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An in vitro transport model for rapid screening and predicting the
permeability of candidate compounds at blood—brain barrier

Zhi-Hong Yangab, Xiao Sun®, Chao Mei?, Xiao-Bo Sun®*, Xiao-Dong Liu®* and
Qi Chang®

“Chinese Academy of Medical Sciences and Peking Union Medical College, Institute of Medicinal

Plant Development, Beijing 100193, China; "Key Laboratory of Drug Metabolism and
Pharmacokinetics, China Pharmaceutical University, Nanjing 210009, China

The aim of this study was to design and develop a simple in vitro blood—brain barrier (BBB)
permeation model for elementarily and rapidly predicting the permeability of candidate
compounds at BBB and further evaluating whether P-glycoprotein (P-gp) affects them
across BBB. The model was mainly composed of cultured rat brain microvascular
endothelial cells (rBMECs), glass contraption, and micropore membrane. First, we
evaluated the model by morphological observation. Second, the restriction effects of
paracellular transport were verified by measuring marker probes transport, and monitoring
transendothelial electrical resistance (TEER) and leakage. Finally, protein expression and
activity of P-gp were confirmed by carrying out Western blot analysis and polarized
transport of thodamine-123 (Rho123) in rBMECs. The rBMECs retained both endothelial
cells and BBB features. The rBMECs model reproducibly attained approximately
130 Q cm? on the steady-state TEER value, and displayed a barrier function to marker
probes transport by decreasing the permeability. Protein band of 170kDa manifested the
existence of P-gp in the rBMECs, and the findings of cyclosporin A-sensitive decrease of
Rho123 efflux confirmed the presence of P-gp activity. A simple, rapid, and convenient
in vitro BBB permeation model was successfully established and applied to evaluate the
BBB transport profiles of three natural flavonoids: quercetin, naringenin, and rutin.

Keywords: permeation model; candidate compounds screening; blood—brain barrier;

P-glycoprotein

1. Introduction

Owing to persistent high incidences, central
nervous system (CNS) diseases rates are
continuously increasing in Asia. Traditional
herbal medicine is a plentiful and enormous
treasure house of candidate compounds for
preventing and treating CNS diseases. With
more and more interest, screening candidate
compounds with novel structure or effica-
cious action from herbal medicines is
coming to be a realistic and promising
treatment strategy for CNS diseases.
Passing through blood—brain barrier
(BBB) is a prerequisite for treating CNS

diseases. BBB is the main interface
between the bloodstream and the brain
parenchyma controlling the passage of
endogenous and exogenous substrates into
and out of the CNS. BBB is a selective and
dynamic structure, and is mainly formed
by brain microvascular endothelial cells
(BMECs). P-glycoprotein (P-gp), the
170 kDa protein product of the multidrug
resistance-1 (MDRI) gene, at brain, is
mainly localized in the apical membrane
of BMECs [1,2]. P-gp plays an important
role in the integrity of BBB and protects
the brain from many exogenous toxins.
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Figure 1. Photographs of the devised permeation apparatus.

P-gp effluxes a large number of structu-
rally diverse chemotherapeutic agents
[3—7], resulting in dramatically decreased
pharmacological effects on the CNS to
induce treatment failure [8—10]. So the
permeability prediction of lead com-
pounds, candidate drugs, or clinical drugs
at BBB, and the further evaluation of the
effects of P-gp on compounds across BBB
are important and necessary.

In vitro cell screening experiment has
major advantages, i.e. it is fast, it has low
cost, it is fit for considerable samples, and
its conditions are under control. There are
some commercially available plate inserts
in the market, but the cost, the less volume
of added samples, and the disposable
material impact their applications in the
studies on a large number of compounds
passing through the BBB. In this study, we
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design and develop a simple in vitro BBB
transport model to elementarily and
rapidly screen and predict the permeability
of candidate or lead compounds at BBB
and further evaluate whether P-gp affects
them across BBB.

2. Results and discussion

2.1 Ilustration of the novel permeation
apparatus

The photographs of the novel permeation
apparatus is shown in Figure 1. The
schematic drawing of contrasting struc-
tures of in vivo BBB with in vitro model is
described in Figure 2.

2.2 Morphology

Twelve days primary culture of endothelial
cells achieved growth to a confluent

Apical
chamber

rBMEC
monolayer

Collagen
coated
micropore
membrane

Basolateral /

chamber

Figure 2. Schematic drawing of contrasting structures of in vivo BBB with in vitro model. The left
panel showed a sketch of cross-section through a brain microvascular, which was surrounded by
astrocyte endfeet. The right panel showed the experimental apparatus for transport studies.



Downloaded by [Mamo Hogskola] at 23:04 18 December 2011

Journal of Asian Natural Products Research 1089

Figure 3. (A) Phase contrast photograph of a confluent primary passage rBMEC monolayer on
12 days primary culture (magnification 100 X ). (B) SEM photograph of blank micropore membrane
with 0.4 pm pore size (2000 X , bar = 3.3 wm). (C) SEM photograph of a single rBMEC (1500 X ,
bar = 6.7 wm). Microvilli (white dots) covered the endothelial cell surface. (D) SEM photograph of
a confluent  BMEC monolayer on the micropore membrane (2000 X , bar = 5 wm).

monolayer with 20% newborn calf serum in
the culture medium. Light microscopic
image (100 X ) showed a characteristic
elongate spindle-shaped morphology to the
rat brain microvascular endothelial cells
(rBMECs; Figure 3(A)). Scanning electron
microscope (SEM) image showed the
squamous morphology, i.e. microvilli
(white dots) covered the endothelial cell
surface (Figure 3(C)). At confluence,
rBMECs formed a monolayer of small,
tightly packed, nonoverlapping, contact-
inhibited cells (Figure 3(D)). In these culture
conditions, rBMECSs retained the inherent
features of both endothelial cell and BBB.

2.3 Bioelectric characteristics of
rBMEC monolayer

Confluent BMEC monolayer was grown
on the Millicell-PCF insert. The transen-
dothelial electrical resistance (TEER)
values were measured from 4th to 24th

days after seeding (Figure 4). The TEER
increased to a peak value (above
130 Q cm?) at 15th day, and a plateau of
TEER values was observed between 15th
and 18th days. Following 18th day, the
TEER values decreased slightly which
were monitored until 24th day. The
rBMECs model reproducibly attained
approximately 130 Qcm? on the steady-
state TEER value at 15th day. Monolayer

160
140
o}
@ 120

100

80

3 6 9 12 15 18 21 24 27
Time (day)

Figure 4. TEER values () cm?) of rBMECs
on Millicell inserts between 4th and 24th days.
Data were mean = SD with n = 8 replicates.
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Table 1. P,,, and R of blank membranes and the cultured rBMEC monolayers to paracellular

pathway transport markers, FLU, and FD-4.

Popp (X 107 %cm/s) R (%)
In vitro
BBB model FLU FD-4 FLU FD-4
Blank apparatus 544 +94 42.1*£59 384 £ 6.6 29.7 £ 42
rBMEC monolayer 7.2 £ 1.3%x 2.8 £ 0.4 5.1 £ 0.9%x* 2.0 £ 0.3%x*

Notes: Concentrations of FLU and FD-4 in apical chamber were set to be 1 and 100 pg/ml, respectively. At 3h
following transport, the concentrations of FLU and FD-4 in basolateral chamber were measured. Data were
expressed as mean £ SD (n = 4; ##p < 0.01 vs. blank membranes).

with TEER value of more than 130 Q cm?
was used for experiment.

2.4 Leakage of rBMEC monolayer

Measurement of TEER is not always a
restriction predictor of the paracellular
pathway to substance transport [11];
therefore, the permeability of fluorescein
(FLU, low-molecular weight 322 Da) and
FITC-labeled dextran (FD-4, high-mol-
ecular weight 4 kDa), the markers for the
predominantly paracellular pathway trans-
port, was measured. The apparent per-
meability coefficients (P,p,) of FLU and
FD-4 across the empty micropore mem-
branes were 54.4 = 9.4 and 42.1 £5.9
(10~ ®cm/s), respectively. However, in the
presence of the rBMEC monolayers, the
Py, of FLU and FD-4 decreased to
72+ 1.3 and 2.8 0.4 (10" °cm/s),
respectively. Moreover, the relative per-
meability ratio R was also notably
decreased for FLU and FD-4 (Table 1).
No significant differences of permeability
to FLU and FD-4 between Millicell-PCF
insert membrane group and Millipore
polycarbonate membrane group were
observed in the P.,, values (50.5 = 8.2
vs. 544 94, 69 £ 14 vs. 7.2 = 1.3,
437 £5.0 vs. 42.1 =59, 29 = 0.2 vs.
2.8 £ 0.4; p>0.05) [3]. Therefore, the
monolayer model displayed a barrier
function to substance transport as evi-
denced by decreased permeability com-
pared with the permeability of the
supporting membrane alone (p < 0.01).

2.5 P-gp expression in cultured
rBMECs

The protein level of P-gp in the cultured
rBMECs was detected by Western blot.
The K562/A02 cells were served as
positive control. The result revealed a
band of 170kDa, corresponding to P-gp
(Figure 5). Similar staining intensities
were found in three independent batches
of the cultured rBMECs, manifesting the
existence of P-gp in the cultured rBMECs.

2.6 Rhodamine-123 transport assay for
P-gp function

To further assess the functional activity of
P-gp in the cultured rBMECs, we
measured the polarized transendothelial
transport of rhodamine-123 (Rhol23;

rBMECs K562/A02

s

Lane 1 2 3 4

Figure 5.  Western blot analysis of P-gp in the
cultured rBMECs and K562/A02 cells. Protein
preparations (20 pg) from the cultured rBMECs
and K562/A02 cells were resolved on 8% SDS-
polyacrylamide gel and electrophoretically
transferred to a nitrocellulose membrane for
successive blotting with anti-P-gp C219 and
anti-B-actin antibody. Lanes 1-3 came from
three independent batches of the cultured
rBMECs.
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Figure 6. Rho123 transport across the cultured rBMEC monolayer. Polarized transport of Rho123
was undertaken in the A—B and B—A directions. Rho123 concentration was set to be 0.5 uM in
donor chambers. Rho123 transport in the A—B direction was also measured in the presence of 50 uM
CsA by adding to the A chambers. Mean = SD (n = 4; #p < 0.05, *#*p < 0.01 vs. Rho123 A-B).

0.5 M) in apical to basolateral (A—B) and
basolateral to apical (B—A) directions
either with or without P-gp inhibitor
cyclosporin A (CsA; 50 uM). As shown
in Figure 6, polarized transport of Rho123
in the rBMEC monolayer was found.
Rho123 transport in the B—A direction
was significantly greater than that in the
A-B direction. The permeability of
rBMEC monolayer to Rho123 in the B—
A direction was 2.1-fold greater than that
in the A—B direction at 120 min. Exposure
of the monolayer to CsA (50 uM)
significantly increased (p < 0.05) the
permeability in the A—B direction to the
values which were not notably different
(p > 0.05) from the B—A data of Rho123
transport alone at the designed time. It
indicated that the use of CsA almost
inhibited P-gp-involved efflux mechanism
presented in the rBMEC monolayer,
resulting in an increase in P,p, levels of
7.24 % 10 %cm/s relative to that of
1532%x 10 %cm/s in A-B direction.
These results were consistent with the
observation that the P-gp-involved efflux
occurs on the apical side, out of the cells.

2.7 Quercetin, naringenin, and rutin
transport assay

The P,,, levels of quercetin and narin-
genin were significantly more than that of
rutin in the in vitro BBB model (Figure 7).
Quercetin and naringenin transport in the
B—A direction was greater than that in the
A-B direction. The P,,, values of
quercetin, naringenin, and rutin across
the  BMECs were 10.60 = 1.41, 22.45 =

3.32, and 0.08 = 0.02 (10 ®cm/s),
respectively, in the A—B direction. More-
over, in presence of CsA, the P, values
of quercetin and naringenin were increased
to 16.83 £3.04 and 29.72 x4.13
(1076 cm/s), respectively, in the A-B
direction (p < 0.05). These data indicated
that quercetin and naringenin could easily
pass through the BBB, and P-gp might
involve in the transport of them at the
BBB. The entrance into brain of rutin
might be limited by BBB.

2.8 Discussion

The passage of compounds and drugs from
the blood into the CNS is restricted by the
presence of the BBB, which separates and
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Figure 7. Quercetin, naringenin, and rutin transport across the cultured rBMEC monolayer.
Polarized transport of quercetin and naringenin showed in the A—-B and B—A directions. Three
compound concentrations were set to be 50 M in donor chambers. CsA concentration was set to be
50 uM by adding to the A chambers. Mean = SD (n = 4; *p < 0.05, vs. control A—B).

isolates the microenvironment of the CNS.
Because of the physical nature of BBB,
transport across the barrier is generally
dependent on the lipophilicity, molecular
size, and protein complex formation of the
compound. In addition, recent studies
revealed that P-gp at BBB was thought
to act as an active defense mechanism,
restricting the penetration of a large
number of structurally diverse drugs into
the brain. The significant role of P-gp in
defense against many lead compounds,
candidate drugs, or clinical drugs by active
efflux at BBB has been tightly relevant to
drug resistance. With regard to drug
efficacy, disposition, availability, metab-
olism, and drug—drug interactions, it is
recognized that whether compound can
pass through BBB and whether compound
penetration is restricted by P-gp must be
assessed properly before becoming a
clinical drug.

The prediction of the property is
important, but the experimental determi-
nation of BBB penetration in vivo is
difficult and costly. So the purpose of our
present study was to design and develop a
simple, economical, and convenient
in vitro transport model for elementarily

and rapidly predicting the permeability of
lead compounds, candidate drugs, or
clinical drugs at BBB and further evaluat-
ing whether P-gp affects them across
BBB.

As compared with some commercially
available plate inserts in the market
(Corning Costar, Millipore Millicell,
etc.), the devised contraption was made
by glass material. The model possesses the
following major advantages: reusable,
economical, environmental protection,
convenient to be sterilized, stable for
chemical agents and temperature, and
more sample volume for bidirectional
permeation experiments.

Nearly all components of BBB are the
BMECs. So for studying the character-
istics of drug transport across BBB, we
used the cultured rBMECs as an in vitro
BBB transport model. The functional
assays of restriction of paracellular trans-
port in the cultured tBMEC monolayer
were evaluated by measuring FLU and
FD-4 transport, and monitoring TEER and
leakage. The functional activity of P-gp
in the cultured tBMECs was confirmed
by carrying out Rhol23 transport in
the cultured rBMEC monolayer. The
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polarized transport of Rho123 revealed net
greater transfer in the B—A direction
across the cultured rBMECs monolayer.
The transport of Rhol23 in the B-A
direction was 2.1-fold of that in the A-B
direction at 120 min. Co-administration of
CsA (50 uM) significantly increased
(p <0.05) the transport in the A-B
direction. It demonstrated that the use of
CsA almost inhibited P-gp-mediated
efflux mechanism presented in the cultured
rBMEC monolayer. It further manifested
that the increased transport of Rho123 in
rBMECs may be ascribed to the decreased
P-gp functional activity by P-gp inhibitor.
Even though CsA is not specific for P-gp,
but also inhibited other transporters, such
as MRP1, MRP2, and BCRP [12-14], it is
often used as an inhibitor of P-gp in drug
transport studies, especially in tissues,
such as brain capillary endothelial cells.
Moreover, MRPI is not predominantly
expressed in BBB [15,16]. Although the
use of highly selective third generation P-
gp inhibitor can give better understanding
of P-gp-mediated transport of Rho123 at
BBB, our results still manifested the
findings of CsA-sensitive decrease in
Rho123 efflux and confirmed the presence
of P-gp activity in the cultured rBMECs.
The results were in accordance with the
preliminary Western blot analysis. All the
results demonstrated that the cultured
rBMEC monolayer remained both endo-
thelial cell and BBB features including
P-gp function.

Three natural flavonoids, such as
quercetin, naringenin, and rutin, were
tested by this in vitro model for evaluating
the transport characteristics at BBB.
Owing to the differences of lipophilicity
and molecular size, the three compounds
showed dissimilar profiling of BBB trans-
port. Quercetin and naringenin showed
polarized transport in the A—B and B—A
directions, and could easily pass through
the BBB. But the entrance of rutin into
brain might be limited by BBB, and

showed that rutin could hardly pass
through the cultured rBMECs monolayer.

In conclusion, this study demonstrated
that our in vitro BBB model represented a
useful tool for elementarily and rapidly
screening and predicting BBB per-
meability of candidate compounds, and
it can be used to further evaluate whether
P-gp affects these compounds across BBB
and limits the efficacy of them in the CNS.

3. Experimental
3.1 Materials and agents

Micropore membranes (Isopore™, poly-
carbonate membrane, 0.4 um pore-size)
and Millicell-PCF inserts (1 cm diameter,
0.4 wm pore size) were purchased from
Millipore Co. (Billerica, Massachusetts,
USA). Bovine serum albumin (BSA) was
purchased from SABC (Fraction V, Hous-
ton, TX, USA). Rho123, FLU, and FD-4
were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). CsA was provided
by Sichuan Industrial Institute of Anti-
biotics (Chengdu, China).

P-gp monoclonal antibody (C219,
1gG,,) was purchased from Calbiochem
of EMD Biosciences Inc. (Seattle, WA,
USA), and polyclonal antibody IRDye
800-conjugated affinity purified anti-
mouse IgG was purchased from Rockland
Inc. (Rockland, Ontario, Canada). Blue-
Ranger prestained protein molecular
weight marker mix and polyclonal anti-
B-actin antibody were purchased from
Pierce Chemical Co. (Rockford, IL, USA)
and Boster Biotech Co. (Wuhan, China),
respectively. All other agents were com-
mercially available.

3.2 Animals

Sprague—Dawley neonate rats, 7—10 days
old, were supplied by the Center of
Experimental Animals, China Pharmaceu-
tical University. The studies were
approved by the Animal Ethics Committee
of China Pharmaceutical University.
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3.3 Preparation of the permeation
apparatus

To be conveniently sterilized and repeti-
tively used, the apparatus was made of
glass material. The volume of each part of
the apparatus was about 1.2ml, and the
bottom area was 0.78 cm> (Figure 1(A)). In
the transport experiment, the pretreated
micropore membrane, on which BMECs
achieved growth to a confluent monolayer,
was fixed on the bottom side. Then the two
parts of the apparatus were combined into
one assembly unit (Figure 1(B)). The test
agents were administered at the donor
chamber, and samples were taken from the
receptor chamber. The schematic drawing
of in vivo BBB and in vitro BBB transport
model is shown in Figure 2.

3.4 Preparation of culture surfaces

For coating of the micropore membranes,
we diluted the self-prepared Richmond,
rat-tail collagen stock solution with sterile
deionized water to a final protein concen-
tration of 50 wg/ml [17]. Approximately,
40 pl of this freshly prepared solution was
applied to per cm® of membrane surface
and dried at room temperature. No further
washing steps were carried before plating
the cells. Coated surfaces can be stored dry
at room temperature for several weeks.

3.5 rBMEC:s isolation and primary
culture

A most important component of BBB is the
BMEC. So for studying the characteristics
of compounds transport across BBB, we
used the cultured rBMECs as an in vitro
BBB transport model. The cell isolation and
culture were operated according to the
previous method done in our laboratory
[3,18,19]. Briefly, freshly isolated rBMECs
were cultured for 10—12 days in 2% gelatin-
precoated tissue flasks for a primary passage
cell growth, then plated onto either micro-
pore membranes or Millicell-PCF inserts at
a seeding density of 1 X 10°cells/cm?.

Cultures were under the normal cell culture
conditions, maintained in a humidified
atmosphere (5% CO,/95% air) at 37°C with
a medium comprising DME/F-12 1:1
(Hyclone, Logan, UT, USA) supplemented
with 20% newborn calf serum (Gibco,
Invitrogen Corporation, Auckland, New
Zealand), L-glutamine (0.9 g/l), heparin
(50 mg/1), streptomycin (105 U/ml), peni-
cillin (105 U/ml), and NaHCO; (1.2 g/), pH
7.2. Culture medium was replaced every
3 days. Identification of at least 95% of cell
population as brain endothelial cells was
based on the positive staining with an
antibody against Factor VIII-related antigen
[20].

3.6 Detection of P-gp expression by
Western blot

Western blot was used for investigating
the expression of P-gp in the cultured
rBMECs. Briefly, the cultured rBMECs
were collected and homogenized in ice-
cold cell lysis containing 10mM Tris—
HCl, 1mM MgCl,-6H,0, 1 mM EGTA,
1 mM mercaptoethanol, 1% glycerin, and
protease inhibitor cocktail (1 mM dithio-
threitol, 2mM phenylmethylsulfonylfiuo-
ride) (Sigma Chemical Co., St. Louis, MO,
USA). Then the homogenate was centri-
fuged at 11,000 rpm for 10 min at 4°C. The
supernatant was obtained as membrane
fractions for Western blot, and the protein
concentration in this solution was
measured with a Bio-Rad Protein Assay
(Bio-Rad Laboratories, CA, USA) using
BSA as a standard. An aliquot of cell
sample was diluted with a volume of
4 X SDS sample buffer containing 0.1 M
tris—HCl, 4% SDS, 200 mM DDT, 20%
glycerin, and 0.2% bromophenol blue. The
protein (20 pg) was separated by electro-
phoresis on 8% SDS-polyacrylamide
gel and electrophoretically transferred
to a nitrocellulose membrane (BioTrace
NT, PallCor, Ann Arbor, MI, USA). The
membrane was blocked by PBS containing
0.1% Tween-20 (PBST) and 5% dried
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skim milk at room temperature for 1 h and
rinsed three times for 15min in PBST.
Then the membrane was incubated with
the primary monoclonal antibody C219,
diluted 200-fold in PBST, overnight at
4°C. After being rinsed with PBST, the
membrane was incubated with the second-
ary polyclonal antibody IRDye 800-con-
jugated affinity-purified anti-mouse IgG
diluted 12,000-fold in PBST at room
temperature for 1 h. Detection was carried
out by the Odyssey Infrared Imaging
System (LI-COR Inc., Lincoln, Nebraska,
USA). All blots were stripped and
reprobed with polyclonal anti-B-actin
antibody to ascertain equal loading of
protein.

3.7 Ultrastructural morphology of
rBMECs

The rBMECs were fixed at room tempera-
ture for 1 h with glutaraldehyde (2.5% v/v)
and paraformaldehyde (4% v/v) in phos-
phate buffer, and postfixed in osmium
tetroxide (1% w/v) for 1 h. After dehydrat-
ing in acetone and critical point drying, the
cells were sputtered with gold (50 nm) in a
Balzers Union sputtering machine and
observed in an AKASHI SX-40 SEM.

3.8 TEER measurement

Restriction of paracellular transport of
small ions was determined by the analysis
of TEER. rBMECs were cultured on
Millicell-PCF inserts. For each insert, the
electrical resistance was measured by an
EVOMX-A voltmeter (World precision
instruments Inc., Sarasota, Florida, USA).
TEER (Q) cm2) was calculated from the
displayed electrical resistance on the
readout screen and a correction for insert
surface area was made.

3.9 Permeability assessment

Assessment of the 3h permeability of
rBMEC monolayer to the paracellular

pathway transport markers, FLU and
FD-4, was undertaken at day 15 post-
seeding in Millicell-PCF inserts and
micropore membranes. Briefly, at
15 min before the start of the experiment,
inserts and membranes were removed to
empty the wells within a cell culture
plate and the apical and basolateral
chambers fed with pH 7.4 Hanks’
balanced salt solution (HBSS, pre-
warmed to 37°C). After the incubation,
the solution was removed and replaced
with HBSS containing 1 pg/ml FLU or
100 pg/ml FD-4 at the start of the
experiment to the apical chamber. After
3 h, the concentration of FLU and FD-4
in the basolateral chamber was deter-
mined by HPLC and fluorescence spec-
trophotometer, respectively. Paracellular
transports of FLU and FD-4 across
rBMEC monolayers on the blank sup-
porting membranes of the assembled
apparatus were carried out with the
similar operation. The P,,, and R values
for both markers were calculated accord-
ing to the following equations [21]:

P _ Vacceptor X Cacceptor
app — B
PP Area X time Cinital,donor ’

C cceptor
R = AP o 100%.

Cinitial,donor

3.10 Polarized Rhol23 transport on the
model

Transport assay of Rhol23, the typical
substance for P-gp as previously described
[12,22,23], was used to assess the func-
tional activity of P-gp in the cultured
rBMECs. The polarized transendothelial
transports of Rho123 (0.5 uM) in the A-B
and B—A directions either with or without
P-gp modulator CsA (50 uM) were
investigated. Briefly, rBMECs were cul-
tured on micropore membranes for 15 days
after seeding. At 15 min before to the start
of the experiment, the membranes were
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removed to empty the wells within a cell
culture plate and incubated with pH 7.4
HBSS (37°C). Then the solution was
removed, and the membranes were fixed
into the assembled apparatus. The trans-
port experiments in A—B or B—A direc-
tion were initiated by adding 1.2ml
Rho123 (0.5 pM) to donor chamber (A or
B chamber), and another chamber was
filled with equal volume of HBSS. At
120 min, 50 pl samples were taken from
the acceptor chamber (B or A chamber)
with replenishment by fresh HBSS. The
transports of Rhol23 in the presence or
absence of CsA (50 wM) were measured at
37°C periodically for 120 min, and the
modulator CsA was added to the A
chamber. Each transport group consisted
of four replicates, with each study repeated
twice. The P, for Rho123 was calculated
according to the equation mentioned
above.

3.11 Model application

The transendothelial transports of querce-
tin, naringenin, and rutin in bilateral
directions either with or without CsA
were investigated. The cell culture, drug
administration, and sampling were oper-
ated similar to the method in Section 3.10.
The transports of quercetin (50 uM),
naringenin (50 puM), and rutin (50 pM)
in the presence or absence of CsA
(50 pM) were measured at 37°C period-
ically for 120 min. Each transport group
consisted of four replicates, with each
study repeated twice. The P,p, values of
quercetin, naringenin, and rutin were
calculated.

3.12  Statistical analysis

All values were expressed as mean * SD.
Statistical analysis was accomplished
using Student’s t-test. A p-value less than
0.05 or 0.01 was considered statistically
significant.
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