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1. Introduction

The blood-brain barrier (BBB) is a neurovascular unit that is
mainly composed of brain microvessel endothelial cells sealed
by tight junctions to limit paracellular permeability under
physiological conditions. The hCMEC/D3 cell line is an
immortalized human cerebral microvascular endothelial cell
line that retains most of the morphological characteristics of
human blood-brain barrier endothelial cells. The many
features of this cell line that have been examined suggest
that it is a promising, reliable in vitro model of the human BBB
for screening potential central nervous system drugs [1-4]. The
BBB is not only a morphological barrier; it is also an active
physical and metabolic barrier because of the expression of
drug efflux transporters and drug-metabolizing enzymes in
the endothelial cells. We have therefore investigated the
expression of these transporters and enzymes in the hCMEC/
D3.

ATP-binding cassette (ABC) efflux transporters, including
P-glycoprotein (P-gp, ABCB1/MDR1), BCRP (ABCG2) and several
MRPs (ABCCs) are expressed at the luminal membrane of the
endothelial cells forming cerebral microvessels, where they
actively limit the entry of numerous endogenous compounds
and xenobiotics into the brain. P-gp is the best known of the
many drug transporters at the BBB [5] and is mainly expressed
at the luminal membrane of brain endothelial cells in both
humans and animals [6,7]. BCRP has also been found in
primary cultures of human brain endothelial cells [8], and has
been immunolocalized at the luminal membrane of human
microvessel endothelial cells [9]. MRP1, MRP4, MRP5 and MRP6
have been detected in primary cultures of bovine brain
endothelial cells [10], but only MRP1, MRP4 and MRP5 were
found in the endothelial cells of human brain microvessels
[11]. Although a previous study found P-gp, BCRP, MRP1 and
MRPS in hCMEC/D3 [12], their relative expression have not yet
been determined.

The activity of drug-metabolizing enzymes, especially
phase 1 cytochromes P450 (CYPs), might also indirectly control
the cerebral uptake of compounds from the blood [13]. Several
CYP isoforms have been detected in the whole human brain
(reviewed in [14]) and in isolated rodent brain microvessels
[15,16]. However, no data are available on the expression of
CYPs at the human BBB, especially in hCMEC/D3.

The expression of the genes encoding ABC transporters and
CYPs is regulated by transcription factors in several peripheral
tissues. The pregnane-X-receptor (PXR) induces the expres-
sion of P-gp, CYP3A4 and CYP2C9, the constitutive androstane
receptor (CAR) that of CYP2B6, while the aryl hydrocarbon
receptor (AhR) mainly regulates the expression of CYP1A and
CYP1B [17]. Although the presence of PXR, CAR and AhR at the
rodent BBB have already been investigated, the findings
remain controversial [18-20]. Despite a study showing that
hPXR is expressed and functional at the BBB of hPXR
transgenic mice, few data are currently available on the
expression of these transcription factors at the human BBB.
Moreover, expression of transcription factors in hCMEC/D3
has been poorly investigated, with the exception of the study
of Zastre et al. who showed the up-regulation of P-gp by PXR
agonists [21]. Recently, we showed that CAR and PXR genes
were only expressed at a very low level in isolated human

brain microvessels whereas AhR was expressed at a very high
level [22], raising the issue of its putative involvement in the
regulation at the human BBB of its known target genes (ABC
transporters and CYPs).

This study was performed to determine the expression
profiles of the gene encoding ABC transporters, CYPs and the
main factors regulating their transcription (PXR, CAR, AhR) in
hCMEC/D3. We first compared the hCMEC/D3 profile with that
of cultured non-brain human endothelial cells, namely
umbilical vein endothelial cells origin (HUVEC), to determine
the cerebral specificity of the hCMEC/D3, and with that of
freshly isolated human brain microvessels to validate the
hCMEC/D3 as a potent useful in vitro BBB model. We then
focused on the regulation of ABC transporters and CYPs
expression by transcription factors in hCMEC/D3 that were
also identified in human brain microvessels.

2. Materials and methods
2.1. Reagents

The hCMEC/D3 were grown in EBM-2 medium (Lonza, Basel,
Switzerland) supplemented with ascorbic acid, hydrocorti-
sone, basic FGF (Sigma, Saint Quentin Fallavier, France), fetal
bovine serum (Eurobio, Les Ulis, France) and Hepes (PAA,
Pasching, Austria). HUVEC were cultured in M199 medium,
RPMImedium, amphotericin B, and glutamine from Invitrogen
(Cergy-Pontoise, France). Type I collagen was obtained from
BD Biosciences (Le Pont de Claix, France). 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (TCDD) was purchased from Cerilliant
(Round Rock, TX, USA) and rifampicin (RIF), dimethylsulfoxide
(DMSO) and A9-tetrahydrocannabinol (A9-THC) from Sigma-
Aldrich.

Antibodies were obtained from the following sources:
monoclonal mouse anti-P-glycoprotein C219 antibodies and
monoclonal mouse anti-BCRP BXP-21 from Abcam, Cam-
bridge, UK; rabbit antihuman CYP1B1 peptide serum WB-1B1
from BD Gentest, Woburn, MA; polyclonal rabbit antihuman
CYP1A1 antibody was kindly provided by Dr I. de Waziers
(Inserm U7758, Paris, France); monoclonal mouse anti-g-actin
antibody from Sigma; horseradish peroxidase-conjugated
anti-mouse secondary antibodies from Amersham, Buckin-
ghamshire, UK; and alkaline phosphatase-conjugated anti-
rabbit secondary antibody from Applied Biosystems, Foster
City, CA. Proteins were detected using the ECL system
(Amersham Biosciences Europe GmbH, Orsay, France) or the
CDP-Star® chemiluminescent substrate (Sigma-Aldrich).
Other chemicals and reagents were purchased from Sigma-
Aldrich (Saint Quentin Fallavier, France) or from Invitrogen
(Cergy-Pontoise, France).

2.2. Human brain tissue samples

Human tissues were collected after informed consent had
been obtained from each patient, in accordance with the
regulations of the ethics committee. Cerebral cortex samples
were obtained in the Department of Neurosurgery at Sainte-
Anne Hospital (Paris, France) from patients undergoing
surgery for epilepsy or glioma. The neurosurgeons provided
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samples of brain cortex (grey matter) localized as far as
possible from the tumor or the epileptogeniclesion. They were
considered to be healthy tissue on the basis of neuroimaging.
Information on the patients participating to this study has
already been described previously [22]. Samples were stored in
RPMI buffer at 4 °C for no more than 1 h.

2.3. Cell culture

Human umbilical vein endothelial cells (HUVEC) were kindly
provided by Dr Isabelle Galy-Fauroux (INSERM U765, Paris,
France). The human cerebral microvascular endothelial
(hCMEC/D3) cells were plated out in T75 flasks coated with
type I collagen and grown at 37 °C in a humidified atmosphere
of 5% CO,. The cells were used at passages 27-32 for all
experiments. They were plated out in T75 flasks coated with
type I collagen and grown at 37°C under a humidified
atmosphere of 5% CO,. Cells were used at passage 3 of
primary culture. When indicated, confluent cells were treated
with 25 pM rifampicin (RIF) in DMSO (0.1% v/v) for 24 h, or with
25 nM TCDD in DMSO (0.016% v/v) for 8, 24, 48 and 72 h, or with
5 uM A9-THC in ethanol (0.01% v/v) for 24 h. Control cells were
treated with DMSO 0.1% (v/v), DMSO 0.016% (v/v) or ethanol
0.01% (v/v), as appropriate.

2.4.  RNA extraction and reverse transcription

Total RNA was isolated from hCMEC/D3 cells, HUVEC and
human brain microvessels using the RNeasy micro kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s
instructions, including a DNAse I treatment (Rnase-Free Dnase
Set, Qiagen SA) to remove genomic DNA. The concentrations
and purity of the RNA samples were assessed spectro-
photometrically at 260 nm using the Nanodrop® ND-1000
instrument (NanoDrop Technologies, USA), and the integrity
of the RNA was checked by electrophoresis on 0.8% agarose
gels.

Reverse transcription was performed using 1 pg total RNA
in a final reaction mixture (20 nL) containing 500 uM of each
dNTP, 10 mM DTT, 1.5 uM random hexanucleotides primers
(Amersham Biosciences, France), 20 U Rnasin ribonuclease
inhibitor (Promega, France) and 100 U superscript II Rnase

reverse transcriptase (Invitrogen, France). RT negative con-
trols were prepared by omitting the reverse transcriptase from
the mix. All samples were incubated at 25 °C for 10 min, then
at 42 °C for 30 min and at 99 °C for 5 min on a thermal cycler
(PTC-100 programmable thermal controller, MJ research INC,
USA). cDNAs were stored at —80 °C.

2.5.  Real-time quantitative RT-PCR (qPCR)

The expression of the genes encoding ABC transporters (MDR1,
BCRP, MRP1-6, MRP9) and transcription factors (PXR, CAR, AhR)
was analyzed by gPCR on a Light-Cycler" instrument (Roche
Diagnostics, Meylan, France) using SYBR Green fluorescence
detection. The final reaction mixtures contained 5 pL diluted
cDNA, 1 pL LC-FastStart DNA Master SYBR Green kit (Roche
Diagnostics, Meylan, France), 0.5 pL of each primer 10 uM,
1.2 pL 10 mM MgCl, and 1.8 pL nuclease-free water. Specific
primers for each gene were designed using OLIGO 6.42
software (MedProbe, Norway) and were for sequences on
separate exons or on exon-exon junctions as far as possible to
avoid amplifying genomic DNA. We performed no-template
control assays for each primer pair and RT negative controls
for each sample; they always produced negligible signals
(usually >40 in C; value). We checked the size of the specific
amplicons of interest and the absence of other PCR products
by gel electrophoresis. We also performed melting curve
analysis to ensure the specificity of each reaction. Primer
sequences are shown in Table 1. All the primers used for gPCR
analysis of ABC transporter genes were checked with positive
controls (liver and/or brain cortex). The gPCR of 23 CYPs genes
was performed using SYBR Green fluorescence detection on an
ABI Prism 7900 HT Sequence Detection System (Applied
Biosystems, Foster City, CA) as previously described [23].
The final reaction mix was composed of 3 pL diluted cDNA,
5 pL Absolute QPCR SYBR Green ROX Mix (Abgene, France),
0.3 pL of each primer 10 pM and 1.4 pL nuclease-free water.
The primers were kindly supplied by Dr I. de Waziers
(University René Descartes, Paris, France). The primers for
the 23 CYPs genes are available from Biopredic International
(Rennes, France) (http://www.biopredic.com).

The genes of interest were those encoding ABC transpor-
ters: MDR1, BCRP, MRP1, MRP2, MRP3, MRP4, MRP5, MRP6, and

Table 1 - Sequences of primers used for qRT-PCR.

Gene Forward primer (5'-3') Reverse primer (3'-5') Length (bp) GenBank accession’
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 132 NM_003194
MDR1 CACCCGACTTACAGATGATG GTTGCCATTGACTGAAAGAA 81 NM_000927
BCRP TGACGGTGAGAGAAAACTTAC TGCCACTTTATCCAGACCT 122 NM_004827
MRP1 GCCGAAGGAGAGATCATC AACCCGAAAACAAAACAGG 109 NM_004996
MRP2 CGACCCTTTCAACAACTACTC CACCAGCCTCTGTCACTTC 119 NM_000392
MRP3 GTGGGGATCAGACAGAGAT TATCGGCATCACTGTAAACA 99 NM_020038
MRP4 GCTCAGGTTGCCTATGTGCT CGGTTACATTTCCTCCTCCA 100 NM_005845
MRP5 CAGCCAGTCCTCACATCA GAAGCCCTCTTGTCTTTTTT 121 NM_005688
MRP6 AGGAGGCCCGAGCTTAGAC CCTGCCGTATTGGATGCTGT 147 NM_001171
MRP9 ATGCGGTTGTCACTGAAG GTTGCCTCATCCATAATAAGAAT 115 NM_020298
PXR CGCTTCCTGAGTCTTTTCA CGCCTGCCGATGAGTACA 115 NM_003889
CAR GGGGTTCCAGGTAGAGTTT GTCGGTCAGGAGAGAAGAG 122 NM_005122
AhR AGAGGCTCAGGTTATCAGTTT AGTCCATCGGTTGTTTTTT 132 NM_001621

" Gene accession number at www.ncbi.nlm.nih.gov.
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MRP9; the CYPs: 1A1, 1A2, 1B1, 2A6, 2A7, 2A13, 2B6, 2C8, 2C9,
2C18,2C19, 2D6, 2E1, 2F1, 2J2, 2R1, 251, 2U1, 2W1, 3A4, 3A5, 3A7,
3A43; transcription factors: PXR, CAR, and one member of the
basis helix-loop-helix/Per-ARNT-Sim (bHLH/PAS) family: AhR.

The second derivative method was used, after proportional
background adjustment, to determine the cycle at which the
log-linear signal was distinguishable from the background,
and this cycle number was used as the crossing-threshold
value (C;). Gene expression was evaluated using the C; value
from each sample. A target gene was considered to be
quantifiable when the C; obtained for the less dilute cDNA
(1/20) sample was lower than 31. A C; value of 33 was taken as
the detection limit. The AAC; method was used to determine
the relative expression of each target gene relative to those of
others of the same family (CYPs and ABC transporters
families) in hCMEC/D3, HUVEC and human brain microves-
sels. The expression of the target gene in each sample was
normalized to that of the housekeeping gene encoding TATA
box-binding protein (TBP): AC; = Ct target gene — Ct Tep- The efficacy
of each PCR for all CYPs genes was better than 95% [23], as was
the efficacy of all other genes tested, making it possible to
determine the relative expression of each target gene. Results
are expressed as percentages, with the total expression of all
CYPs or ABC transporter genes being set at 100%. The AAC;
method was also used to compare gene expression in hCMEC/
D3 and brain isolated microvessels from 3 different human
samples, for which the reverse transcription was performed
with equal amount of starting mRNA, and to assess the
expression of target genes in cells after treatment. This
comparison was possible because the expression of the TBP
gene in hCMEC/D3 and in brain microvessels as well as in
hCMEC/D3 treated with vehicle (DMSO or ethanol) and the
tested compound (RIF, TCDD or A9-THC) were not statistically
different.

The expression of each target gene in hCMEC/D3 compared
to brain microvessels was calculated from the comparative
AAC; parameter using the formula:

AAC: = (Cttargetgene — CeTBP)pemec)ps

= (Cttargetgene — Ct TBP)BminmicvouesseIs

The 2744% values are the difference (-fold) between the
amounts of mRNA in the hCMEC/D3 and brain microvessels
arbitrarily defined as 1.

The expression of each target gene in vehicle-cells and in
treated-cells was calculated as follow: AAC; = (C¢ target gene — Ct
TBP)treated»ceHs - (ct target gene — ct TBP)uehicIe-cells-

The 2744¢% values are the difference (-fold) between the
amounts of mRNA in the treated-cells and vehicle-cells,
arbitrarily defined as 1.

2.6.  Preparation of microsomal and mitochondria sub-
fractions from hCMEC/D3 cells

All steps were carried out at 4 °C. Treated hCMEC/D3 were
washed 3 times with PBS, scraped free, and collected by
centrifugation. These cells were homogenized with a Teflon
Potter homogenizer (20 up/down strokes at 800 rpm) in cold
buffer H (70 mM sucrose, 210 mM mannitol, 2 mM HEPES and
2 mM EDTA, pH 7.4). The homogenate was then centrifuged at

1500 x g for 10 min. The pellet (nuclei and cell debris) was
discarded and the supernatant was centrifuged at 12,000 x g
for 20 min. The resulting supernatant (cytosol and micro-
somes) was ultracentrifuged at 100,000 x g for 1 h. The pellet
containing the microsomal fraction was suspended in 50 mM
Tris-HCI, 1.15% KCl, 0.1 mM DTT, 0.1 mM EDTA, 0.1 mM PMSF,
10% glycerol, pH 7.4. The 12,000 x g pellet (containing
mitochondria) was suspended in buffer H and centrifuged at
12,000 x g for 20 min. The supernatant was discarded and the
sediment was suspended in cold buffer H. The protein content
of the microsomal and mitochondrial fractions was deter-
mined with the Bradford reagent (Sigma-Aldrich). They were
then stored at —80 °C.

2.7.  Western blotting

The protein content of each sample was determined with the
Bradford reagent (Sigma, Lyon, France) and a bovine serum
albumin calibration curve. To compare protein expression in
human brain microvessels and in hCMEC/D3, hCMEC/D3 or
human microvessel samples were homogenized with a Teflon
Potter homogenizer (20 up/down strokes at 800 rpm) in cold
buffer H (70 mM sucrose, 210 mM mannitol, 2 mM HEPES and
2 mM EDTA, pH 7.4). The resulting homogenate was centri-
fuged at 10,000 x g for 20 min and the supernatant was used as
protein samples for further western blotting experiments.
Protein samples of human brain microvessels were that from
patients no. 9, 10, and 11 of a previous study performed in our
laboratory [22].

To test the effect of TCDD on P-gp and BCRP expression in
hCMEC/D3, we used the microsomal fractions from vehicle-
and TCDD-treated cells that were the same as that used for the
EROD assay. All samples were normalized for equal amounts
of protein, separated on 8% (P-gp) or 10% (BCRP, CYP1A1,
CYP1B1) SDS-PAGE gels and electrotransferred to nitrocellu-
lose membranes (HYBOND, Amersham). Non-specific binding
sites were blocked by incubation overnight at 4 °C with Tris-
base buffer containing 0.1% Tween 20 (TBST) and 5% non-fat
milk for P-gp and BCRP, or 0.2% I-Block™ (Applied Biosystem)
for CYP1B1. The membranes were immunoblotted with the C-
219 (diluted 1:200), BXP-21 (1:200), antihuman CYP1A1l anti-
body (1:40,000) and WB-1B1 (1:10,000) for 2h at room
temperature, washed several times in TBST and incubated
with horseradish peroxidase-conjugated anti-mouse second-
ary antibody (1:10,000) or alkaline phosphatase-conjugated
anti-rabbit secondary antibody (1:20,000) for 45 min at room
temperature. The membranes were then exposed to the
Amersham ECL system (BCRP, P-gp), or to CDPStar system
(CYP1A1, CYP1B1). Signals were revealed with the Bio-Rad
ChemiDoc® XRS imaging device (BioRad, Marnes-la-Coquette,
France). The blot was then stripped by immersion in 0.1 M
acetic acid for 2 h, and reprobed with a monoclonal mouse
anti-B-actin antibody (1:10,000). Proteins extracted from HEK-
MDR1 cells and from HEK-BCRP cells, both supplied by Dr. R.W.
Robey (National Cancer Institute, Berkshire, UK), were used as
positive controls for human P-gp and BCRP, respectively.
Recombinant yeast microsomes expressing human CYP1A1l
(provided by Dr I de Waziers, Paris, France) and human CYP1B1
supersomes™ (BD Gentest, Woburn, MA) were used as
positive control for CYP1A1 and CYP1B1, respectively.
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2.8. P-gp functional assay

The functional activity of P-gp in hCMEC/D3 cells was
performed using the Rhodamine 123 (Rh123) efflux assay
and flow cytometry analysis. hCMEC/D3 were grown to
confluence, trypsinized and counted using a haemocytometer.
For each experiment, 3.5 x 10° cells were centrifuged at
300 x g for Smin at 4 °C and re-suspended in efflux buffer
[RPMI-1640 (Lonza group Ltd., Switzerland)) containing 1% w/v
BSA] at 4 °C. From the cell suspension, 2.5 x 10° cells were
taken and placed on ice for the duration of the experiment
(negative control). The remaining cells were then centrifuged
(300 x g, 5min, 4°C), re-suspended at 1 x 106mL in efflux
buffer containing 10 ng/mL Rh123 (Sigma-Aldrich, Dorset, UK)
and incubated on ice for 1h. Rh123-preloaded cells were
washed twice in efflux buffer and redistributed into different
tubes according to each treatment. For each repetition,
2.5 x 10° cells Rh123-preloaded cells were placed at 4 °C in
efflux buffer, whilst the remaining cells were incubated at
37 °C in efflux buffer with cyclosporin A (40 uM) in vehicle or
vehicle only. At 2 h, cells were placed on ice/4 °C and then
washed twice in ice-cold PBS. Cell suspensions were then read
using a FACSCalibur with Cellquest software and the median
fluorescence of 10,000 cells per sample recorded.

2.9.  CYP1A/1B activity assay

We measured the ethoxyresorufin-O-deethylase (EROD) activ-
ity in the microsomes and mitochondrial fractions prepared
from hCMEC/D3 treated with DMSO (vehicle) or TCDD. The
assay medium (pH 7.4) was: 50 mM Tris, 25 mM MgCl,, EDTA
0.1mM and 20pg of protein from the microsomal or
mitochondrial fractions. The reaction was started by adding
NADPH (62.5 uM final) and ethoxyresorufin (2 pM final). The
formation of resorufin at 37 °C was monitored for 15 min on a
spectrofluorimeter (Tecan, Lyon, France). The excitation and
emission wavelengths were 522 and 586 nm. The assay was
checked using CYP1A2 supersomes (BD Biosciences).

2.10.  Statistical analysis

Statistical analyses were done with GraphPad Prism®™ 4.0
software. The results are expressed as means +SD. Student’s
unpaired t-test was performed on AC; values obtained before
normalization to unity to identify significant differences
between cells treated with rifampicin, TCDD or A9-THC and
vehicle-treated cells. All the tests were two-tailed and
statistical significance was set at p < 0.05.

3. Results

3.1.  Expression of ABC transporter genes in hCMEC/D3,
HUVEC and human brain microvessels

The expression of the genes encoding nine ABC transporters
was evaluated by gPCR. hCMEC/D3 expressed significant,
quantifiable amounts of MDR1, BCRP, MRP1, MRP3, MRP4 and
MRP5 gene transcripts. MRP2 and MRP6 mRNAs were detected
at a very low level, whereas MRP9 mRNA was not. The

expression profile of the MDR1, BCRP, MRP1, MRP3, MRP4 and
MRP5 genes is shown in Fig. 1. The expression profile of the
ABC transporters genes in human umbilical vein endothelial
cells (HUVEC) was also determined and compared to that of
hCMEC/D3. MRP1 was the main ABC transporter gene
expressed in HUVEC; lower amounts of the transcripts of
BCRP, MRP4 and MRP5 genes were detected, while MDRI and
MRP3 mRNAs were not detectable (Fig. 1).

The MRP4 and MRP5 genes were 1.4-fold and 1.3-fold more
expressed in hCMEC/D3 than in HUVEC, whereas the BCRP and
MRP1 genes were 2.9-fold and 3.7-fold more expressed in
HUVEC than in hCMEC/D3. Since MDR1 and MRP3 mRNAs in
HUVEC were not readily quantified by gPCR due to their very
low concentrations, it was difficult to accurately determine the
differences in MDR1 and MRP3 expression between hCMEC/D3
and HUVEC, but both genes seemed to be about 200-times
more expressed in hCMEC/D3 than in HUVEC.

The expression of ABC transporters genes in hCMEC/D3
was also compared to that in freshly human brain micro-
vessels. Fig. 3 also shows that MRP1, MRP4 and MRP5 were
more expressed in hCMEC/D3 than in brain microvessels,
whereas it was the opposite for the expression of MDR1 and
BCRP.

3.2.  CYPs genes in hCMEC/D3, HUVEC and human brain
microvessels

We also investigated the expression of the genes encoding 23
CYPs from families 1 to 3. The expression profiles of CYP genes
in hCMEC/D3 and HUVEC revealed that only 12 CYPs isoforms
were detected (Fig. 2). The main isoforms expressed in hCMEC/
D3 were CYP2U1 and CYP2S1. The CYP2R1, CYP2B6, CYP2EI,
CYP1A1, CYP2D6 and CYP2C18 genes were weakly expressed
(0.2-2%), whereas the CYP1B1 and CYP2J2 genes were barely
detectable. CYP1A2 and CYP2C8 were detected but were not
quantifiable. None of the other CYP isoforms tested (CYP2AS6,
CYP2A7,CYP2A13,CYP2C9, CYP2C19, CYP2F1, CYP2W1, CYP3A4,
CYP3A5, CYP3A7 and CYP3A43) was detected in hCMEC/D3.
The expression profile of CYPs genes in HUVEC was
determined and compared to that of hCMEC/D3 (Fig. 2).
CYP2U1, CYP1A1, CYP2R1 and CYP1B1 were the main CYPs
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Fig. 1 - Expression profiles of ABC transporters genes in
hCMEC/D3 and HUVEC. Results are expressed as
percentages (mean =+ SD) of the total ABC mRNAs in each
cell type (n = 4 independent hCMEC/D3 or HUVEG cultures).
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Fig. 2 - Expression profiles of CYPs genes in hCMEG/D3 and
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genes expressed in HUVEC. All the other CYPs genes were
barely detected or not detected. Interestingly, CYP1A1 and
CYP1B1 were 11-fold and 246-fold more expressed in HUVEC
than in hCMEC/D3.

The expression of CYP genes in hCMEC/D3 was also
compared to that in freshly human brain microvessels. All
the CYP genes detected in hCMEC/D3 were detected in
microvessels except CYP2C18 and were expressed at a similar
level in hCMEC/D3 and in brain microvessels, except CYP2J2
that was up-regulated in hCMEC/D3 (Fig. 3).

3.3.  Transcription factors in hCMEC/D3 and HUVEC
Since both ABC transporters and CYPs are regulated by

transcription factors like the pregnane-X-receptor (PXR), the
constitutive androstane receptor (CAR) and the aryl hydro-

100+

carbon receptor (AhR) in several other human tissues than
brain, we determined the expression of the genes encoding
these transcription factors in hCMEC/D3 and HUVEC by gPCR.
AhR transcripts were highly expressed in hCMEC/D3 and about
twice as abundant in hCMEC/D3 as in HUVEC, while PXR
mRNAs were detected but not quantifiable in our experimental
conditions in both cell types. CAR transcripts were detected in
neither hCMEC/D3 nor HUVEC.

3.4.  Expression of P-gp and BCRP in hCMEC/D3 and
human brain microvessels

Western blotting experiments were performed to compare the
expression of P-gp and BCRP in freshly human brain
microvessels and in hCMEC/D3. Fig. 4 shows western blots
of P-gp, BCRP and the reference B-actin in isolated micro-
vessels from 3 patients (see Section 2) and hCMEC/D3 samples.
P-gp was detected at the expected molecular weight (170 kDa)
in the isolated microvessels with different intensities in
various patients and in hCMEC/D3. BXP-21 antibody was used
to detect BCRP protein in isolated human brain microvessels
and in hCMEC/D3. A band at the expected molecular weight
(70 kDa) was observed for the 3 human samples and in hCMEC/
D3. Both BCRP and P-gp were expressed at a clearly lower level
in hCMEC/D3 than in isolated microvessels.

3.5.  Functional activity of P-gp in hCMEC/D3 cells

In order to assess the functional activity of P-gp in hCMEC/D3
cell line, we measured the efflux of Rh123 from preloaded
Rh123 hCMEC/D3, a fluorescent dye that is widely known as a
substrate for P-gp, at 37 °C and with or without cyclosporin A,
an inhibitor of P-gp. Flow cytometry data showed that a large
amount of Rh123 was able to reach cytoplasm by freely
crossing plasma membrane at4 °C, a condition in which active
transport is inhibited (Fig. 5). When cells were incubated at
37 °C, there was a decrease in the median fluorescence of cells
due to P-gp-mediated Rh123 efflux. By contrast, in the

human brain microvessels set as 1

Relative expression in hCMEC/D3 compared to

& a
) ['4
om =

Fig. 3 - Comparative gene expression of ABC transporters and CYPs between human brain microvessels and hCMEC/D3.
Results are expressed as the relative gene expression in hCMEGC/D3 cells as compared to human brain microvessels

normalized to the unity. See Section 2.
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Fig. 4 - Expression of P-gp (A) and BCRP (B) in human brain microvessels and hCMEC/D3 by western blotting. Positive
controls were proteins extracts from HEK-MDR1 for P-gp and HEK-BCRP cells for BCRP. All samples were mainly soluble and
membrane proteins prepared from the supernatant (12,000 X g) after cell lysis of hCMEC/D3, HEK-MDR1, HEK-BCRP cells or
isolated brain microvessels (see Section 2). The blots were incubated with the G219 anti-P-gp antibody (A) or the BXP-21

anti-BCRP antibody (B).
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Fig. 5 - P-gp-mediated drug efflux of Rh123 by hCMEG/D3.
Cells in suspension (10° cells/mL) were incubated with
Rh123 (10 mg/mL) for 1 h at 4 °C. Cells were then washed
and incubated at 4 °C in buffer alone or at 37 °C in buffer
alone or containing 40 pM cyclosporin A for 2 h. Results
are from one experiment representative of two.

Table 2 - Effects of RIF, TCDD and A9-THC on the mRNA
levels of ABC transporters and CYPs in hCMEC/D3.

Gene RIF 25 pM TCDD 25 nM A9-THC 5 pM
ABC transporters

MDR1 1.3140.25 1.314+0.17 0.81+0.12
BCRP 1.03 +0.17 1.90 + 1.28 0.95 +0.14
MRP1 1.26 + 0.62 1.19 +0.42 0.86 = 0.09
MRP3 1.24+0.12" 1.09 + 0.39 0.95 =+ 0.08
MRP4 1.10 +0.38 1.15 +0.16 0.86 = 0.08
MRP5 1.36 +0.20" 1.17 +0.18 0.88 =+ 0.07
Cytochromes P450

CYP1A1 1.81+1.37 26.31 +10.43" 1.54 +0.31
CYP1B1 1.27 +0.54 28.37 +17.43" 1.08 +0.16
CYP2B6 1.14 + 0.30 0.95 + 0.37 0.86 - 0.37
CYP2C18 1.04 +0.29 1.38 + 0.66 0.88 = 0.46
CYP2D6 1.29 +0.22" 0.84 + 0.32 0.98 -+ 0.06
CYP2E1 0.98 +0.23 1.21 +0.19 1+0.23
CYP2J2 0.86 + 0.15 0.95 + 0.22 0.97 £0.71
CYP2R1 0.88 +0.11 0.97 +0.15 0.92 +0.18
CYP2S1 1.03 + 0.08 1.19 + 0.02 0.81+£0.1
CYP2U1 0.96 +0.1 0.91+0.21 0.91+0.12

Results are expressed in fold-change in gene expression between
control (vehicle)-cells and treated-cells. Cells were exposed for
24h with each compound. Results are means (+SD) of 4
independent experiments.

" p<0.05.

" p<001.

™ p <0.001.




904

BIOCHEMICAL PHARMACOLOGY 77 (2009) 897-909

I vchicle-treated cells
[ TCDD-treated cells

100
754
50

25

% of total CYP mRNA

CYP2J2
CYP1B1
CYP2C18
CYP2D6

iy

CYP1A1

CYP2E1
CYP2B6
CYP2R1
CYP2S1
CYP2uU1

Fig. 6 - Expression profiles of CYPs genes in hCMEC/D3 treated with 25 nM TCDD or vehicle for 24 h (results are means + SD

of 4 independent cell cultures).

presence of cyclosporin A, Rh123 median fluorescence of
hCMEC/D3 at 37 °C dramatically increased and was close to
that observed at 4 °C, indicating that P-gp actively extruded
Rh123 from hCEMC/D3.

3.6.  Effect of Rifampicin (RIF), TCDD and A9-THC on the
mMRNAs of ABC transporters and CYPs in hCMEC/D3 cells

We investigated the potential function of these transcription
factors by treating cells with agonists of PXR and AhR. Cells
were incubated with the PXR agonist, RIF (25 uM) for 24 h
(Table 2). The expressions of the MRP3 and MRP5 genes were
slightly increased, together with a slight increase in the
expression of the CYP2D6 gene. However, an increase in gene
expression of less than 1.5-fold probably has little effect on
function. The expressions of the other ABC transporters and
CYPs genes were not significantly altered.

AhR mRNA were abundant in hCMEC/D3. We therefore
investigated the regulation of ABC transporters and CYPs
genes by AhR in these cells by treating them for 24 h with
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent AhR
ligand. TCDD treatment increased the expressions of CYP1A1
(26.3-fold) and CYP1B1 (28.4-fold) (Table 2), while the expres-
sion of all the other CYPs genes were not altered. The increase
in expressions of CYP1A1 and CYP1B1 was also observed in the
CYPs gene expression profile (Fig. 6). The increases in CYP1A1
and CYP1B1 expression occurred after exposure to TCDD for
8 h and remained stable until 72 h (Fig. 7).

hCMEC/D3 were also incubated for 24 h with 5 uM A9-THC,
the psychoactive component of marijuana, whose planar
structure resembles that of TCDD, and which may be a AhR
ligand [24]. A9-THC did not significantly modulate the
expression of any of the ABC transporter genes but slightly
increased the expression of the CYP1A1 gene (Table 2).

3.7.  Effect of TCDD on P-gp, BCRP, CYP1A1 and CYP1B1
expression in hCMEC/D3

Although TCDD did not increase the expression of BCRP and
MDR1 genes in hCMEC/D3 (Table 2), we studied its effect on P-

gp and BCRP proteins expression since AhR ligands has been
reported to increase the amounts of P-gp and BCRP in human
liver and caco-2 cells [25-27]. Western blotting analysis of P-gp
and BCRP were performed on microsomes from hCMEC/D3
incubated with TCDD or DMSO for 48 h. P-gp and BCRP
proteins were detected in cells at their expected molecular
weights (170 and 70 kDa, respectively) but their expression
were not altered by TCDD (Fig. 8).

CYP1A1 and CYP1B1 proteins were not detected by western
blotting in either microsomes or mitochondrial fractions from
vehicle-treated or TCDD-treated cells, whereas the positive
controls, recombinant yeast expressing human CYP1A1l or
CYP1B1 supersomes both produced bands of the expected size
(58 and 61 kDa respectively) (data not shown).

3.8.  Effect of TCDD on CYP1A1/1B1/1A2 activities

We used the EROD assay to measure the functional activity of
TCDD-induced CYP1Al1l and CYP1B1 in hCMEC/D3 as it
simultaneously assesses CYP1A1/1A2/1B1 activities [28]. This
assay was validated by incubating ethoxyresorufin with
CYP1A2 supersomes (0.05 to 0.5 pmol of CYP1A2) for 15 min
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Fig. 7 - Time-course of the induction of CYP1A1 and CYP1B1
genes in hCMEGC/D3 treated with 25 nM TCDD and in
vehicle-treated cells (results are means + SD of 4
independent cell cultures).
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Fig. 8 - Effect of TCDD on P-gp and BCRP expression in
hCMEC/D3 cells. P-gp, BCRP and B-actin proteins detected
by western blotting in hCMEC/D3 treated with vehicle or
TCDD. Positive controls were proteins extracts from HEK-
MDR1 for P-gp and HEK-BCRP cells for BCRP. MW
represents approximate molecular weights of these
proteins. Each lane was loaded with 20 pg of total proteins
from microsomal preparation (see Section 2).

and by measuring the CYP1A2-mediated formation of resor-
ufin in the medium. The lowest CYP1A2 activity (lower limit of
quantification) was obtained with 0.05 pmol CYP, correspond-
ing to the activity of 0.5pg total protein from CYP1A2
supersomes. This confirmed the high sensitivity of the test.
The brain contains CYPs in the endoplasmic reticulum as well
as in the inner membrane of mitochondria [29]. We therefore
measured the EROD activities of both microsomal and
mitochondrial fractions. No EROD activity was detected in
either microsomes or mitochondrial fractions when 20 pg of
total proteins from TCDD- or A9-THC-treated cells were
incubated with ethoxyresorufin for 15 min. The assay also
revealed no activity in whole living cultured cells treated with
TCDD or A9-THC for 48 h (data not shown).

4, Discussion

The hCMEC/D3 cell line that we recently derived from a
primary culture of cerebral microvessel endothelial cells, has
been shown by us and others to display a stable phenotype
including most of the properties of the BBB. This model has
been validated according multiple criteria [1,3]. However, very
few data are available showing that these cells express the
drug efflux transporters that are considered to be phenotypic
markers of the human BBB. This study compares the
expression of genes encoding several ABC transporters, CYPs
and their main transcription factors in hCMEC/D3, human
brain microvessels and in non-cerebral endothelial cells,
HUVEC, to determine whether hCMEC/D3 have a cerebral
endothelium specific profile that differs from that of periph-
eral endothelial cells. We find that the pattern of ABC
transporters and CYPs gene expression in hCMEC/D3 differs
from that of HUVEC. Brain microvessel endothelial cells

express ABC efflux transporters at their luminal membrane
in vivo [5]. P-gp, the best known ABC transporter, lies mainly at
the luminal membrane of human brain microvessel endothe-
lial cells [7,30], as well as in primary cultures of human brain
microvessel endothelial cells [6,31,32]. BCRP, another ABC
transporter [33], also lies at the luminal membrane of
microvessel endothelial cells, and in primary cultures of brain
microvessel endothelial cells [8,31]. The profile of ABC
transporters gene expression in hCMEC/D3 is distinct from
that of the non-brain HUVEC. The most remarkable difference
is the lack of MDR1 gene expression in HUVEC. While hCMEC/
D3 have been shown to express high amounts of MDR1/P-gp,
BCRP and MRP1 mRNAs and proteins [12], their relative
abundances were unknown. Our results show that the levels
of expression of MDR1 and BCRP in hCMEC/D3 are similar, but
lower than in isolated human brain microvessels, a result
which was also confirmed at the protein level. However, we
confirmed that P-gp was functional in hCMEC/D3, as pre-
viously reported using another assay and substrate [12]; it is
noteworthy that BCRP was also found functional in hCMEC/D3
[12].

In contrast to P-gp and BCRP, the expression of MRPs at the
human BBB remains controversial. We detected MRP3 and
MRP4 mRNAs in addition to those of MRP1 and MRP5 [12], but
the MRP2 and MRP6 mRNAs were almost unquantifiable. This
is in agreement with a study that detected MRP1, MRP4 and
MRPS in human brain endothelial cells by immunohistochem-
istry [34]. The large amount of MRP1 mRNA in hCMEC/D3 may
be due to cell culture since the expression of MRP1 is known to
be up-regulated during cell culture [6]. Similarly, MRP1 is
highly expressed in primary cultures of human brain micro-
vessel endothelial cells [31].

We have also determined the gene expression profiles of
a wide range of CYPs genes in hCMEC/D3, HUVEC and
human brain microvessels. CYP activities have been
detected in isolated rat brain microvessels [15]. Many
studies have shown the presence of several CYPs isoforms
in the whole human brain (for review see [14]), but no data
are available for human brain microvessel endothelial cells.
Our results show that CYP2U1 is the main gene expressed in
hCMEC/D3. CYP2U1 is a recently described extrahepatic
isoform [35] that is expressed in the thymus and brain and is
involved in the metabolism of arachidonic acid and other
long chain fatty acids [36]. Two other extrahepatic CYP
genes, CYP2S1 and CYP2R1, are express in hCMEC/D3.
CYP2S1 has been shown to metabolize naphthalene and
CYP2R1 to be involved in vitamin D metabolism [37].
However, the role of these three isoforms in the metabolism
of drugs remains to be demonstrated. The CYP3A4, CYP2C9
and CYP2D6 genes that are involved in the hepatic
metabolism of many marketed drugs are not expressed in
hCMEC/D3. We also find that profile of CYPs gene expression
in hCMEC/D3 is distinct from that of HUVEC, especially for
the CYP2R1, CYP1A1 and CYP1B1, which are much more
express in HUVEC than in hCMEC/D3, whereas the reverse
holds for CYP2U1 and CYP2S1. Thus our findings suggest that
the expression profile of CYPs in brain microvessel
endothelial cells is quite specific and does not resemble
that of peripheral endothelial cells. Moreover, the gene
expression of the main CYP detected in hCMEC/D3 was close
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to that in isolated human brain microvessels, except for
CYP1B1 which was highly expressed in human brain
microvessels [22]. Interestingly, we show that many of the
major CYP biotransformation enzymes involved in the
metabolism of the vast majority of commercial drugs are
not highly expressed either in human brain microvessels or
in hCMEC/D3, suggesting that the brain endothelium may
not play an active role in their metabolism. However, it
must be stressed that, brain endothelial cells working in
concert with the entire neurovascular unit, our results may
not reflect properly the actual drug-metabolism capacity of
the BBB.

The expression of genes encoding ABC transporters and
CYPs in several peripheral tissues is regulated by common
mechanisms involving the activation of transcription factors,
including two members of the nuclear receptor superfamily:
PXR and CAR, and a member of the bHLH/PAS family: AhR [17].
Both PXR and CAR form heterodimers with the retinoid X
receptor (RXR) and activate the transcription of some ABC
transporters and CYPs genes [38]. Few data are available on the
regulation of ABC transporters and CYPs gene transcription in
the human brain, especially at the BBB. PXR and CAR have
been found in the whole human brain, but notin some regions,
including the frontal and temporal lobes and the cerebellum
[39]. Fewer studies have examined the expression of PXR and
CAR at the human BBB. A recent report indicated that neither
PXR nor CAR were detected in isolated rat brain microvessels
[19]. We have detected PXR transcripts in hCMEC/D3, but their
amounts were very low, and we failed to detect CAR mRNA.
Treatment of hCMEC/D3 with the PXR agonist, rifampicin, had
little effect on the expression of ABC transporters and CYPs
genes and induced only a small increase in MRP3 transcription,
as already described in the human hepatoma cell lines HuH7
and HepG2 [40]. MRP5 expression was also increased after RIF
treatment, in accordance with one study reported the up-
regulation of MRP5, MDR1 and MRP2 in the brain endothelial
cells of epileptic patients treated with anti-epileptic drugs that
are ligands of PXR and/or CAR [41]. However, although the
expression of MDR1 and MRP2 genes is induced by RIF via a
nuclear receptor mediated pathway [42,43], hCMEC/D3 incu-
bated with RIF treatment showed no increased expression of
those two genes. These results are in contradiction to a report
that PXR activation induces the expression of P-gp and Mrp2 in
rat brain isolated microvessels [18]. Recently, Zastre et al.
showed that RIF treatment of hCMEC/D3 for 72h at 10 uM
increased P-gp expression by 1.8-fold [21]; in addition, PXR
activation was also shown to induce P-gp activity at the BBB of
transgenic mice expressing hPXR [44] and to increase Mrp2
expression at the BBB of rats and hPXR transgenic mice [45]. On
the basis of these results, we cannot exclude that we failed to
detect P-gp induction in the present study because RIF
treatment was limited to 24 h. We also report that RIF has
no effect on MRP4 expression: this is in line with the lack of
Mrp4 regulation observed in rat and hPXR transgenic mice
brain capillaries after treatment with PXR agonists [46]. We
show here that CYP2D6 expression is slightly increased by RIF.
However, a recent study did not detect any PXR involvement in
the regulation of CYP2D6 gene expression [47]. Therefore, this
slight induction may be mediated by another regulatory
pathway. In contrast, CYP3A4, CYP2C9, CYP2C8, CYP2C19 and

CYP2B6 are all induced via PXR [43,48,49] but these isoforms
remained undetected after treatment with RIF. Our results
suggest that there is probably a weak PXR-mediated regulatory
pathway in hCMEC/D3.

In contrast to those of PXR and CAR, the transcripts of AhR
are abundant in hCMEC/D3 and HUVEC. AhR-target genes
have been shown to be induced in HUVEC [50]. Upon ligand
binding, AhR forms a heterodimer with the AhR nuclear
translocator (ARNT), and so modulates the transcription of
target genes like CYP1 (for review [51]). Since AhR is functional
in mouse brain endothelial cells [20], we investigated the AhR-
mediated regulatory pathway in hCMEC/D3 by treating them
with TCDD, a potent agonist of AhR. The expression of CYP1A1
and CYP1B1 was strongly induced (26.3-fold and 28.4-fold) by
TCDD treatment. As AhR is known to activate CYP1A and
CYP1B genes [51], this induction may be mediated by the AhR
pathway in hCMEC/D3. Interestingly, the induction of CYP1B1
peaked after exposure to TCDD for 8 h and decreased over
time. This is frequently observed for compounds that are
metabolized by the cells, butis unusual for TCDD for which the
induction of its target genes remained most often stable until
72 h. Although we felt that elucidating this result was beyond
the scope of the present study, we might hypothesize that
TCDD was metabolized by CYP1B1: however, this is unlikely
since we failed to detect CYP1A/1B activities in TCDD-treated
hCMEC/D3. Alternatively, we hypothesize that a down-
regulation of AhR may affect CYP1B1 induction during TCDD
incubation. In any case, this decrease in CYP1B1 fold-
induction by TCDD over time has also been observed at the
protein level with murine cerebral endothelial cells [20]. In this
study, CYP1B1 has been detected at the human blood-brain
interface of the temporal lobe of patients with glioma and was
induced in a human astrocytoma cell line by DMBA, another
AhR agonist [52]. However, others have found that CYP1A1 and
CYP1B1 proteins are expressed in several mouse blood-brain
interfaces and their expression is increased by AhR agonists.
These two CYPs have not been detected in brain capillaries
[16]. While we find that the expression of CYP1A1 and CYP1B1
is induced in hCMEC/D3, the expression and the functional
activity of the corresponding proteins were not detected in the
microsomes and mitochondria of either control cells or TCDD-
treated cells. Several hypotheses may explain such results.
First, several normal human tissues have been found to lack
CYP1B1 protein despite having the corresponding mRNA
[53,54]. This difference between gene expression and protein
content may be due to low protein expression or to post-
transcriptional regulation, as in other human cell lines [55].
Interestingly, CYP1A1 and CYP1B1 were dramatically less
expressed in hCMEC/D3 than in HUVEC and the functional
activity of CYP1A/1B measured by EROD has already been
observed in HUVEC whereas we failed to detect any EROD
activity in TCDD-treated hCMEC/D3 [50]. Thus, we may
postulate that the absence of EROD activity observed in
hCMEC/D3 may be due to the very low CYP1A1 and CYP1B1
expression even after induction by TCDD. Second, there is
increasing evidence that extrahepatic and especially brain
CYPs like CYP1A1l suffer from impaired heme availability,
which negatively affects their enzymatic activity especially in
microsomes and mitochondria of cell lines and tissue [56,57].
That may explain the lack of CYP1A/1B catalytic activity
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observed here. Although CYP1A1 and CYP1B1 proteins were
not detected in hCMEC/D3, the activity of AhR observed in
these cells suggests that this regulatory pathway may be
present at the human BBB and responsible for the regulation of
CYP1A1 and CYP1B1. Furthermore, hCMEC/D3 may well be
suitable for investigating the capacities of new chemical
entities to enhance AhR-mediated CYP1A/1B gene expression.
AhR is activated by a wide range of ligands, including
polycyclic aromatic hydrocarbons (PAHs) like coplanar poly-
chlorinated biphenyls (PCBs) and benzo[a]pyrene, the latter
being present in cigarette smoke. These are considered as
environment contaminants [58]. These compounds may
induce some AhR-target genes, including CYP1A1 and CYP1B1
at the human BBB. This induction may generate adverse
effects, as CYP1B1 activates many procarcinogens and
promutagens in potentially neurotoxic metabolites [59].
Although CYP2S1 gene was shown to be inducible by dioxin
via an AhR-mediated regulatory pathway, notably in a human
lung cell line [60], no induction of this gene was observed here.
This may be due to tissues-specific differences.

In contrast to CYPs, the expression of none of the ABC
transporters genes studied was significantly changed by any of
the TCDD concentrations tested or by the exposure time.
TCDD had no influence on the expression of BCRP mRNA or
protein, although two recent studies report the up-regulation
of BCRP in Caco-2 cells [27] and in primary human hepatocytes
[26] treated with AhR ligands (benzo[a]pyrene and TCDD
respectively). Similarly, TCDD increased the expression of
MDR1 in primary human hepatocytes [26], although we find no
induction of this transporter, in terms of mRNA or protein
hCMEC/D3. We find that TCDD does not modify the expression
of any of the MRP genes, whereas TCDD was shown to induced
the expression of Mrp2, Mrp3 and Mrp5 proteins in the mouse
liver [61]. These differences may be due to tissue-specific and/
or species-specific differences.

The psychoactive component of marijuana, A9-tetrahy-
drocannabinol (A9-THC), is a PAH that is reported to induce
expression of the CYP1A1 gene in murine Hepa-1 cells via an
AhR-mediated mechanism [24]. Our study of the effect of A9-
THC on the expression of the ABC transporter and CYP genes
in hCMEC/D3 showed that CYP1Al gene is the only gene
slightly induced, suggesting that A9-THC is not a very potent
AhR ligand.

In conclusion, our data provide an extensive characteriza-
tion of the ABC transporters and CYPs genes expressed in the
human cerebral microvascular endothelial cell line hCMEC/
D3, which was previously proposed as a unique model of
human BBB. They reveal that (i) hCMEC/D3 cells express the
ABC transporters present in freshly isolated human brain
microvessels, including functional P-gp and BCRP, although
their relative expression appears lower in hCMEC/D3 cells; (ii)
expression of the main CYP genes in hCMEC/D3 s close to that
in isolated human brain microvessels, except for CYP1B1
which is highly expressed in human brain microvessels; (iii)
hCMEC/D3 cells and human brain microvessels express the
transcription factor AhR which is involved in up-regulation of
CYP1B1 by TCDD in hCMEC/D3 cells. Altogether, these results
provide evidence that the hCMEC/D3 cell line may constitute
to some extent a valuable model of human brain microvessels
for pharmacological, toxicological or metabolic studies; they

also strongly suggest that drug-metabolism processes at the
human BBB are highly dependent upon CYP1B1 and thus
significantly differ from those in peripheral organs.

Acknowledgments

This research was supported in part by a grant from Servier
Laboratories.

We would like to thank Dr Cynthia Marie-Claire and Dr
Xavier Coumoul for helpful discussion.

REFERENCES

[1] Afonso PV, Ozden S, Prevost MC, Schmitt C, Seilhean D,

Weksler B, et al. Human blood-brain barrier disruption by

retroviral-infected lymphocytes: role of myosin light chain

kinase in endothelial tight-junction disorganization. J

Immunol 2007;179:2576-83.

Andras IE, Rha G, Huang W, Eum S, Couraud PO, Romero IA,

et al. Simvastatin protects against amyloid beta and HIV-1

Tat-induced promoter activities of inflammatory genes in

brain endothelial cells. Mol Pharmacol 2008;73:1424-33.

Cucullo L, Couraud PO, Weksler B, Romero IA, Hossain M,

Rapp E, et al. Immortalized human brain endothelial cells

and flow-based vascular modeling: a marriage of

convenience for rational neurovascular studies. ] Cereb

Blood Flow Metab 2008;28:312-28.

Forster C, Burek M, Romero IA, Weksler B, Couraud PO,

Drenckhahn D. Differential effects of hydrocortisone and

TNFalpha on tight junction proteins in an in vitro model of

the human blood-brain barrier. ] Physiol 2008;586:1937-49.

Scherrmann JM. Expression and function of multidrug

resistance transporters at the blood-brain barriers. Expert

Opin Drug Metab Toxicol 2005;1:233-46.

Seetharaman S, Barrand MA, Maskell L, Scheper RJ.

Multidrug resistance-related transport proteins in isolated

human brain microvessels and in cells cultured from these

isolates. ] Neurochem 1998;70:1151-9.

Bendayan R, Ronaldson PT, Gingras D, Bendayan M. In situ

localization of P-glycoprotein (ABCB1) in human and rat

brain. J Histochem Cytochem 2006;54:1159-67.

Lee G, Babakhanian K, Ramaswamy M, Prat A, Wosik K,

Bendayan R. Expression of the ATP-binding cassette

membrane transporter, ABCG2, in human and rodent brain

microvessel endothelial and glial cell culture systems.

Pharm Res 2007;24:1262-74.

Cooray HC, Blackmore CG, Maskell L, Barrand MA.

Localisation of breast cancer resistance protein in

microvessel endothelium of human brain. Neuroreport

2002;13:2059-63.

[10] Zhang Y, Han H, Elmquist WF, Miller DW. Expression of
various multidrug resistance-associated protein (MRP)
homologues in brain microvessel endothelial cells. Brain
Res 2000;876:148-53.

[11] Bronger H, Konig ], Kopplow K, Steiner HH, Ahmadi R,
Herold-Mende C, et al. ABCC drug efflux pumps and organic
anion uptake transporters in human gliomas and the
blood-tumor barrier. Cancer Res 2005;65:11419-28.

[12] Weksler BB, Subileau EA, Perriere N, Charneau P, Holloway
K, Leveque M, et al. Blood-brain barrier-specific properties
of a human adult brain endothelial cell line. FASEB J
2005;19:1872-4.

[13] el-Bacha RS, Minn A. Drug metabolizing enzymes in
cerebrovascular endothelial cells afford a metabolic

[2

3

4

5

[6

[7

8

[9



9208

BIOCHEMICAL PHARMACOLOGY 77 (2009) 897-909

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

protection to the brain. Cell Mol Biol (Noisy-le-grand)
1999;45:15-23.

Dutheil F, Beaune P, Loriot MA. Xenobiotic metabolizing
enzymes in the central nervous system: contribution of
cytochrome P450 enzymes in normal and pathological
human brain. Biochimie 2008;90:426-36.

Ghersi-Egea JF, Leninger-Muller B, Suleman G, Siest G, Minn
A. Localization of drug-metabolizing enzyme activities to
blood-brain interfaces and circumventricular organs. J
Neurochem 1994;62:1089-96.

GranbergL, Ostergren A, Brandt I, Brittebo EB. CYP1A1 and
CYP1B1 in blood-brain interfaces: CYP1A1l-dependent
bioactivation of 7,12-dimethylbenz(a)anthracene in
endothelial cells. Drug Metab Dispos 2003;31:259-65.

Xu C, Li CY, Kong AN. Induction of phase I, I and III drug
metabolism/transport by xenobiotics. Arch Pharm Res
2005;28:249-68.

Bauer B, Hartz AM, Fricker G, Miller DS. Pregnane X receptor
up-regulation of P-glycoprotein expression and transport
function at the blood-brain barrier. Mol Pharmacol
2004,66:413-9.

Akanuma S, Hori S, Ohtsuki S, Fujiyoshi M, Terasaki T.
Expression of nuclear receptor mRNA and liver X receptor-
mediated regulation of ABC transporter Al at rat blood-
brain barrier. Neurochem Int 2008;52:669-74.

Filbrandt CR, Wu Z, Zlokovic B, Opanashuk L, Gasiewicz TA.
Presence and functional activity of the aryl hydrocarbon
receptor in isolated murine cerebral vascular endothelial
cells and astrocytes. Neurotoxicology 2004;25:605-16.
Zastre JA, Chan GN, Ronaldson PT, Ramaswamy M,
Couraud PO, Romero IA, et al. Up-regulation of
Pglycoprotein by HIV protease inhibitors in a human brain
microvessel endothelial cell line. ] Neurosci Res 2008; Oct 14
(in press).

Dauchy S, Dutheil F, Weaver R], Couraud PO, Scherrmann
JM, de Waziers I, et al. ABC transporters, cytochromes P450
and their main transcription factors: expression at the
human blood-brain barrier. ] Neurochem 2008;107:1518-
28.

Girault I, Rougier N, Chesne C, Lidereau R, Beaune P, Bieche
I, et al. Simultaneous measurement of 23 isoforms from the
human cytochrome P450 families 1 to 3 by quantitative
reverse transcriptase-polymerase chain reaction. Drug
Metab Dispos 2005;33:1803-10.

Roth MD, Marques-Magallanes JA, Yuan M, Sun W, Tashkin
DP, Hankinson O. Induction and regulation of the
carcinogen-metabolizing enzyme CYP1A1 by marijuana
smoke and delta (9)-tetrahydrocannabinol. Am ] Respir Cell
Mol Biol 2001;24:339-44.

Olinga P, Elferink MG, Draaisma AL, Merema MT, Castell JV,
Perez G, et al. Coordinated induction of drug transporters
and phase I and II metabolism in human liver slices. Eur J
Pharm Sci 2008;33:380-9.

Jigorel E, Le Vee M, Boursier-Neyret C, Parmentier Y, Fardel
O. Differential regulation of sinusoidal and canalicular
hepatic drug transporter expression by xenobiotics
activating drug-sensing receptors in primary human
hepatocytes. Drug Metab Dispos 2006;34:1756-63.

Ebert B, Seidel A, Lampen A. Identification of BCRP as
transporter of benzo[a]pyrene conjugates metabolically
formed in Caco-2 cells and its induction by Ah-receptor
agonists. Carcinogenesis 2005;26:1754-63.

Chang TK, Waxman DJ. Enzymatic analysis of cDNA-
expressed human CYP1A1, CYP1A2, and CYP1B1 with 7-
ethoxyresorufin as substrate. Methods Mol Biol
1998;107:103-9.

Walther B, Ghersi-Egea JF, Minn A, Siest G. Subcellular
distribution of cytochrome P-450 in the brain. Brain Res
1986;375:338-44.

(30]

(31]

(32]

(331

(34]

(33]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

(43]

(44

(45]

[46]

(47]

Virgintino D, Robertson D, Errede M, Benagiano V, Girolamo
F, Maiorano E, et al. Expression of P-glycoprotein in human
cerebral cortex microvessels. ] Histochem Cytochem
2002;50:1671-6.

Zhang W, Mojsilovic-Petrovic ], Andrade MF, Zhang H, Ball
M, Stanimirovic DB. The expression and functional
characterization of ABCG2 in brain endothelial cells and
vessels. FASEB ] 2003;17:2085-7.

Cucullo L, Hossain M, Rapp E, Manders T, Marchi N, Janigro
D. Development of a humanized in vitro blood-brain
barrier model to screen for brain penetration of
antiepileptic drugs. Epilepsia 2007;48:505-16.

Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi
AK, et al. A multidrug resistance transporter from human
MCEF-7 breast cancer cells. Proc Natl Acad Sci USA
1998;95:15665-70.

Nies AT, Jedlitschky G, Konig ], Herold-Mende C, Steiner
HH, Schmitt HP, et al. Expression and immunolocalization
of the multidrug resistance proteins, MRP1-MRP6 (ABCC1-
ABCCS6), in human brain. Neuroscience 2004;129:349-60.
Karlgren M, Backlund M, Johansson I, Oscarson M,
Ingelman-Sundberg M. Characterization and tissue
distribution of a novel human cytochrome P450-CYP2U1.
Biochem Biophys Res Commun 2004;315:679-85.

Chuang SS, Helvig C, Taimi M, Ramshaw HA, Collop AH,
Amad M, et al. CYP2U1, a novel human thymus- and brain-
specific cytochrome P450, catalyzes omega- and (omega-
1)-hydroxylation of fatty acids. ] Biol Chem 2004;279:6305-
14.

Karlgren M, Miura S, Ingelman-Sundberg M. Novel
extrahepatic cytochrome P450s. Toxicol Appl Pharmacol
2005;207:57-61.

Urquhart BL, Tirona RG, Kim RB. Nuclear receptors and the
regulation of drug-metabolizing enzymes and drug
transporters: implications for interindividual variability in
response to drugs. J Clin Pharmacol 2007;47:566-78.
Lamba JK, Lamba V, Yasuda K, Lin YS, Assem M, Thompson
E, et al. Expression of constitutive androstane receptor
splice variants in human tissues and their functional
consequences. ] Pharmacol Exp Ther 2004;311:811-21.
Teng S, Jekerle V, Piquette-Miller M. Induction of ABCC3
(MRP3) by pregnane X receptor activators. Drug Metab
Dispos 2003;31:1296-9.

Dombrowski SM, Desai SY, Marroni M, Cucullo L, Goodrich
K, Bingaman W, et al. Overexpression of multiple drug
resistance genes in endothelial cells from patients with
refractory epilepsy. Epilepsia 2001;42:1501-6.

Geick A, Eichelbaum M, Burk O. Nuclear receptor response
elements mediate induction of intestinal MDR1 by
rifampin. ] Biol Chem 2001;276:14581-7.

Kast HR, Goodwin B, Tarr PT, Jones SA, Anisfeld AM, Stoltz
CM, et al. Regulation of multidrug resistance-associated
protein 2 (ABCC2) by the nuclear receptors pregnane X
receptor, farnesoid X-activated receptor, and constitutive
androstane receptor. J Biol Chem 2002;277:2908-15.

Bauer B, Yang X, Hartz AM, Olson ER, Zhao R, Kalvass JC,
et al. In vivo activation of human pregnane X receptor
tightens the blood-brain barrier to methadone through P-
glycoprotein up-regulation. Mol Pharmacol 2006;70:1212-9.
Bauer B, Hartz AM, Lucking JR, Yang X, Pollack GM, Miller
DS. Coordinated nuclear receptor regulation of the efflux
transporter, Mrp2, and the phase-II metabolizing enzyme,
GSTpi, at the blood-brain barrier. J Cereb Blood Flow Metab
2008;28:1222-34.

Bauer B, Hartz AM, Fricker G, Miller DS. Modulation of p-
glycoprotein transport function at the blood-brain barrier.
Exp Biol Med (Maywood) 2005;230:118-27.

Kojima K, Nagata K, Matsubara T, Yamazoe Y. Broad but
distinct role of pregnane x receptor on the expression of



BIOCHEMICAL PHARMACOLOGY 77 (2009) 897-909

909

48]

[49]

[50]

[51]

[52]

[53]

individual cytochrome p450s in human hepatocytes. Drug
Metab Pharmacokinet 2007;22:276-86.

Lehmann JM, McKee DD, Watson MA, Willson TM, Moore
JT, Kliewer SA. The human orphan nuclear receptor PXR is
activated by compounds that regulate CYP3A4 gene
expression and cause drug interactions. J Clin Invest
1998;102:1016-23.

Gerbal-Chaloin S, Pascussi JM, Pichard-Garcia L, Daujat M,
Waechter F, Fabre JM, et al. Induction of CYP2C genes in
human hepatocytes in primary culture. Drug Metab Dispos
2001;29:242-51.

Annas A, Granberg AL, Brittebo EB. Differential response of
cultured human umbilical vein and artery endothelial cells
to Ah receptor agonist treatment: CYP-dependent
activation of food and environmental mutagens. Toxicol
Appl Pharmacol 2000;169:94-101.

Nebert DW, Dalton TP, Okey AB, Gonzalez FJ. Role of aryl
hydrocarbon receptor-mediated induction of the CYP1
enzymes in environmental toxicity and cancer. ] Biol Chem
2004;279:23847-50.

Rieder CR, Parsons RB, Fitch NJ, Williams AC, Ramsden DB.
Human brain cytochrome P450 1B1: immunohistochemical
localization in human temporal lobe and induction by
dimethylbenz(a)anthracene in astrocytoma cell line (MOG-
G-CCM). Neurosci Lett 2000;278:177-80.

McFadyen MC, Breeman S, Payne S, Stirk C, Miller ID,
Melvin WT, et al. Immunohistochemical localization of
cytochrome P450 CYP1B1 in breast cancer with monoclonal
antibodies specific for CYP1B1. ] Histochem Cytochem
1999;47:1457-64.

[54]

(53]

[56]

(571

(58]

[59]

(60]

[61]

Edwards RJ, Adams DA, Watts PS, Davies DS, Boobis AR.
Development of a comprehensive panel of antibodies
against the major xenobiotic metabolising forms of
cytochrome P450 in humans. Biochem Pharmacol
1998;56:377-87.

McFadyen MC, Rooney PH, Melvin WT, Murray GI.
Quantitative analysis of the Ah receptor/cytochrome P450
CYP1B1/CYP1A1 signalling pathway. Biochem Pharmacol
2003;65:1663-74.

Meyer RP, Podvinec M, Meyer UA. Cytochrome P450 CYP1A1
accumulates in the cytosol of kidney and brain and is
activated by heme. Mol Pharmacol 2002;62:1061-7.

Meyer RP, Lindberg RL, Hoffmann F, Meyer UA. Cytosolic
persistence of mouse brain CYP1A1 in chronic heme
deficiency. Biol Chem 2005;386:1157-64.

Denison MS, Nagy SR. Activation of the aryl hydrocarbon
receptor by structurally diverse exogenous and
endogenous chemicals. Annu Rev Pharmacol Toxicol
2003;43:309-34.

Shimada T, Fujii-Kuriyama Y. Metabolic activation of
polycyclic aromatic hydrocarbons to carcinogens by
cytochromes P450 1A1 and 1B1. Cancer Sci 2004;95:1-6.
Rivera SP, Saarikoski ST, Hankinson O. Identification of a
novel dioxin-inducible cytochrome P450. Mol Pharmacol
2002;61:255-9.

Maher JM, Cheng X, Slitt AL, Dieter MZ, Klaassen CD.
Induction of the multidrug resistance-associated protein
family of transporters by chemical activators of receptor-
mediated pathways in mouse liver. Drug Metab Dispos
2005;33:956-62.



	Expression and transcriptional regulation of ABC transporters and cytochromes P450 in hCMEC/D3 �human cerebral microvascular endothelial cells
	Introduction
	Materials and methods
	Reagents
	Human brain tissue samples
	Cell culture
	RNA extraction and reverse transcription
	Real-time quantitative RT-PCR (qPCR)
	Preparation of microsomal and mitochondria sub-fractions from hCMEC/D3 cells
	Western blotting
	P-gp functional assay
	CYP1A/1B activity assay
	Statistical analysis

	Results
	Expression of ABC transporter genes in hCMEC/D3, HUVEC and human brain microvessels
	CYPs genes in hCMEC/D3, HUVEC and human brain microvessels
	Transcription factors in hCMEC/D3 and HUVEC
	Expression of P-gp and BCRP in hCMEC/D3 and human brain microvessels
	Functional activity of P-gp in hCMEC/D3 cells
	Effect of Rifampicin (RIF), TCDD and &Delta;9-THC on the mRNAs of ABC transporters and CYPs in hCMEC/D3 cells
	Effect of TCDD on P-gp, BCRP, CYP1A1 and CYP1B1 expression in hCMEC/D3
	Effect of TCDD on CYP1A1/1B1/1A2 activities

	Discussion
	Acknowledgments
	References


