse Transcription. Total RNA was isolated from
weighed tissue samples or directly from BeWo cells using Tri-Reagent solution
purchased from Molecular Research Centre (Cincinnati, OH) according to the
manufacturer’s instructions. The purity of the isolated RNA was checked by the
A260/A280 ratio, and RNA integrity was confirmed by electrophoresis on 1%
agarose gel. The concentration of RNA was calculated by A260 measurement.
RNA was converted into cDNA using the gb Reverse Transcription Kit from
Generi Biotech s.r.o. (Hradec Kralove, Czech Republic) on a T100 Thermal
Cycler (Bio-Rad, Hercules, CA).

Qualitative End-Point PCR Analysis. End-point PCR was carried out in
BeWo cells and samples of rat/human term placentas to verify expression of target
genes in our experimental models. cDNA (25 ng) was amplified in a 20-ml
reaction volume using MyTaq Red DNA Polymerase (cat. no. BIO-21108;
Bioline, Taunton, MA) according to the manufacturer’s instructions using a Bio-
Rad T100 Thermal Cycler. For amplification of human SLC29A1 and SLC29A2 in
human placentas and BeWo cells, we used primers designed by Yamamoto et al.
(2007) that provide amplicons of 512 and 470 bp, respectively (Yamamoto et al.,
2007). PCR analysis of rat placental samples was performed using 59-
CCAAGAGGAGGAAGAGAGGAATC-39 and 59-TAAAGAGGGAGGG-
CAGGTAGTG-39 as the forward and reverse primers, respectively, for SLC29A1,
and 59-CCCACAGACACCTTCAACTTCA-39 and 59-GTGCTGTAGGTA-
GAAGGCATGGT-39 as the forward and reverse primers for SLC29A2, providing
amplicons of 400 and 302 bp, respectively. The PCR cycling conditions usedwere
95�C for 3 minutes followed by 50 cycles of 95�C for 30 seconds, 56�C for
30 seconds, and 72�C for 45 seconds, followed by 10minutes at 72�C. Amplicons
were analyzed on 1.5% agarose gel labeled with GelRed Nucleic Acid Stain
(Biotium, Hayward, CA) using the HyperLadderTM 100 bp DNA length marker
(Bioline).

Quantitative PCR Analysis. Quantitative PCR analysis of SLC29A1 and
SLC29A2 expression in rat term placentas, BeWo cells, and first- and third-
trimester human placentas was performed using QuantStudio 6 (Thermo Fisher
Scientific,Waltham,MA). cDNA (25 ng) prepared from rat tissue andBeWo cells
was analyzed in 20-ml reaction volumes in a 96-well plate. Human placental
cDNA (10 ng) was amplified in a 384-well plate, with total reaction volumes of
10 ml per well. PCR was performed using the TaqMan Universal Master Mix II
without uracil-DNA glycosylase (Thermo Fisher Scientific) and predesigned
TaqMan Real Time Expression PCR assays for human (h) or rat (r) SLC29A1
(Hs01085704_g1c, Rn01648953_m1) and SLC29A2 (Hs00155426_m1,
Rn01479421_m1). For greater precision during the mRNA quantification of
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target genes, data were normalized against the geometric mean of expres-
sion of two previously identified TaqMan housekeeping genes: B2M
(Hs00187842_m1) and GAPDH (Hs02758991_g1) for human samples, and
Ywhaz (Rn00755072_m1) and Gapdh (Rn01775763_g1) for rat samples
(Ahmadimoghaddam et al., 2013; Cerveny et al., 2016). Stable expression of
both reference genes was verified before beginning the quantitative analysis.
Each sample was amplified in triplicate using the following PCR cycling
profile: 95�C for 3 minutes, followed by 40 cycles at 95�C for 15 seconds and
60�C for 60 seconds. Analyses of amplification efficiency (Pfaffl, 2001) for
SLC29A1 and SLC29A2 yielded values of �2-fold increase per PCR cycle
(data not shown), making it possible to compare the expression data for the
two genes. Expression levels are reported in arbitrary units and were derived
by normalizing the expression of the target gene against that of the reference
genes (Radilova et al., 2009).

In Vitro Accumulation Studies in BeWo Cells. For uptake experiments,
BeWo cells were seeded at a density of 3.5� 105 on 24-well culture plates (TPP
Techno Plastic Products, Trasadingen, Switzerland) and cultured for 3 days until
confluence with daily medium replacement. Uptake experiments were performed
as previously described, with modifications (Yamamoto et al., 2007; Karbanova
et al., 2017). In brief, experiments were performed in 0.25 ml of control
(Na+-containing) buffer (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM
MgSO4, 5 mM glucose, and 25mMTris) or Na+-free buffer (Na+ was replaced by
N-methyl-D-glucamine). Two model substrates of nucleoside transporters, [3H]-
adenosine (17.4 nM) and [3H]-thymidine (5 nM), were used as positive controls
(Molina-Arcas et al., 2009) at a final activity of 0.4 mCi/ml. Time-dependent
uptakes of [3H]-adenosine (17.4 nM), [3H]-thymidine (5 nM), and [3H]-abacavir
(10 mM) in both Na+-containing and Na+-free buffers were assessed. Based on
time-course data, the effect of NBMPR (0.1 or 100 mM) or uridine (5 mM) as
control inhibitors on [3H]-adenosine (17.4 nM) and [3H]-abacavir (10 mM)
accumulation was subsequently evaluated over 5- and 1-minute intervals,
respectively. Before the start of the experiment, cells were preincubated for
10 minutes in the respective buffer with or without the aforementioned inhibitors.
Accumulation was stopped by quick aspiration of the radioactivity-containing
buffer. Then, cells were washed twice with 0.75 ml of buffer containing the
appropriate inhibitor, after which the cells were lysed in 0.02% SDS. The
intracellular concentrations of radioisotopes were determined and normalized
against the protein content (Pierce BCA Protein Assay Kit; Thermo Fisher
Scientific).

Ex Vivo Accumulation Studies in Fresh Villous Fragments from Human
Placenta. Ex vivo analysis of [3H]-abacavir uptake by the human placenta was
performed using the method of accumulation in fresh villous fragments of
human placentas at term (Atkinson et al., 2006; Greenwood and Sibley, 2006;
Neumanova et al., 2015; Karbanova et al., 2017). In brief, placentas were
collected at term after uncomplicated pregnancies (after 38–40 weeks of
gestation) from women at St. Mary’s Hospital (Manchester, UK) or from the
University Hospital (Hradec Kralove, Czech Republic) after receiving the
women’s written informed consent as approved by the Local Research Ethics
Committees (REC 12/NW/0574 and 201006S15P, respectively). Small fragments
of villous tissue were dissected within 30 minutes of delivery, appropriately
washed in either Na+-containing Tyrode’s buffer (135 mM NaCl, 5 mM KCl,
1.8 mM CaCl2, 1 mMMgCl2, 10 mM HEPES, 5.6 mM glucose, pH 7.4) or Na+-
free Tyrode’s buffer (Na+ was replaced by choline chloride), and then tied to
hooks. Before the experiments, the fragments were stabilized for 30 minutes in a
1:1 mixture of Na+-containing or Na+-free Tyrode’s buffer and Dulbecco’s
modified Eagle’s medium (4 ml). Initially, we determined the time courses of
[3H]-adenosine (0.5 mCi/ml; 21.8 nM), [3H]-thymidine (0.5 mCi/ml; 6 nM), and
[3H]-abacavir (0.5mCi/ml, 5mM) uptakes in control buffer with/without NBMPR
(100 mM) or in the absence of Na+ to confirm ENT and CNT activity in placental
fresh villous fragments. Based on the time-course data, we next investigated the
effect of selected inhibitors (NBMPR at 100 and 0.1 mM, or uridine at 5 mM) on
[3H]-adenosine and [3H]-abacavir uptake after 5 minutes of incubation. To
terminate accumulation and remove extracellularly bound isotope, fragments
were vigorously washed twice in an excess of ice-cold Tyrode’s buffer containing
the appropriate inhibitor for 15 seconds. Villous fragments were subsequently
stored in distilled water for 18 hours, and the quantity of radioisotope releasedwas
determined. The fragments were then removed from the water and dissolved in
0.3 M NaOH for 10 hours at 37�C, after which fragment protein content was
quantified using the Bradford protein assay (Bio-Rad). Finally, the NaOH lysate

was analyzed for tissue-bound radioisotopes; samples were excluded from further
analysis if the lysate’s radioisotope content was above 1% of the amount of tracer
added.

Preparation of MVM Vesicles and Uptake Assays. MVM vesicles were
used to directly analyze the role of ENTs in [3H]-abacavir transport across the
apical plasma membrane of the human syncytiotrophoblast layer. Human
placentas were obtained as described in the previous paragraph. MVM vesicles
were isolated by Mg2+ precipitation and differential centrifugation (Glazier et al.,
1988; Ceckova et al., 2016). The final MVM pellet was resuspended in
intravesicular buffer (290 mM sucrose, 5 mM HEPES, and 5 mM Tris, pH
7.4), vesiculated by passing 15 times through a 25-gauge needle, stored at 4�C,
and used within 3 days of isolation or frozen at280�C and equilibrated to room
temperature on the day of the experiment. Comparable uptake rate in fresh and
thawed vesicles was verified before initiation of uptake experiments. The MVM
protein concentration was determined using the BCA assay. Optimal purity was
confirmed by measuring the enrichment of MVM alkaline phosphatase activity
related to the placental homogenate, whereas vesicle orientation was evaluated by
comparing specific alkaline phosphatase activity upon addition of detergent, as
described previously (Glazier et al., 1988). The alkaline phosphatase enrichment
factor was 25.2 6 6.39 (mean 6 S.D., n = 8), and percentage of physiologically
orientated vesicles was 87.2% 6 8.79%, documenting that potential contamina-
tion of the MVM vesicles with basal plasma membrane and/or intracellular
membranes was negligible (Glazier et al., 1988; Mahendran et al., 1994; Godfrey
et al., 1998; Harrington et al., 1999), and thus, the quality of MVM vesicles was
sufficient for functional study of apically localized placental ENTs and CNTs.
Uptake of [3H]-adenosine (3.3 mCi/ml; 0.145 mM), [3H]-thymidine (3.3 mCi/ml;
1 mM), and [3H]-abacavir (0.5 mCi/ml; 5 mM) into MVM vesicles was measured
at room temperature using a rapid vacuum filtration approach (Glazier and Sibley,
2006). MVM vesicles (10–20 mg protein/ml) were equilibrated to room
temperature (21�C–25�C) prior to uptake. Ten microliters of MVM was
preincubated for 10 minutes with or without inhibitor (0.1, 100 mM NBMPR;
1 mMuridine; or 1 mM adenosine) in extravesicular buffer (145 mMNaCl, 5 mM
HEPES, and 5 mM Tris, pH 7.4; for Na+-free buffer, KCl was used instead of
NaCl). Uptake of [3H]-adenosine, [3H]-thymidine, or [3H]-abacavir was initiated
by adding the substrate diluted in extravesicular buffer to the preincubated MVM
vesicles. Uptake was halted after defined time points by adding 2 ml of ice-cold
stopping buffer (130mMNaCl, 10mMNa2HPO4, 4.2 mMKCl, 1.2 mMMgSO4,
0.75 mM CaCl2, pH 7.4) with 100 mM NBMPR where appropriate and
subsequent filtering through a 0.45-mm mixed cellulose ester filter (MF-
Millipore membrane filter HAWP02500; MilliporeSigma, Burlington, MA)
under vacuum. Filters were washed with 10 ml of stopping buffer, and the
filter-associated radioactivity was determined. No protein controls (in which the
MVM vesicle protein was replaced with intravesicular buffer) were analyzed in
parallel to determine tracer binding to the filter, which was subtracted from the
total vesicle count. Unspecific binding of all three compounds to the plasma
membrane was excluded by measuring time zero uptakes, showing comparable
values to the no-protein controls.

In Situ Dual Perfusion of the Rat Term Placenta. Transplacental transport
of [3H]-abacavir was measured using dually perfused rat term placentas in open-
and closed-circuit setups as described previously (Neumanova et al., 2014, 2015,
2016; Ceckova et al., 2016; Karbanova et al., 2017; Cerveny et al., 2018). At the
end of each experiment, the placenta was perfused with radioactivity-free buffer
for 10 minutes, then excised from the uterine tissue and dissolved in Solvable
tissue solubilizer (PerkinElmer, Waltham, MA), after which tissue-bound [3H]-
abacavir was determined.

An open-circuit perfusion system was used to assess the effect of NBMPR (0.1
and 100mM) or uridine (5mM) onmaternal-to-fetal (M→F) and fetal-to-maternal
(F→M) clearances of [3H]-abacavir at an activity of 0.06 mCi/ml, corresponding
to a concentration of 300 nM. The appropriate inhibitor was added to both
reservoirs immediately after successful surgery, and [3H]-abacavir was added to
either the maternal (M→F studies) or the fetal (F→M studies) reservoir. After a
5-minute stabilization period, sample collection was started (this experimental
time point was designated 0 minutes). Fetal effluent samples were collected at
5-minute intervals and placed in preweighed vials, after which [3H]-abacavir
concentration was determined and the transplacental clearance was calculated as
described previously (Neumanova et al., 2014, 2015).

A closed-circuit (recirculation) perfusion system was used to further study the
involvement of ENTs in transplacental abacavir transport. The maternal and fetal
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sides of the placenta were infused with equal concentrations of [3H]-abacavir
(0.06 mCi/ml, 300 nM). NBMPR (0.1 mM) was then added into both
compartments, and after a 5-minute stabilization period, the fetal perfusate
(10 ml) was recirculated for 60 minutes. Samples (250 ml) were then collected
every 10 minutes from the maternal and fetal reservoirs.

Radioisotope Analysis. The concentrations of [3H]-adenosine, [3H]-
thymidine, and [3H]-abacavir in experimental samples were measured by liquid
scintillation counting (Tri-Carb 2910 TR; PerkinElmer). Tested concentrations of
[3H]-adenosine, [3H]-thymidine, and [3H]-abacavir differed among experimental
procedures, as the lowest possible concentrations providing sufficient activity
measurable in respective experimental systems were used; the low concentrations
prevented transporter saturation, guaranteeing method sensitivity. The radioiso-
topes have been previously used to investigate their interactions with membrane
transporters (Pan et al., 2007; Shaik et al., 2007; Chishu et al., 2008; Giri et al.,
2008; Neumanova et al., 2015; Karbanova et al., 2017). The radioisotope
quantitation of [3H]-adenosine and [3H]-thymidine is complicated by its extensive
placental metabolism (Dancis et al., 1993; Acevedo et al., 1995). Since the major
metabolites are not transported by ENTs (Osses et al., 1996), it can be assumed
that these had a negligible impact on the uptake studies.

Statistical Analyses. Quantitative PCR data were processed using the
nonparametric unpaired Mann-Whitney test or the parametric unpaired two-
tailed Student’s t test where appropriate. Results collected from accumulation
studies in BeWo cells and dual-perfusion studies on rat placentas were processed
by parametric unpaired two-tailed Student’s t test and one-way analysis of

variance after a post hoc Dunnett’s multiple comparison test. Uptake studies on
fresh villous fragments and vesicles prepared from human placentas were
analyzed using the nonparametric unpaired Kruskal-Wallis test following Dunn’s
multiple comparison test and multiple and nonparametric Wilcoxon matched-
pairs signed rank tests, respectively. All statistical calculations were performed
with GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA).

Results

End-Point PCR Analysis of SLC29A1 and SLC29A2 mRNA
Expression in BeWo Cells Human and Rat Term Placentas. We
first confirmed the expression of SLC29A1 and SLC29A2 mRNA
(encoding ENT1 and ENT2, respectively) in BeWo cells and human
and rat term placentas. Amplicons specific for the primer pairs used
(512 bp for hSLC29A1 and 470 bp for hSLC29A2; 400 bp for rSlc29a1
and 302 bp for rSlc29a2) were detected in all tested samples (Fig. 1).
In Vitro Investigation of Nucleoside Transporters’ Role in [3H]-

Abacavir Uptake Using BeWo Cells. BeWo cells were used as a
simple in vitromodel of the placental barrier to investigate potential roles
of ENTs and CNTs in the transplacental kinetics of abacavir. We first
analyzed time-dependent uptake of [3H]-adenosine (17.4 nM), [3H]-
thymidine (5 nM), and [3H]-abacavir (10 mM) (Fig. 2, A–C), showing a
significant effect of Na+ depletion on [3H]-adenosine and [3H]-abacavir.

Fig. 1. End-point PCR analysis of hSLC29A1/rSlc29a1 and
hSLC29A2/rSlc29a2 mRNA expression in BeWo cells and term
human and rat placentas. The expected sizes of the PCR products
were 512 bp for hSLC29A1, 470 bp for hSLC29A2, 400 bp for
rSlc29a1, and 302 bp for rSlc29a2.

Fig. 2. In vitro accumulation study in choriocarcinoma-derived BeWo cells. Time-dependent uptakes of [3H]-adenosine (17.4 nM) (A), [3H]-thymidine (5 nM) (B), and [3H]-
abacavir (10 mM) (C) in control (Na+-containing) buffer and under Na+ depletion showed that [3H]-adenosine and [3H]-abacavir, but not [3H]-thymidine, intracellular
concentrations were reduced by Na+ depletion. NBMPR (0.1 and 100 mM), uridine (5 mM), and Na+ depletion significantly reduced intracellular concentrations of [3H]-
adenosine (D) and [3H]-abacavir (E) over 5- and 1-minute accumulations, respectively. Each value is reported in picomolar per microgram protein as the mean 6 S.D.; n =
4 for time-dependent uptakes and n = 5 for accumulation at selected time points. The parametric unpaired two-tailed Student’s t test (A–C) and one-way analysis of variance
with Dunnett’s post hoc test (D and E) were used to evaluate the difference from control samples. Statistical significance is denoted (*P# 0.05; **P# 0.01; ***P# 0.001).
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Subsequently, NBMPR (0.1 and 100 mM), uridine (5 mM), and Na+

depletion were shown to reduce [3H]-adenosine uptake over 5minutes of
incubation by more than 70% relative to an uninhibited control (Fig.
2D). These results confirmed the activity of ENT1 and CNTs in BeWo
cells. All tested inhibitors affected 1-minute accumulation of [3H]-
abacavir in a similar but less-pronounced fashion, reducing its uptake by
around 30% (Fig. 2E), suggesting a contribution of ENT1 and other Na+-
dependent transporters, most likely CNTs, to [3H]-abacavir membrane
transfer.
Ex Vivo Analysis of Nucleoside Transporters’ Role in [3H]-

Abacavir Uptake by Human Fresh Villous Placental Fragments.
Weperformed ex vivo accumulation studies with fresh villous fragments
isolated from the human placenta to evaluate the role of ENTs and CNTs
in abacavir uptake. We observed that the placental fragments exhibited a
time-dependent increase in [3H]-adenosine (21.8 nM) and [3H]-
thymidine (6 nM) accumulation without any significant effect of Na+

depletion (Fig. 3, A and B). This suggests no or negligible activity of
CNTs in the apical membrane of the term placenta. NBMPR (100 mM)
reduced time-dependent accumulation of both model substrates, con-
firming ENT activity (Fig. 3, A and B). Over a 5-minute [3H]-adenosine
accumulation period, the effect of treatment with NBMPR at 0.1 mM
was similar to that for treatment at 100 mM (Fig. 3D), indicating that, of
the ENTs, ENT1 is a dominant adenosine placental transporter; in
contrast, uridine (5 mM) had no significant effect (Fig. 3D).
The accumulation of [3H]-abacavir was also time-dependent, al-

though it was insensitive to both the presence of NBMPR (100 mM) and
depletion of Na+ (Fig. 3C). Moreover, upon a 5-minute incubation

period, none of the tested inhibitors revealed a significant effect on [3H]-
abacavir uptake into fresh villous fragments after 5 minutes of
incubation (Fig. 3E).
Investigation of Nucleoside Transporters’ Effects on [3H]-

Abacavir Uptake into Human Placental MVM Vesicles. Because
of the discrepancies between our in vitro and ex vivo results, we
evaluated the role of ENTs and CNTs in [3H]-abacavir uptake directly in
MVM vesicles. [3H]-Adenosine (0.145 mM), [3H]-thymidine (1 mM),
and [3H]-abacavir (5 mM) showed time-dependent accumulation into
MVM vesicles (Fig. 4, A–C). As observed in villous fragments, the
uptakes were insensitive to Na+ depletion, confirming no or negligible
functional expression of CNTs in the apical membrane of the term
placenta. Addition of NBMPR (0.1 or 100 mM) or uridine (1 mM)
caused significant reduction in the 1-minute accumulation of [3H]-
adenosine (Fig. 4D), indicating the functional activity of ENTs in MVM
vesicles. A similar inhibition pattern was observed in the case of [3H]-
abacavir (Fig. 4E) over 1-minute uptake. Furthermore, we tested the
inhibitory potential of adenosine (1 mM) in [3H]-abacavir accumulation,
revealing an effect comparable to uridine (1 mM). A significant effect of
100 mMNBMPR on [3H]-abacavir uptake into MVM vesicles was also
observed over 5- and 10-minute incubations (Fig. 4C).
In Situ Open-Circuit Perfusion of the Rat Term Placenta; Effect

of ENTs on Transplacental [3H]-Abacavir Clearance. Because
uptake studies performed in vitro and usingMVMvesicles had indicated
that ENTs may drive placental [3H]-abacavir uptake, we investigated the
ability of rat Ent(s) to facilitate abacavir transfer across the placental
barrier. Treatment with NBMPR (0.1, 100 mM) or uridine (5 mM)

Fig. 3. Ex vivo accumulation studies in human placental fresh villous fragments. Time-dependent uptakes of [3H]-adenosine (21.8 nM) (A), [3H]-thymidine (6 nM) (B), and
[3H]-abacavir (5 mM) (C) in control (Na+-containing) buffer, under Na+ depletion, or in the presence of NBMPR (100 mM) showed that exposure to NBMPR (100 mM)
resulted in decreased intracellular accumulation of [3H]-adenosine and [3H]-thymidine, but not [3H]-abacavir, whereas Na+ depletion did not exhibit any effect. (D) Over a
5-minute accumulation, uptake of [3H]-adenosine was significantly slowed by the inhibitor NBMPR (0.1 and 100 mM). (E) None of the tested inhibitors significantly affected
accumulation of [3H]-abacavir. Data are presented as the median of picomolar per microgram protein with interquartile range; n$ 3 for time-dependent accumulation and n =
6 for evaluation of effects of selected nucleoside transporters’ inhibitors at 5-minute time point (n = number of placenta donors). Statistical significance was evaluated using
the nonparametric Kruskal-Wallis test followed by post hoc Dunn’s multiple comparison test. Significant differences relative to the control are labeled (*P # 0.05; **P #
0.01).
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caused similar and significant changes in total [3H]-abacavir trans-
placental clearance, reducing it by�50% in both theM→F (Fig. 5A) and
F→M (Fig. 5B) directions. This strongly suggests that Ent1 does
participate in abacavir transport across the rat term placenta into fetal
circulation. In all cases, the proportion of placental tissue-bound [3H]-
abacavir was below 1% (data not shown).
In Situ Closed-Circuit Perfusion of the Rat Term Placenta;

Effect of NBMPR (0.1 mM) on Fetal-To-Maternal Transport of
[3H]-Abacavir at Equilibrium. To further study transplacental abacavir
transport, both sides of the placenta were perfused with the concentration

of [3H]-abacavir (300 nM) used in the closed-circuit experimental setup,
and we analyzed the time course of [3H]-abacavir fetal concentration
(Fig. 6A). The fetal-to-maternal concentration ratio after 60 minutes of
recirculation was subsequently quantified (Fig. 6B). NBMPR at a
concentration of 0.1 mM significantly slowed F→M transport of [3H]-
abacavir (Fig. 6A), increasing the fetal-to-maternal concentration ratio
(Fig. 6B). This suggests that NBMPR (0.1 mM) might inhibit Ent1- or
Ent1-like uptake of [3H]-abacavir on the basal membrane of the
syncytiotrophoblast in the rat term placenta, thus abolishing F→M
transfer of [3H]-abacavir against the concentration gradient in rats.

Fig. 4. Ex vivo accumulation studies in human MVM vesicles isolated from human term placentas. Time-dependent uptake studies with [3H]-adenosine (0.145 mM) (A),
[3H]-thymidine (1 mM) (B), and [3H]-abacavir (5 mM) (C) in control (Na+-containing) buffer, under Na+ depletion, or in the presence of NBMPR (100 mM) showed that Na+

depletion did not cause any significant effect on [3H]-adenosine, [3H]-thymidine, or [3H]-abacavir, and NBMPR (100 mM) significantly slowed [3H]-abacavir accumulation.
One-minute accumulation of [3H]-adenosine (D) and 5 mM [3H]-abacavir (E) was significantly decreased in the presence of NBMPR (0.1 or 100 mM) or uridine (1 mM).
Additionally, adenosine (1 mM) showed a significant effect on [3H]-abacavir uptake. The data are presented as the median with interquartile range (n$ 3 for time-dependent
uptakes and n = 9 for 1-minute accumulation studies). Significance was evaluated by multiple nonparametric Wilcoxon matched-pairs signed rank tests; significant
differences relative to the control are denoted (*P # 0.05; **P # 0.01).

Fig. 5. Open-circuit perfusion experiments;
effect of ENTs on transplacental clearance of
[3H]-abacavir (0.06 mCi/ml, 300 nM) in the
M→F (A) and F→M (B) directions. Both
NBMPR (at concentrations of 0.1 or 100 mM)
and uridine (5 mM) significantly reduced
transplacental [3H]-abacavir clearance in both
directions, implying Ent1 facilitates abacavir
passage across the placenta. The proportion of
[3H]-abacavir bound to placental tissues was
below 1% in all cases (data not shown). Data
are presented as the mean 6 S.D., n = 4.
Significance was evaluated by one-way analy-
sis of variance followed by post hoc Dunnett’s
multiple comparison test; statistically signifi-
cant differences from the control are denoted
(*P # 0.05; **P # 0.01; ***P # 0.001).
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Quantitative Reverse-Transcription PCR Analysis of
hSLC29A1/rSlc29a1 and hSLC29A2/rSlc29a2 Expression in First-
and Third-Trimester Human Placentas, Rat Term Placentas, and
BeWo Cells. To date, mRNA expression of placental SLC29A/Slc29a
transporters has been quantitatively assessed only in term placentas of rats
(Leazer and Klaassen, 2003; Nishimura et al., 2012), not in BeWo cells or
human first-/third-trimester placentas. The normalized expression of
hSLC29A1 in first- and third-trimester human placentas was significantly
greater than that of hSLC29A2 (by a factor of around 30); the level of
hSLC29A2mRNAwas below the limit of detection in two samples of both
first- and third-trimester placentas (Fig. 7A). For both hSLC29A1 and
hSLC29A2, the level of mRNA in the first-trimester placenta was similar to
that in the third. However, both genes exhibited considerable interindivid-
ual variability; in the case of hSLC29A2, the observed levels varied over
two orders of magnitude (Fig. 7A). The expression of rSlc29a1 in the rat
term placentas was 15-fold stronger than that of rSlc29a2 (Fig. 7B), further
confirming the published data, and the expression of hSLC29A1 in BeWo
cells was 40-fold higher than that of hSLC29A2 (Fig. 7C).

Discussion

To fully assess the safety profile of pharmacotherapy in pregnant
women, it is important to understand factors potentially affecting

transplacental pharmacokinetics (Brownbill et al., 2016). As abacavir
is a nucleoside analog, our study is the first attempt to investigate the role
of nucleoside transporters in its transplacental transfer.
We first confirmed the presence of SLC29A1 and SLC29A2mRNA in

the BeWo cell line and human/rat term placentas (Fig. 1). Subsequently,
we used the accumulation method in BeWo cells, a well established
in vitro model for studying drug interactions with placental ABCB1 and
ABCG2 transporters (Utoguchi et al., 2000; Ceckova et al., 2006) as
well as with SLC transporters (Boumah et al., 1992; Mani et al., 1998;
Yamamoto et al., 2007; Nabekura et al., 2015; Karbanova et al., 2017;
Ma et al., 2017). The presence of functional ENTs in BeWo cells has
previously been confirmed by binding assays with NBMPR and by
observing the effect of NBMPR on the accumulation of thymidine
(Boumah et al., 1992; Mani et al., 1998; Karbanova et al., 2017).
Recently, we have shown that our clone of BeWo expresses SLC28A2
and lower levels of SLC28A3 mRNA (Jiraskova et al., 2018). Here, we
observed the effect of Na+ depletion on [3H]-adenosine (CNT2 and
CNT3 substrate) but not [3H]-thymidine (CNT1 and CNT3 substrate)
(Molina-Arcas et al., 2009) (Fig. 2, A and B). Therefore, we suggest the
functional expression of only CNT2 in BeWo cells. As [3H]-abacavir
uptake into BeWo cells was sensitive to Na+ depletion (Fig. 2, C and E),
we concluded that CNT2 may contribute to this phenomenon. Subse-
quently, we used [3H]-adenosine to study the effects of particular

Fig. 6. Closed-circuit perfusion experiments;
effect of NBMPR (0.1 mM) on fetal-to-
maternal transport of [3H]-abacavir (300 nM)
at equilibrium. We analyzed the time course of
the fetal [3H]-abacavir concentration (A) and
used the fetal-to-maternal concentration ratio to
quantify the drug’s transport after 60 minutes of
recirculation (B). Adding NBMPR (0.1 mM) to
both compartments significantly slowed the
overall [3H]-abacavir transfer against the con-
centration gradient in the maternal-to-fetal
direction, leading to a significant increase in
the fetal-to-maternal concentration ratio after
60 minutes. Results are presented as the mean
6 S.D. Significance was evaluated by one-way
analysis of variance followed by post hoc
Dunnett’s multiple comparison test; significant
differences relative to the fetal concentration
(A) or results for control animals (B) are
denoted (***P # 0.001) and are based on n =
3 measurements in all cases.

Fig. 7. Quantitative reverse-transcription PCR analysis of hSLC29A1/rSlc29a1 and hSLC29A2/rSlc29a2 mRNA expression in first- and third-trimester human placentas (A),
rat term placentas (B), and BeWo cells (C). Gene expression levels were normalized against the geometric mean expression of two housekeeping genes: GAPDH and B2M
for human samples, and Gapdh and Ywhaz for rat samples. Data are reported in arbitrary units (a.u.) as the median with interquartile range (A and B) or mean6 S.D. (C); n =
14 for third-trimester human placentas and BeWo samples, n = 7 for first-trimester human placentas, and n = 5 for rat placentas. Statistical significance for human and rat
placenta samples was evaluated using the nonparametric unpaired Mann-Whitney test (**P # 0.01; ***P # 0.001). The parametric unpaired two-tailed Student’s t test
(***P # 0.001) was used to evaluate significance for BeWo cells.
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inhibitors because its structure resembles abacavir more closely than
does that of thymidine. NBMPR at both tested concentrations (0.1 and
100 mM) and uridine (5 mM) induced comparable reductions in [3H]-
adenosine uptake into BeWo cells (Fig. 2D), indicating that the observed
effect was solely due to ENT1. Time-dependent uptake and a similar
pattern of NBMPR effects were observed with [3H]-abacavir, suggesting
that abacavir uptake into BeWo cells is driven by ENT1 without any
detectable contribution of ENT2 (Fig. 2, C and E).
To further study the nucleoside transporter-mediated placental uptake

of abacavir, we investigated its accumulation into fresh villous fragments
that have been previously used to study human placental amino acid
transport (Greenwood and Sibley, 2006) and the interactions of abacavir
with ABCB1 and ABCG2 (Neumanova et al., 2015) and zidovudine/
emtricitabine with ENTs (Karbanova et al., 2017). We validated this
experimental model using [3H]-adenosine and [3H]-thymidine, observing
time-dependent uptakes. Significant sensitivity to treatment with 100mM
NBMPR confirmed functional ENT expression; however, we did not see
any effect of Na+ depletion (Fig. 3, A and B). Five-minute experiments
with [3H]-adenosine in the presence of NBMPR (0.1 mM) reinforced the
conclusion that placental [3H]-adenosine uptake is substantially driven by
ENT1 (Fig. 3D). The overall influence of the tested inhibitors on [3H]-
abacavir accumulation was negligible (Fig. 3E). Lack of a significant role
of ENTs on [3H]-abacavir uptake in villous fragmentsmight be caused by
a lower affinity of abacavir to ENT1 compared with adenosine and/or
higher lipophilicity (abacavir log P = 1.2 vs. adenosine log P = 21.05),
potentially leading to increased uptake into other cell types (e.g.,
macrophages, endothelium, and/or smooth muscle cells) (Greenwood
and Sibley, 2006).

Given the discrepancy between results in villous fragments and BeWo
cells, we performed accumulation studies directly in human placenta-
derived MVM vesicles (Glazier and Sibley, 2006). This method has
previously been used to investigate the role of nucleoside transporters in
placental nucleoside uptake (Barros et al., 1991; Errasti-Murugarren
et al., 2011). We observed time-dependent [3H]-adenosine, [3H]-
thymidine, and [3H]-abacavir uptakes, and by comparing the inhibitory
potencies of two NBMPR concentrations (0.1 and 100 mM), we
confirmed ENT1-mediated uptake of [3H]-adenosine and [3H]-
abacavir by the MVM vesicles (Fig. 4). On the other hand, the uptakes
were insensitive to Na+ depletion (Fig. 4), which is in line with previous
findings drawn from studies in human (Barros et al., 1991) and rat MVM
vesicles (Nishimura et al., 2012) and our observations in villous
fragments (Fig. 3).
The different effects of Na+ depletion in BeWo cells and ex vivo

human placental models can be explained by a three-orders-of-
magnitude higher expression of SLC28A2 (coding for CNT2) in BeWo
cells when compared with the human placenta (Jiraskova et al., 2018).
Moreover, the lack of CNT effect seems to be in accordance with the
observation by Govindarajan et al. (2007), who did not detect any
protein expression of CNTs in the trophoblast layer of the term placenta.
Because the levels of CNTs increase over the course of gestation
(Jiraskova et al., 2018), we do not hypothesize that CNTs are involved in
maternal-placental transfer in earlier phases of gestation either.
In the next step, we used an in situ model based on dually perfused rat

placentas in open- and closed-circuit setups to evaluate the overall
contribution of Ent(s) to transplacental abacavir kinetics at the organ
level. Dual perfusion of the rat term placenta is an established and well

Fig. 8. Hypothesized role of ENT1, ENT1-like, ABCB1, ABCG2,
and passive diffusion in the transfer of abacavir across the
syncytiotrophoblast when the maternal abacavir concentration is
higher than the fetal concentration (A) and at equilibrium (B). In the
former case, ENT1 and passive diffusion transfer abacavir
unidirectionally from the maternal to the fetal circulation, out-
weighing the efflux activity of ABCB1 and ABCG2. At
equilibrium, ABCB1/ABCG2 activity probably creates transient
concentration gradients on both poles of the syncytiotrophoblast
that may drive passive abacavir uptake (via passive diffusion and
diffusion facilitated by ENT1 on the apical membrane and ENT1-
like on the basal membrane) back into the syncytiotrophoblast.
However, when the intracellular concentration exceeds the fetal
concentration, we assume that ENT1-like- and passive diffusion–
mediated transport act in opposite directions. We thus speculate that
passive transport of abacavir is unidirectional on the apical
membrane but may be bidirectional on the basal membrane.
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justified method that has been used to investigate the interactions of
placental ABC and SLC transporters with various drugs, including
abacavir (Ahmadimoghaddam et al., 2012; Ahmadimoghaddam and
Staud, 2013; Neumanova et al., 2014, 2015, 2016; Ceckova et al., 2016).
ENTs in the placenta ofWistar rats have been functionally characterized
by analyzing adenosine uptake from the maternal blood circulation into
the feto-placental unit and into MVM vesicles prepared from the rat
placenta (Nishimura et al., 2012). In the open-circuit setup, all tested
inhibitors substantially reduced the total clearance of [3H]-abacavir in
the M→F and F→M directions in a comparable manner (Fig. 5). These
results suggest that ENT1 is an important transporter for more than just
placental uptake, and that it also mediates the transport of abacavir into
fetal circulation. The effect of Na+ depletion could not be investigated in
this model, as this condition deleteriously affected the rat term placenta,
causing edema and high pressure during the experiment. In closed-
circuit dual-perfusion experiments, NBMPR (0.1 mM) significantly
reduced fetal-to-maternal transport of [3H]-abacavir (Fig. 6). This was
surprising because inhibiting apically localized Ent1 should have the
opposite effect, further reducing the abacavir concentration in fetal
circulation. However, our observation seems to be consistent with
previous reports describing Ent1-like activity on the basal membrane of
the syncytiotrophoblast (Barros et al., 1995; Govindarajan et al., 2007;
Errasti-Murugarren et al., 2011). When considering our previously
published data (Neumanova et al., 2015) and the data presented here, we
hypothesize cross-talk among placental ABCB1, ABCG2, and ENT1
that might differ at concentration equilibrium and when the maternal
abacavir concentration is higher than the fetal concentration (Fig. 8).
In the next step, we quantified the mRNA expression in the placental

models/tissues showing that hSLC29A1 is the dominantly transcribed
ENT in BeWo cells and in the first- and third-trimester human placenta
(Fig. 7), and we confirmed a previously reported expression profile of
rSlc29a expression in rat term placenta (Leazer and Klaassen, 2003;
Nishimura et al., 2012). Low hSLC29A2 placental expression may thus
hamper the capability of our experimental models to detect abacavir
interactions with ENT2. In contrast to findings for other placental
transporters (e.g., ABCB1, ABCG2, and CNTs) (Gil et al., 2005; Meyer
zu Schwabedissen et al., 2006; Jiraskova et al., 2018), the expression
of hSLC29A1 and hSLC29A2 did not change in the course of gestation
(Fig. 7A). On the other hand, considerable interindividual variability
was observed for both genes (Fig. 7A). Because the mRNA seems to
correlate with ENT1 function, as evidenced in pharmacoresistance
studies (Giovannetti et al., 2006; Marcé et al., 2006; Tsujie et al., 2007;
Eto et al., 2013), we hypothesize that the observed placental mRNA
variability might be reflected in protein/function level. Therefore, it may
represent a potential reason for differences in reported cord-to-maternal
blood concentration ratios (Chappuy et al., 2004; Best et al., 2006;
Fauchet et al., 2014).
This study provides the first evidence that ENT1 is the dominant

placental ENT isoform showing significant uptake of nucleosides, whereas
ENT2 and CNTs do not exhibit any activity on the apical side of the
syncytiotrophoblast in the term placenta. We also showed for the first time
that the expression of SLC29A1 and SLC29A2mRNA is comparable in the
first- and third-trimester placenta, although there is substantial interindi-
vidual variability in the expression of both genes. Drug-drug interactions
(e.g., with suggested substrates of ENT ribavirin) and role of interindividual
variability in placental ENT1 expression in drug disposition into fetal
circulation of ENT substrates should be further investigated to guarantee
safe and effective abacavir-based combination therapies in pregnancy.
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