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Purpose. Glabridin is a major active constituent of Glycyrrhiza glabra which is commonly used in the
treatment of cardiovascular and central nervous system (CNS) diseases. Recently, we have found that
glabridin is a substrate of P-glycoprotein (PgP/MDR1). This study aimed to investigate the role of PgP in
glabridin penetration across the blood-brain barrier (BBB) using several in vitro and in vivo models.
Materials and Methods. Cultured primary rat brain microvascular endothelial cells (RBMVECs) were
used in the uptake, efflux and transcellular transport studies. A rat bilateral in situ brain perfusion model
was used to investigate the brain distribution of glabridin. The brain and tissue distribution of glabridin
in rats with or without coadministered verapamil or quinidine were examined with correction for the
tissue residual blood. In addition, the brain distribution of glabridin in mdrla(—/—) mice was compared
with the wild-type mice. Glabridin in various biological matrices was determined by a validated liquid
chromatography mass spectrometric method.

Results. The uptake and efflux of glabridin in cultured RBMVECs were ATP-dependent and
significantly altered in the presence of a PgP or multi-drug resistance protein (Mrp1/2) inhibitor (e.g.
verapamil or MK-571). A polarized transport of glabridin was found in RBMVEC monolayers with
facilitated efflux from the abluminal (BL) to luminal (AP) side. Addition of a PgP or Mrp1/2 inhibitor in
both luminal and abluminal sides attenuated the polarized transport across RBMVECs. In a bilateral in
situ brain perfusion model, the uptake of glabridin into the cerebrum increased from 0.42+0.09% at 1
min to 9.27+1.69% (ml/100 g tissue) at 30 min and was significantly greater than that for sucrose. Co-
perfusion of a PgP or Mrpl/2 inhibitor significantly increased the brain distribution of glabridin by
33.6—142.9%. The rat brain levels of glabridin were only about 27% of plasma levels when corrected by
tissue residual blood and it was increased to up to 44% when verapamil or quinidine was coadministered.
The area under the brain concentration-time curve (AUC) of glabridin in mdrla(—/—) mice was 6.0-fold
higher than the wild-type mice.

Conclusions. These findings indicate that PgP limits the brain penetration of glabridin through the BBB
and PgP may cause drug resistance to glabridin (licorice) therapy for CNS diseases and potential drug-
glabridin interactions. However, further studies are needed to explore the role of other drug transporters
(e.g. Mrp1-4) in restricting the brain penetration of glabridin.

KEY WORDS: brain-blood barrier; glabridin; in situ brain perfusion; mdrla knockout mouse;
P-glycoprotein; rat brain microvascular endothelial cell.
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ABBREVIATIONS: ABC, ATP-binding cassette; AP, Luminal; AUC,
the area under the plasma concentration-time curve; BBB, blood-brain
barrier; BL, abluminal; C,.,, maximum plasma concentration; CNS,
central nervous system; CSF, cerebrospinal fluid; DMSO, dimethyl
sulfoxide; EDTA, ethylenediaminetetraacetic acid; HBSS, Hank’s
balanced salt solution; HEPES, N-[2-hydroxyethyl] piperazine-N9-[4-
butanesulfonic acid]; HPLC, high performance liquid chromatography;
Ky, in vivo BBB permeability; K,,, Michaelis-Menten constant; LC-
MS, liquid chromatography mass spectrometry; MRP (Mrp for rat),
multi-drug resistance protein; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazonium bromide; P,,,, permeability coefficient; PD,
passive diffusion component; PgP, P-glycoprotein; Ry, the amount
of a drug in the brain over that in the perfusate; RBMVEC, rat brain
microvascular endothelial cells; SDS, sodium dodecyl sulphate; t1 /25 ,
elimination half life; T,,.x, time to achieve C..x; TEER,
transepithelial electric resistance; (Vg)p, volume fraction of
residual blood in a tissue; Vi,.y, maximum velocity.

INTRODUCTION

The blood-brain barrier (BBB) is formed by tight
junctions that connect the brain endothelial cells, thus
restricting entry of compounds from circulating blood to the
central nervous system (CNS) via paracellular and trans-
cellular routes (1-3). BBB acts as a physical and anatomical
barrier notably due to the presence of tight junctions and a
multitude of ATP-binding cassette (ABC) transporters such
as P-glycoprotein (PgP/MDR1) and multi-drug resistance
protein 1 and 2 (MRP1/2) (2,4-6). PgP is localized in the
apical membrane of brain capillary endothelial cells and
transports substrates toward the blood compartment. As
such, the BBB contributes to brain homeostasis by protecting
the brain from potentially harmful endogenous and exoge-
nous substances (7). The ABC drug transporter members
located in the BBB are increasingly recognized as important
determinants of drug distribution to, and elimination from
the CNS (2,8,9). Because the majority of drugs do not cross
the BBB, CNS disorders remain difficult to treat. The drug
delivery challenge posed by the BBB is compelling, particu-
larly as the population ages and the incidence of neurode-
generative diseases such as stroke, Alzheimer’s disease, and
Parkinson’s disease increase in prevalence. It has been
reported that the BBB blocks delivery of more than 98% of
CNS-acting drugs (10), and thus a successful brain penetra-
tion is a prerequisite for the design of chemical lead
substances for CNS-acting drugs. PgP and other ABC trans-
porters can limit the penetration of drugs into the brain and
thus modulate the effectiveness and CNS toxicity of numer-
ous drugs (8). To restrict CNS adverse effects, brain
penetration properties are also important for the develop-
ment of non-CNS acting drugs. Therefore, it is important to
determine the BBB penetration of new drugs and existing
drugs.

The widely used traditional Chinese herbal medicine,
the root of G. glabra (licorice), is one of the most popular
herbal medicines in the world due to its exceptional
pharmacological properties recognized and claimed by the
Traditional Chinese Medicine (11). Licorice has been used as
an antidote, demulcent, antioxidant, immuno-modulator,
expectorant, and a remedy for inflammation, as well as a
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flavoring and sweetening agent in Asian countries and less
commonly in Western countries (11-15). Licorice extracts
contain more than two dozens of ingredients, including
glycyrrhizin, oleane triterpenoids, flavonoids and glucose.
Glabridin (Fig. 1) is an isoflavan compound, one of the major
active flavonoids in licorice. Isoflavans are a subclass of the
flavonoid compounds, containing ring A fused to ring C,
which is connected to ring B through carbon 3. Glabridin has
been found to possess antioxidant, antimicrobial, antiathero-
sclerotic, hypolipidemic, anti-inflammatory, anti-obesity,
hepato-protective, anti-tumor, cytotoxic, apoptosis-inducing,
hypoglycemic, cardiovascular-protective, estrogen-like, anti-
nephritic and radical-scavenging activities (16-23). Because
of its similar structure to estradiol and similar lipophilicity
(LogP =~ 3.25), glabridin is also used as a phytoestrogen
(19,24). Because of a broad spectrum of pharmacological
activities, licorice is widely used as a single herbal preparation,
or more frequently, in combination with other herbs to treat
various diseases in respiratory, digestive, endocrine, cardio-
vascular, and central nervous system (25-27).

Despite the wide use of licorice, data on the pharmaco-
kinetic properties of glabridin are scant in animals and
humans. Recently, we have reported that glabridin is a
substrate for PgP with a K, of 6.6 uM (28). Following
intravenous (i.v.) injection of glabridin at 5 mg/kg in rats, the
drug was rapidly distributed in the body, with an elimination
half life (125) of 1.92 hr and a plasma clearance of 59.0 ml/
min/kg (28). The oral bioavailability of glabridin is about
7.5%. In this study, we hypothesize that the brain penetration
of glabridin is restricted by the BBB due to the contribution
of PgP expressed in the brain capillary endothelial cells. To
test this hypothesis, we examined the transport of glabridin
across BBB using several in vitro and in vivo models. The
uptake, efflux and transcellular transport of glabridin were
examined in the primary rat brain microvascular endothelial
cells (RBMVECs). A rat bilateral in situ brain perfusion
model was used to investigate the brain distribution of
glabridin. We also investigated the brain distribution of
glabridin in rats and the effects of coadministered PgP
inhibitors (verapamil or quinidine) on its brain distribution.
In addition, the effect of PgP on brain penetration of
glabridin was examined by comparing the brain distribution
of glabridin in mdrla(—/—) mice and the wild-type mice.
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Glabridin

Fig. 1. Chemical structures of glabridin and mefenamic acid (used as
an internal standard).

Mefenamic acid
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MATERIALS AND METHODS
Chemicals and Reagents

The purified glabridin [(R)-4-(3,4-Dihydro-8,8-dimeth-
yl)-2H,8 H-benzo[1,2-b:3,4-b']dipyran-3yl)-1,3-benzenediol],
extracted from the root of G. glabra, was purchased from the
National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Glabridin was dissolved
in dimethyl sulfoxide (DMSO), and freshly prepared for all
in vivo and in vitro experiments. The compound has a purity
>99.0%, as determined by high performance liquid chroma-
tography (HPLC) with ultraviolet detection. Its chemical
structure was identified and confirmed by liquid chromatog-
raphy mass spectrometry (LC-MS) and 'H-nuclear magnetic
resonance (NMR) analysis. Fetal bovine serum, 0.05%
trypsin-ethylenediaminetetraacetic acid (EDTA), penicillin-
streptomycin, non-essential amino acids, sterilized Hank’s
balanced salt solution (HBSS) at pH 7.4 containing 25 mM
N-[2-hydroxyethyl] piperazine-N9-[4-butanesulfonic acid]
(HEPES) and 25 mM glucose were obtained from
Invitrogen (Carlsbad, CA). Trypan blue, propranolol,
DMSO, celecoxib, sodium azide, 2, 4-dinitrophenol, verapamil
hydrochloride, nifedipine, probenecid, and quinidine sulfate
dehydrate were all purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO). The leukotriene D4 receptor antagonist,
3-[[[3-[2-(7-chloro-2-quinolinyl)-(E)-ethenyl]phenyl][[3-
(dimethylamino)-3-oxopropyl]thioJmethyl]thio]propionic acid
(MK-571 or L-660,711) was a gift from Dr Ford Hutchinson
(Merck Frosst Canada, Inc., Kirkland, Quebec, Canada).
Tissue culture plastics and 0.4 um pore-size Transwell
polycarbonate inserts with a 12 mm inner diameter were
from Corning Co. (Corning, NY). Mouse monoclonal
antibodies to MDR1 (C219) and to MRP1 were purchased
from Abcam Co. (Cambridge, UK). The secondary antibody
used was anti-mouse IgG from rat (GE Healthcare,
Buckinghamshire, UK). The water used was purified by a
Milli-Q purification system (Millipore, Bedford, MA). All
other chemicals and reagents were of analytical or HPLC
grade as appropriate.

Animals

Male healthy Sprague-Dawley rats (200—260 g) were
kept in a room under controlled temperature (22+1°C) and
automatic day—night rhythm (12 h-cycle) and housed on wire-
bottom cages with paper underneath. The ethical approval of
this study was obtained from the Institutional Ethics Com-
mittee. The animal experiments were performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National
Institutes of Health of the USA (NIH publication No.
85-23, 1985).

Cell Culture

The cryopreserved primary rat brain microvascular
endothelial cells (RBMVECs) (catalog no. R840-05) were
purchased from Cell Applications Inc. (San Diego, CA). This
is a pure endothelial cell population without contamination
by pericytes (29). RBMVECs were cultured in a special
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growth medium (catalog no. R811-500 provided by Cell
Applications Inc., Toyoba, Japan) fully supplemented with
essential and nonessential amino acids, vitamins, inorganic
salts, organic compounds, trace elements, 100 U/ml penicillin
and gentamicin, 10% fetal bovine serum, and growth factors
including endothelial cell growth factor (1 ng/ml), transferrin
(5 pg/ml), and insulin (5 pg/ml) (Cell Applications, Inc.,
Toyoba, Japan) at 37°C in a 5% CO,, 95% air atmosphere,
and were maintained by serial passages in 75-cm plastic
culture flasks. These cells can be cultured and propagated to
passage 5 and beyond without losing their morphological and
phenotypic properties. Cells were used in passages 3-5 only
in this study.

Cytotoxicity Assay

The cytotoxic effect of glabridin on RBMVECs exam-
ined was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazonium bromide (MTT) assay as described
(30). The drug was dissolved in DMSO and then diluted in
culture medium and added to the cultures 24 h after cell
seeding. Cells were exposed to the drug at different concen-
trations (0.1—100 uM) in culture medium for 48 h, after
which 0.05 mg MTT was added to each well, and the plates
were further incubated for 4 h. Thereafter, supernatants were
removed and the purple precipitate was dissolved in 100 pl
DMSO. The absorbance of formazan, a metabolite of MTT,
was measured at a wavelength of 595 nm using a microplate
reader (Tecan Instrument Inc., Research Triangle Park, NC).

Uptake and Efflux Assay of Glabridin by RBMVECs

The uptake of glabridin by RBMVECs was examined in
confluent cell cultures grown on 60-mm plastic culture dishes
(Corning Co., Corning, NY) as previously described (31,32).
Briefly, exponentially growing cells were exposed to 0—100 uM
glabridin over 120 min at 37°C. The medium was aspirated off
atindicated times, and the dishes were rapidly rinsed five times
with 50 ml of ice-cold phosphate buffered saline (PBS). HPLC
analysis of the final washes ensured that they contained no
residual glabridin. After five washes using ice-cold PBS, the
cells were harvested and each cell pellet was suspended in 200
pl extraction solution (acetonitrile: methanol=1:1, v/v, with
0.01N HCI) with the addition of 10 ul 1.0 mg/ml mefenamic
acid (used as an internal standard). Subsequently, the mixture
was sonicated, vortexed and centrifuged. The supernatant was
dried under nitrogen gas using a Savant Speedvac (TeleChem
International Inc., Sunnyvale, CA) and the residues reconsti-
tuted with the mobile phase (50 ul). An aliquot (10—20 ul) was
injected into LC-MS for glabridin concentration determina-
tion. The cellular uptake of glabridin was corrected by
subtraction of extracellular adsorption values of [**CJ-sucrose.

Control uptake assays were also performed using
confluent monolayers of RBMVECs 3—5 days after seeding.
Cells were washed twice using warm HBSS with 25 mM
HEPES and incubated over 120 min with 0.3 pCi/well of the
extracellular marker ["*C]-sucrose (565 mCi/mmol, from GE
Healthcare, Buckinghamshire, UK) together with [*H]-
propranolol (GE Healthcare, Buckinghamshire, UK). At
specified time points, cells were washed three times with
warm HBSS. The cell monolayers were solubilized in 0.8%
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triton-X for 20 min and the solutions were transferred to scin-
tillation vials. The radioactivity in cellular lysates was deter-
mined by an LC-6000 liquid scintillation counter (Beckman
Instruments, Fullerton, CA). In addition, the uptake of
daunomycin (a known PgP substrate) was performed with or
without 100 pM verapamil as described above. Preliminary
experiments showed that daunomycin uptake was at equilib-
rium after 60—90 min of incubation with RBMVECs. There-
fore, cells were incubated for 30 min with 1.0 uM daunomycin
(0.3 uCi/well [’H]-daunomycin (Perkin Elmer, Boston, MA)
and unlabelled daunomycin with or without verapamil at
100 uM. Cells were then washed three times with warm HBSS
and further processed as described above.

The efflux of glabridin from RBMVECs was examined
as described previously (32). Briefly, glabridin (0.1—100 uM)
was added to confluent cell cultures grown on 60-mm plastic
culture dishes (Corning Co., Corning, NY) after three to five
washes of the cells with warm HBSS and incubated over
120 min. At pre-determined time points, an aliquot (200 pl)
of culture medium was collected to monitor the drug
concentrations in the culture medium. Three volumes of
methanol containing the internal standard were added to the
sample to precipitate protein and to extract glabridin. In
addition, the intracellular level of glabridin was determined
over 120 min when glabridin effluxed from RBMVEC cells
pre-treated with glabridin at a loading concentration of 1.0
pM and incubated for 120 min to achieve maximum drug
uptake. The cells were then washed five times with ice-cold
PBS, harvested and lysed as describe above in the uptake
assay for glabridin. The concentrations of glabridin in the
culture medium and cellular lysates were determined by LC-
MS. The efflux kinetic parameters and half-life of drug efflux
were calculated using standard formulae with WinNonlin
program (Pharsight Co., Moutain View, CA). In addition, a
parallel control experiment was conducted using [*H]-
vinblastine (GE Healthcare, Buckinghamshire, UK) as a
probe substrate, and the radioactivity was determined by an
LC-6000 liquid scintillation counter (Beckman Instruments,
Fullerton, CA).

The effects of various ATP inhibitors (sodium azide at
10 mM and 2, 4-dinitrophenol at 5 mM), PgP and Mrps
inhibitors, including verapamil (100 uM), nifedipine (100
pM), quinidine (50 pM, all PgP inhibitors), MK-571 (a
MRP1/2 inhibitor, 100 uM), probenecid (a MRP1/2 inhibitor,
200 uM), and celecoxib (a MRP4 inhibitor, 100 uM), on
glabridin cellular uptake and efflux were also investigated in
RBMEVEC cells when two substrate concentrations (0.1 and
1.0 uM, for the efflux inhibition assays, these two concen-
trations were the initial loading ones for drug uptake by the
cells) were studied. Because these two concentrations are the
low and high values of free blood concentrations of glabridin
in rats following a commonly used dosage (5 mg/kg) (28),
both have been included in the inhibition studies. All these
compounds are known inhibitors for rat P-gp or Mrp1-4 (33).
All the inhibitors were freshly prepared by dissolving in
DMSO and diluted by HBSS with 25 mM HEPES. The final
concentration of DMSO was 0.2% (v/v). These inhibitors at
indicated concentrations showed little cytotoxicity (<6.0%)
to the cells tested when incubated for 4 h. For uptake
inhibition assay, all inhibitors were pre-incubated with cells
for 2 hr and co-incubated further for 30 min in the presence
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of glabridin (33). Thereafter, cells were washed five times
with cold PBS. The cells were then harvested, lysed by
sonication and extracted using ice-cold acetonitrile: methanol
mixture (1:1, v/v, with 0.01N HCI) as described above. The
supernatant was dried under nitrogen gas and reconstituted
with the mobile phase and an aliquot (10—20 ul) was injected
into LC-MS for the determination of glabridin concentra-
tions. For the efflux inhibition assay, glabridin was loaded at
0.1 or 1.0 uM and incubated for 120 min to achieve maximum
drug uptake. Thereafter, after five washes with 4°C PBS of
the cells to eliminate the extracellular drugs and stop any
transporter-mediated drug flux, cells were incubated in
culture medium for 30 min at 37°C with the inhibitor. All
uptake and efflux assays in the absence and presence of
inhibitor were studied in at least three independent experi-
ments. DMSO (0.2% in the culture buffer), used to dissolve
the all inhibitors, did not change the accumulation or efflux
of glabridin in RBMVECs (data not shown).

Transport of Glabridin in Rat Brain Microvascular
Endothelial Monolayers

RBMVECs were seeded at a density of 2.5 x 10%/well
onto rat tail collagen-precoated (10 pg/cm?) polycarbonate
membrane Transwell inserts (Corning Co., Corning, NY) in a
12-well plate as described previously (34). The culture
medium (0.5 ml in the luminal donor chamber of the insert
and 1.5 ml in the abluminal well chamber) was replaced every
24 h. The effective transepithelial electric resistance (TEER)
of the monolayers was examined routinely before and after
the experiment using the Millicell-ERS apparatus (Millipore
Co., Billerica, MA). Transport experiments of glabridin in
RBMVEC monolayers were performed when the cells had
reached integrated confluence 6-10 days after seeding. Cells
were rinsed twice with HBSS buffered with 25 mM HEPES
(pH 7.4) before transport study. A pH of 7.4 for the transport
study was chosen as it was close to the brain pH value and
this pH resulted in maximum luminal (AP) to abluminal
(BL) and BL-AP transport of glabridin. After two washes
with warm HBSS, the plates were incubated at 37°C for 15
min, and the TEER was monitored and inserts distributed
evenly between treatments based on the measured TEER
values. Glabridin (0.1—100 pM) was loaded to the AP or BL
side, and an aliquot (50 pl) of sample was collected from the
receiving side at predetermined times (5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55 and 60 min) over 60 min. After each sampling,
50 pl of HBSS with 25 mM HEPES were added to the
receiving side to maintain a constant volume. Glabridin
solutions were freshly prepared by dissolving in DMSO, and
then diluted by the transport buffer HBSS. The final
concentration of DMSO in incubations was 0.2% (v/v). All
experiments were conducted in triplicate to nine times.

The effects of pH, Na*, temperature and ATP on
glabridin transport across RBMVEC monolayers were also
investigated. The effect of AP or BL pH (5.5—7.4) on the AP
to BL and BL to AP fluxes of glabridin at 0.1 and 1.0 uM was
examined at pH 7.4 for the receiving side. The pH was
altered by substituting appropriate amounts of HEPES in
the incubation medium by equimolar (25 mM) 2-[N-
morpholino]ethanesulfonic acid. In experiments to investigate
the effect of Na™ on the fluxes of glabridin at 0.1 and 1.0 uM
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across the RBMVEC monolayers, the sodium chloride in the
HBSS was replaced by equimolar amounts (140 mM) of
potassium chloride. The permeability of glabridin from the
AP to BL and BL to AP side was measured after incubation
for 30 min at 4 or 37°C. To determine energy dependency of
glabridin fluxes in RBMVEC mohnolayers, the transport
medium depleted in glucose was used in both sides of the
cell monolayers. Sodium azide (10 mM) or 2, 4-dinitrophenol
(5 mM) (both ATPase inhibitors) was added to both AP and
BL sides and the monolayers were incubated for 30 min at
37°C. In addition, [*H]-inulin (paracellular marker) and [*H]-
propranolol (transcellular marker) were used as model
compounds to confirm monolayer integrity.

The apparent permeability coefficient (P,pp) in
RBMVEC cellular monolayers is expressed in cm/sec, and
calculated as following equation:

—ﬁxixixi (1)
PPTAL 60T AT G

where AQ/At is the permeability rate (ug/sec); A is the surface
area of the membrane (cm?); and C, is the initial drug con-
centration in the donor chamber (pg/ml). Samples from 30 min
point were used for P, calculations as at this time steady
state has achieved.

Bilateral in situ Brain Perfusion in Rats

Adult male Sprague-Dawley rat brain perfusion (n=38)
was performed using the method reported previously (35).
Briefly, the common carotid arteries were catheterized and
connected to a perfusion system and the jugular veins were
sectioned at the start of perfusion. Glabridin was introduced
into the perfusion medium at 0.5 ml/min and achieved a final
concentration of 0.5 uM. The rat was decapitated and its
brain was removed at indicated time points, cerebrospinal
fluid (CSF) was collected, and the cerebral hemispheres and
cerebellum were weighed, rinsed, homogenized and centri-
fuged. The samples were then processed as above in the
uptake, efflux and transport studies. In a separate series of
single-time point (10 min) experiments, the brain uptake of
glabridin at 0.5 uM was examined in the presence of verapa-
mil (100 pM), nifedipine (100 pM), or quinidine (50 puM),
MK-571 (100 uM), or probenecid (200 uM). In vivo BBB
permeability (Kj,, pl/min/g of brain) was calculated using Eq.
2 by single-time point analysis as described previously (36)
after correcting for the remaining intravascular glabridin,
estimated from the apparent brain uptake of [°H]-sucrose

R .

Kip = =2 2)
where T is the length of perfusion in minutes, and Ry, iS
the amount of glabridin in the brain over that in the
perfusate.

Brain and Tissue Distribution Study of Glabridin in Rats

Healthy male Sprague Dawley rats (200—250 g, n =6 per
group per time point) were treated orally by gavage with
glabridin dissolved in DMSO (final concentration 0.2%, v/v)
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at 5 mg/kg. At pre-determined time points (15 min, 30 min, 1,
2,4,6,8, 12 and 24 h), the rats were sacrificed under ether
anesthesia, and blood, the brain, liver, heart, spleen, lung and
kidney were immediately collected for drug analysis. Plasma
samples were immediately separated by centrifugation at
3,000 x g for 10 min at 4°C. Brain and other tissues were
quickly excised, rinsed with ice-cold PBS, weighed, and
homogenized with 1-2 volumes of 4°C PBS using a Heidolph
homogenizer (Heidolph Instruments GmbH & Co. KG,
Germany). Samples were kept frozen at —80°C until analysis.
Plasma, the brain and other tissue samples were extracted
with three volumes of ethanol containing the internal
standard mefenamic acid and then centrifuged at 10,000 x g
for 10 min to obtain the supernatants. The samples were
evaporated to dryness under nitrogen gas using a Savant
SPD111V SpeedVac concentrator (TeleChem International,
Inc., Sunnyvale, CA) and reconstituted with 50 pl mobile
phase. An aliquot (10—20 pl) was injected onto the LC-MS
system for glabridin concentration determination. To deter-
mine the tissue distribution extent compared to the levels in
plasma (partition coefficient, R;), we calculated the R; value
using the following equation:

Tissue level

3)

' Plasmalevel

The levels in tissue and plasma mainly refer to the
maximum concentration (Cp,.x) and area under the concen-
tration-time curve (AUC). Since the total drug concentration
in a tissue is primarily a result of the drug found in the
capillaries and thus the R; value is an overestimate of the real
distribution coefficient, it is necessary to correct for the
presence of drug in the residual blood of the tissue (R; ) using
the following equation (37):

R = |:(VF)B X (R%_ 1)} x R+ R (4)

where (VE)g is the volume fraction of residual blood in
individual tissues in rats and mice (rats and mice have similar
(Vg)p values: liver: 0.06; heart: 0.13; kidney: 0.10; lung: 0.13;
brain: 0.02; and spleen: 0.25) (37,38).

Effects of Coadministered Verapamil or Quinidine
on the Brain and Tissue Distribution of Glabridin in Rats

In separate kinetic experiments, we examined the effects
of coadministered verapamil at 50 or 100 mg/kg and quinidine
at 10 or 50 mg/kg dissolved in water on the brain and tissue
distribution of glabridin of glabridin in healthy male Sprague
Dawley rats. The dose of verapamil and quinidine selected was
approximately the maximum tolerated dose, as assessed in pilot
experiments in male Sprague Dawley rats. Rats were random-
ized to receive the following different treatment (n = 6 per time
point): glabridin at 5 mg/kg by gavage plus water (0.3 ml,
control vehicle); glabridin at 5 mg/kg by gavage in combina-
tion with verapamil at 50 or 100 mg/kg by oral gavage
dissolved in water; and glabridin at 5 mg/kg by gavage in
combination with quinidine at 10 or 50 mg/kg by oral gavage
dissolved in water. The inhibitor was administered 2 h before
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glabridin dosing. Rats were sacrificed at pre-determined time
points after glabridin dosing and the blood, brain, liver, heart,
lung, spleen and kidney tissues were collected processed as
described above. The concentrations of glabridin in plasma,
the brain and other tissues were determined by LC-MS. To
examine the specificity of the effect of verapamil and
quinidine, the brain uptake and the R; and R; (concentration
of brain:plasma) values of the paracellular transport marker,
[*H]-mannitol, at 5 and 15 min after i.v. administration (1 pCi/
rat) was also determined according to the method described
above.

Brain and Tissue Distribution of Glabridin
in mdrla(—/—) Mice

FVB/NJ (20—35 g) and mdrla gene-deficient mice
(25—30 g) were purchased from Jackson Laboratories (Bar
Harbor, ME) and Taconic Farms, Inc. (Germantown, NY),
respectively. The mice were treated with oral glabridin at
5 mg/kg by gavage (n=4 per time points). At pre-determined
time points, the mice were sacrificed by neck dislocation.
Blood, the brain, heart, liver, lung, spleen and kidney were
immediately collected, rinsed with saline, and weighed.
Plasma was obtained by centrifugation at 5,000 x g for
8 min at 4°C and all tissues were process as described above.
The concentration of glabridin in plasma and tissues was
determined by an LC-MS method.

LC-MS and HPLC Analysis

The concentrations of glabridin in rat and mouse plasma,
tissue homogenates, transport medium in cellular monolayers
and cellular lysates were determined by an LC-MS system
equipped with an Agilent 1100 LC connected to an Applied
Biosystems Q-Trap 4000 mass spectrometer through an
electrospray ionization source. Chromatographic separation
was achieved using a C18 Hyperclon ODS column (200 mm X
4.6 mm i.d.) (Phenomenex, Torrance, CA) preceded by a
Phenomenex C18 guard cartridge at room temperature
(22°C). The mobile phase was methanol/0.1% (v/v) formic
acid (85:15, v/v) at a flow rate of 0.2 ml/min. The injection
volume was 10—20 pl of a sample kept in an autosampler set at
10°C. Air was used as heater gas set at a temperature of 600°C
and with a setting of 70 psi, and nebulizing gas with a setting of
40 psi. The capillary temperature was at 450°C and the spray
voltage was set at 4,000 V. The product ion was recorded using
multiple reaction monitoring negative ion detection mode.
The monitor ion and collision energy were m/z 323.1—201.3
and —32 eV for glabridin and m/z 240.1—196.1 and —24 eV
for the internal standard. The lower limit of quantitation of
glabridin was 0.025-0.05 ng/ml in rat and mouse plasma,
tissue homogenates and other matrices used in this study.
Glabridin was recovered >96.0%, and was stable when kept
at 10°C for 72 h, at —20°C for 4 months, and after five to
eight freeze—thaw cycles.

Western Blotting Analysis

The expression levels of PgP and Mrpl in RBMVEC
cells were monitored every passage by Western blotting
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analysis as described previously (39). The cells were homog-
enized in a buffer containing 10 mM Tris-Cl at pH 7.4,
10 mM KCl, 5 mM EDTA, 1.5 mM MgCl,, 0.5% sodium
dodecyl sulphate (SDS, w/v) and a cocktail of protease
inhibitors (#P-8340, Sigma-Aldrich Chemical Co., St. Louis,
MO). Cellular lysates were centrifuged at 12,000 x g at 4°C
for 10 min. Total protein content in the extracts was
determined using the Lowry method (40). Ten micrograms
of protein were separated by 7.5% SDS-polyacrylamide gel
[with 0.1% SDS (w/v)] electrophoresis, and transferred onto
nitrocellulose membranes (GE Healthcare, Buckingham-
shire, UK). The membranes were blotted with antibody
against MDR1 or MRP1 (Abcam Co., Cambridge, UK). To
assure equivalent protein loading, the membranes were also
incubated with mouse anti-B-actin monoclonal antibodies
(1:2,000 in Tris-buffered saline/Tween), and subsequently
with a corresponding horseradish peroxidase-conjugated
second antibody IgG (GE Healthcare, Buckinghamshire,
UK) and developed using Chemiluminescence Reagent Plus
(Biorad, Hercules, CA). B-Actin was used as the control for
loading quantity of the samples. The densitometric analysis
was carried out using CHEMDOC image scanner (Biorad,
Hercules, CA).

Pharmacokinetic Calculation

The plasma/tissue concentration-time curves of glabridin
were obtained by plotting the mean plasma/tissue concen-
trations of glabridin versus time on a semi-logarithmic scale.
Pharmacokinetics parameters were calculated by standard
model-independent pharmacokinetic formulae using Win-
Nonlin program (Pharsight Co., Mountain View, CA). The
tiypp value was calculated as 0.693/8, where B is the
elimination rate constant calculated from the terminal linear
portion of the log plasma concentration-time curve. The total
areas under plasma concentration-time curve from time zero
to the last quantifiable time point (AUC, ) and from time
zero to infinity (AUCy_,) were calculated using the log
trapezoidal rule. The (AUCy_.,) was calculated as following
equation:

AUCy_... = AUCy_+ C,/ B (5)

where C,; is the last measurable plasma concentration. The
maximum plasma concentration (Cy,,y) for glabridin was
obtained by visual inspection of the plasma concentration-
time curve, whereas the initial drug concentration (the
extrapolated concentration at zero time) of the drug follow-
ing i.v injection was calculated by back extrapolation of the
plasma concentration-time curve to y-axis.

Data Analysis

Data are presented as mean =SD. The initial statistical
analysis to evaluate the differences in the mean values among
different groups was carried out by a one-way analysis of
variance (ANOVA) followed with a post-hoc test (Dunnett’s
multiple comparison test). The Student’s t-test was conducted
for the between-group comparisons with a significance level
of p<0.05. Several models to describe the kinetics of the
transport of glabridin (single and two binding sites with and
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without a passive component, substrate inhibition, and the
sigmoid models) were fitted using the Prism 3.0 program
(Graphpad Software, San Diego, CA).

o Vmax [S}
YT Kn + 9] (6)
Vmax [S]
V=g HED (7)

_ Vmaxl X [S] Vmax2 X [S}

Kor +15] " Koo + 9] ®)
V= Vmaxl X [S} Vmax2 X [S] + PD (9)
B K1 + [S] K + [S]
Vinax X [S] (10)
T KA+ [S) /K
o = Vinax s
KW (s .

where v is the rate of glabridin uptake, efflux or transcellular
transport; V. is the maximum velocity; K, is Michaelis-
Menten constant; [S] is the substrate concentration; PD, the
passive diffusion component; Kjs, the substrate inhibition
constant; h’, the Hill coefficient for cooperative substrate
binding; and subscripts 1 and 2 represent the first and the
second type of binding sites. The choice of model was
confirmed by F-test and comparison of Akaike’s information
criterion values (41).

RESULTS

Cytotoxicity and Metabolism of Glabridin in Primary Rat
Brain Microvascular Endothelial Cells

Glabridin at 0.1-100 pM did not show significant
cytotoxicity (<10%) to RBMVEC cells when incubated for
up to 48 h as determined by the MTT assay. No detectable
oxidative metabolites and conjugates were observed when
glabridin at 0.1—100 uM was incubated with primary rat
brain microvascular endothelial cells for 2—48 h as deter-
mined by HPLC and LC-MS analysis.

Expression of PgP and Mrp1 in Rat Brain Microvascular
Endothelial Cells

Western blot analysis using the PgP monoclonal anti-
body C219 and antibody against Mrpl detected a marked
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single band at approximately 170 ~ 180 kDa and a weak band
(about 1/10 density of PgP) at about 190 kDa in RBMVEC
cells (Fig. 2). The stable overexpression of PgP in RBMVECs
over passages 2 to 7 was maintained. The marked expression
of PgP and minor to moderate expression of Mrpl detected
by Western blotting analysis in RBMVECs indicates that this
cell culture model exhibits important functional features of
in vitro BBB model.

Intracellular Accumulation and Efflux of Glabridin in Rat
Brain Microvascular Endothelial Cells

The effects of incubation time and substrate concentra-
tion intracellular accumulation of glabridin in RBMVECs
were examined (Fig. 3). The accumulation amounts of
glabridin in RBMVECs were linear up to 30 min with a
maximum uptake rate (12.5+1.3 ng/mg cellular protein), and
gradually declined thereafter until 120 min. The pattern of
glabridin uptake kinetics by RBMVECs is remarkably
different from those compounds studied in brain endothelial
cells and other types of cells where there is a typical stead-
state plateau after achieving the maximum uptake (42). This
could be due to the involvement of multiple transporters with
differential affinity to glabridin in its uptake by RBMVECs
and a rapid intracellular distribution of the drug molecules
by binding to its target organelles and proteins. The uptake
of glabridin by RBMVECs was about 0.5-7.5% of the
loading dose. The intracellular accumulation of glabridin in
RBMVEC cells also increased with increasing substrate
concentrations, and followed Michaelis-Menten kinetics with
one-binding site model without a passive diffusion compo-
nent being the best fit. The estimated K,, and V. for
glabridin uptake by RBMVECs was 10.87+1.46 pM and
4.81+0.20 ng/min/mg cellular protein. The best fit of one
binding-site model without incorporation of a passive diffu-
sion component for the accumulation of glabridin in
RBMVEGC:s suggested the involvement of one predominant
transporter or multiple transporters with similar affinity to
the substrate, but passive diffusion may also play a minor role
in its intracellular accumulation in RBMVECs. The exclusion
of a passive diffusion component in the best fit model could
be due to our limited data points and a minor role of passive
diffusion in the transport of glabridin. Uptake of the probe
markers sucrose and propranolol into RBMVECs was
determined at various time points up to 120 min. Propranolol

Passage 1 2 3 4 5 6 7
-_— e s e e e P-gp (170 kDa)

G e e e wm = Mrpl (190 kDa)

——— > - = = (-Actin

Fig. 2. Protein expression of rat P-glycoprotein and multidrug
resistance associated protein 1 (Mrpl) in primary rat brain micro-
vascular endothelial cells at passages 2—7, as determined by the
Western blotting analysis. Ten micrograms of the cellular protein
were separated by 7.5% SDS-polyacrylamide gel electrophoresis, and
transferred onto nitrocellulose membranes. The membranes were
blotted with antibody against human MDR1/PgP or MRP1 which can
cross-react with rat PgP or Mrpl, respectively. p-Actin was used as
the control for loading quantity of the protein samples.
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penetrated into rat brain capillary endothelial cells to a low
degree (3.2—5.1% of added dose), and diffusion of sucrose
into the cells was very minimal (0.04—0.06% of added dose).
The uptake of sucrose and propranolol did not increase with
incubation time in RBMVECs. In the additional experiment
using daunomycin as a model PgP substrate, its uptake by
RBMVECs was significantly increased by 65.3+8.3% when
co-incubated with 100 uM verapamil (data not shown). We
did not estimate the non-specific binding of glabridin to
RBMVEC cells because the radio-labeled glabridin is not
available and the LC/MS method for glabridin determination
has a limited sensitivity when measuring very low levels of
glabridin.
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The efflux of glabridin was measured at 0.1—-100 uM
when incubated for up to 120 min in RBMVEC cells. The
effects of substrate concentration and incubation time on the
efflux rate of glabridin (appearance rate in culture medium)
are shown in Fig. 3. The efflux of glabridin from RBMVECs
was dependent on the incubation time, linear up to 60 min,
and then slightly declined thereafter up to 120 min. Like its
uptake by RBMVEC:s, the pattern of glabridin efflux kinetics
from RBMVEGCs is remarkably different from those com-
pounds studied in brain endothelial cells and other types of
cells where there is a typical stead-state plateau after
achieving the maximum efflux (42). The reason for this is
unknown, but involvement of multiple transporters with
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Fig. 3. Effects of incubation time (a and ¢, substrate concentration: 1.0 uM) and substrate concentration
(b and d, incubation time: 30 min) on the intracellular accumulation and efflux of glabridin in primary rat
brain microvascular endothelial cells cultured in HBSS. The curves in plots b and d represent the best fit
of one binding-site model without a passive diffusion component. Plot e shows the efflux profile of
glabridin from RBMVEC cells when preloaded at 1.0 uM and incubated for 120 min to achieve maximum
drug uptake. Cells were washed with cold PBS and then incubated at 37°C over 120 min. The intracellular
concentrations of glabridin were monitored by LC-MS. The data are the mean+SD of at least 6-9

determinations.
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differential affinity to glabridin in its efflux from RBMVECs
and other factors are implied. The efflux of glabridin from
RBMVECs also increased depending on the substrate
concentration and followed Michaelis-Menten kinetics with
one-binding site model without a passive diffusion compo-
nent being the best fit. The exclusion of a passive diffusion
component in the best fit model could be due to our limited
data points and a minor role of passive diffusion in the efflux
of glabridin from RBMVEGCs. The estimated K, and V.
for glabridin efflux from RBMVEC cells was 15.48+2.94 uM
and 1.32+0.08 pg/min/mg cellular protein. The efflux of the
model substrate vinblastine was also dependent on the
substrate concentration and incubation time, and its cellular
efflux was also characterized by a bi-exponential kinetics
with the half-lives were 11.2+1.4 min and 2.18+£0.31 h,
respectively (data not shown). The K,,; and K., for
vinblastine were 1.25+0.3 and 23.2+5.3 pM, respectively.
The Viax1 and Vg for vinblastine uptake by RBMVECs
were 7.37+£1.16 and 3.11£0.21 ng/min/mg cellular protein,
respectively. These results are comparable to those reported
in the literature (43,44). We also monitored the intracellular
concentration of glabridin at 1.0 uM upon incubation over
120 min (Fig. 3). It appeared that the efflux of glabridin from
RBMVECs was characterized by a bi-exponential kinetics
with half-life values of 2.55+0.37 and 14.62+1.53 min,
respectively, indicating a rapid exit of the drug from
RBMVECG: in the initial 5 min and followed by a relatively
rapid exit from RBMVECs. The two-phase exponential
efflux of glabridin from RBMVECs suggested the involve-
ment of multiple transporters with differential affinity to the
substrate, but passive diffusion may also play a minor role
in its efflux. Another explanation for the biphasic kinetics is
a PgP-mediated initial rapid efflux phase followed by a
relatively slower passive efflux.

The effects of 2-h pre-incubation and 30-min co-incubation
of various ATP and transporter inhibitors, including sodium
azide, 2,4-dinitrophenol, verapamil, nifedipine, quinidine, pro-
benecid, MK-571, and celecoxib on the uptake of glabridin by
RBMVEC cells are shown in Fig. 4. In the presence of sodium
azide or 2,4-dinitrophenol, the uptake of glabridin at 0.1 and
1.0 uM was significantly (p <0.05) increased by 52.1+5.8%
and 57.3£6.5%; and 62.8+7.8% and 64.5+7.6%, respectively.
When verapamil, nifedipine (both at 100 uM), or quinidine
(50 uM) was pre-incubated for 2 h and co-incubated further
for 30 min with RBMVEC cells, the uptake of glabridin at
0.1 uM was significantly (p<0.05 or 0.01) increased by
78.3+8.9%, 87.2+9.4%, and 91.4+11.2%, respectively. Simi-
lar results were found when the concentration of glabridin was
increased to 1.0 pM. MK-571 (100 pM) and probenecid
(200 uM) also significantly increased glabridin uptake in
RBMVECs (p<0.05). However, celecoxib (100 uM) did not
significantly alter the uptake of glabridin. These findings
demonstrated that the uptake of glabridin by RBMVECs was
ATP-dependent, and pre-incubation with PgP or Mrpl/2
inhibitors such as verapamil and MK-571 significantly in-
creased the uptake of glabridin in RBMVECs. These data
provided further evidence indicating that glabridin is a
substrate for PgP and possibly for Mrp1/2, but not for Mrp4.

The effects of 2-h pre-incubation and 30-min co-incubation
of various ATP and transporter inhibitors, including sodium
azide, 2,4-dinitrophenol, verapamil, nifedipine, quinidine, pro-
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benecid, MK-571, and celecoxib on the efflux of glabridin
(monitored by measuring appearance of substrate in culture
medium) in RBMVECs are shown in Fig. 4. In the presence of
sodium azide or 2,4-dinitrophenol, the efflux of glabridin at
0.1 and 1.0 uM from RBMVECs was significantly (p <0.05)
decreased by 45.4+5.2% and 47.3+5.4%; and 44.5+5.8%
and 46.1+£5.7%, respectively. When verapamil, nifedipine
(both at 100 uM), or quinidine (50 uM), was pre-incubated
for 2 h and co-incubated further for 30 min with the cells, the
efflux of glabridin from RBMVECs when the initial loading
concentration of glabridin was 0.1 pM was significantly
(p<0.05 or 0.01) decreased by 50.7+6.1%, 51.8+6.3% and
55.0£6.2%, respectively. MK-571 (100 uM) and probenecid
(200 puM) also significantly decreased glabridin efflux in
RBMVEC:s (p <0.05). In contrast, celecoxib (100 uM) did not
significantly affect glabridin efflux. Similar results were
observed when the initial glabridin loading concentration
was increased to 1.0 uM. These findings demonstrated that
pre-incubation of the cells with a PgP or Mrpl1/2 inhibitor
such as verapamil, or MK-571, significantly decreased
glabridin efflux from RBMVECs.

Transport of Glabridin in Rat Brain Microvascular
Endothelial Monolayers

Inulin was used as a functional indicator of the integrity
of the tight junctions in RBMVEC monolayers, and an
endothelial permeability coefficient for inulin P,,, higher
than 6.67 x 10~° cm/s was indicative of a leaky BBB based on
literature data (45,46). In our in vitro rat BBB model, the
P of inulin across the RBMVEC monolayer from the AP
to BL direction was 2.25+0.23 x 10" cm/sec under control
conditions. For propranolol, the P,p, was 3.5+ 0.4 x 10~° cm/s.
Moreover, the initial integrity of RBMVEC monolayers
before each experiment was monitored and confirmed by
measuring the TEER values; the mean value was 643.8+
62.3 Qecm® All these data indicate the integrity of the
RBMVEC monolayers used in our transport experiments.
This is largely consistent with the inulin permeability data.
However, RBMVECs appeared to form tight junctions at a
moderate level, because its ability to differentiate high
permeable compounds (e.g. inulin) from low permeable com-
pounds such as propranolol. Coculture with astrocytes might be
a useful alternative approach to improve the predictability of in
vitro brain endothelial cell model, but coculture with astro-
cytes may complicate the binding, uptake, and transcellular
transport of drugs and cell-cell interaction may occur that may
influence drug transport behavior in RBMVECs.

After incubation of glabridin at 0.1-100 uM loaded at the
AP or BL side, the sample was collected from the receiving
side for LC-MS analysis. No detectable metabolites were
observed when glabridin was loaded on luminal or abluminal
side at all concentrations over 60 min. The time course and
concentration effect of glabridin flux from the AP to BL or
BL to AP side has been examined and the results are shown in
Fig. 5. After a luminal or abluminal loading, glabridin
appeared on the receiving side by 5 min. The flux rate (nmol/
min/cm?) of glabridin from the AP to BL side was largely
proportional to glabridin concentrations over 0.1-100 pM
and was linear up to 60 min of incubation time. The transport
rate of glabridin across RBMVEC monolayers from the BL
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to AP side was linear up to 60 min of incubation time. The
transport rate of glabridin across RBMVEC monolayers
from the BL to AP side was significantly (2- to 3-fold)
higher than that from the AP to BL side. The P,p, of
glabridin from the BL to AP side (1.28—5.93 x 107® cm/s)
was about 2- to 3-fold higher than those from the AP to BL
side (0.51—2.26 x 10~ cm/s) with a marked decrease in Py
values for both directional flux at increasing glabridin
concentration (Fig. 5). The BL to AP efflux rate of
glabridin increased with increasing glabridin concentrations
over 0.1—100 uM but appeared saturable when glabridin
concentration was >25 uM as indicated by a non-
proportional increase in the efflux (Fig. 6). Consistently,
there was a significant decrease in P,p, values for the BL to
AP fluxes at glabridin concentrations >25 uM (p <0.01).
The effects of ATP inhibitors and various ABC trans-
porter inhibitors on the transport of glabridin (0.1 and 1.0 uM)
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in RBMVEC monolayers were also investigated. Addition of
the transport buffer at both sides with sodium azide (10 mM),
2, 4-dinitrophenol (5 mM), verapamil (100 uM), nifedipine
(100 uM), or quinidine (50 uM) significantly (p <0.05 or 0.01)
increased the AB-BL fluxes of glabridin at 0.1 uM by
46.1£6.5%, 47.8+6.7%, 55.4£6.8%, 56.9+£6.9%, and 66.3 +
7.2%, respectively (p <0.05) (Fig. 5). In contrast, these com-
pounds caused a significant (p <0.05 or 0.01) decrease in the
BL to AP fluxes of glabridin at 0.1 uM by 30.2+3.4%,
33.2+4.2%, 45.6+4.8%, 56.35+6.3%, and 45.5+5.2%, re-
spectively. Probenecid and MK-571, but not celecoxib, also
significantly increased the AP-BL fluxes and decreased the
BL-AP fluxes of glabridin (p<0.05). Similar results were
observed when the concentration of glabridin was increased
to 1.0 uM in the presence of above inhibitors. These results
indicated the involvement of PgP in the transport of
RBMVECs, and Mrpl-2, but not Mrp3-4, may be involved.
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Fig. 4. Effects of sodium azide, 2, 4-dinitrophenol, verapamil, nifedipine, quinidine, probenecid, MK-571
and celecoxib on the uptake (a and b) and efflux (¢ and d) of glabridin at 0.1 (a and ¢) and 1.0 (b and d)
pM in primary rat brain microvascular endothelial cells. For uptake inhibition assays, the inhibitors added
to both luminal (AP0) and abluminal (BL) sides were pre-incubated with the cells for 2 h, and co-
incubated further for 30 min in the presence of glabridin. For efflux inhibition assays, glabridin at 0.1 or
1.0 uM was added to the cell cultures and incubated for 120 min to achieve maximum drug uptake. Cells
were washed with ice-cold PBS and then incubated in the presence of an inhibitor for 30 min. The data are
the mean+SD of at least 6-9 determinations. *p <0.05; **p <0.01.
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Permeability of Glabridin in Bilateral Perfused Brain in Rats

Entry of glabridin into the CNS was examined by means
of the in situ brain perfusion technique in rats and compared
with results for the plasma space marker molecule sucrose
(Fig. 7). The uptake of glabridin into the cerebrum increased
from 0.42+0.09% at 1 min to 9.27+1.69% (ml/100 g tissue) at
30 min and was significantly greater than that measured for
sucrose at all measured time points. The values for cerebel-
lum were 2.02+0.41% at 1 min and 6.43 +1.29%, respective-
ly. Lower values of glabridin were observed in CSF, which
were 1.10+0.23% and 3.95+0.86%, respectively. The rank
order of glabridin distribution in rat CNS was cerebrum >
cerebellum > CSF.

The K;, of glabridin in cerebrum, cerebellum and CSF
significantly decreased when the substrate concentration was
>1 uM (Fig. 7), suggesting the involvement of a saturable
mechanism for glabridin uptake by CNS. The glabridin-spe-
cific Ryp,in values at 0.1, 0.25, 0.5, 1, 2.5, 10, 25, 50 and 100 uM
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substrate concentration were 8.86, 7.11, 5.12, 4.06, 3.62, 3.28,
2.64, 2.44, and 2.13 ml/min/g of cerebrum tissue after
subtraction of the value of [*H]-sucrose, respectively, with
significant concentration-dependent decrease. Lower values
were observed for cerebellum and CSF but significant con-
centration-dependent decrease remained. In addition, the
effect of verapamil, nifedipine, quinidine, MK-571, probene-
cid, or celecoxib on the Kj, of glabridin in cerebrum, cere-
bellum and CSF at 0.5 pM after 10 min perfusion is shown
Fig. 7. Verapamil, nifedipine, quinidine, MK-571, probenecid
all significantly increased the Ricreprum> Reerebeltum and Rcsp
values by 33.6—142.9%.

Brain and Tissue Distribution of Glabridin in Rats

We have reported the plasma pharmacokinetics of
glabridin in rats (28). To examine the tissue distribution of
glabridin in rats, blood and tissue levels of glabridin were
determined in rats.
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Fig. 5. Transport of glabridin across rat brain microvascular endothelial monolayers. Plot a illustrates the
effect of concentration of glabridin (0.1—100 uM) on the permeability (P,pp) of glabridin from the luminal
(AP) to abluminal (BL) and BL to AP side when incubated for 30 min. Plot b shows the effect of
incubation time (0—60 min) on the permeability (P,pp) of glabridin at 1.0 uM in the AP to BL and BL-AP
directions. Plots ¢ and d show the effect of various ATP and ABC transporter inhibitors, on the AP to BL
and BL to AP transport of glabridin at 0.1 uM (¢) or 1.0 uM (d) in RBMVEC monolayers. The inhibitors
added to both AP and BL sides were pre-incubated with the cells for 2 h. Glabridin (0.1 or 1.0 uM) was
then loaded on either luminal or abluminal side and co-incubated further for 30 min at 37°C. Samples
from receiving side were collected and glabridin concentrations were determined by an LC-MS method.
Data are the mean+SD from at least 6-9 determinations. *p <0.05; **p <0.01.
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Fig. 8 shows representative plasma/tissue concentra-
tions-time profiles over 24 h after treatment of oral glabridin
at 5 mg/kg in rats. The R; values of AUC( 54 p, of glabridin
for brain, lung, liver, kidney, spleen and heart over that in
plasma were 0.19, 2.22, 1.59, 2.01, 1.70, and 1.54, respectively
(Table I). The corrected R; values based on volume fraction
of residual blood (Rl) were 0.27, 2.15, 1.57, 1.96, 1.70, 1.60
and 1.54, respectively. Both R; and R; had similar values
except for the brain where a 42.1% error was observed (R; vs
R;: 0.19 vs 0.27). Thus, the rank order of glabridin tissue
distribution as evidenced by AUCy 4 pr, R, oOr R; was
lung > kidney > spleen > liver > heart > brain. The most appar-
ent result is the limited brain distribution as indicated by its
lowest R/i . In contrast, glabridin considerably accumulated in
the lung, kidney, heart, liver and spleen. In terms of the rate
of glabridin tissue distribution, the Ty,,x ranged from 2.59
(heart) to 4.95 (spleen) h, with the highest C.. values
observed in the lung (33.4 ng/g tissue), followed by the heart
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Fig. 6. Effects of concentration on the transport rate of glabridin
(0.1-100 pM) from the luminal (AP) to abluminal (BL) side and
from BL to AP side when incubated for 30 min (plot a: AP-BL); plot
b: BL-AP). Glabridin was loaded on either AP or BL side and
incubated for 30 min at 37°C. Samples from receiving side were
collected and glabridin was determined by an LC/MS method. Data
are expressed as the mean +SD from 3-9 determinations.
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(25.8 ng/g tissue), kidney (25.4 ng/g tissue), liver (18.7 ng/g
tissue), spleen (19.9 ng/g tissue) and brain (2.8 ng/g tissue). In
addition, the t,/,5 values for glabridin in rat plasma, brain,
lung, liver, kidney, spleen and heart were 3.20+0.93,
3.56+£1.08, 3.73+1.12, 4.93+1.14, 3.90+1.07, 4.95+1.33, and
2.59+0.82 h, respectively.

Effects of Coadministered Verapamil or Quinidine
on the Brain and Tissue Distribution of Glabridin in Rats

We have reported that coadministered verapamil signif-
icantly increased the plasma concentrations and AUCs of
glabridin in rats (28). The plasma/tissue concentration-time
profiles when glabridin was coadministered with verapamil at
25 or 100 mg/kg are shown in Fig. 8 and the pharmacokinetic
parameter changes are shown in Table I. Combined verap-
amil significantly (p <0.05) increased the brain C,,,x and
AUC) 54 1 of glabridin in a dose-dependent manner. Co-
administered verapamil at 25 and 100 mg/kg caused a significant
increase (p <0.05) in brain C,x [from 2.8+0.8 (control) to
4.5+1.3 and 9.5+2.8 ng/ml, respectively] and AUCy 4 1, [from
18.3+5.9 (control) to 23.7+7.2 and 54.8+17.6 ng h/ml,
respectively] (Fig. 8 and Table I). The R; of AUCy 54 1, for
the brain was increased from 0.19 (control rats) to 0.20 and
0.32, respectively, when in combination with 25 and 100 mg/kg
verapamil. The R; of AUCy 4 1, for the brain was increased
from 0.27 (control rats) to 0.28 and 0.36, respectively. In
addition, a similar magnitude in the increase of AUCy_,4 1, and
Chax for the lung, liver, kidney, spleen and heart was observed
in a dose-dependent manner, when verapamil was coadminis-
tered at 25 and 100 mg/kg in rats. The R; and R; values were
largely unchanged for the lung, liver, kidney, spleen and heart
at a 25 mg/kg of verapamil, but these values were significantly
decreased when a higher dose (100 mg/kg) of verapamil was
coadministered to the rat. This could be due to the effect of
verapamil on PgP-mediated transport of glabridin in these
tissues, but changes in the protein binding, metabolism, and
clearance may also contribute.

The plasma/tissue concentration-time profiles when glab-
ridin was coadministered with quinidine at 10 or 50 mg/kg are
shown in Fig. 9 and the pharmacokinetic parameters are
shown in Table II. Coadministered quinidine at 10 and 50 mg/
kg caused a significant increase (p<0.05) in rat brain Cpay
[from 2.8+0.8 (control) to 4.3+1.3 and 11.6£3.6 ng/ml,
respectively] and AUCy 4 1, [from 18.3%5.9 (control) to
22.3+6.5 and 64.2+20.1 ng hr/ml, respectively] of glabridin in
a dose-dependent manner (Fig. 9 and Table II). Consistently,
the R; of AUCy»4 1, for the brain was increased from 0.19
(control rats) to 0.21 and 0.41, respectively, when in combina-
tion with 10 and 50 mg/kg quinidine. Similarly, the R; for the
brain was increased from 0.27 (control rats) to 0.28 and 0.44,
respectively. In addition, a similar magnitude in the increase of
AUC) 24 nr and Cyax of glabridin for the lung, liver, kidney,
spleen and heart was observed in a dose-dependent pattern,
when quinidine was coadministered at 10 and 50 mg/kg in rats.
Interestingly, the R; and R; values were largely unchanged for
the liver, kidney, and spleen by combined quinidine, but these
values were significantly decreased in the lung but increased in
the heart when quinidine was coadministered to the rat. This
suggests that quinidine exhibited tissue-specific effect on
glabridin distribution.



1680

The brain uptake, R; and R; values of the paracellular
transport marker [°’H]-mannitol at 5 or 15 min post-doing was
not affected by coadministered verapamil at 50 or 100 mg/kg
or quinidine at 10 or 50 mg/kg (data not shown). This
indicated the functional integrity of rat BBB in our study and
both verapamil and quinidine would not cause injuries and
marked toxicities of the BBB and consequently increase
glabridin brain penetration. PgP inhibition in the BBB is thus
considered the major mechanism for increased brain
penetration of glabridin by coadministered verapamil and
quinidine. However, other factors, such as protein binding
and metabolism, should also be considered.

Brain and Tissue Distribution of Glabridin in mdrla
Knockout Mice

We have reported the plasma pharmacokinetics of
glabridin in mdrla(—/—) in comparison with the wild-type

Yu et al.

mice and found that the plasma AUC; ,4 ;, of glabridin in
mdrla(—/—) mice was 3.8-fold higher than that in the wild-
type mice (28). We have also investigated the pharmacoki-
netics of glabridin in the brain and other various tissues in
mdrla(—/—) mice and wild-type mice. The results are shown
in Fig. 10 and Table III. In wild-type mice, the R; values of
AUC( 54 1, of glabridin for the brain, lung, liver, kidney,
spleen and heart over that in plasma were 0.20, 2.42, 2.05,
2.05, 1.70, and 1.36, respectively (Table III). The R;values for
the brain, lung, liver, kidney, spleen and heart were 0.28,
2.34, 2.02, 2.00, 1.60, and 1.33, respectively. Both R; and R;
had similar values except for the brain where a 40% error
was observed (R; vs R; 1 0.20 vs 0.28). These values were
comparable to those observed in the rat. Thus, the rank
order of glabridin tissue distribution as evidenced by
AUCy 4 1, R;, or R; was lung > liver > kidney > spleen >
heart > brain. The most apparent result is the limited brain
distribution (Rl =0.28) in mice which was close to that in
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Fig. 7. Distribution of glabridin at 0.1—100 uM in cerebrum (a and d), cerebellum (b and e), and cerebrospinal fluid (CSF, ¢ and f) when
perfused for 1—30 min in a bilateral in situ rat brain perfusion model. Plots g, h, and i show the effects of various inhibitors on the uptake of
glabridin at 0.5 pM after 10 min perfusion in cerebrum, cerebellum and CSF, respectively. The uptake of glabridin in cerebrum and
cerebellum is expressed as a percentage ratio of tissue to plasma concentrations (Rppain %; ml/100 g, for CSF, ml/100 ml). Each point
represents the mean+SD of eight animals. *p <0.05; **p <0.01 (for Plots a—e, glabridin vs sucrose; for Plots g—i, treatment with an inhibitor vs

control).
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Fig. 8. The concentration-time profiles of glabridin in rat plasma (a), brain (b), liver (¢), kidney (d),
spleen (e), heart (f) and lung (g). Rats were treated with glabridin at 5 mg/kg by gavage, in combination
with control vehicle, 25 m/kg or 100 mg/kg verapamil by gavage. Samples from the plasma, brain, lung,
heart, liver, spleen and kidney over 24 h were collected, and processed as described in “Materials and
Methods,” and drug concentrations were determined by LC-MS analysis. Data are the mean+SD of six
rats for each time point. Symbols: B, glabridin at 5 mg/kg with control vehicle; A, glabridin at 5 mg/kg with
combined 25 mg/kg verapamil; and V¥, glabridin at 5 mg/kg with combined 100 mg/kg verapamil. The data

for the plasma in control rats are from Cao et al. (28).
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Fig. 9. The concentration-time profiles of glabridin in rat plasma (a), brain (b), liver (c¢), kidney (d),
spleen (e), heart (f) and lung (g). Rats were treated with glabridin at 5 mg/kg by gavage, in combination
with control vehicle, 10 m/kg or 50 mg/kg quinidine by gavage. Samples from the plasma, brain, lung,
heart, liver, spleen and kidney over 24 h were collected, and processed as described in “Materials and
Methods,” and drug concentrations were determined by LC-MS analysis. Data are the mean +SD of six rats
for each time point. Symbols: B, glabridin at 5 mg/kg with control vehicle; A, glabridin at 5 mg/kg with
coadministered 10 mg/kg quinidine; and V¥, glabridin at 5 mg/kg with coadministered 50 mg/kg quinidine.
The data for the plasma in control rats are from Cao et al. (28).
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Fig. 10. The concentration-time profiles of glabridin in the plasma (a), brain (b), liver (c¢), kidney (d),
spleen (e), heart (f), lung (g) from mdrla(—/—) and wild-type mice. Mice were treated with glabridin at 5
mg/kg by gavage and samples from the plasma, brain, liver, kidney, spleen, heart, and lung over 24 h were
collected, and processed as described in “Materials and Methods.” The concentrations of glabridin were
determined by LC-MS analysis. Data are the mean+SD of four mice per time point. Symbols: W,
mdrla(—/—) mice; and A, wild-type mice. The data for the plasma in wild-type and mdrla(—/—) mice are
from Cao et al. (28).

rats, suggesting that PgP in BBB efficiently restricts the brain
penetration of glabridin in wild-type mice. In addition, the
Thax ranged from 2.00 (plasma) to 4.25 (liver) h in the wild-
type mice.

In contrast, the pharmacokinetic profiles and brain
penetration in mdrla(—/—) mice were significantly different
from those in the wild-type mice. The brain AUCy 54 j in
mdrla(—/—) mice were 6.0-fold higher than the wild-type
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mice, with a significantly increased brain R; and R; values
(0.30 and 0.35, respectively). The R; values of AUC( 4 1, of
glabridin for the brain, lung, liver, kidney, spleen and heart in
mdrla(—/—) mice were 0.30, 1.27, 1.01, 1.50, 1.09, and 1.07,
respectively (Table III). The R; values were 0.35, 1.24, 1.01,
1.47,1.07, and 1.06, respectively (Table III). It was clear that
the R; and R; values decreased in all tissues examined except
the brain in mdrla(—/—) mice. Tissue accumulation of
glabridin was not marked in mdrla(—/—) mice. These values
were significantly different from those observed in the wild-
type mice and in rats. Thus, the rank order of glabridin
tissue distribution in mdrla(—/—) mice as evidenced by
AUCy 54 1, Rj or R;- was kidney >lung >spleen > heart > >
liver >brain. The Tp.x ranged from 1.25 (heart) to 2.50
(brain) h in mdrla(—/—) mice, with the highest C,,,, values
observed in the lung (74.5 ng/g tissue), followed by the heart
(71.5 ng/g tissue), kidney (64.6 ng/g tissue), spleen (48.8 ng/g
tissue), liver (44.6 ng/g tissue) and brain (19.1 ng/g tissue). In
addition, the t;,3 values of glabridin for the brain, lung, and
heart in mdrla(—/—) mice were decreased, but these values
were increased in the plasma, liver, kidney and spleen
compared to the wild-type mice.

DISCUSSION

There is an increasing application of herbal medicines to
manage various diseases and to promote health in recent
years in Asian and Western countries. The incorporation of
herbal therapy into the main stream medical-care system has
been encouraged by the World Health Organization and the
governments of many Asian countries including China,
Japan, Korea and Singapore despite the lack or scanty of
evidence for the efficacy and safety data of most commonly
herbal medicines. Though there is of importance of licorice
and its major active constituent glabridin in human health
because of their wide clinical use, little is known about their
ability to reach sites of action including CNS. In this study,
we evaluated, for the first time, the role of PgP in the brain
penetration of glabridin using several in vitro and in vivo rat
and mouse models.

In vitro models of the BBB, including animal (mainly
bovine, mouse and rat) and human brain vascular endothelial
cells, play a major role in the study of BBB permeability of
drugs and other xenobiotics. The expression of typical BBB
drug transporters, in particular PgP, is mandatory for the
usability of these in vitro cell culture systems. The cells we
used, RBMVEC:s, expressed high levels of PgP and minor to
moderate levels of Mrpl (Fig. 2) which ensured its functional
features of an in vitro model for the study of drugs across
BBB. RBMVECs are specialized endothelial cells forming
tight junctions between adjacent cells, which maintain
physiological cell morphology and exhibit many of the
biochemical and biophysical properties of the intact BBB,
providing an useful in vitro model with a restrictive para-
cellular barrier to solute permeability. Both the uptake and
efflux of glabridin was investigated in RBMVECs. The kinetic
parameters (K, and V. for the uptake and efflux of
glabridin were different, indicating the presence of active
transport across these cells. The inhibition data provided
further evidence that PgP and possibly Mrp1-2 participated in
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the transport of glabridin in RBMVECs (Fig. 4). The uptake
and efflux of glabridin in RBMVECs were ATP-dependent.
PgP are highly likely to be involved in the influx and efflux of
glabridin in RBMVECs, as indicated by the significant
enhanced accumulation and decreased efflux of the substrate
in the presence of PgP inhibitors. A number of flavonoids can
be readily taken up and pumped out by human epithelial cells
and tumor cells through active (may by PgP and MRPs) and/or
passive diffusion (42). Because of the concentration gradient
across the cellular membranes and high lipophilicity of
glabridin (LogP ~ 3.25), a passive diffusion is likely involved
in the uptake and efflux of glabridin. The physico-chemical
properties of drugs (e.g., hydrophilicity, lipophilicity, hydro-
gen bonding potential) largely determine the passive transport
of drugs across the BBB. Passive transcellular processes are
mainly dependent on the LogP (log-partition coefficient) or
LogD (LogP at pH 7.4) values and their hydrogen bonding
potential. There is a linear relationship between LogP and
BBB transport of drugs in vivo (6). Because glabridin has a low
molecular weight (322 Dalton) and high lipophilicity, the most
likely mechanism would be active efflux into the systemic
circulation across the BBB rather than low BBB permeability
or low tissue binding in the brain. The facts that glabridin shares
common characteristics (high lipophilicity, low molecular
weight and planar structure) as a substrate for PgP indicate
that PgP mediates the efflux of glabridin across the BBB,
resulting in the restricted entry of the drug into the brain.

Our study demonstrated a polarization in the RBMVEC
transport toward glabridin and a significantly higher efflux
from the abluminal to luminal side, namely from the brain to
systemic circulation (Fig. 5). Co-treatment with PgP inhib-
itors such as verapamil or Mrp1/2 inhibitors such as MK-571
significantly inhibited the efflux of glabridin from the
abluminal to luminal side in RBMVECs (Fig. 5). These
results indicated that glabridin was a substrate for PgP and
probably for Mrp1/2 and these transporters located in brain
capillary endothelial cells could efflux the drug from the
brain into the systemic circulation. PgP is able to limit the
brain penetration of glabridin and thus greatly diminish its
concentrations in the brain and thus may affect its therapeu-
tic efficacy when Licorice or glabridin is used for the treat-
ment of CNS diseases. As control experiments, the inhibitors
used above were also incubated on RBMVEC monolayers,
and the BBB integrity was preserved as shown by inulin
permeability (2.12—2.35x 10™° cm/s). This result clearly
demonstrates that glabridin transport across RBMVEC
monolayers in the luminal to abluminal direction is
increased in the presence of ATP inhibitors, PgP inhibitors,
or Mrpl/2 inhibitors, not due to reduced or loss of BBB
monolayer integrity. The active efflux of glabridin and
numerous other compounds by the BBB indicates that the
BBB works as a detoxification and protective system in the
brain by restricting the entry of exogenous compounds such
as glabridin in the circulating blood to the brain.

The results from the bilateral in situ brain perfusion study
in rats indicate that the BBB can restrict the entry of
glabridin into CNS, probably due to the contribution of PgP
and Mrpl/2 to a less extent (Fig. 7). Notably, the brain
uptake of glabridin after considering vascular space was
significantly greater than uptake into CSF. Although it is
appreciated that in in vivo studies the separation of uptake
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across either the BBB or the blood-CSF barrier is not
possible, it would appear unlikely that the blood-CSF route
would produce the glabridin levels observed in the brain.

The rat brain levels of glabridin were about 27% of that
in plasma when corrected by tissue residual blood (Fig. 8 and
Table I), indicating that the entry of glabridin to the brain
was considerably restricted in rats. The ratios of plasma Cyax
and AUC ,4 , of glabridin over those in brain tissue were
4.38—4.85, indicating limited brain distribution of glabridin in
rats. Previous studies indicated that the expression of PgP in
various tissues such as the brain, heart, kidney, lung and liver
minimized the distribution of many drugs which are PgP
substrates into these tissues (47,48). The accumulation of
glabridin in rat heart, lung and kidney suggested the possible
presence of high-affinity binding proteins for glabridin and/or
low level expression of PgP expression in these tissues. In
addition, the distribution of glabridin was high in these
tissues possibly because it is widely distributed to highly
perfused organs such as the kidney and lung. The difference
in glabridin distribution between these organs and the highly
perfused brain is most likely due to high PgP levels at the BBB
site. This is also reflected by the brain having the lowest Cy,x,
R; and R, values among all tissues examined. The elimina-
tion half-lives of glabridin for the plasma, brain, lung and
heart varied markedly in a range of 2.59—4.93 h, with the
value in the spleen being the highest and the heart the lowest.
This difference may reflect the differential distribution,
binding, disposition and elimination of glabridin in these
different tissues. For example, the liver and the spleen may
contain lower levels of PgP or more binding proteins for
glabridin than other tissues and thus retain glabridin for a
longer time. Thus, after oral glabridin administration, the
observed terminal half-lives may reflect drug absorption
rather than drug elimination (i.e., a flip-flop kinetic model
is operable). There is a possibility that glabridin accumulates
in some organs such as the kidney, lung, liver and spleen due
to specific binding to tissue proteins and thus glabridin
elimination from these organs is delayed.

The brain levels of glabridin could be increased to up to
44% of plasma levels when verapamil or quinidine was co-
administered in rats (Figs. 8 and 9, Tables I and II). Our
results in rats are consistent with previous reports where the
rat brain uptake of colchicine and vinblastine was signif-
icantly enhanced (3- to 7-fold) by co-treated verapamil at 1.0
mg/kg by i.v. (49). In the same way, SDZ PSC 833 (valspodar),
a potent PgP inhibitor, also significantly increased the brain
penetration of cyclosporine and vincristine (both PgP sub-
strates) in rats (50). However, in several other studies using
verapamil at 50 mg/kg by i.p. as a PgP inhibitor, it could not
enhance the brain penetration of typical PgP substrates such
as vinblastine in mice (51). The reason for the different
findings in mice and rats in these studies might be due to
marked species-dependent differences in PgP expression and
activity, elimination and disposition of PgP substrates and
inhibitors, and sensitivity of PgP protein to inhibitors.
Notably, the increased magnitude of R; and R; of glabridin
for the brain in the presence of PgP inhibitors such as
verapamil or quinidine is low. This may suggest the
involvement of transporters other than PgP at the BBB to
influence the uptake of glabridin and it may also reflect the
fact that PgP is a protein that is very difficult to be
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completely suppressed for its activity by currently available
inhibitors in vivo.

Coadministered verapamil increased the t;/,5 values of
glabridin in the plasma, lung, kidney and heart in a dose-
dependent manner, indicating that verapamil slowed down the
elimination of glabridin from plasma and these tissues, proba-
bly due to inhibition of PgP-mediated hepato-biliary and renal
efflux of glabridin. Clearance of PgP substrates through biliary
and/or renal secretion can be significantly decreased in the
presence of a PgP inhibitor (52). The localization of the protein
also suggests that the function of PgP is related to transport
mechanism of glabridin in the liver and kidneys because there
are high levels of PgP protein in the brush border of renal
proximal tubules and biliary surface of hepatocytes. Interest-
ingly, coadministered quinidine significantly (p <0.05) in-
creased the t;,,5 values of glabridin in the plasma, kidney,
and heart, but decreased those for the brain, liver, and spleen.
Such difference may reflect differential effects of quinidine on
the tissue binding, disposition and elimination in different
organs. Though both quinidine and verapamil are potent PgP
inhibitors with similar K; (1-4 uM), their effects on the
cytochrome P450s and their interaction with PgP protein
(e.g. ATPase activity) are different. It seemed that the plasma
and tissue Ty.x values were not significantly altered by
combined verapamil or quinidine. This suggests that the
intestinal absorption rate and distribution rate to different
tissue of glabridin are not affected by verapamil or quinidine.

The present study showed that the brain AUCj 54 ;, in
mdrla(—/—) mice was 6.0-fold higher than the wild-type
mice, with an significantly increased brain penetration in the
mdrla(—/—) mice (Fig. 10 and Table III). In the endothelium
of mouse brain capillary, mdrla/b is exclusively expressed
and the mdrla contributes solely to the efflux of drugs from
the brain back into the blood circulation (6). Our results with
glabridin as a PgP substrate are consistent with those
reported in the literature. The absence of active PgP as
observed in mdrla knockout mice lacking PgP and thus
exhibiting unrestricted access of PgP substrates to the brain
yields significantly increased central nervous system concen-
trations often exceeding those observed in wild-type mice by
orders of magnitude (53).

Results from the present study suggest that PeP/MDR1
play a major role in the transport of glabridin across the
BBB, but the contribution of MDR3 and other ABC trans-
porters such as Mrpl/2 cannot be excluded. Not all these
proteins confer resistance to drugs; transfection experiments
have shown that the expression of human PgP/MDRI1 or
rodent mdrla or mdrlb is sufficient to confer resistance to
anticancer agents, whereas MDR3 and mdr2 are involved in
the transport of other molecules, such as phospholipids in the
bile (4). It would be interesting to investigate the relative
contributions of these P-glycoproteins in rats, mice and
humans in the transport of glabridin. Moreover, PgP/
MDRI1-mediated drug-drug interactions have been reported,
drug interaction studies of glabridin with PgP substrates/
inhibitors should be considered in future clinical trials.

The in vivo results are consistent with our in vitro brain
distribution study in rats, where coadministered verapamil or
quinidine significantly enhanced the brain penetration of
glabridin in rats. In addition, since the search for novel and
more potent modulators of PgP is of major importance
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because most of the PgP inhibitors including verapamil cause
side effects in vivo, the in vitro BBB system such as
RBMVECs can be used as a efficient screening system for
identifying new and potent PgP reversing agents. The safety
data on glabridin in humans have not been evaluated in
details, but it may become a useful probe for PgP functional
studies in vitro and in vivo.

The identification of PgP in limiting the brain entry of
glabridin based on in vitro and in vivo rodent studies has
important clinical implications, though there is no direct
evidence indicating that this important transporter restricts
the entry of glabridin into the CNS in humans. The results
from the present study using mouse and rat models strongly
suggest that human PgP and probably MRP1 may play a role
in restricting the brain penetration of glabridin despite the
fact that there are species differences in the expression and
activity of these transporters between rodents and human. In
our study, there were some species differences in the organ
distribution of glabridin in rats and mice. Since species
differences in the expression and activity, substrate specific-
ity, inhibition, sensitivity to modulator and organ expression
profiles of PgP and MRP1-5 in rodents and humans have
been reported (54,55), caution should be taken when
extrapolating the data from rodent studies to humans.

In conclusion, glabridin was found to have a limited
brain penetration in rats but increased when coadministered
with PgP inhibitors. Our in vitro studies using RBMVECs
and a bilateral in situ brain perfusion model indicated that
PgP-mediated active efflux across the BBB restricted the
entry of glabridin to the brain. The brain AUC of glabridin in
mdrla(—/—) mice was 6.0-fold higher than the wild-type
mice. PgP may cause drug resistance to glabridin (licorice)
therapy for CNS diseases and potential drug-glabridin
interactions. Based on the inhibition studies, Mrpl1/2 were
probably involved in the transport of glabridin and limited
the brain penetration of glabridin, but to a lesser extent
compared to PgP. Further research addressing the role of
PgP and other transporters in the disposition and brain
distribution of glabridin and possible drug interactions
through PgP modulation is warranted.
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