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The membrane-associated drug transporter P-glycoprotein (P-gp) plays an essential role in drug efflux from the brain. Induction of this protein at the blood-brain barrier (BBB) could further affect the ability of a drug to enter the brain. At present, P-gp
induction mediated by antiretroviral drugs at the BBB has not been fully investigated. Since P-gp expression is regulated by ligand-activated nuclear receptors, i.e., human pregnane X receptor (hPXR) and human constitutive androstane receptor (hCAR),
these receptors could represent potential pathways involved in P-gp induction by antiretroviral drugs. The aims of this study
were (i) to determine whether antiretroviral drugs currently used in HIV pharmacotherapy are ligands for hPXR or hCAR and
(ii) to examine P-gp function and expression in human brain microvessel endothelial cells treated with antiretroviral drugs identified as ligands of hPXR and/or hCAR. Luciferase reporter gene assays were performed to examine the activation of hPXR and
hCAR by antiretroviral drugs. The hCMEC/D3 cell line, which is known to display several morphological and biochemical properties of the BBB in humans, was used to examine P-gp induction following 72 h of exposure to these agents. Amprenavir,
atazanavir, darunavir, efavirenz, ritonavir, and lopinavir were found to activate hPXR, whereas abacavir, efavirenz, and nevirapine were found to activate hCAR. P-gp expression and function were significantly induced in hCMEC/D3 cells treated with
these drugs at clinical concentrations in plasma. Together, our data suggest that P-gp induction could occur at the BBB during
chronic treatment with antiretroviral drugs identified as ligands of hPXR and/or hCAR.

I

n the last decade, the use of combination antiretroviral therapy
has led to a significant decline in the morbidity and mortality of
people infected by human immunodeficiency virus (HIV). At
present, although severe forms of HIV-associated neurocognitive
disorders (e.g., HIV-associated dementia) have almost disappeared from clinical practice, the prevalence of other mild neurocognitive disorders (e.g., asymptomatic neurocognitive impairment) remains unchanged, suggesting that virus suppression in
the brain is suboptimal (1). These disorders have been associated
with a lower survival rate and can greatly affect the quality of life of
individuals infected with HIV (2). One potential explanation for
the high prevalence of these disorders is the limited ability of several antiretroviral drugs to enter the brain. A ranking system for
the effectiveness with which drugs penetrate the central nervous
system has been proposed by S. Letendre to evaluate whether
brain penetration by antiretroviral drugs is associated with cerebrospinal fluid viral loads, a clinical indication of brain virus control (1). Letendre reported that HIV patients generally exhibited a
lighter viral load in the cerebrospinal fluid while receiving antiretroviral drugs with greater brain-penetrating ability (1). In addition, further evidence suggested that the use of antiretroviral
drugs that display a high ability to enter the brain can lead to better
neurocognitive outcomes (3). These findings support the concept
that the use of antiretroviral regimens with an improved ability to
enter the brain could reduce viral loads in the brain and ultimately
prevent HIV-associated neurological complications.
The presence of an intact blood-brain barrier (BBB) has long
been known to restrict antiretroviral drug entry into the brain (4).
In addition to the presence of tight junctions, one mechanism by
which the BBB restricts drug entry is the expression of several
membrane-associated drug efflux transporters in brain microvessel endothelial cells (5). In particular, P-glycoprotein (P-gp) expression at the luminal membrane of these endothelial cells can
actively transport substrates (i.e., xenobiotics and drugs) back
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into the blood following the initial diffusion of these substrates
across the luminal membrane (6–8). Substrates of P-gp include
most HIV protease inhibitors (PIs), the nucleoside reverse transcriptase inhibitor abacavir, the chemokine CCR5 coreceptor antagonist maraviroc, and the HIV integrase inhibitor raltegravir
(9). Therefore, induction of the functional expression of this protein at the BBB is expected to further restrict the ability of antiretroviral drugs known to serve as substrates of this transporter to
enter the brain. Our group and others have previously demonstrated that the HIV PIs ritonavir and atazanavir can induce P-gp
expression in human and rodent brain microvessel endothelial
cells that constitute the BBB (10–12). However, little is known
about the ability of other antiretroviral drugs to induce P-gp expression at this site. Induction of P-gp and other drug transporters
(e.g., MRP2) in peripheral organs, such as the liver and intestine,
has been demonstrated to be mediated through the activity of the
xenobiotic-activating nuclear receptors pregnane X receptor
(PXR) and constitutive androstane receptor (CAR) (13). At the
BBB, PXR and CAR have also been demonstrated to regulate P-gp
expression in porcine and rodent brain microvessel endothelial
cells or isolated brain capillaries (14–18). Recently, our group has
shown that human PXR (hPXR) and human CAR (hCAR) are
actively involved in the regulation of P-gp in a human brain microvessel endothelial cell (hCMEC/D3) culture system (19). These
two nuclear receptors have been identified as xenobiotic sensors
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that are able to interact with a wide array of pharmaceutical agents
(20). At present, a few HIV PIs (i.e., ritonavir, amprenavir, and
lopinavir) have been identified as ligands of hPXR by reporterbased assays (21, 22). In addition, efavirenz, a nonnucleotide reverse transcriptase inhibitor (NNRTI), is capable of inducing the
promoter activity of the phase I drug-metabolizing cytochrome
P450 enzyme 3A4 when transfected with a full-length hPXR plasmid (23). Moreover, Svärd et al. used a panel of antiretroviral
drugs to screen for CYP3A4 and CYP2B6 promoter activation
mediated by hPXR and hCAR; however, they reported several discrepancies in receptor activation by several HIV PIs (i.e., nelfinavir, ritonavir, and atazanavir) compared to previously published
reports (22, 24). The aims of this study were (i) to determine
whether several antiretroviral drugs currently used in first-line
and alternative regimens during HIV pharmacotherapy are ligands for hPXR or hCAR and (ii) to examine P-gp function and
expression in human brain microvessel endothelial cells following
treatment with antiretroviral drugs identified as ligands of hPXR
and hCAR. In this work, we used an in vitro cell culture system of
brain microvessel endothelial cells (hCMEC/D3) that has been
demonstrated to display several morphological and biochemical
properties of the human brain microvascular endothelium, such
as the expression of tight-junction and adhesion proteins, endothelial cell markers, drug efflux transporters (e.g., P-gp), and nuclear receptors (e.g., PXR and CAR) (12, 19, 25).
MATERIALS AND METHODS
Materials and reagents. Cell culture medium (Opti-MEM and Dulbecco’s modified Eagle’s medium [DMEM]), fetal bovine serum (FBS), penicillin-streptomycin, sterile Dulbecco’s phosphate-buffered saline (PBS),
Hanks balanced salt solution, 0.25% trypsin, and liver digest medium
were purchased from Invitrogen (Grand Island, NY). Rat tail type I collagen was purchased from Becton, Dickinson (San Jose, CA). Heat shock
fraction V bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),
and acrylamide solution were obtained from Bioshop Canada Inc., (Burlington, ON, Canada). 6-(4-Chlorophenyl)-imidazo[2,1-b][1,3]thiazole5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO) and [[3,5-bis
(1,1-dimethylethyl)-4-hydroxyphenyl]ethenylidene]bis-phosphonic acid
tetraethyl ester (SR12813) were obtained from BIOMOL Research Laboratories (Plymouth Meeting, PA). Rifampin, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium bromide (MTT), rhodamine-6G (R-6G),
phenylmethanesulfonyl fluoride, protease inhibitor cocktail, and anti-actin (mouse monoclonal) antibody were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Antiretroviral drugs were kindly provided by the
National Institutes of Health AIDS Research and Reference Reagent Program (Germantown, MD). Anti-P-gp (mouse monoclonal) antibody was
obtained from ID Labs Inc. (London, ON, Canada). The goat anti-mouse
horseradish peroxidase-conjugated secondary antibody was ordered from
Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). pRLCMV was purchased from Promega (Madison, WI). UAS-luciferase,
GAL4-CMX, GAL4-hPXR ligand binding domain (LBD), CMX, and
␤-galactosidase plasmids were provided by David Mangelsdorf (University of Texas Southwestern Medical Center, Dallas, TX). Gal4-hCAR LBD
was a generous gift from David Moore (Baylor College of Medicine,
Houston, TX).
Cell culture and luciferase reporter assays. Monkey kidney fibroblast
CV-1 cells, purchased from the American Type Culture Collection, were
maintained in DMEM supplemented with 10% FBS and 1% penicillinstreptomycin (Invitrogen). Transfections were performed with FuGENE
HD transfection reagent (Roche Diagnostics Corp.) in 48-well plates in
DMEM supplemented with 10% charcoal-treated FBS (Invitrogen). The
total amount of plasmid DNA was kept constant at 400 ng per well. Cells
were cotransfected with a GAL4-responsive luciferase reporter (UAS-luc,
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200 ng) and the GAL4 DNA binding domain fused to the LBD of hPXR
(residues 184 to 433; 100 ng). Data were normalized to the ␤-galactosidase
control (100 ng) and expressed in relative light units (RLU). As a negative
control for the receptor, the cytomegalovirus-based (CMX) expression
plasmid containing GAL4 alone was used as a negative control (GAL4CMX). Antiretroviral drugs were added in fresh medium 6 h posttransfection, and cells were harvested 14 to 16 h later and assayed for luciferase
and ␤-galactosidase activities. Primary cultures of mouse hepatocytes
were isolated and cultured as previously described (26). In brief, wild-type
129/SvEv mouse liver was perfused with liver digestion medium (3 ml/
min) and viable hepatocytes were purified by centrifugation three times at
50 ⫻ g. Freshly prepared hepatocytes were seeded into attachment medium (Williams E medium [10% charcoal-treated FBS, 1⫻ penicillinstreptomycin, 10 nM insulin]) at a final density of 1.2 ⫻ 104/well of type I
collagen-coated 48-well plates. Transfections were performed with 250 ng
DNA per well with Lipofectamine 2000 reagent (Invitrogen) in OptiMEM without FBS. Cells were cotransfected with a GAL4-responsive luciferase reporter (UAS-luc, 125 ng) and the GAL4 DNA binding domain
fused to the LBD of hCAR (residues 101 to 348; 25 ng) and a pRL-CMV
Renilla control (50 ng). The transfection efficiency in the primary cultures
of mouse hepatocytes was approximately 80%, as determined by the
transfection of a green fluorescent protein (GFP) control plasmid into
some cultures. At 24 h posttransfection, cells were exposed to M199 medium without FBS containing antiretroviral drugs or positive-control ligands. Cells were harvested after an additional 14 to 16 h and assayed for
luciferase and Renilla activities. Luciferase values were normalized for
transfection efficiency to Renilla luciferase and expressed in RLU.
hCMEC/D3 cell culture system and ligand treatment. The immortalized human brain microvessel endothelial cell line hCMEC/D3 was
kindly provided by P. O. Couraud (Institut Cochin, Département de Biologie Cellulaire and INSERM, Paris, France) (25). Cells were cultured in
rat tail type I collagen (BD)-coated 75-mm flasks, on 60-mm dishes, or on
24-well plates and maintained at 37°C in 5% CO2 and 95% humidified air
in EGM-2 medium supplemented with the EGM-2 SingleQuot growth
factor kit, which includes vascular endothelial growth factor, insulin-like
growth factor 1, epidermal growth factor, fibroblast growth factors, hydrocortisone, ascorbate, gentamicin, and 2.5% FBS, as recommended
(Lonza, Walkersville, MD). Once monolayers of hCMEC/D3 cells reached
80% confluence, the culture medium was aspirated and fresh medium
containing hPXR or hCAR ligands was added to the cells for 72 h. All
ligands were dissolved in DMSO. To ensure that the cells would remain
viable during treatment, all of the ligand concentrations used were tested
with the tetrazolium salts (MTT) assay as described previously (19). In
brief, cells were incubated in PBS containing 2.5 mg/ml MTT at 37°C for
2 h following 72 h of ligand treatment. Cell viability was assessed by comparing the absorbance (580 nm) of cellular reduced MTT in ligandtreated cells to that of vehicle-treated cells with a SpectraMax 384 microplate reader (Molecular Devices, Sunnyvale, CA).
Immunoblot analysis. P-gp and actin protein expression was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) according to previously published protocols (19). In brief,
monolayers of hCMEC/D3 cells were washed with warm PBS once and
collected by scraping in ice-cold PBS. Following centrifugation at 1,000 ⫻
g, whole-cell lysates were prepared by exposing cell pellets to lysis buffer
(1% [vol/vol] NP-40, 20 mM Tris, 150 mM NaCl, 5 mM EDTA, 1 mM
phenylmethanesulfonyl fluoride, 0.1% [vol/vol] protease inhibitor cocktail) for 15 min at 4°C. Cell lysates were sonicated for 10 s and centrifuged
at 20,000 ⫻ g for 5 min at 4°C. Supernatants containing 50 g of protein
were resolved by SDS-PAGE and electrotransferred onto a polyvinylidene
difluoride (PVDF) membrane (GE Healthcare Life Sciences, Piscataway,
NJ). Membranes were blocked for 2 h in Tris buffer (15 mM Tris, 0.1%
Tween 20, 5% skim milk) and incubated with a primary antibody overnight at 4°C prior to further incubation in an anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories Inc.). P-gp expression
was detected with a 1:500 dilution of mouse monoclonal C219 antibody
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FIG 1 Activation of hPXR by antiretroviral drugs. Representative data from three independent luciferase reporter gene assays performed with transfected

CV-1 cells after 14 to 16 h of treatment with antiretroviral drugs (10 M) are presented as means ⫾ SDs of triplicates. Luciferase activity (representing
ligand activation) was normalized to constitutive ␤-galactosidase activity (to control for transfection efficiency) and is reported in RLU. Statistically
significant differences in receptor activation (normalized to the vehicle control) were determined by one-way ANOVA with Dunnett’s post hoc test at a
significance level of P ⬍ 0.05 (*).

(ID Labs, London, ON, Canada), which recognizes the highly conserved
internal amino acid sequences VQEALD and VQAALD of P-gp. ␤-Actin
expression was detected with a 1:3,000 dilution of mouse monoclonal C-4
antibody (Santa Cruz Biotechnology, Inc.). Densitometric analysis was
performed with AlphaDigiDoc RT2 software (Alpha Innotech, San Leandro, CA) to quantify protein expression detected by an enhanced
chemiluminescence kit (Pierce Thermo Fisher Scientific Inc., Waltham,
MA). Whole-cell lysates of MDA435/LCC6/MDR1 cells (cultured in ␣
minimum essential medium supplemented with 10% FBS and 1% penicillin-streptomycin) served as a positive control for P-gp expression.
R-6G transport assay. The cellular accumulation of a well-established
fluorescence P-gp substrate, R-6G, was measured to determine the activity
of P-gp in hCMEC/D3 cells according to previously published protocols
(12). Following 72 h of ligand (i.e., antiretroviral drug or hPXR or hCAR
agonist) treatment of hCMEC/D3 cell monolayers grown on 24-well
plates, cells were rinsed with fresh medium without ligands three times
before being incubated with transport buffer (1⫻ Hanks balanced salt
solution, 10 mM HEPES, 0.01% BSA, pH 7.4) for 30 min. Cells were
exposed to transport buffer containing 1 M R-6G in the presence or
absence of the P-gp inhibitor PSC-833 (5 M) at 37°C for 30 min and then
washed with ice-cold PBS three times to stop the reaction. Triton X-100
(1%) was added to the wells, and cellular R-6G accumulation was measured at excitation and emission wavelengths of 530 and 560 nm, respectively, with a SpectraMax plate reader (Molecular Devices, Sunnyvale,
CA). Data are reported as the ratio of (i) the relative R-6G emission signal
normalized to the protein content from corresponding wells of the ligandtreated group to (ii) that of the vehicle control.
Statistical analysis. All experiments were repeated at least three times
with different passages in cells. Results are reported as means ⫾ standard
deviations (SDs). Comparisons between groups were performed by oneway analysis of variance (ANOVA) with Dunnett’s post hoc t test at a
significance level of P ⬍ 0.05. Data were analyzed by SPSS software (SPSS
Inc., Chicago, IL).

RESULTS

Luciferase reporter gene assays performed with CV-1 cells and
primary cultures of mouse hepatocytes were used to examine the

September 2013 Volume 57 Number 9

abilities of antiretroviral drugs to serve as ligands of hPXR and
hCAR. GAL4-hPXR chimeric receptor activity was induced (nfold induction normalized to DMSO) in the presence of positive
controls, i.e., rifampin (4.5 ⫾ 0.5) and SR12813 (17 ⫾ 4.7), and
the antiretroviral drugs lopinavir (8.1 ⫾ 0.2), amprenavir (6.1 ⫾
0.4), efavirenz (3.2 ⫾ 0.3), darunavir (3.2 ⫾ 0.2), ritonavir (2.5 ⫾
0.1), and atazanavir (2.1 ⫾ 0.2) (Fig. 1). GAL4-hCAR chimeric
receptor activity was induced (n-fold induction normalized to
DMSO) in the presence of the positive control, CITCO (7.9 ⫾
1.2), and the antiretroviral drugs efavirenz (3.7 ⫾ 0.5), abacavir
(2.4 ⫾ 0.1), and nevirapine (1.8 ⫾ 0.3) (Fig. 2). Data from a
representative experiment are presented. Each screen was performed on three independent occasions with CV-1 cells of different passage numbers and independent isolations of primary
mouse hepatocytes.
The hCMEC/D3 human brain microvessel endothelial cell culture system was used to examine P-gp induction mediated by
antiretroviral drugs that exhibited hPXR and/or hCAR ligand
properties. Previously, in the same culture system, our group
demonstrated that 72 h of cell exposure to 10 M atazanavir or 10
M ritonavir could induce functional P-gp expression by approximately 2-fold compared to the vehicle control (DMSO) (12). In
the present study, hCMEC/D3 cells were exposed to antiretroviral
drugs for 72 h at clinically relevant concentrations in plasma (i.e.,
lopinavir, 8.7 to 15 M [27]; amprenavir, 11 to 19 M [28];
darunavir, 3.3 to 24 M [29]; efavirenz, 9.2 to 17 M [30]; abacavir, 5.2 to 15 M [31]; nevirapine, 7.5 to 21 M [32]). Lopinavir
(10 M), amprenavir (15 M), and darunavir (10 M), which
served as ligands of hPXR, induced P-gp expression in
hCMEC/D3 cells by approximately 2.3-fold ⫾ 0.1-fold, 2.3-fold ⫾
0.3-fold, and 1.7-fold ⫾ 0.1-fold, respectively, compared to the
vehicle control (Fig. 3). Abacavir (15 M) and nevirapine (15
M), identified as ligands of hCAR, induced P-gp expression in
hCMEC/D3 cells by approximately 1.5-fold ⫾ 0.1-fold and 1.6-
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FIG 2 Activation of hCAR by antiretroviral drugs. Representative data from three independent dual-luciferase reporter gene assays performed with transfected

primary cultures of mouse hepatocytes after 14 to 16 h of treatment with antiretroviral drugs (10 M) are presented as means ⫾ SDs of triplicates. Luciferase
activity (representing ligand activation) was normalized to constitutive Renilla luciferase activity (to control for transfection efficiency) and is reported in RLU.
Statistically significant differences in receptor activation (normalized to the vehicle control) were determined by one-way ANOVA with Dunnett’s post hoc test
at a significance level of P ⬍ 0.05 (*).

fold ⫾ 0.1-fold, respectively, compared to the vehicle control.
Efavirenz (10 M), the only drug that served as a ligand of both
hPXR and hCAR, induced P-gp expression in hCMEC/D3 cells by
2.0-fold ⫾ 0.2-fold compared to the vehicle control. Rifampin and
SR12813 (established agonists of hPXR) and CITCO (established
agonist of hCAR) served as positive controls for P-gp induction.
Consistent with previous findings, these ligands produced approximately 2-fold increases in P-gp expression (19). Drug accumulation assays with R-6G (a fluorescent P-gp substrate) were
performed to assess changes in P-gp transport function in
hCMEC/D3 cells following 72 h of treatment with antiretroviral
drugs that mediated P-gp induction as depicted in Fig. 3. We observed that treatment of hCMEC/D3 cells with antiretroviral
drugs significantly reduced the cellular accumulation of R-6G by
approximately 20 to 30% compared to the vehicle control (Fig. 4),
suggesting an increase in the R6G efflux process. Moreover,
PSC833 (a potent inhibitor of P-gp) at 5 M abolished the differences in R-6G accumulation between the vehicle control and
treatment groups, further confirming the involvement of P-gp in
the efflux of R-6G. Together, these data demonstrate that P-gp
induction mediated by antiretroviral drugs can result in an increase in P-gp transport function in human brain microvessel
endothelial cells.
DISCUSSION

The use of combination antiretroviral therapy has significantly
increased the survival rate of individuals infected with HIV.
Most of the antiretroviral drugs currently used in first-line and
alternative regimens during HIV pharmacotherapy are known
to be metabolized by phase I enzymes (i.e., cytochrome P450
enzymes) and/or transported by several drug efflux transporters (e.g., P-gp) (9, 33). Induction of these systems during prolonged antiretroviral treatment may profoundly alter the phar-
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macokinetic parameters of antiretroviral drugs and ultimately
impair their effectiveness at target organs, contributing to the
development of sanctuary sites and cellular reservoirs (34). At
the BBB, the functional expression of P-gp has been recognized
to restrict the entry of antiretroviral drugs into the brain, in
particular for the HIV PI (4). P-gp induction at the BBB is
expected to further limit the ability of these agents to enter the
brain, preventing therapeutic concentrations from being
achieved in the brain parenchyma. It has been proposed that
antiretroviral regimens containing drugs with a better ability to
enter the brain may improve the clinical outcomes of patients
living with HIV-associated neurocognitive disorders (1).
Therefore, knowledge of the ability of antiretroviral drugs to
induce P-gp expression at the BBB can be useful in the design of
drug regimens with limited P-gp induction during HIV pharmacotherapy, ultimately improving the ability of antiretroviral
drugs that are known to be P-gp substrates to enter the brain.
Our group has recently demonstrated that well-established
ligands of hPXR and hCAR can induce P-gp expression in
hCMEC/D3 cells an in vitro representative system of the human
BBB (12, 19). Luciferase reporter gene assays were used in the
present study to examine the abilities of antiretroviral drugs to
serve as ligands for hPXR and/or hCAR. Our results demonstrate that most members of the HIV PI pharmacotherapy class
and efavirenz, an NNRTI, can serve as ligands of hPXR. This is
consistent with earlier publications that demonstrated that
ritonavir, lopinavir, and efavirenz were able to trigger hPXR
activity (21–23). In addition, we provide the first evidence that
amprenavir, darunavir, and atazanavir can also serve as ligands
of hPXR (Fig. 1). Furthermore, there is evidence suggesting
that lopinavir and abacavir can serve as ligands of hCAR in
transfected human liver hepatocellular carcinoma cell line
(HepG2) cells (22). In the present work, we performed a re-
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FIG 3 P-gp immunoblotting and densitometric analysis. Shown is P-gp expression normalized to the vehicle control (DMSO) in hCMEC/D3 cells after 72 h of
treatment with (i) the hPXR ligands rifampin (10 M; hPXR agonist), SR12813 (10 M; potent hPXR agonist), amprenavir (15 M; HIV PI), darunavir (10 M;
HIV PI), and lopinavir (10 M; HIV PI); (ii) the hCAR ligands CITCO (7.5 M; synthetic potent hCAR agonist), abacavir (15 M; NRTI), and nevirapine (15
M; NNRTI); or (iii) the dual hPXR and hCAR ligand efavirenz (10 M; NNRTI). A representative immunoblot assay of P-gp expression is shown at the top.
Whole-cell lysates prepared from a P-gp-overexpressing human breast carcinoma cell culture system (MDA-MDR1, 2 g) served as a P-gp positive control. A
50-g load of whole-cell lysate of hCMEC/D3 cells was resolved by 10% SDS-PAGE and subsequently transferred to a PVDF membrane. Densitometric analysis
was performed to determine relative P-gp expression. P-gp was detected with the monoclonal antibody C219 (1:500) and an anti-mouse secondary antibody
(1:3,000). Data represent n-fold percentage changes normalized to the vehicle control and are means ⫾ SDs obtained from three experiments from cells of
different passages. Statistically significant differences from the control in P-gp expression, as determined by one-way ANOVA with Dunnett’s post hoc t test at a
significance level of P ⬍ 0.05, are indicated (*).

porter gene assay of primary cultures of mouse hepatocytes
that has previously been identified to exhibit enhanced CARinducible signaling (i.e., nuclear translocation) compared to
HepG2 cultures (35, 36). We found that abacavir, which belongs to the nucleoside/nucleotide reverse transcriptase inhibitor (NRTI) class, as well as efavirenz and nevirapine of the
NNRTI class, can serve as a ligand of hCAR (Fig. 2). In addition, none of the members of the HIV PI class were found to
serve as ligands of hCAR. It is also interesting that lopinavir and
ritonavir consistently reduced the activity of hCAR below its
basal level in three experimental replicates at drug concentrations that were not found to be toxic to mouse hepatocytes. In
the present study, the activation of hPXR and hCAR by antiretroviral drugs could be due to specific binding between ligands and the ligand binding pocket of the nuclear receptors.
Several X-ray crystal structures of the ligand binding pocket of
hPXR and hCAR have been shown to be large and flexible, with
hydrophobic sites consisting of multiple polar residues (37,
38). At present, structural information on how antiretroviral
drugs interact with the ligand binding pocket of hPXR and
hCAR is unclear. Interestingly, a recent study has successfully
predicted ligand activation of hPXR by efavirenz by an in silico
ligand-docking approach; however, the specific interactions
between chemical structures of other antiretroviral drugs and
the ligand binding pocket of hPXR and hCAR have not been
reported (39).
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The effect of prolonged treatment of antiretroviral drugs on
P-gp expression at the human BBB is unclear. Perloff et al.
demonstrated that ritonavir can induce P-gp in isolated rat and
bovine brain microvessel endothelial cells (10, 11). In addition,
our group has previously shown that ritonavir and atazanavir
can induce functional P-gp expression in hCMEC/D3 cells
(12). To further examine this effect, we treated hCMEC/D3
cells with antiretroviral drugs that we identified as ligands of
hPXR and hCAR. Our data show that prolonged exposure (72
h) to these drugs can induce functional expression of P-gp in
hCMEC/D3 cells (Fig. 3 and 4). As well, results of MTT cell
viability assays suggest that the concentrations of these agents
used do not affect cell viability (data not shown). In the present
study, P-gp induction in hCMEC/D3 cells mediated by treatment with ritonavir, atazanavir, lopinavir, darunavir, nevirapine, and efavirenz supports previous findings demonstrating
that these drugs were able to induce P-gp expression in lymphocytes and intestinal and hepatic tissues (24, 40–46). Interestingly, efavirenz is the only drug that appears to serve as a
ligand of both hPXR and hCAR. However, the induction effect
was not significantly greater than those of other antiretroviral
drugs that served as ligands for only one of the two receptors
(hPXR or hCAR), suggesting that there is a lack of synergistic
effects on P-gp induction mediated by hPXR and hCAR at the
efavirenz concentration we used. Our present study cannot
exclude the possibility that other ligand-activated nuclear re-
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FIG 4 R-6G accumulation in hCMEC/D3 cells. R-6G accumulation in cell monolayers was measured after 72 h of cell treatment with (i) the hPXR ligands
rifampin, SR12813, amprenavir, darunavir, and lopinavir; (ii) the hCAR ligands CITCO, abacavir, and nevirapine; or (iii) the dual hPXR and hCAR ligand
efavirenz. For the group without PSC833 treatment (open bars), results are expressed as the mean percent change in R-6G accumulation versus the control
(vehicle without PSC-833) ⫾ the standard error of the mean obtained from three separate experiments with different passages of cells. For the PSC-833 group
(solid bars), results are expressed as the mean percent change in R-6G accumulation normalized to the corresponding treatment without PSC-833 ⫾ the standard
error of the mean. In each experiment, each of the treatment and vehicle control groups was treated in triplicate. One-way ANOVA with Dunnett’s post hoc t test
at a significance level of P ⬍ 0.05 was performed. Symbols: *, statistically significant difference in R-6G accumulation between cells treated with antiretroviral
drugs and cells treated with the vehicle control; **, statistically significant difference in R-6G accumulation between cells exposed to PSC-833 and cells not
exposed to PSC-833.

ceptors (e.g., vitamin D receptor and/or peroxisome proliferator-activated receptors) play a role in the regulation of P-gp in
hCMEC/D3 cells. Further studies are required to examine the
interactions of antiretroviral drugs with these other nuclear
receptor pathways, which are also known to regulate P-gp at
the BBB.
In conclusion, several antiretroviral drugs currently used as
first-line and alternative regimens in HIV pharmacotherapy
can serve as ligands of the nuclear receptors hPXR and hCAR.
In particular, most PIs are hPXR ligands, while abacavir and
nevirapine can serve as hCAR ligands and efavirenz is a ligand
of both hPXR and hCAR. In addition, an increase in functional
P-gp expression mediated by these antiretroviral drugs in
hCMEC/D3 cells, an in vitro model of human brain microvessel
endothelial cells, suggests that chronic antiretroviral pharmacotherapy with these agents could potentially lead to P-gp induction at the human BBB. This effect could further restrict the
ability of antiretroviral drugs that are P-gp substrates to enter
the brain. In our study, efavirenz, shown to be a P-gp inducer in
hCMEC/D3 cells, is currently recommended for administration with abacavir as an alternative NNRTI-based regimen to
pharmacotherapy-naïve, HIV-infected patients. Since abacavir
is a known P-gp substrate (47), the potential P-gp induction
mediated by efavirenz could further reduce abacavir concentrations in the brain. Positron emission tomography imaging
with [11C]verapamil (a P-gp substrate) in humans could be
used to investigate P-gp transport activity at the BBB and further examine the clinical effect of chronic efavirenz administration on functional P-gp expression at the BBB (48–50). The
results of these studies could guide clinical recommendations
of drug regimens that avoid potential P-gp induction at the
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BBB and improve the entry of antiretroviral drugs that are
known P-gp substrates (i.e., abacavir) into the brain.
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