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Purpose. To characterize the uptake mechanism of zidovudine (AZT), a nucleoside reverse transcriptase
inhibitor, in syncytiotrophoblast cells using the TR-TBT 18d-1 cell line previously established by our
group.

Materials and Methods. The effects of several transporter inhibitors on the initial and steady-state apical
uptake of AZT by TR-TBT 18d-1 were characterized, in order to identify the transporter(s) involved.
Results. Initial uptake of AZT was sodium-independent and saturable; the K, value was about 16 uM.
Nitrobenzylthioinosine (NBMPR), probenecid and cimetidine each had little effect on the saturable AZT
uptake, indicating that well characterized transporters, such as organic anion transporters (OATs and
OATPs), organic cation transporters (OCTs) and equilibrative nucleoside transporters (ENTs), are not
involved. However, thymidine and 2’-deoxyuridine strongly inhibited AZT uptake. These results suggest
that an unidentified nucleoside uptake transporter is responsible for the uptake of AZT. Cyclosporin A,
Ko143 and probenecid had little effect on AZT accumulation by TR-TBT 18d-1 cells, suggesting that
transporter-mediated efflux of AZT is not substantial.

Conclusion. Our results indicate that saturable AZT uptake into TR-TBT 18d-1 is mediated by a so-far-

unidentified transporter.
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INTRODUCTION

The placenta regulates transport of nutrients and ex-
change of gases between maternal and fetal blood, and the
blood-placenta barrier (BPB), which is composed of syncytio-
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trophoblast cells, has a key role in these functions. Histolog-
ically, the placenta exhibits large species differences; for
example, in rats, syncytiotrophoblast cells form a double layer
(syncytiotrophoblast I, maternal side layer; syncytiotropho-
blast II, fetal side layer), whereas the human placenta has a
single layer of syncytiotrophoblast cells. Much research has
been focused on the human placenta, since the tissue is
relatively freely available compared with other organs. Never-
theless, it has been reported that transport functions in the
BPB are similar in human and rat placenta (1). Therefore, we
established conditionally immortalized rat syncytiotropho-
blast cell lines, TR-TBTs (2) as an in vitro BPB model. Our
studies indicated that TR-TBT 18d-1 best reflected the
characteristics of syncytiotrophoblast I (3), so we adopted
TR-TBT 18d-1 as a model cell line for the present study.

Zidovudine (3’-azido-3’-deoxythymidine, AZT) is a
nucleoside reverse transcriptase inhibitor, which is used for
the treatment of patients infected with human immunodefi-
ciency virus (HIV). In pregnant women, AZT is used for
prevention of mother-to-infant transmission of HIV. AZT is
not teratogenic, at least in rats and rabbits, at doses up to
500 mg kg ' day ', and no pattern of birth defects has been
detected in humans (4). Throughout pregnancy, the plasma
concentration of AZT in the mother is similar to that in the
fetus (5). Therefore, AZT appears to be transported across
the placenta, and the concentrations in the mother’s blood
and the fetal blood may be in equilibrium.
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Nucleosides are transported across the placenta via
nucleoside transporters, such as concentrative nucleoside
transporters (CNTs, SLC28) and equilibrative nucleoside
transporters (ENTs, SLC29). We recently showed that uridine
and adenosine are taken up via ENTs in TR-TBT cells (6).
Several authors, however, have concluded that AZT, a
nucleoside analog, is transferred to the placenta by simple
diffusion (7-9). On the other hand, AZT is a substrate of
several transporters, including CNTs (h/rCNT1 and hCNT3)
(10,11), h/rENT2 (12), OATs (h/rOAT1, h/rOAT2, h/rOAT3
and hOAT4) (13-16), rOCT1 (17) and OAT-Ks (OAT-K1 and
OAT-K2)(18). AZT is also a substrate of efflux transporters,
such as P-gp (19), BCRP (20,21) and MRP4 (22). At the
blood-brain barrier, AZT is excreted from the brain into
the blood via a probenecid-sensitive efflux transporter (23).
These results suggest that some transporter(s) may be
involved in regulating the tissue distribution of AZT. Several
transporters that are able to transport AZT are expressed in
human placenta and in TR-TBT 18d-1. For example, CNT3,
ENT2, OAT3, OCT1, OAT-K2, MDR1a, MRP4 and BCRP
are expressed in TR-TBT 18d-1, at least at the mRNA level
(3). P-gp (MDR1) and BCRP have been detected immuno-
histochemically in human placental trophoblast (24-26).
Human placenta expresses mRNAs of CNT1, CNT3, ENT2,
OAT2, OAT4, OCT1, MDR1, MRP4 and BCRP, which can
transport AZT, to various extents (27). Accordingly, it
remains possible that several transporters are involved in
the BPB transport of AZT.

In the present study, we aimed to characterize the uptake
mechanism of AZT in syncytiotrophoblast cells, using TR-
TBT 18d-1 as a model. It is important to note that even if
transplacental transport clearance is apparently similar to the
clearance by simple diffusion, some transporter may still
involved in the transport process across the apical or baso-
lateral membrane.

MATERIALS AND METHODS
Chemicals

[PHJAZT (12.7 Ci/mmol) was purchased from Moravek
Biochemicals, Inc. (Brea, CA). Kol43 was synthesized as
described previously (28). All other chemicals were commercial
products of analytical grade.

Cell Culture

TR-TBT 18d-1 were cultured in Dulbecco’s modified
Eagle’s medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan)
supplemented with 10% fetal bovine serum (SAFC Biosciences,
Lenexa, KS), 100 U/ml benzylpenicillin, 100 pg/ml streptomy-
cin, 2 mM L-glutamine (Invitrogen, San Diego, CA) on 100-mm
culture dishes (Corning Life Sciences, Lowell, MA) in a
humidified incubator at 33°C under an atmosphere of 5% CO,
in air. For the uptake study, TR-TBT 18d-1 were seeded on
four-well plates (Nalge Nunc International, Naperville, IL)
coated with porcine skin collagen type I (Nitta Gelatin, Osaka,
Japan) at a density of 1x10° cells/well. After incubation for
3 days at 37°C, the cells were cultured at 37°C for a further
4 days. The culture medium was changed every 2 days for
7 days.
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Uptake Study

TR-TBT 18d-1 were washed twice with transport medium
containing 122 mM NaCl, 25 mM NaHCO;, 3 mM KCI,
1.4 mM CaCl,, 1 mM MgSO,, 0.4 mM K,HPO,, 10 mM D-
glucose, and 10 mM Hepes adjusted to pH 7.4 with Tris.
Sodium-free transport medium was prepared by replacing
122 mM NacCl and 25 mM NaHCOj; with 122 mM N-methyl-
D-glucamine and 25 mM KHCOj;. After a 10 min preincuba-
tion in the above medium, the transport medium was
replaced with drug solution containing [PHJAZT (143 nM,
18.5 kBg/ml) to start the uptake reaction. The reaction was
terminated by addition of ice-cold transport medium and the
cells were washed twice in the same medium. The cells were
solubilized by incubation overnight in 500 pl of 0.1 M
NaOH/1% Triton-X solution at 37°C. Next, 400 ul of the
cell lysate was mixed with 3 ml of scintillation cocktail
(Clearsol-1, Nacalai Tesque, Kyoto, Japan), and radioactivity
was measured with a liquid scintillation counter (TRI-
CARB 317TR/SL, Packard Instrument Company, Meriden,
CT). Cellular protein was quantified using a protein assay
kit (Pierce, Rockford, IL) with bovine serum albumin as a
standard.

Data Analysis

Kinetic parameters for [PHJAZT uptake by TR-TBT
18d-1 were obtained by nonlinear least-squares regression
analysis based on the Michelis-Menten equation:

Vinax X S

V=
Kn+S

+ kns X S

where V, Viax, Km, S and ks represents initial uptake
velocity, maximum uptake velocity, Michaelis constant,
substrate concentration and non-saturable uptake clearance,
respectively.

Statistical analyses were performed by one-way ANOVA
with Dunnett’s post-hoc test.

RESULTS
Time Course of [’HJAZT Uptake by TR-TBT 18d-1

To characterize the [P’HJAZT uptake by TR-TBT 18d-1,
we first measured [PHJAZT uptake for 30 min. [PHJAZT
uptake increased in a time-dependent manner, and initial
uptake was evaluated at 5 min in the following studies (Fig. 1).
[PHJAZT uptake was markedly inhibited by the addition of
20 mM unlabeled AZT (Fig. 1). This saturable transport
component indicated the involvement of some kind of
transporter. [’H]JAZT uptake by TR-TBT 18d-1 under
sodium-free conditions was 64.3+2.1 (ul/mg protein per 5 min)
and was not significantly different from the control in the
presence of sodium. Therefore, the saturable transport appears
to be mediated by a sodium-independent transporter(s).

Kinetic Analysis of PHIAZT Uptake by TR-TBT 18d-1

To investigate the transporter responsible for ['HJAZT
uptake by TR-TBT 18d-1, we analyzed the concentration
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Fig. 1. Time course of [’H]AZT uptake by TR-TBT 18d-1 [PH]AZT
(143 nM) uptake was measured at 37°C in the absence (empty circle)
and presence (filled circle) of an excess (20 mM) of unlabeled AZT.
Cellular uptake of [’H]AZT was represented by cell-to-medium ratio,
obtained by dividing the uptake amount by the [’H]AZT concentration
in the transport medium. Each point represents the mean+SEM of four
determinations.

dependence of [PHJAZT uptake. [PHJAZT uptake was well
fitted to the Michaelis-Menten equation, and an Eadie—
Hofstee plot was linear (Fig. 2). The estimated kinetic
parameters (K, Vinax and kys) were 16.0+£2.2 (uM), 980+68
(pmol/mg protein per 5 min) and 1.51+0.19 (pL/mg protein per
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5 min), respectively. Saturable transport (Vp,.x/Kp) accounted
for approximately 98% of the total uptake clearance
(Vimax/Km + Kps)  when the AZT concentration was much
less than the K, value, i.e., when K,+S is approximately equal
to Ky, (actually up to about 640 nM, which is close to the
unbound AZT concentration in the clinical situation).

Characterization of [’H]AZT Uptake by TR-TBT 18d-1

To identify the sodium-independent transporter respon-
sible for [PHJAZT uptake, we investigated the effects of
several inhibitors of OATs, OCTs and ENTs, which are
candidate transporters for [PH]JAZT uptake by TR-TBT
18d-1. These inhibitors had little effect on [PHJAZT uptake,
indicating that the contributions of OATs, OCTs and ENTs to
[PHJAZT uptake by TR-TBT 18d-1 were negligible (Fig. 3A).
Unexpectedly, DHEAS significantly increased the initial
uptake of [PHJAZT (Fig. 3A). Since DHEAS is a substrate
of the OATP family, we next examined the effect of other
OATP substrates. Interestingly estrone-3-sulfate showed
slight but significant enhancement of AZT uptake (Fig. 3B).
Two other OATP substrates, estradiol-17-B-glucuronide and
taurocholic acid, had little effect on AZT uptake (Fig. 3B).
The organic cation tetracthylammonium (TEA), used as a
negative control, also had no effect (Fig. 3B). Consequently,
none of the OATP substrates used in the current study inhibited
AZT uptake.

Since the involvement of well-characterized transporters
seemed to be negligible, it seemed possible that some un-
identified transporter(s) is involved in [PH]AZT uptake by
TR-TBT 18d-1. To assess the uptake mechanism of [PTH]JAZT,
structural analogs were used as inhibitors. Thymidine and 2’-
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Fig. 2. Kinetic analysis of [PHJAZT uptake by TR-TBT 18d-1 [°’H]AZT (143 nM) uptake was measured at 37°C for 5 min in the presence
of 0.5-500 uM unlabeled AZT. A Kinetic analysis was performed by use of the Michaelis—-Menten equation as described in “MATERIALS
AND METHODS” and the fitting curve is shown as a bold line. Saturable and non-saturable components are shown as thin and dotted
lines, respectively. B An Eadie-Hoffstee plot of the saturable component is shown. Each point represents the mean+SEM of four

determinations.
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Fig. 3. Effect of several inhibitors on [PHJAZT uptake by TR-TBT 18d-1 [’H]JAZT (143 nM) uptake was measured at 37°C for 5 min in the
presence of designated inhibitors. AZT (1 mM) was used as a control. A Probenecid, PAH, and DHEAS were used as inhibitors of organic
anion transporters at 2 mM. Cimetidine was used as an organic cation transporter inhibitor at 2 mM. NBMPR was used as an inhibitor of
equilibrative nucleotide transporters at 0.1 mM. DMSO (0.2%) was added to dissolve DHEAS, cimetidine and NBMPR. B The inhibitory
effects of estrone-3-sulfate (1 mM), estradiol-17-8-glucuronide (E2-178G, 0.1 mM), taurocholic acid (1 mM) and tetracthylammonium (TEA,
1 mM) were measured. Each point represents the mean+SEM of three to four determinations. Asterisk Significant difference from the control

(p<0.05).

deoxyuridine inhibited [*"HJAZT uptake as strongly as AZT
itself (Fig. 4). All the other structural analogs used in the
current study also significantly inhibited [PHJAZT uptake
(Fig. 4). These results suggested that a transporter(s) that
strongly recognizes nucleosides was involved in [PH]AZT
uptake by TR-TBT 18d-1.

Effect of Concurrently Administered Drugs on [*H]AZT
Uptake

AZT is not always administered alone, but is often used
with concurrent drugs. We therefore investigated possible
interactions in AZT transport in syncytiotrophoblast cells.
Lamivudine showed little inhibition, even though it is a
nucleoside reverse transcriptase inhibitor, like AZT and
stavudine (Fig. 5). Ganciclovir slightly decreased [’HJAZT
uptake at a high concentration (1,000 uM), but a low
concentration (50 pM) showed no significant inhibition.
Pentamidine and azithromycin had little effect on [PHJAZT
uptake.

Involvement of Efflux Transporters in [3H]AZT Uptake
by TR-TBT 18d-1

To understand the dynamics of [P’HJAZT uptake by TR-
TBT 18d-1, we investigated the possible involvement of efflux
transporters. For this purpose, we performed inhibition
studies with several efflux transporter inhibitors to
determine the effects on steady-state ['HJAZT accumulation
in TR-TBT 18d-1. Since [PH]JAZT uptake showed little
further increase after 30 min (data not shown), we adopted
60 min as a steady-state condition. The P-gp and MRP family

inhibitor, cyclosporin A, and BCRP inhibitor, Ko143, did not
increase [PH]JAZT uptake by TR-TBT 18d-1 (Fig. 6).
Probenecid, a non-specific organic anion transport system
inhibitor, also had no effect on [PHJAZT uptake. These
results imply that the role, if any, of efflux transporters is
minor.
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Fig. 4. Inhibitory effect of nucleosides and nucleoside analogs on
[PHJAZT uptake by TR-TBT 18d-1 [PH]JAZT (143 nM) uptake was
measured at 37°C for 5 min in the presence of 1 mM inhibitor. Each
point represents the mean+SEM of three to four determinations.
Asterisk Significant difference from the control (p<0.05).
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Fig. 5. Inhibitory effect of possible concurrently administered drugs on
[PHJAZT uptake by TR-TBT 18d-1 [PHJAZT (143 nM) uptake was
measured at 37°C for 5 min in the presence of designated compounds
(concentration, pM), which may be concomitantly administered in drug
therapy. Each point represents the mean+SEM of three to four
determinations. Asterisk Significant difference from the control (p<0.05).

DISCUSSION

Our results indicate that AZT uptake across the apical
membrane of the rat conditionally immortalized syncytiotro-
phoblast cell line TR-TBT 18d-1 is mediated by a transporter
(s). The TR-TBT cell line was established by our group, and
has been confirmed to express trophoblast markers. We isolated
four clones (18d-1 to -4) of TR-TBT from a transgenic rat
harboring the temperature-sensitive simian virus 40 large T-
antigen gene at 18 days of gestation. Among the 4 clones, TR-
TBT 18d-1 used in the present study shows polarization and
apical localization of GLUT1 and GLUTS3, indicating that it has
the histological characteristics of syncytiotrophoblast 1 (2).
Moreover, TR-TBT 18d-1 expressed a number of transporter
mRNAs, and also showed transporter-mediated uptake activity
towards DHEAS, an essential substance for fetal development
(3). Therefore, TR-TBT 18d-1 was expected to be a suitable
tool for the study of transport activities in the BPB.

As noted in the introduction, AZT is a substrate of CNTs
(CNT1 and CNT3), ENT2, OATs (OAT1, OAT2, OAT3 and
OAT4), and OCT1 (10-17). The CNTs are sodium-dependent
and ENT2, OATs and OCT1 are sodium-independent trans-
porters (29-34). TR-TBT 18d-1 express mRNAs of CNT2
and CNT3, although not CNT1 (2). [’H]AZT uptake did not
show sodium dependency (see “RESULTS”), indicating that
the contribution of CNTs is minimal.

Kinetic analysis revealed that AZT uptake by TR-TBT
18D-1 cells was predominantly saturable (Fig. 2). The K,
value for AZT uptake was approximately 16 pM, which is
fairly close to those of OATSs (26-145 uM) (13-16). Therefore,
to identify the transporter(s) responsible for AZT uptake by
TR-TBT 18d-1, the effects of several inhibitor(s) were investi-

1651

gated (Fig. 3). PAH and probenecid are well-known inhibitors
of OAT1 and organic anion transport system(s), respectively,
but they had no significant inhibitory effect, indicating that
OAT family members are not involved in AZT uptake by TR-
TBT 18d-1, despite the apparent similarity of K, values.
Cimetidine and NBMPR were used as inhibitors of OCTs
(organic cation transporters) and ENTs (equilibrative nucleo-
side transporters) (35,36), respectively, but were ineffective,
indicating that the contributions of OCT1, ENT1 and ENT2 to
AZT uptake are negligible. DHEAS is a substrate of several
members of the OATP family and effectively inhibits the
activity of OAT-Ks (18). Interestingly, DHEAS facilitated the
initial uptake of AZT (Fig. 3). DHEAS itself is taken up by
TR-TBT 18d-1 via a transporter(s) which has not identified yet
(3), so we examined the effect of some representative substrates
of OATP family members on AZT uptake by TR-TBT 18d-1.
Interestingly, estrone-3-sulfate showed a slight but significant
enhancement of AZT uptake, although the enhancement was
less than that by DHEAS (Fig. 3B). The lack of an enhancing
effect of taurocholic acid and estradiol-17-8-glucuronide sug-
gests that the effects of DHEAS and estrone-3-sulfate may be
specific effects on the unidentified transporter, rather than
stimulatory effects on known OATP family members, although
we can not completely exclude the possible involvement of the
OATP family, since several reports have shown that OATP
substrates can enhance the transport of another substrate
(37,38). Further studies are required to clarify the mechanism
of the facilitated uptake of AZT in the presence of DHEAS
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Fig. 6. Effect of inhibitors of efflux transporters on ["H]JAZT uptake
by TR-TBT 18d-1 [PH]JAZT (143 nM) uptake was measured at 37°C
for 60 min in the presence of designated inhibitors. Cyclosporin A,
Ko143 and probenecid were used at the concentrations of 10 uM,
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and estrone-3-sulfate. Overall, these results indicated that an
unknown transporter is responsible for the AZT uptake.

Some transporters are known to be up-regulated in TR-
TBT 18d-1 (2,3), so we can not rule out the possibility that an
up-regulated transport protein(s) is involved in AZT uptake
in this cell line. Further analysis is required to show whether a
transporter not specifically expressed in TR-TBT 18d-1 is
involved in the AZT uptake, and if so, to clarify its con-
tribution to AZT uptake by syncytiotrophoblasts under
physiological conditions.

We also performed an inhibition study using structural
analogs, such as nucleosides (Fig. 4). Thymidine inhibited
AZT uptake as potently as AZT itself, and thymine was
slightly inhibitory. Similarly, 2’-deoxyuridine strongly
inhibited AZT uptake by TR-TBT 18d-1, being more potent
than uridine, 5-fluorouridine or uracil (Fig. 4). Cytidine, Ara-
C and adenosine showed slight inhibition of AZT uptake
(Fig. 4). These results indicate that the transporter responsi-
ble for AZT uptake recognizes 2’-deoxynucleosides more
effectively than nucleosides and nucleobases. A transporter
specific for 2’-deoxynucleosides has not yet been isolated,
although ENT2 is known to transport 3’-deoxynucleosides.
Further investigation is needed to characterize the transporter
responsible for AZT uptake.

Anti-HIV agents are often administered concomitantly
with other drugs. Considering the species difference between
humans and rats and the in vitro—in vivo relationship between
TR-TBT 18d-1 and intact syncytiotrophoblasts, it is difficult
to estimate the likelihood of drug-drug interaction under
physiological conditions based on the results of the present
study. Therefore, for the present purpose, we tentatively
assume that TR-TBT 18d-1 have similar characteristics to
human syncytiotrophoblasts. Lamivudine, pentamidine and
azithromycin had little effect on AZT uptake (Fig. 5), and so
may not inhibit AZT uptake under physiological conditions.
Although ganciclovir inhibited AZT uptake at 1,000 pM, a
physiologically relevant concentration (50 pM) was not
markedly inhibitory (Fig. 5), suggesting that ganciclovir might
have little effect on AZT uptake under physiological con-
ditions. To support these speculations, it will be necessary to
compare drug transport characteristics in human syncytiotro-
phoblasts and TR-TBT 18d-1.

To understand the dynamics of AZT uptake by TR-TBT
18d-1, we investigated the possible involvement of efflux
transporters. The P-gp and MRP family inhibitor, cyclosporin
A, and the BCRP inhibitor, Ko143, hardly increased [3H]
AZT uptake by TR-TBT 18d-1 cells (Fig. 6) under conditions
where they inhibited efflux transport of AZT in P-gp-
expressing LL.C-PK1 cells and Berpl-transfected MDCKII
cells, respectively (21,39). BCRP expression in TR-TBT 18d-1
may be too low to influence AZT accumulation, since it was
recently reported that Kol43 can inhibit BCRP-mediated
AZT efflux (3,21). Probenecid, a multi-specific organic anion
transport system inhibitor, also did not change [PHJAZT
uptake, implying that MRP family efflux transporters are
unlikely to be involved in AZT uptake by TR-TBT 18d-1.

Although we observed saturable uptake of AZT, other
authors have reported that AZT penetrates the BPB by simple
diffusion (7-9). This apparent conflict could be explained in
several ways. For example, (1) AZT is taken up by a
transporter(s) across the apical membrane of syncytiotropho-
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blast, but transferred to the fetal side across the basal
membrane by simple diffusion, (2) the free drug concentra-
tion was not sufficiently high for competitive inhibition in the
in vivo situation due to serum protein binding.

In summary, the present study indicated that AZT
uptake is primarily transporter-mediated in TR-TBT 18d-1.
Well-characterized transporters were not involved, suggesting
that an unidentified transporter is mainly responsible for
AZT uptake by TR-TBT 18d-1. These findings may be
important for anti-HIV therapy of pregnant women, and
should be useful in the development of novel nucleoside
reverse transcriptase inhibitors.
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