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Abstract

Breast cancer resistance protein (BCRP/ABCG2) is a novel member of ATP-binding cassette transporters, which induce multidrug

resistance in cancer cells. We previously reported that a high level of BCRP expression in CD4þ T cells conferred cellular resistance to

nucleoside reverse transcriptase inhibitors (NRTIs) of human immunodeficiency virus type 1 (HIV-1). However, this BCRP was found to

have a mutation of Arg to Met at position 482 (BCRPR482M). The present study demonstrated that the wild-type BCRP (BCRPWT) also

conferred cellular resistance to NRTIs. MT-4 cells (a CD4þ T-cell line) highly expressing BCRPWT (MT-4/BCRP) were generated and the

expression of BCRPWT was confirmed by genotypic and phenotypic analyses. Compared to the parental MT-4 cells, MT-4/BCRP cells

displayed resistance to zidovudine (AZT) in terms of antiviral activity as well as drug cytotoxicity. In addition, other NRTIs were also less

inhibitory to HIV-1 replication in MT-4/BCRP cells than in MT-4 cells. Significant reduction of intracellular AZT accumulation was

observed in MT-4/BCRP cells. An analysis for intracellular metabolism of AZT suggested that the resistance was attributed to the

increased efflux of AZT and its metabolites in MT-4/BCRP cells. Furthermore, the BCRP-specific inhibitor fumitremorgin C completely

restored the reduction of AZT in MT-4/BCRP cells. These results indicate that, like BCRPR482M, BCRPWT also plays an important role in

cellular resistance to NRTIs.
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1. Introduction

Significant advances in the treatment of human immu-

nodeficiency virus type 1 (HIV-1) infection have been

achieved with highly active antiretroviral therapy

(HAART), which is conducted by combination with drugs

that block different steps in the viral replication cycle, such

as reverse transcription and protein processing. However,

the decrease of efficacy with increasing a treatment period

becomes a major concern associated with long-term ther-

apy with antiretroviral agents. In fact, HAARToften results

in treatment failure due to the emergence of drug-resistant

HIV-1 mutants [1]. On the other hand, some patients

display a sign of drug resistance without emergence of

resistant mutants [2], suggesting that certain cellular fac-

tors in part account for the failure of antiretroviral therapy.
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A common mechanism of resistance to anticancer agents is

drug-induced expression of the ATP-binding cassette

(ABC) transporters, which act as an ionic pump and

prevent intracellular accumulation of anticancer agents

in tumor cells. P-glycoprotein (P-gp/ABCB1), one of the

ABC transporters, has proved to be an important determi-

nant for the oral bioavailability of HIV-1 protease inhibi-

tors (PIs) and their entrance into central nervous system

(CNS). P-gp also appears to affect drug penetration into

other tissues serving as sanctuaries for HIV-1 [3]. It was

reported that overexpression of P-gp was associated with

reduced antiviral activity of zidovudine (AZT) against

HIV-1 [4]. In addition, overexpression of multidrug resis-

tance protein (MRP/ABCC) 4 was found to severely impair

the anti-HIV-1 activity of AZT and other nucleoside or

nucleotide reverse transcriptase inhibitors (NRTIs), such as

phosphonyl-methoxyethyladenine (PMEA) [5].

Recently, breast cancer resistance protein (BCRP/

ABCG2), a new member of the ABC transporter super-

family, was identified in the atypical multidrug-resistant

human breast cancer cell line MCF-7, which was selected

in the presence of doxorubicin (DOX) and verapamil [6].

BCRP is the second member of the G (white) subfamily of

ABC transporters and is also known as the mitoxantrone-

resistance protein MXR [7] or the placental ABC trans-

porter ABCP [8]. This glycosylated plasma membrane

protein is a half-size transporter evolutionarily distinct

from other full-size ABC transporters [9]. Cells highly

expressing BCRP showed resistance to mitoxantrone, and

to a lesser extent, to DOX, daunorubicin, and topotecan.

We have recently established a DOX-resistant CD4þ T-cell

line MT-4/DOX500 and found that the cells are expressing a

high level of BCRP but not other multidrug resistance

proteins [10]. This BCRP was found to have a mutation of

Arg to Met at position 482 (BCRPR482M). Using this cell

line, it was demonstrated that high level expression of

BCRPR482M in CD4þ T cells brought about reduced anti-

HIV-1 activity of AZT and lamivudine (3TC). However, it

still remains to be elucidated whether the wild-type BCRP

(BCRPWT) similarly interacts with NRTIs and affects their

antiviral activity and cytotoxicity.

In the present study, we have generated MT-4 cells

highly expressing BCRPWT (MT-4/BCRP) and examined

NRTIs for their cytotoxicity and anti-HIV-1 activity in MT-

4/BCRP cells. The results clearly show that, like

BCRPR482M, BCRPWT also confers cellular resistance to

NRTIs through increasing drug efflux from the cells.

2. Materials and methods

2.1. Compounds

DOX, paclitaxel, mitoxantrone, and rhodamine 123

were purchased from Sigma. 7-Ethyl-10-[4-(1-piperi-

dino)-1-piperidino]carbonyloxycamptothecin (CPT-11)

and 7-ethyl-10-hydroxycamptothecin (SN-38) were

obtained from Daiichi Pharmaceuticals. AZT, stavudine

(d4T), didanosine (ddI), and zalcitabine (ddC) were also

purchased from Sigma. 3TC was kindly provided by

Mitsubishi Chemical Corporation. The BCRP-specific

inhibitor fumitremorgin C [11,12] was a generous gift

from Dr. Rabindran, Wyeth-Ayerst Research.

2.2. Cells

The human CD4þ T-cell line MT-4 [13] was grown and

maintained in RPMI 1640 medium supplemented with

10% heat-inactivated fetal calf serum, 100 units/ml peni-

cillin G, and 100 mg/ml streptomycin (culture medium).

MT-4 cells were transduced with an HaBCRP retrovirus

supernatant, and the cells were treated and maintained with

4 ng/ml mitoxantrone [14]. The obtained mitoxantrone-

resitant cells, MT-4/BCRP, were used in this study. MT-4/

DOX500 cells [10] were maintained in the presence of

500 ng/ml DOX. Prior to cytotoxicity and antiviral assays,

MT-4/BCRP and MT-4/DOX500 cells were cultured in the

absence of any compounds at least for 7 days.

2.3. Cytotoxicity assay

The cells (1 � 105 cells/ml) were cultured in the pre-

sence of various concentrations of test compounds. After a

4-day incubation at 37 8C, the number of viable cells was

determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT) method [15].

2.4. Drug accumulation and retention assay

Intracellular drug accumulation and retention in MT-4,

MT-4/BCRP, and MT-4/DOX500 cells were determined by

a slight modification of the flow cytometric method

described previously [16]. Briefly, the cells were exposed

to either 10 mg/ml DOX, 10 mg/ml mitoxantrone, or

100 ng/ml rhodamine 123 for 30 min (accumulation phase)

and washed with ice-cold phosphate buffered saline (PBS).

The cells were resuspended in culture medium in the

absence of compounds, further incubated for 60 min at

37 8C (retention phase), and analyzed for intracellular drug

concentrations by flow cytometry (FACScanTM, Becton

Dickinson). To determine the effect of fumitremorgin C,

the cells were exposed to 10 mg/ml mitoxantrone in the

absence or presence of 5 mM fumitremorgin C for 20 min

at 37 8C, and its intracellular concentration was evaluated

by flow cytometry.

2.5. Preparation of crude membrane fractions

Crude membrane fractions were prepared from MT-4

and MT-4/BCRP cells, according to the method described

previously [17,18]. To prepare the crude membrane frac-

tions, the cells were washed with 1% aprotinin-containing
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PBS and treated with lysis buffer [10 mM KCl, 1.5 mM

MgCl2, 10 mM Tris–HCl (pH 7.4), 1 mM ethylene diami-

netetraacetic acid (EDTA), 1 mM p-amindinophenylmetha-

nesulfonylfluoride (APMSF), and 2 mg/ml aprotinin].

After 10 min on ice, the cells were homogenized with

approximately 80 strokes of Dounce homogenizer. The intact

cells and nuclei in the homogenate were removed by cen-

trifugation (1500 � g) for 10 min. To prepare membrane-

enriched fractions, the supernatants were ultracentrifuged

(100,000 � g) for 30 min at 4 8C, and the pellets were

resuspended in dilution buffer [10 mM Tris–HCl (pH 7.4),

0.25 M sucrose, and 1 mM APMSF]. Protein concentra-

tions were determined by Bradford’s method [19], and each

protein was kept at �80 8C until use.

2.6. Western blot analysis

The crude membranes were subjected to the analysis for

BCRP expression. An anti-BCRP antibody was prepared,

according to the procedures described previously [14]. The

antibody was generated by immunizing rabbits with a

peptide that corresponds to amino acids 340–359 of the

human BCRP protein. For Western blot analysis, the

extracted proteins (100 mg) were separated by sodium

dodecylsulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred to a polyvinyldenedifluoride mem-

brane [10]. The transferred proteins were treated with the

anti-BCRP antibody and a horseradish peroxidase-conju-

gated goat anti-rabbit IgG monoclonal antibody (Amer-

sham Pharmacia Biotech). Antibody binding was

visualized with an enhanced chemiluminescence Western

blotting detection system (Amersham Pharmacia Biotech).

2.7. Anti-HIV-1 assay

The activity of the compounds against HIV-1 replication

was based on the inhibition of virus-induced cytopathicity

in MT-4 and MT-4/BCRP cells, as previously described

[20]. Briefly, the cells (1 � 105 cells/ml) were infected with

HIV-1 (IIIB strain) at a multiplicity of infection of 0.3 and

cultured in the presence of various concentrations of the test

compounds. After a 4-day incubation at 37 8C, the number

of viable cells was determined by the MTT method.

2.8. Determination of intracellular concentration of AZT

and its metabolites

MT-4 and MT-4/BCRP cells were treated with [methyl-
3H]AZT (15.4 Ci/mmol) for different periods of time,

rapidly washed with ice-cold buffer, and extracted with

60% (v/v) methanol. The methanol extracts were heated at

95 8C for 1.5 min, and their radioactivity was determined.

The intracellular concentrations of AZTand its metabolites

was also determined in MT-4 and MT-4/BCRP cells

exposed to [methyl-3H]AZT at various concentrations

ranging from 62.5 to 1000 nM.

2.9. Effect of fumitremorgin C on the efflux of

AZT and its metabolites

The effect of fumitremorgin C on the efflux of intracel-

lular AZT and its metabolites from MT-4 and MT-4/BCRP

were analyzed by a slight modification based on high

performance liquid chromatography (HPLC), as pre-

viously reported [21]. Five million cells were incubated

with 1 mM [methyl-3H]AZT in the absence or presence of

fumitremorgin C (5 mM). After a 2-h incubation, the cells

were washed three times with ice-cold medium and imme-

diately frozen in dry ice. The cells were then extracted with

60% (v/v) methanol, and the methanol extracts were heated

at 95 8C for 1.5 min. The extracts were clarified by cen-

trifugation (12,000 � g) for 6 min. Separation and detec-

tion of AZT and its metabolites were performed with a 25-

cm Whatman Partisil-10 SAX column (Gilson) by HPLC.

After injection of the samples (25 ml), a buffer gradient was

applied, starting at zero time with 5 mM potassium phos-

phate and increasing linearly to 750 mM potassium phos-

phate over 55 min at 1 ml/min. Then, 750 mM potassium

phos-phate was further pumped for 10 min. The elution

was fractionated at 1-min intervals (1 ml) and analyzed for

radioactivity.

3. Results

3.1. Establishment of MT-4/BCRP cells

To determine whether BCRPWT affects the anti-HIV-1

activity and cytotoxicity of NRTIs, we have established

MT-4/BCRP cells expressing a high level of BCRPWT.

BCRPWT in the crude membrane fractions of the cells was

detected with the anti-BCRP polyclonal antibody 3488. As

show in Fig. 1, a limited level of BCRP protein was

expressed in the parental MT-4 cells, while a high level

of BCRP protein expression was observed in MT-4/BCRP

cells. Sequence analysis for the full-length BCRP cDNA

obtained from MT-4 and MT-4/BCRP cells revealed that

only BCRPWT mRNA was expressed in these cell lines

(data not shown).

Fig. 1. BCRP expression in MT-4 and MT-4/BCRP cells. Crude

membranes (100 mg) from MT-4 and MT-4/BCRP cells were separated

by SDS-PAGE and transferred to a polyvinyldenedifluoride membrane.

The transferred proteins were immunoblotted with a mAb against human

BCRP. Lanes 1 and 2 are the proteins obtained from MT-4 and MT-4/

BCRP cells, respectively.
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3.2. Resistance profile of MT-4/BCRP cells

Several anti-cancer agents were examined for their

cytotoxicity in MT-4, MT-4/BCRP, and MT-4/DOX500

cells. The level of BCRP expression was approximately

10-fold lower in MT-4/BCRP cells than that in MT-4/

DOX500 cells (data not shown), although the BCRPs

expressing in the former and the latter were BCRPWT

and BCRPR482M, respectively. MT-4/DOX500 cells were

found to be resistant to DOX, mitoxantrone, CPT-11, and

SN-38 but remained sensitive to paclitaxel (Table 1), which

was in agreement with our previous results [10]. MT-4/

BCRP cells proved to be resistant to mitoxantrone, CPT-11

and SN-38 but not resistant to paclitaxel. Furthermore, MT-

4/BCRP cells showed little, if any, resistance to DOX

compared with the parental MT-4 cells (Table 1).

To further confirm the difference in substrate specificity

between BCRPWT and BCRPR482M, the intracellular accu-

mulation and retention of rhodamine 123, DOX, and

mitoxantrone were examined in MT-4/BCRP and MT-4/

DOX500 cells by flow cytometry. The intracellular accu-

mulation and retention of rhodamine 123 and DOX were

not apparent in MT-4/BCRP cells (Fig. 2). However,

significant reduction of intracellular mitoxantrone was

observed in MT-4/BCRP cells after removal of the com-

pound from culture medium. Furthermore, much lower

levels of rhodamine 123, DOX, and mitoxantrone were

identified in MT-4/DOX500 cells compared with MT-4 and

MT-4/BCRP cells (Fig. 2). The BCRP-specific inhibitor

fumitremorgin C was found to increase the mitoxantrone

accumulation up to a similar level in all of the three cell

lines (Fig. 3). These results were in agreement with those

reported in several previous studies on the substrate spe-

cificity of BCRPWT and mutant BCRPs.

3.3. Cytotoxicity and anti-HIV-1 activity of NRTIs

in MT-4/BCRP cells

When the cytotoxicity of AZT was evaluated in MT-4,

MT-4/BCRP, and MT-4/DOX500 cells, its 50% inhibitory

concentrations (IC50s) were 94, 154, and 240 mM, respec-

tively (Table 1). The IC50 of other NRTIs could not be

determined because of their low cytotoxicity in these cell

lines (data not shown). The anti-HIV-1 assays were also

conducted for AZT and other NRTIs to determine whether

Table 1

Cytotoxicity of anticancer agents and AZT in MT-4, MT-4/BCRP, and MT-

4/DOX500 cellsa

Compound IC50
b

MT-4 MT-4/BCRP MT-4/DOX500

Doxorubicin (ng/ml) 4.5 � 1.0 7.2 � 2.1 653 � 25

Mitoxantrone (ng/ml) 0.10 � 0.07 22 � 6.2 678 � 172

SN-38 (mM) 4.1 � 0.1 44 � 8.5 133 � 32

CPT-11 (mM) 2.3 � 0.2 14 � 3.7 78 � 21

Paclitaxel (ng/ml) 0.89 � 0.16 1.03 � 0.24 0.77 � 0.23

AZT (mM) 94 � 16 154 � 12 240 � 12

a The cells were cultured for 4 days in the presence of the compounds.

The number of viable cells was determined by the MTT method, as

described in Section 2. All data represent means � standard deviations for

three separate experiments.
b Fifty percent inhibitory concentration, required to reduce cell

proliferation and viability by 50%.

Fig. 2. Accumulation and retention of DOX, mitoxantrone, or rhodamine 123 in MT-4 and MT-4/BCRP cells. The cells were incubated for 30 min in media

alone (—), or incubated with 10 mg/ml DOX, 10 mg/ml mitoxantrone, or 100 ng/ml rhodamine 123 (- - -); washed, and further incubated for 60 min in media

alone ( ). The intracellular DOX, mitoxantrone, or rhodamine 123 concentration was determined by flow cytometry.
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their activities were also affected by BCRP. AZT proved

2.5-fold less inhibitory to HIV-1 replication in MT-4/

BCRP cells than in MT-4 cells (Table 2). The 50% effective

concentrations (EC50) of AZT were 0.013 and 0.032 mM in

MT-4 and MT-4/BCRP cells, respectively. Furthermore,

the activities of 3TC, ddI, and ddC were also impaired

to some extent (1.8–5.4-fold) in MT-4/BCRP cells

(Table 2). These results indicate that, like BCRPR482M,

the expression of BCRPWT is associated with cellular

resistance to NRTIs.

3.4. AZT accumulation in MT-4/BCRP cells

It was assumed that the resistance of MT-4/BCRP cells

to NRTIs could be attributed to the reduction of intracel-

lular drug concentration. A steady-state level of AZT and

its metabolites was already achieved after 10 min of drug

exposure (Fig. 4). No significant difference was observed

between MT-4 and MT-4/BCRP cells at this time point.

When the cells were further incubated in the presence of

AZT, the intracellular drug concentration retained at the

same level in MT-4 cells until 2 h and gradually decreased

thereafter. On the other hand, the intracellular drug con-

centration started to decrease at 30 min in MT-4/BCRP

cells and further decreased over an incubation period. The

intracellular drug concentrations in MT-4/BCRP cells were

always less than half of those in MT-4 cells after 1 h

(Fig. 4). Furthermore, similar results were also obtained

in MT-4/BCRP cells after a 2 h-exposure to various con-

centrations of AZT (Fig. 5).

3.5. The effect of the BCRP-specific inhibitor

fumitremorgin C

To gain insight into the mechanism of increased efflux of

AZT and its metabolites in MT-4/BCRP cells, the intra-

cellular metabolism of AZT was investigated in MT-4 and

MT-4/BCRP cells. An HPLC analysis revealed that the

intracellular levels of AZT and its metabolites, especially

Fig. 3. Accumulation of mitoxantrone in MT-4, MT-4/BCRP, and MT-4/DOX500 in the absence or presence of fumitremorgin C. The cells were incubated for

60 min with 10 mg/ml mitoxantrone in the absence (- - -) or presence of 5 mM fumitremorgin C ( ). The intracellular concentrations of mitoxantrone were

determined by flow cytometry.

Table 2

Anti-HIV-1 activity of NRTIs in MT-4 and MT-4/BCRP cellsa

Compound EC50
b (mM) Fold resistance to MT-4c

MT-4 MT-4/BCRP MT-4/BCRP MT-4/DOX500
d

AZT 0.013 � 0.004 0.032 � 0.020 * 2.5 7.5

3TC 0.88 � 0.34 1.58 � 0.41* 1.8 >77

ddI 11.6 � 1.6 62.7 � 28.5* 5.4 2.7

ddC 1.3 � 0.6 2.4 � 0.4* 1.9 n.d.e

D4T 0.29 � 0.11 0.36 � 0.16 1.2 1.6

a The infected cells were cultured for 4 days in the presence of the compounds. The number of viable cells was determined by the MTT method, as

described in Section 2. All data represent means � standard deviations for five separate experiments. The statistical significance between the EC50 of MT-4

cells and EC50 of MT-4/BCRP cells was determined by the t-test.
b Fifty percent effective concentration, required to reduce cell HIV-1-induced cytopathicity by 50%.
c Fold resistance, the ratio of EC50 in MT-4 cells to EC50 in MT-4/BCRP cells or the ratio of EC50 in MT-4 cells to EC50 in MT-4/DOX500 cells.
d Data are taken from [10].
e Not determined.
* P < 0.05.

Fig. 4. Intracellular uptake of [methyl-3H]AZT in MT-4 and MT-4/BCRP

cells. MT-4 (closed bars) and MT-4/BCRP (open bars) cells were

incubated in the presence of 0.5 mM [methyl-3H]AZT. At the indicated

times, the cells were extensively washed with ice-cold PBS. Fractions

extracted with methanol were determined for their radioactivity. The

results represent the means � standard derivations in three independent

samples.
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AZT 50-monophosphate (AZTMP), were highly dimin-

ished in MT-4/BCRP cells (Table 3). Only 28% of the

AZTMP level in MT-4 cells was identified in MT-4/BCRP

cells. In addition, the levels of AZT, AZT 50-diphosphate

(AZTDP), and AZT 50-triphosphate (AZTTP) were also

52.8, 45, and 86.6% of those in MT-4 cells, respectively

(Table 3). The BCRP-specific inhibitor fumitremorgin C

could completely restore the decreased levels of AZT and

its metabolites in MT-4/BCRP cells at a concentration of

5 mM (Table 3). Fumitremorgin C did not affect the

viability and proliferation of MT-4 and MT-4/BCRP cells

at this concentration (data not shown). These results sug-

gest that the reduced anti-HIV-1 activity of AZT in MT-4/

BCRP cells is due to the increased efflux of AZT and its

metabolites by BCRPWT and subsequent decrease of their

intracellular concentrations.

4. Discussion

Host cellular factors are assumed to be in part involved

in the resistance to anti-retroviral agents [2,22]. One of

such factors is the ABC transporter family, which acts as an

ionic pump and prevents intracellular accumulation of

various drugs. Among the ABC transporters, P-gp was

found to be an important determinant for oral bioavail-

ability and CNS penetration of PIs [3]. In addition, it was

reported that the overexpression of MRP4 in CD4þ T cells

increased the efflux of some NRTIs from the cells and

reduced their anti-HIV-1 activity [5]. However, the role of

other ABC transporters in NRTI-resistance is still unknown

and remains to be elucidated.

We have recently demonstrated that high level of

BCRPR482M expression in CD4þ T cells brings about

reduced anti-HIV-1 activity of NRTIs but not non-nucleo-

side reverse transcriptase inhibitors (NNRTIs) or PIs [10].

The arginine at position 482 (R482) is considered to play a

crucial role in BCRP function; point mutation of this amino

acid residue may significantly change the substrate speci-

ficity of BCRP and the phenotype of drug resistance [23].

In fact, this study has shown clear difference in cytotoxicity

and efflux of drugs between BCRPWT and BCRPR482M

(Table 1 and Figs. 2 and 3). Therefore, it would be possible

that the NRTI-resistance could be conferred only by

BCRPR482M but not by BCRPWT. To exclude this possibi-

lity, we have generated the CD4þ T-cell line (MT-4/BCRP)

expressing a high level of BCRPWT and examined whether

it also affects the anti-HIV-1 activity and cytotoxicity to

NRTIs. The present study has clearly demonstrated that,

like BCRPR482M, BCRPWT also diminishes the anti-HIV-1

activity of NRTIs. Although the reduction rate (fold resis-

tance) seems to be considerably smaller in MT-4/BCRP

cells than in MT-4/DOX500 cells [10], this may be in part

attributed to the 10-fold higher expression of BCRP in MT-

4/DOX500 cells than in MT-4/BCRP cells. In fact, apart

from DOX (a substrate of BCRPR482M but not BCRPWT),

MT-4/DOX500 was found to be much more resistant to

mitoxantrone, SN-38, and CPT-11 (Table 1). Furthermore,

experiments using MT-4/DOX100 cells [10], which express

an almost identical level of BCRPR482M compared to the

BCRPWT level in MT-4/BCRP cells, revealed that AZT

was 3.3-fold less inhibitory to HIV-1 replication in MT-4/

DOX100 cells than in MT-4 cells (data not shown). Since

the anti-HIV-1 activity of AZT was 2.5-fold lower in MT-4/

BCRP cells than in MT-4 cells (Table 2), these results

suggest that BCRPWT interacts similarly with nucleoside

analogs.

HIV-1 has been found in several tissues in vivo and can

infect many different types of human cells in vitro. BCRP

has also been detected in some normal tissues, including

placenta, liver, breast, and venous and capillary endothe-

lium [24]. More importantly, BCRP mRNA could be

detected in bone marrow and peripheral blood mononuc-

lear cells [25]. If HIV-1 could upregulate BCRP expression

in the infected cells, the intracellular NRTI concentrations

would decrease in these tissues, resulting in insufficient

suppression of HIV-1 replication and increasing opportu-

nity for the emergence of drug-resistant mutants.

Fig. 5. Concentration-dependent intracelluar uptake of [methyl-3H]AZT

in MT-4 and MT-4/BCRP cells. MT-4 (open square) and MT-4/BCRP

(open circle) cells were incubated in the presence of various concentrations

of [methyl-3H]AZT. After 2 h, the cells were extensively washed with ice-

cold PBS. Fractions extracted with methanol were determined for their

radioactivity. The points and error bars represent the means � standard

derivations in three independent samples.

Table 3

Effects of fumitremorgin C on intracellular concentrations of AZT and its

metabolites in MT-4 and MT-4/BCRP cellsa

Cells Fumitremorgin C Concentration (pmol/106 cells)

AZT AZTMP AZTDP AZTTP

MT-4 (�) 0.135 1.461 0.101 0.076

MT-4 (þ) 0.160 1.596 0.112 0.080

MT-4/BCRP (�) 0.071 0.410 0.046 0.066

MT-4/BCRP (þ) 0.180 1.599 0.098 0.084

a The cells were incubated with [methyl-3H]AZT in the absence or

presence of fumitremorgin C (5 mM). After a 2-h incubation, the cells were

subjected to HPLC analysis, as described in Section 2. Intracellular

concentrations of AZT and its metabolites are expressed as pmol/106 cells.
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In the brain, HIV-1 infection is restricted, in most cases,

to microglia and brain macrophages. The CNS disorders

associated with HIV-1 infection, such as encephalopathy

and dementia, occur at the late stage of the disease [26].

The development of HAART has decreased the incidence

rates for HIV-1-associated encephalopathy and dementia,

nevertheless its impact on the future incidence and course

of dementia remains debatable [27,28]. Effective treatment

of HIV-1-associated dementia or encephalopathy needs

efficient distribution of anti-HIV-1 agents into the CNS.

The blood–brain barrier (BBB) is well recognized to play a

crucial role in restricting the penetration of many drugs and

toxins into the brain from the systemic circulation. In the

case of PIs, P-gp expression in the BBB enhances the

elimination of PIs from CNS, and specific inhibitors of P-

gp are able to dramatically increase their penetration into

the CNS [29].

Limited distribution of AZT, ddI, and related nucleoside

derivatives in the CNS has been demonstrated after their

systemic administration [30–32]. Although several forms

of organic anion transporters have substantial activities for

NRTI transport into the brain, the role of the ABC trans-

porters in penetration of NRTIs through the BBB has not

fully been understood yet [32–35]. It was reported that

MRP4 acted as a transporter of some NRTIs, such as

AZTMP and PMEA [5]. However, even now, there are

no solid evidences of MRP4 expression in the BBB.

Recently, the brain multidrug resistance protein was dis-

covered in the porcine BBB, and the protein was shown to

be highly homologous to the human and mouse BCRP

[36,37]. BCRP was also identified in the BBB of both

normal and tumor human brain tissues and mainly located

at the luminal surface of microvessel endothelium [38].

Although the extracellular concentrations of AZT and its

metabolites were not measured in this study, it is assumed

that not only BCRPR482M but also BCRPWT are involved in

the efflux of AZT and its metabolites, presumably AZTMP

[5]. The effect of BCRPWT on the intracellular concentra-

tions of AZT and AZTMP were completely restored by the

presence of the BCRP-specific inhibitor fumitremorgin C,

also suggesting this possibility (Table 3). Additional

experiments are still required to determine whether the

same result can be obtained for other NRTIs in the presence

of fumitremorgin C. However, if the expression of

BCRPWT in the BBB may commonly restrict the entry

of NRTIs into the brain, it seems important to reduce the

affinity of anti-HIV-1 agents for the ABC transporters to

achieve their sufficient concentrations in the brain. A

strategy involving either chemical modification of existing

anti-HIV-1 agents or discovery of a selective inhibitor of

the ABC transporters is needed for effective treatment of

the CNS disorders associated with HIV-1 infection. In this

point of view, BCRP inhibitors, such as fumitremorgin C,

may be useful to improve the entry of NRTIs into the brain

and increase their concentrations in the cerebrospinal fluid

[11,12].
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