
Bioorganic & Medicinal Chemistry xxx (2017) xxx–xxx
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Dual inhibitors of the human blood-brain barrier drug efflux
transporters P-glycoprotein and ABCG2 based on the antiviral
azidothymidine
http://dx.doi.org/10.1016/j.bmc.2017.07.001
0968-0896/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: chml@purdue.edu (J. Chmielewski).

Please cite this article in press as: Namanja-Magliano H.A., et al. Bioorg. Med. Chem. (2017), http://dx.doi.org/10.1016/j.bmc.2017.07.001
Hilda A. Namanja-Magliano, Kelsey Bohn, Neha Agrawal, Meghan E. Willoughby, Christine A. Hrycyna,
Jean Chmielewski ⇑
Department of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, IN 47907-2084, USA

a r t i c l e i n f o
Article history:
Received 8 May 2017
Revised 29 June 2017
Accepted 2 July 2017
Available online xxxx

Keywords:
Blood-brain barrier
P-glycoprotein
ABCG2
AZT
Inhibition
a b s t r a c t

The brain provides a sanctuary site for HIV due, in part, to poor penetration of antiretroviral agents at the
blood-brain barrier. This lack of penetration is partially attributed to drug efflux transporters such as
P-glycoprotein (P-gp) and ABCG2. Inhibition of both ABCG2 and P-gp is critical for enhancing drug
accumulation into the brain. In this work, we have developed a class of homodimers based on the HIV
reverse transcriptase inhibitor azidothymidine (AZT) that effectively inhibits P-gp and ABCG2. These
agents block transporter mediated efflux of the P-gp substrate calcein-AM and the ABCG2 substrate
mitoxantrone. The homodimers function by interacting with the transporter drug binding sites as
demonstrated by competition studies with the photo-affinity agent and P-gp/ABCG2 substrate
[125I]iodoarylazidoprazosin. As such, these dual inhibitors of both efflux transporters provide a model
for the future development of delivery vehicles for antiretroviral agents to the brain.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Highly active antiretroviral therapy (HAART) is a combination of
several antiretroviral agents that target the different stages in the
viral life cycle, and is the standard HIV treatment for patients. This
multidrug approach has been very successful in reducing viral
loads and patient mortality.1 However, HIV eradication is a signif-
icant challenge because reservoirs persist in cellular and anatomi-
cal locations, such as the brain.2 HIV reservoirs in the brain have
been attributed, in part, to poor penetration of antiretroviral agents
at the blood-brain barrier (BBB). ATP binding cassette transporters
at the BBB, such as P-glycoprotein (P-gp) and the ABCG2 play a part
in limiting drug accumulation in the brain that results in subopti-
mal drug levels.3–6

P-gp and ABCG2 are expressed at the luminal membrane of
brain capillary endothelial cells where they efflux a range of sub-
strates from the cell.7–9 A number of antiretroviral drugs, including
HIV protease inhibitors10–12 and reverse transcriptase inhibitors,
such as abacavir and AZT13,14 are substrates of P-gp. The effect of
ABCG2 on AZT bioavailability has also been studied in in vitromod-
els.15,16 For example, ABCG2 limited the antiviral activity of AZT in
CD4+ T cells highly expressing ABCG2 as compared to wild-type
cells.16 These data demonstrate that there is an acute need for
modulators of the drug efflux pumps at the BBB for co-administra-
tion with HIV therapeutics.

We have recently reported a series of prodrug dimeric abacavir
inhibitors that target the drug binding sites of P-gp.17 However,
drugs such as AZT are recognized by both P-gp and ABCG2. Thus
blocking only one of these transporters would still allow for efflux
by the other. Therefore, it is essential to generate agents that can
simultaneously inhibit both proteins. In this study, we disclose a
class of AZT dimers that prevent substrate efflux by both P-gp
and ABCG2. In a proof of concept study, we demonstrate that the
AZT dimers compete with substrate binding sites that are located
in the transmembrane region of both transporters.
2. Experimental section

2.1. Materials

AZT and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) were purchased from AK Scientific (Union City, CA).
4-dimethylaminopyridine (DMAP) was purchased from GenScript
(Piscataway, NJ). Calcein-AM was obtained from Invitrogen
(Carlsbad, CA). [125I]-iodoarylazidoprazosin ([125I]-IAAP) was
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purchased from Pelkin Elmer (Waltham, MA) and all other reagents
were obtained from Sigma-Aldrich (St. Louis, MO).
2.2. Methods

2.2.1. General synthesis of AZT dimers
To a solution of commercially available dicarboxylic acids

(0.125 mmol) in dry dimethylformamide (DMF) (1.5 mL) at 0 �C
was added EDC (0.374 mmol), DMAP (0.062 mmol), and diiso-
propylethyl amine (DIEA) (0.744 mmol). After 20 min at 0 �C, AZT
(0.374 mmol) dissolved in DMF (500 mL) was added. The mixture
was allowed to warm to room temperature and stirred for 12 h.
The solvent was removed in vacuo. The resulting crude mixtures
of AZT-C2 and AZT-C5 were purified by silica gel flash column
chromatography to obtain the pure products AZT-C2 (28% yield),
AZT-C5 (45% yield). The dimers AZT-C8, AZT-C10 and AZT-C12
were purified to homogeneity by reverse-phase (RP) HPLC using
a semi-preparative C5 column (Phenomenex, USA). The eluent con-
sisted of solvent A (H2O/0.1% trifluoroacetic acid (TFA)) and solvent
B (methanol/0.1%TFA) over a 60 min gradient consisting of 20–95%
solvent B, with a flow rate of 10 mL/min, and UV detection at 214.
The desired compounds were lyophilized to obtain AZT-C8 (40%
yield), AZT-C10 (42% yield) and AZT-C12 (61% yield). The com-
pounds were characterized by ESI mass spectrometry (Table 1)
and NMR, and the purity (>98%) was confirmed by analytical RP
HPLC (Table 1).

AZT-C2: 1H NMR (500 MHz, DMSO-d6) d 11.34 (s, 2H), 7.44 (d,
J = 1.1 Hz, 2H), 6.11 (t, J = 6.5 Hz, 2H), 4.43 (dt, J = 7.5, 5.9 Hz, 2H),
4.29–4.20 (m, 4H), 3.97–3.91 (m, 2H), 2.68–2.58 (m, 4H), 2.47–
2.39 (m, 2H), 2.35–2.28 (m, 2H), 1.78 (d, J = 1.0 Hz, 6H); 13C NMR
(126 MHz, DMSO-d6) 172.2, 164.1, 150.8, 136.4, 110.4, 84.0, 81.0,
63.9, 60.4, 36.0, 28.9, 12.5.

AZT-C5: 1H NMR (500 MHz, DMSO-d6) d 11.34 (s, 2H), 7.45–7.42
(m, 2H), 6.10 (t, J = 6.5 Hz, 2H), 4.47–4.37 (m, 2H), 4.27–4.18 (m,
4H), 3.98–3.93 (m, 2H), 2.47–2.40 (m, 2H), 2.39–2.26 (m, 6H),
1.79–1.77 (m, 6H), 1.51 (p, J = 7.5 Hz, 4H), 1.30–1.20 (m, 2H); 13C
NMR (126 MHz, DMSO-d6) 173.0, 164.1, 150.8, 136.5, 110.3, 84.0,
81.0, 63.6, 60.6, 36.1, 33.6, 28.3, 24.4, 12.6.

AZT-C8: 1H NMR (500 MHz, DMSO-d6) d 11.34 (s, 2H), 7.44 (d,
J = 1.1 Hz, 2H), 6.14–6.08 (m, 2H), 4.44 (dt, J = 7.5, 5.8 Hz, 2H),
4.30–4.17 (m, 4H), 3.98–3.93 (m, 2H), 2.47–2.40 (m, 2H), 2.38–
2.25 (m, 6H), 1.78 (d, J = 0.9 Hz, 6H), 1.56–1.43 (m, 4H), 1.27–
1.18 (m, 8 H); 13C NMR (126 MHz, DMSO-d6) 173.1, 164.1, 150.8,
136.5, 110.3, 84.0, 81.0, 63.5, 60.6, 36.1, 33.8, 28.9, 28.8, 24.7, 12.6.

AZT-C10: 1H NMR (500 MHz, DMSO-d6) d 11.34 (s, 2H), 7.44–
7.73 (m, 2H), 6.11 (t, J = 6.5 Hz, 2H), 4.44 (dt, J = 7.4, 5.8 Hz, 2H),
4.28–4.20 (m, 4H), 3.98–3.93 (m, 2H), 2.47–2.39 (m, 2H),
2.37–2.26 (m, 6H), 1.78 (d, J = 0.9 Hz, 6H), 1.54–1.41 (m, 4H),
1.26–1.18 (m, 12 H); 13C NMR (126 MHz, DMSO-d6) 173.1, 164.1,
150.8, 136.5, 110.3, 84.0, 81.0, 63.5, 60.6, 36.1, 33.8, 29.2, 29.1,
28.8, 24.8, 12.6.

AZT-C12: 1H NMR (500 MHz, DMSO-d6) d 11.34 (s, 2H), 7.43 (d,
J = 1.1 Hz, 2H), 6.11 (t, J = 6.5 Hz, 2H), 4.47–4.40 (m, 2H), 4.29–4.18
(m, 4H), 3.98–3.93 (m, 2H), 2.47–2.39 (m, 2H), 2.37–2.26 (m, 6H),
Table 1
Characterization of AZT dimers.

Compound HPLC Conditionsa Retention Time

AZT-C2 5–95% Bb 14.6
AZT-C5 5–95% Bb 16.8
AZT-C8 5–95% Bb 19.1
AZT-C10 5–95% Bb 20.5
AZT-C12 5–95%Bb 21.9

a 1.2 mL/min flow rate.
b Solvent A: H2O/0.05% TFA and B: acetonitrile /0.05%TFA.
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1.82–1.72 (m, 6H), 1.54–1.46 (m, 4H), 1.27–1.18 (m, 16H); 13C
NMR (126 MHz, DMSO-d6) 173.1, 164.1, 150.8, 136.4, 110.3, 84.0,
81.0, 63.5, 60.6, 36.1, 33.8, 29.4, 29.30, 29.1, 28.9, 24.8, 12.6.

2.2.2. Cell culture
MCF-7 cells (breast adenocarcinoma) were cultured in RPMI

1640 supplemented with 2 mM L-glutamine, 50 mg/mL strepto-
mycin (Cellgro Mediatech, Herndon, VA), 50 units/mL of penicillin
and 10% fetal bovine serum (FBS) (Cambrex bioscience, Walk-
ersVille, Inc) at 37 �C in 5% CO2. MCF-7/FLV1000 cells (breast ade-
nocarcinoma over-expressing BCRP) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum FBS), 2 mM

L-glutamine, 50 units/mL penicillin, 50 lg/mL streptomycin (Medi-
atech), and 1000 nM flavopiridol (NIH AIDS Reagent program,
Germantown, MD).

MCF-7/DX1 cells (breast adenocarcinoma over-expressing P-gp)
were maintained in RPMI 1640 supplemented with 2 mM

L-glutamine, 50 mg/mL streptomycin, 50 units/mL of penicillin,
10% fetal bovine serum and 1 mM doxorubicin (TCI America).

Sf9 cells were cultured at 27 �C in SF-900 II SFM medium
(Invitrogen) supplemented with 0.5X antibiotic-antimycotic
(Invitrogen).

2.2.3. Flow cytometry assays
Flow cytometry assays were performed as described previously

with minor modifications.18 For P-gp experiments: an aliquot of
the substrate fluorophore, calcein-AM dissolved in DMSO was
added to pre-warmed basal medium eagle (BME) media to give a
final concentration of 0.5 lM. The fluorophore treated BME media
(1 mL) was incubated with 125,000 MCF-7/DX1 cells (in suspen-
sion) in the presence of increasing concentrations of the com-
pounds of interest at 37 �C for 10 min, keeping the concentration
of the vehicle for the compounds (DMSO) constant at 5%, a value
in which the cells were fully viable during the course of the exper-
iment. GF120918 (1 lM) (P-gp and ABCG2 inhibitor) was used as a
positive control. Cells were collected by centrifugation and resus-
pended in ice cold phosphate buffered saline (PBS, pH 7.4). The
cells were analyzed for fluorescent substrate accumulation using
a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA)
equipped with a 488 nm argon laser and a 530 nm band pass filter
(FL1). Ten thousand cells were counted for each data point and the
mean fluorescence was used to determine the IC50 values using
GraphPad Prism 4. All experiments were performed in triplicate.

For ABCG2 experiments an aliquot of the substrate fluorophore,
mitoxantrone, dissolved in DMSO was added to pre-warmed basal
medium eagle (BME) media to give a final concentration of 20 lM.
The fluorophore treated BME media (1 mL) was incubated with
125,000 MCF-7/FLV1000 cells (in suspension) in the presence of
increasing concentrations of the compounds of interest at 37 �C
for 30 min, keeping the concentration of the vehicle for the
compounds (DMSO) constant at 2%. GF120918 (2 lM) was used
as a positive control. Cells were harvested by centrifugation and
re-suspended in 1 mL BME media containing either 2 lM
GF120918 or increasing concentrations of the compounds of
(min) MS Calculated ESI-MS Observed

616.54 617.09
658.62 659.09
700.70 701.10
728.75 729.21
756.81 757.09

Chem. (2017), http://dx.doi.org/10.1016/j.bmc.2017.07.001

http://dx.doi.org/10.1016/j.bmc.2017.07.001


Scheme 1. Synthesis of AZT dimers.

H.A. Namanja-Magliano et al. / Bioorganic & Medicinal Chemistry xxx (2017) xxx–xxx 3
interest, and incubated another 30 min at 37 �C to allow trans-
porter-mediated efflux. These cells were collected by centrifuga-
tion at 300�g, re-suspended in ice cold phosphate buffered saline
(PBS), pH 7.4, and analyzed using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA) equipped with a 488 nm argon laser
and a 670 nm band pass filter (FL3). All experiments were per-
formed in triplicate.

2.2.4. Preparation of P-gp and ABCG2 membranes
BV-MDR1 (baculovirus-MDR1) for BV-ABCG2 (baculovirus-

ABCG2) infected Sf9 cells were collected and crude membrane
extracts prepared as described previously.19 P-gp expression was
verified by immunoblot with C219 primary antibody (1:8000)
and HRP-conjugated anti-mouse secondary antibody (1:8000)
while ABCG2 expression was verified by immunoblot with BXP21
primary antibody (1:8000) and HRP-conjugated antimouse sec-
ondary antibody (1:8000).

2.2.5. Photo-affinity labeling with [125I]-IAAP
Photoaffinity labeling was performed as previously described

with minor modifications.18 Crude Sf9 membranes expressing P-
gp (25 lg) or BCRP (40 lg) were incubated for 10 min at room tem-
perature in the dark in Tris buffer (50 mM; pH 7.5), 1% aprotinin, 1
mM DTT, and 2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride) with either 2.5% DMSO (negative control) or
GF120918 (positive control) dissolved in DMSO (to give a final con-
centration of 10 lM for P-gp experiments and 20 lM for ABCG2
experiments) or increasing concentrations of the compounds of
interest (dissolved in DMSO) and [125I]-IAAP (1 lL, specific activity
of �2200 Ci/mmol). The samples were illuminated with UV light
(365 nm) for 20 min on ice. 5X Laemmli SDS sample buffer was
added to a final concentration of 2X and the samples were incu-
bated at room temperature for 30 min. Proteins were then sepa-
rated by SDS-PAGE (7.5% Tris gel). The gel was fixed and allowed
to dry overnight and exposed to X-ray film at �80 �C. The gel band
corresponding to P-gp or BCRP was analyzed using ImageJ (NIH) to
determine the amount of [125I]-IAAP photocrosslinked to P-gp or
BCRP. Values are represented as a percent of the DMSO control
sample, and the IC50 values were determined by GraphPad Prism 4.

2.2.6. Cell viability assays
Cell viability was measured using a standard MTT assay after

24 h in the presence of increasing concentrations of dimers with
MCF-7/FLV1000 and MCF-7/DX1cells. Cell viability was calculated
as a ratio of absorbance of the cells treated with the library com-
pounds relative to untreated cells.
Table 2
Effect of AZT and AZT dimers on P-gp mediated efflux of calcein-AM and ABCG2-
mediated efflux of mitoxantrone.

Compound P-gp Inhibition IC50 (mM) ABCG2 Inhibition IC50 (mM)

AZT NIa up to 500 NIa up to 400
AZT-C2 NIa up to 400 NIa up to 200
AZT-C5 >200 NIa up to 200
AZT-C8 11.3 ± 0.7 28.2 ± 0.4
AZT-C10 2.3 ± 0.1 11.5 ± 3.6
AZT-C12 2.0 ± 0.03 13.3 ± 2.2

a NI = no inhibition.
3. Results and discussion

3.1. Design and synthesis of AZT homodimers

Studies have shown that P-gp contains multiple binding sites,
where two or more substrates can bind simultaneously.20–25 Using
this feature to our advantage, we have previously converted sev-
eral therapeutic substrates of P-gp into dimers that inhibit the
transporter.17,26–31 We thus used this strategy to generate a total
of five homodimers of AZT with varying lengths of methylene-
based linkers (AZTC2–AZTC12) (Scheme 1). We hypothesized that
such a library of dimers with different tether lengths would allow
us to probe the distance between AZT binding sites on P-gp.

Since AZT is also a substrate of ABCG2, we wanted to explore
AZT dimers as inhibitors of this transporter as well. Compared to
P-gp which functions as a monomer, ABCG2 is a ‘‘half transporter”
that dimerizes to form the active transporter.32,33 Given its overall
homology and overlapping substrate specificities with P-gp, ABCG2
Please cite this article in press as: Namanja-Magliano H.A., et al. Bioorg. Med.
is also proposed to have multiple binding sites that are formed
through homodimeric assembly. As such, we hypothesized that
AZT dimers may also inhibit ABCG2.

AZT contains a primary alcohol which we used successfully to
form ester-linked dimers with varying length tethers (Scheme 1).
The dimers were synthesized by activating the appropriate dicar-
boxylic acids with EDC, followed by the addition of AZT in the pres-
ence of catalytic DMAP and DIEA (Scheme 1). The resulting dimers
were purified to homogeneity and characterized by mass spec-
trometry (Table 1).

3.2. Dimers inhibit P-gp and ABCG2 in cultured cells with minimal
toxicity

The inhibitory potency of the dimers towards both transporters
was evaluated using human carcinoma cell lines that overexpress
P-gp (MCF-7/DX1) and ABCG2 (MCF-7/FLV1000). The P-gp sub-
strate calcein-AM was used in a fluorescence accumulation flow
cytometry assay to assess the effect of the dimers AZT-C2 through
AZT-C12 and the AZT monomer on P-gp transport. Once inside
cells calcein-AM is cleaved by esterases yielding fluorescent cal-
cein. In this assay, substrates of P-gp do not accumulate within
cells and fluorescence, therefore, is not observed. However, inhibi-
tion of P-gp leads to accumulation of the substrate within the cells
and a resulting increase in cellular fluorescence. In the case of AZT,
addition of up to 500 mM of the monomer to MCF-7/DX1 cells did
not increase the accumulation of calcein in the P-gp expressing
cells, indicating no inhibition of P-gp (Table 2). The dimers with
shortest lengths, AZT-C2 and AZT-C5, displayed negligible inhibi-
tion of P-gp transport at concentrations greater than 200 lM. As
the tether length was increased, however, the dimer activity also
increased, with AZT-C10 and AZT-C12 displaying about 5-fold
greater inhibition as compared to AZT-C8 (Table 2).

We used a human breast carcinoma cell line over-expressing
ABCG2 (MCF-7/FLV1000) to evaluate the inhibitory efficacy of the
AZT dimers. Fluorescent substrate accumulation assays with AZT-
dimers were performed with the ABCG2 substrate mitoxantrone
(Table 2). These data indicate that AZT dimers with longer tethers
were the most effective as inhibitors of the transporter. For exam-
ple, AZT-C8, AZT-C10 and AZT-C12 were notably more potent as
compared AZT-C2 and AZT-C5, whereas the AZT monomer did
not inhibit ABCG2 up to 400 mM (Table 2). Interestingly, these data
Chem. (2017), http://dx.doi.org/10.1016/j.bmc.2017.07.001
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Fig. 1. Competition between AZT-C10 and [125I]-IAAP for binding sites on (A) P-gp
and (B) ABCG2. DMSO was used as the negative control and GF120918 as the
positive control.
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were similar to the P-gp inhibition data. The similarity in these
trends described above suggests that the distance between binding
sites in ABCG2 is similar to the sites in P-gp.

3.3. AZT dimers inhibit P-gp and ABCG2 by competing for substrate
binding sites

Thus far, we have shown that the longer tether length AZT
dimers inhibit P-gp and ABCG2, but have not demonstrated the
mechanism of inhibition. Since, the AZT dimers were designed to
interact with the substrate binding sites of the transporters, they
should compete with substrates for these sites. To confirm that
the AZT dimers bind to the substrate binding sites, competition
studies were conducted with the 125I-radiolabeled azido-analog
of prazosin [125I]-IAAP (Fig. 1). Prazosin is a known substrate of
both P-gp20 and ABCG2.34 Furthermore, [125I]-IAAP is known to
bind to P-gp at sites localized to the transmembrane domain of
the transporter.35 In these experiments, AZT-C10was used because
it is a potent inhibitor of both transporters. Sf9 insect membranes
that expressed P-gp or ABCG2 were incubated with AZT-C10 and
[125I] IAAP, followed by photocrosslinking. After SDS-PAGE, the
intensity of the radiolabeled bands from [125I] IAAP and P-gp or
ABCG2 were quantitated by densitometry using ImageJ. AZT-C10
competed with [125I] IAAP for binding to both P-gp (Fig. 1A) and
ABCG2 (Fig. 1B) in a concentration dependent manner, with an
IC50 values of 9.3 ± 2.3 mM and 4.3 ± 0.7 mM, respectively. These
data suggest that the AZT-dimer inhibits the transporters by com-
peting for the prazosin binding sites in the transmembrane
domains.

Importantly, using a standard MTT assay,36 we determined that
our most potent dimers in the library, AZT-C10 and AZT-C12,
showed minimal toxicity (>95% viability) to both the MCF-7/DX1
and MCF-7/FLV1000 cell lines at the concentrations required for
inhibition of both P-gp and ABCG2. The only exception was AZT-
C12with MCF-7/FLV1000 cells which demonstrated approximately
60% viability at 40 lM.

4. Conclusions

Expression P-gp and ABCG2 at the BBB play a pivotal role in lim-
iting brain levels of antiretroviral agents, such as AZT. Thus, in this
proof of concept study, we synthesized AZT-based homodimers
with the goal of inhibiting these transporters. A library of dimers
with varied in tether lengths was prepared. Of these, the longer
tether lengths afforded more potent inhibitors of both P-gp and
ABCG2 in mammalian cell lines. Competition experiments with
the photo-affinity substrate [125I]-IAAP also demonstrated that
these dimers compete with substrates for transporter binding.
Taken together, these data suggest that the dimers serve as com-
petitive inhibitors. Given that a number of antiretroviral agents
are substrates for both proteins, these agents have potential to pro-
vide enhanced delivery of the antiretrovirals across the BBB.
Please cite this article in press as: Namanja-Magliano H.A., et al. Bioorg. Med.
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