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Purpose. The sedating effect of first generation H;-antihistamines has been associated with their ability
to penetrate the blood-brain barrier (BBB) and lack of efflux by P-glycoprotein (Pgp). Second generation
H;-antihistamines are relatively free of sedation and their limited brain penetration has been suggested
to arise from Pgp-mediated efflux. The objective of this work was to evaluate the role of Pgp in brain
penetration of first and second generation antihistamines.

Methods. Potential of antihistamines to be Pgp substrates was tested in vitro using Madin Darby canine
kidney cells transfected with human Pgp. The role of Pgp in limiting brain penetration of antihistamines
was tested by using the in situ brain perfusion technique.

Results. Majority of antihistamines were Pgp substrates in vitro. Following in situ brain perfusion, the
first generation antihistamines substantially penetrated into rat brain independently from Pgp function.
The second generation antihistamines terfenadine and loratadine, achieved substantial brain penetra-
tion, which was further enhanced by Pgp inhibition by cyclosporin A (CSA). In contrast, fexofenadine
and cetirizine, penetrated brain poorly regardless of CSA administration.

Conclusions. Antihistamines greatly differ in their ability to cross the BBB as well as in the role of Pgp

in limiting their transport into the CNS in vivo.
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INTRODUCTION

Histamine Hj-receptor antagonists, or antihistamines,
are commonly used for treatment of allergies such as rhinitis,
urticaria and asthma (1). Once side effect associated with the
administration of first generation antihistamines is dimin-
ished central nervous system (CNS) arousal, resulting in
sedation (2). This sedation results from the inhibition of
central histamine H; receptors upon the blood-brain barrier
(BBB) (3). In contrast to first generation antihistamines, second
generation antihistamines are largely devoid of significant
sedative effects (1,2). The difference between first and second
generation antihistamines in their CNS effects and brain
penetration cannot be attributed to profoundly different
physicochemical properties, plasma protein binding, or affinity
for central H; receptors between the two generations of
compounds (3-6). Recently, it has been proposed that the
limited brain penetration of second generation antihistamines
may be the result of their efflux from CNS via the P-
glycoprotein (Pgp) pump located at BBB (7,8). Numerous
reports have identified Pgp as a pump responsible for removal
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of xenobiotics out of the brain resulting in an amelioration of
undesired CNS side effects (9-12). Recent studies found that
several second generation antihistamines are substrates for
P-glycoprotein (Pgp) and that Pgp-mediated efflux at the
BBB results in low brain penetration of these compounds
(7,8,13-16). However, it is unlikely that all second generation
antihistamines have equally low potential to cross the BBB.
Some second generation antihistamines, such as terfenadine,
cetirizine, and loratadine can cause dose-dependent sedation
(2,17,18), which is indicative of their potential to cross BBB. In
contrast, another second generation antihistamine, fexofena-
dine, does not occupy high levels of central H; receptors and is
devoid of sedative effects even at high doses (19,20). The
objective of this work was to evaluate the Pgp-mediated efflux
of first and second generation antihistamines and to determine
if and to what extent Pgp can limit the brain penetration of
antihistamines in vivo. First, we investigated whether the
antihistamines are Pgp substrates in vitro using Madin Darby
canine kidney cells transfected with human Pgp (MDR-
MDCK cell monolayers), a model often employed as a
screening tool for estimation of the drug CNS penetration
potential and Pgp affinity (21-23). The penetration of antihis-
tamines into the CNS and the Pgp role as a CNS permeability
barrier were determined using the in situ rat brain perfusion
method. To date, no report has investigated the transport of
antihistamines into the brain using this technique. All studies
investigating the role of Pgp in the brain disposition of
antihistamines in vivo have relied on comparisons of brain-
to-plasma (B/P) ratios between wild-type and Pgp-knockout
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mice (8,13,14,24). Determination of B/P ratios for Pgp
substrates can often result in ambiguous results where the role
of Pgp in limiting brain permeation can be overestimated (25).
In addition, recent results demonstrated that knocking out Pgp
in the mouse results in changes in the expression of other
transporters as well as the level of drug transport across the
BBB (26,27). Thus, in Pgp knock-out animals, the brain
penetration of antihistamines may be affected by the alteration
of other transport systems at the BBB. In this study, by
performing in situ brain perfusion experiments in wild-type
rats, it is possible to compare the ability of first and second
generation antihistamines to cross the BBB and the contribu-
tion of Pgp to the resistance of the BBB permeability. The first
generation antihistamines, clemastine, pyrilamine, chlorphen-
iramine, diphenhydramine, hydroxyzine, and bromphenira-
mine, and the second generation antihistamines, terfenadine,
loratadine, fexofenadine and cetirizine were tested in vitro in
the MDR-MDCK cell model, and in the in situ rat brain per-
fusion model which maintains the physical integrity of the
normal rat brain.

MATERIALS AND METHODS
Materials

Cell culture media, bovine serum albumin, medium supple-
ments (L-glutamine, 20 mM sodium bicarbonate, non-essential
amino acids, sodium pyruvate, colchicine), Hanks’ balanced salt
solution (HBSS) were purchased from Invitrogen (Carlsbad,
CA). Krebs Ringer Bicarbonate buffer and all other reagents
were obtained from Sigma-Aldrich  (St. Louis, MO). Trans-
wells (12-well, 1.13 cm? area, 0.4 um pores) were purchased
from Costar (Cambridge, MA).

Drugs

Clemastine, terfenadine, loratadine, fexofenadine, pyril-
amine, chlorpheniramine, brompheniramine, diphenhydra-
mine cetirizine, and hydroxyzine were purchased from
Sequoia Research Products (Pangbourne, UK). All other
reagents were purchased from Sigma-Aldrich (St. Louis,
MO). Chemicals used were of reagent grade.

In Vitro Cell Culture Studies

Multi-Drug Resistance Madin-Darby Canine Kidney
(MDR-MDCK) cells were obtained from NIH (National
Institute of Health) (Bethesda, MD). Cells were maintained in
minimum essential Eagle’s medium containing 2 mM L-
glutamine, 20 mM sodium bicarbonate, 0.1 mM non-essential
amino acids, 1 mM sodium pyruvate, and 10% bovine serum
albumin supplemented with 0.2 mM colchicine to maintain Pgp
expression. For permeability experiments, cells with passage
numbers 24-33 were seeded at a density of 60,000 cells/cm? on
rat type I collagen-coated polycarbonate membranes in 12-
well transwell plates. The experiments were performed on the
eighth day after seeding. Prior to the permeation assay, the
transepithelial electrical resistance (TEER) was measured on
each cell monolayer using an Endohm Voltameter (World
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Precision Instruments, Sarasota, FL). The MDR-MDCK cells
used in transport experiments had a high TEER value ranging
from 1,800 to 2,000 Q cm?. The permeability assay buffer was
Hank’s balanced salt solution containing 10 mM HEPES and 15
mM glucose at pH 7.4. The cells were dosed on the apical side
and basolateral side, incubated at 37°C with 5% CO, and 90%
relative humidity under shaking conditions (150 rpm). The test
compounds were first prepared in stock solutions of 10 mM in
100% DMSO. Then, compounds were added to a permeability
assay buffer at final concentration of 10 pM with solvent DMSO
concentration of 0.1% for all experiments. In the Pgp inhibition
assays, the cells were pre-incubated with 10 uM cyclosporin A
(CSA), a known Pgp inhibitor, for 30 min and same concen-
tration of CSA was present in the apical and basolateral assay
buffer throughout the experiments. Drug permeation was tested
in two directions, apical-to-basolateral (A-to-B) and basolateral-
to-apical (B-to-A), in triplicate. Sampling was done every 30 min
for 2 h. The apparent permeability coefficient (Papp), was cal-
culated as follows:

Papp = (dC,/dt)/A x Cy

where, dC, /dt is the slope of the cumulative concentration in
the receiver compartment versus time in uM/s~'; A is the area
of the cell monolayer; C, is the initial concentration in the
donor chamber. The linear portion of the cumulative receiver
compartment concentration versus time was used to calculate
the slope.

Brain Perfusion

The in situ rat brain perfusion procedure used was
similar to that previously described (28,29). Adult male
Sprague-Dawley rats (300-350 g) were purchased from
Hilltop Labs (Scottdale, PA, USA). Animals were housed
in a temperature controlled animal facility at West Chester
University, PA, USA. All the procedures performed were
approved by the Institutional Animal Care and Use Com-
mittee of West Chester University, PA, USA, and conducted
in accordance with approved standards for laboratory animal
care.

The rats were anesthetized with a solution containing
50 mg/kg ketamine and 3 mg/kg xylazine. The left common
carotid artery was cannulated with a polyethylene-60
catheter (BD Biosciences, Sparks, MD), which was inserted
into the left internal carotid artery for perfusion. The
perfusion fluid consisted of Krebs Ringer Bicarbonate
buffer (KRB) pH 7.4 and was oxygenated with a mixture
air of 95% O, and 5% CO, before starting the perfusion.
The perfusion was started immediately after the cardiac
blood supply was cut-off. The perfusion flow rate was 20 ml/min
and perfusate contained one of the antihistamines (15 uM) in
the absence and presence of Cyclosporin A (10 pM). In
addition, the perfusate also contained the intravascular space
marker atenolol (50 uM) (30) and a moderate brain perme-
ability marker, antipyrine (5 uM) (23). The perfusion with
KRB containing drugs lasted 30 s and was followed by 30 s of
post perfusion wash (KRB only) to remove drug from the
intravascular compartment. Upon completion of the post
perfusion wash, brains were quickly removed from the skull
and the left cerebral hemisphere was excised.
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Table I. Transport of First Generation Antihistamines across MDR-MDCK Cell Monolayers

Compound Treatment Average Papp value + STD (x 10~ cm/s) B-A/A-B Py, ratio
Clemastine No CSA A-B: 40.4+2.4 B-A:156.4+27.7 3.9
With CSA A-B: 31.845.4 B-A:49.5+8.7 1.5
Pyrilamine No CSA A-B: 18.0£3.4 B-A:100.4+7.2 5.6
With CSA A-B: 34122 B-A:73.8+13.5 22
Chlorpheniramine No CSA A-B: 11.6£1.3 B-A: 93.7+21.6 8.1
With CSA A-B: 259439 B-A: 66.2+8.1 2.6
Diphenhydramine No CSA A-B: 279433 B-A:103.7+11.7 3.7
With CSA A-B: 21.242.1 B-A:77.8+5.7 3.7
Hydroxyzine No CSA A-B:26.6£1.2 B-A:38.1+8.3 14
With CSA A-B: 30.1#1.1 B-A: 32.0£3.6 1.1

Brompheniramine No CSA A-B: 11.64+0.6 B-A: 118.8+20.6 10.26

With CSA A-B: 26.2+0.7 B-A: 76.8+1.8 2.9

The isolated left brain tissue was homogenized using a
Polytron in 4 ml of a methanol/water mixture. The resulting
homogenates were stored at —80°C until analysis.

Sample Analysis

Prior to the LC/MS/MS analysis, the brain samples were
treated with acetonitrile using a Tomtec Quadra 96 Model 320
liquid handler (Hamden, CT) and Sirocco™ protein precipita-
tion plates from Waters Corp (Milford, MA). A 200 pl aliquot
of the brain homogenate was mixed with 400 pl of 100 ng/ml
warfarin in pure acetonitrile. After mixing the supernatants
were vacuumed through the protein precipitation plate and
collected in a 96-well plate. These samples were then evapo-
rated to dryness under N, at 37°C using a Zymark TurboVap
96 (Hopkinton, MA). The resulting residue was then recon-
stituted with 200 pl of 20% acetonitrile in water after drying.
A 70 pl aliquot of the samples was then transferred into
cromacol vials for LC/MS/MS analysis. The mass spectrometry
was conducted on a Sciex API2000 triple quadrupole. Mass
spectrometer response for each compound was individually
optimized to result in best sensitivity. The LC consisted of one
series 200 autosampler and two Perkin-Elmer series 200
micropumps.

Calculations

The unidirectional transfer constants K;, (ml/min/g)
were determined using the following equation for the
single-point perfusion assay (31):

Kin = [Qur/Cyi] /1

where Qy,/Cp; is the apparent brain distribution volume, Qp,
is the amount of drug in the brain tissue (nanograms per
gram of brain tissue), C, is the drug concentration in the
perfusion fluid (nanograms per milliliter) and t is the net
perfusion time (minutes). To exclude the drug contained in
the capillary space from the brain concentration values, the
apparent brain distribution volume of atenolol was sub-
tracted from the drug values in each animal. The validity of
this approach is supported by observations that atenolol does
not cross BBB and the similarity between the brain
distribution volumes of atenolol and the intravascular space
marker mannitol (30,32).

RESULTS
In Vitro Efflux Studies

All of the first generation antihistamines, with the
exception of hydroxyzine, underwent efflux in MDR-MDCK
cells. The B-to-A /A-to-B Papp ratios for clemastine, pyril-
amine, chlorpheniramine, diphenhydramine and bromphenir-
amine were higher than 3 (Table I), a value previously
suggested to indicate the existence of efflux in the MDR-
MDCK cell model (23). In addition, the A-to-B Papp values
of the first generation antihistamines in the absence of CSA
ranged from 11.6 to 40.4x10°® cm/s, which suggests that
these compounds have a high intrinsic A-to-B permeability
across the cell barrier despite undergoing net secretion
(Table I). The addition of CSA caused a substantial
decrease in the B-to-A/A-to-B Papp ratio of all the first
generation antihistamines tested, with the exception of
diphenhydramine (Table I). The diphenhydramine efflux

Table II. Transport of Second Generation Antihistamines Across MDR-MDCK Cell Monolayers

Compound Treatment Average Papp value + STD (x 107° cm/s) B-A/A-B Py, ratio
Terfenadine No CSA A-B: 0.62+0.08 B-A: 11.43+0.68 18.5
With CSA A-B: 1.51£0.61 B-A:2.39+0.52 1.6
Loratadine No CSA A-B: 4.75+1.58 B-A:35.0+4.3 7.4
With CSA A-B: 1552449 B-A: 39.64+1.53 2.6
Fexofenadine No CSA A-B: 0.34£0.14 B-A: 1.34+0.72 3.9
With CSA A-B: 0.13£0.05 B-A: 0.27+0.12 2.0
Cetirizine No CSA A-B: 0.29+0.02 B-A: 18.3+3.2 63
With CSA A-B: 2.30+0.73 B-A: 2.46%0.74 1.1




Antihistamines Brain Penetration and Role of P-Glycoprotein

*
3.0+

2.5+

2.0+

1.54

Ki,, (ml/min/g)

1.0+

0.54

0.0

TREATMENT

Fig. 1. The unidirectional transfer constants (K;,) of clemastine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present meantSEM from three animals in each treatment
group. *Clemastine K;, value is significantly higher than corresponding
antipyrine K;, value (P<0.05, paired Student’s t-test). There was no
statistical difference between K;, values of clemastine in absence or
presence of CSA. In addition, antipyrine K;, value in absence of CSA was
similar to antipyrine K;, value in presence of CSA.

ratio of 3.7 remained unaltered by Pgp inhibition in the
presence of CSA (Table I).

In contrast to the first generation antihistamines, the
second generation compounds had relatively low A-to-B
Papp in the absence of CSA (A-to-B Papp ranged from
0.19x107° cm/s to 4.75x10~° cm/s, Table II). The B-to-A/A-
to-B Papp ratios for the second generation antihistamines in
the absence of CSA ranged from 3.9 for fexofenadine to 63
for cetirizine (Table II). These results in MDR-MDCK cells
suggest that terfenadine, fexofenadine and cetirizine can be
expected to have a low brain penetration potential since they
have A-to-B Papp across MDR-MDCK cells lower than
1x107° cm/s and a substantial efflux in absence of CSA (23).
In contrast to terfenadine, fexofenadine and cetirizine, lora-
tadine had high intrinsic permeability across MDR-MDCK
cells despite undergoing efflux (A-to-B Papp value 4.75x10°
cm/s and B-to-A/A-to-B Papp ratio of 7.4, Table II). In CSA
treated cells, the B-to-A/A-to-B Papp ratios of second gen-
eration antihistamines terfenadine and cetirizine were 1.6
and 1.1, respectively (Table II). The addition of CSA did not
completely diminish efflux of loratadine and fexofenadine
since their efflux ratio remained at 2.6 and 2.0, respectively
(Table II). These results may reflect additional transport
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mechanisms, responsible for the persistent in vitro efflux of
loratadine and fexofenadine, distinct from Pgp. While
loratadine interaction with other transporters is still not
known, the fexofenadine biliary excretion is mediated by
uncharacterized transporter other than Pgp (24).

Brain Perfusion Results

The unidirectional transfer constants (K;,) of all first
generation antihistamines were higher than 1 ml/min/g of
brain tissue. Furthermore, the K;, values of all the first gener-
ation antihistamines were significantly higher than the associ-
ated K, value of the co-perfused moderate brain permeability
marker antipyrine, which had a Kj, of approximately 0.2 ml/
min/g brain tissue (Figs. 1, 2, 3, 4, 5 and 6). The addition of
CSA to the perfusate did not change the K, values of either
the first generation antihistamines or antipyrine (Figs. 1, 2, 3,
4,5 and 6).

When perfused without CSA, fexofenadine and cetir-
izine average K;, values were 0.0003 ml/min/g brain tissue
and 0.005 ml/min/g of brain tissue, respectively (Figs. 7 and
8). These values were significantly lower than the K;, value
of co-perfused antipyrine (Figs. 7 and 8). Under conditions of

2.5+

2.0+ *

Ki, (ml/min/g)
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Fig. 2. The unidirectional transfer constants (Kj,) of pyrilamine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Pyrilamine K;, value is significantly higher than corresponding
antipyrine Kj, value (P<0.05, paired Student’s t-test). There was no
statistical difference between K;, values of pyrilamine in absence or
presence of CSA. In addition, antipyrine Kj,, value in absence of CSA was
similar to antipyrine K;, value in presence of CSA.
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no Pgp inhibition by CSA, the second generation antihista-
mine, loratadine, had a K;, value somewhat lower than
antipyrine (Fig. 9) but substantially higher than those of
fexofenadine and cetirizine (Figs. 7 and 8). The K;, value of
terfenadine, when this antihistamine was perfused alone, was
comparable to the antipyrine K;, value, with average of
approximately 0.3 ml/min/g of brain tissue (Fig. 10) indicating
moderate brain penetration in spite of the Pgp activity at the
BBB. For all of the second generation antihistamines, co-
perfusion with CSA resulted in a significant increase in the
K;, value (Figs. 7, 8, 9 and 10). However, even in the
presence of CSA, fexofenadine and cetirizine still had Kj,
values lower more than tenfold than antipyrine (Figs. 7 and
8). In contrast, loratadine and terfenadine exhibited brain
penetration rates that significantly surpassed that of antipy-
rine in the presence of CSA (Figs. 9 and 10). The CSA
application did not increase the K;, value of the co-perfused
antipyrine in any of the treatments tested (Figs. 7 and 10).
Under all experimental conditions antipyrine K;, was ap-
proximately 0.2 ml/min/g brain tissue (Figs. 1, 2, 3,4, 5,6, 7,
8,9 and 10), a value close to that previously reported using in
situ brain perfusion technique by Youdim et al. (33).
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Fig. 3. The unidirectional transfer constants (Kj,) of chlorphenir-
amine and antipyrine in absence and presence of cyclosporine A
(CSA). Values present mean + SEM from three animals in each
treatment group. *Chlorpheniramine K;, value is significantly higher
than corresponding antipyrine K;, value (P <0.05, paired Student’s t-test).
There was no statistical difference between Kj, values of chlorpheniramine
in absence or presence of CSA. In addition, antipyrine K;, value in absence
of CSA was similar to antipyrine Kj, value in presence of CSA.

Obradovic et al.

3.0+

2.5

2.0+

1.5+

K, (ml/min/g)

1.0+

TREATMENT

Fig. 4. The unidirectional transfer constants (K;,) of diphenhy-
dramine and antipyrine in absence and presence of cyclosporine A
(CSA). Values present mean = SEM from three animals in each
treatment group. *Diphenhydramine K;, value is significantly higher
than corresponding antipyrine K;, value (P <0.05, paired Student’s t-test).
There was no statistical difference between K, values of diphenhydramine
in absence or presence of CSA. In addition, antipyrine K;,, value in absence
of CSA was similar to antipyrine K;, value in presence of CSA.

DISCUSSION

First generation antihistamines such as clemastine, pyril-
amine, chlorpheniramine, diphenhydramine, hydroxyzine
and brompheniramine have been associated with a high
incidence of sedation (34). Second generation antihistamines
such as terfenadine, loratadine, cetirizine, and fexofenadine,
tend to be less sedating than first generation antihistamines
(1,2). Since sedation of antihistamines is mediated via
centrally located H; receptors, it has been hypothesized that
differences in sedating effects between first and second
generation antihistamines arise from their ability to penetrate
into the CNS (5). Optimal CNS penetration depends on drug
physicochemical properties, binding to serum proteins, and
interaction with efflux/uptake transporters present at the
BBB (35). The differences in brain penetration and sedating
effects between the fist and second generation antihistamines
could not be explained by differences in physicochemical
characteristics, serum protein binding, or affinity for central
H; receptors (4-6). Therefore, it has been hypothesized for
some of the second generation antihistamines to be devoid of
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Fig. 5. The unidirectional transfer constants (Kj,) of hydroxyzine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Hydroxyzine Kj, value is significantly higher than corresponding
antipyrine Kj, value (P<0.05, paired Student’s t-test). There was no
statistical difference between K, values of hydroxyzine in absence or
presence of CSA. In addition, antipyrine Kj,, value in absence of CSA was
similar to antipyrine Kj,, value in presence of CSA.

sedating effects due to their active efflux from the CNS
mediated by Pgp. A significantly reduced brain penetration
in wild-type mice compared to Pgp-knockout mice has been
reported for second generation antihistamines cetirizine,
loratadine and fexofenadine (8,14,24). In addition, cetirizine,
loratadine, and fexofenadine, were found to be Pgp sub-
strates in vitro (7,8,14-16). In contrast, the first generation
antihistamines hydroxyzine and diphenhydramine were not
classified as Pgp substrates in vitro and their brain penetra-
tion was similar in the wild-type and Pgp-knockout mice
(8,14). This study expands the evaluation of Pgp role in brain
penetration of additional first generation and second gener-
ation antihistamines to make a more comprehensive com-
parison between two classes.

Overall, in vitro results on MDR-MDCK cells did not
demonstrate clear distinction between first and second
generation antihistamines in their potential to be effluxed
by Pgp. The majority of compounds in both antihistamine
classes exhibited Pgp-mediated efflux. In agreement with a
previous report of Polli er al. (14), first generation antihista-
mine hydroxyzine was not found to be effluxed across MDR-
MDCK cell monolayers because it had a B-to-A/A-to-B
Papp ratio of approximately 1 in the absence and presence of
CSA. However, all the other first generation antihistamines
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tested had B-to-A/A-to-B Papp ratio higher than 3, a value
that in this cell model indicates the existence of efflux (23).
The presence of CSA in the transport buffer resulted in
decreased efflux of clemastine, pyrilamine, chlorpheniramine
and brompheniramine, which indicates that Pgp plays a role
in the efflux of these compounds. The exception was
diphenhydramine whose B-to-A/A-to-B Papp ratio was
greater than 3, and it was unaffected by CSA, indicating that
diphenhydramine is not a likely Pgp substrate but may be
transported by other, Pgp independent mechanism. Similarly
to present findings, diphenhydramine is actively transported
across Caco-2 cell monolayers but was found not to be an
Pgp substrate, and is likely transported via pH-dependent
tertiary amine transport system (36,37).

The in vitro results of this study indicate that chlorphen-
iramine has the potential to interact with Pgp. The chlorphen-
iramine efflux was decreased by CSA, which is in accordance
with recent findings on the isolated bovine nasal tissue where
the Pgp inhibitors quinidine and verapamil significantly de-
creased chlorpheniramine efflux (38). Polli ez al. (21), however,
did not observe chlorpheniramine efflux in MDR-MDCK
cells. The discrepancy between chlorpheniramine results in
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Fig. 6. The unidirectional transfer constants (K;,) of bromphenir-
amine and antipyrine in absence and presence of cyclosporine A
(CSA). Values present mean + SEM from three animals in each
treatment group. *Brompheniramine K;, value is significantly higher
than corresponding antipyrine Kj,, value (P <0.05, paired Student’s t-test).
There was no statistical difference between K;,, values of brompheniramine
in absence or presence of CSA. In addition, antipyrine K;, value in absence
of CSA was similar to antipyrine K;,, value in presence of CSA.
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Fig. 7. The unidirectional transfer constants (K;,) of fexofenadine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Fexofenadine K;, value is significantly lower than cor-
responding antipyrine K;, value (P<0.05, paired Student’s t-test).
Despite higher average K;, value of fexofenadine in presence of CSA
the difference did not reach statistical significance. In addition,
antipyrine K;, value in absence of CSA was similar to antipyrine Kj,
value in presence of CSA.

this study and those previously reported may arise from
different MDR-MDCK cell culture conditions. For example,
the cell seeding density in the present study was 60,000 cells/
cm? and permeability assays were initiated on the seventh day
post-seeding, while in the previous study (21), cells were
seeded at a density of 300,000 cells/cm” and assays performed
3 days after seeding. Furthermore, unlike the previous work,
cells used in experimentation were cultured in the presence of
colchicine, a selection agent to maintain Pgp expression. In
addition, another reason for discrepancy may be application of
different concentrations since current chlorpheniramine assay
was done at 10 uM whereas previously tested concentration
was 20 uM (21), which may have saturated Pgp resulting in no
observation of efflux.

The substantial Pgp-mediated efflux of all of the second-
generation antihistamines tested in this study in MDR-
MDCK cells resembles previous in vitro findings in other
cell models (7,8,15). However, despite similarities in efflux,
there was a clear distinction between loratadine and other
second generation antihistamines in intrinsic permeation
across MDR-MDCK cells. The A-to-B Papp value of
loratadine exceeded that of terfenadine several-fold in the
absence of CSA. The high loratadine permeation across
MDR-MDCK cells in vitro, despite efflux, indicates that this
second generation antihistamine can be expected to have
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substantial brain penetration in vivo and higher than that of
terfenadine (23). The low A-to-B permeation across MDR-
MDCK cells (less than 1x10~° cm/s) accompanied with high
efflux in the absence of CSA, suggests poor permeation of
terfenadine as well as cetirizine and fexofenadine across the
BBB (23).

Despite Pgp involvement in the transport of the majority
of the first generation antihistamines in vitro, the results from
the in situ perfusion results demonstrated that the brain penetra-
tion of these compounds is not increased by co-perfusion with
CSA. Therefore, Pgp-mediated efflux appears not to be a limiting
factor to the CNS penetration of clemastine, pyrilamine, chlor-
pheniramine, diphenhydramine, hydroxyzine and bromphenir-
amine. It is possible that, despite undergoing Pgp-mediated
efflux, the first generation antihistamines may reach the CNS as
a result of high intrinsic permeation. This is supported by reports
that, in vivo, diphenhydramine and hydroxyzine had similar brain
penetration in wild type and Pgp knock-out mice (8,14) and by
numerous examples of compounds that are centrally active and
have high intrinsic permeability while undergoing Pgp-mediated
efflux in vitro (22,23). However, in the case of second generation
antihistamine loratadine, a high intrinsic permeability despite
efflux in vitro, did not translate into high brain penetration since
K;, value of loratadine was significantly lower than that of
antipyrine, a moderate brain penetrant (28,39). In addition, there
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Fig. 8. The unidirectional transfer constants (Kj,) of cetirizine and
antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Cetirizine Kj, value is significantly lower than corresponding
antipyrine Ky, value (P<0.05, paired Student’s t-test). “The cetirizine
K, value in presence of CSA significantly higher than cetirizine
K, value in absence of CSA (P <0.05, paired Student’s t-test). In
addition, antipyrine K;, value in absence of CSA was similar to
antipyrine Kj, value in presence of CSA.
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Fig. 9. The unidirectional transfer constants (Kj,) of loratadine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Loratadine K;, value is significantly lower than corresponding
antipyrine Kj, value (P<0.05, paired Student’s t-test). ‘Loratadine Kj,
value in presence of CSA significantly higher than antipyrine K;,
value under same conditions (P<0.05, paired Student’s t-test).
*Loratadine Kj, value in presence of CSA significantly higher than
loratadine K;, value in absence of CSA (P <0.05, paired Student’s
t-test). In addition, antipyrine K;, value in absence of CSA was
similar to antipyrine K, value in presence of CSA.

is a discrepancy between high terfenadine brain permeation (Kj,
similar to antipyrine, Fig. 10) and the expected results based on
low intrinsic permeability and high Pgp-mediated efflux across
MDR-MDCK cells in vitro. These findings support recent
observations by Summerfield et al. (40), where on a large set of
CNS compounds efflux in MDR-MDCK cells was found to be a
poor predictor of in vivo brain penetration. In numerous cases of
Pgp substrates, in vitro results on MDR-MDCK cells had a
tendency to overestimate drug efflux, thus resulting in underes-
timation of drug potential to reach CNS as evidenced by
substantial drug brain-to-blood (B/P) ratio in vivo (25,40). In
addition, some compounds with low intrinsic A-to-B permeation
and high Pgp-mediated efflux across MDR-MDCK cells, still
exhibit substantial brain penetration (40), a similar profile as the
one observed for terfenadine. Therefore, evaluation of drug
potency to penetrate brain based solely on in vitro results using
MDR-MDCK cell model, may lead to misclassification of the
compound potential to reach CNS in vivo. The discrepancy
between in vitro and in vivo observations indicates a role for
other parameters in addition to intrinsic permeability and
interaction with Pgp. Recent studies demonstrated significant
roles of plasma and brain tissue biding in drug CNS disposition
(25,41). For compounds such as terfenadine, which are Pgp
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substrates with poor in vitro permeability, a sufficiently high brain
tissue binding may provide a powerful driving force surpassing
effects of the efflux or plasma binding (40,41). Furthermore, an
active uptake across BBB can contribute to substantial drug CNS
penetration. For H1 antihistamines mepiramine and epinastine,
an uptake by a cation-transporting peptide expressed in the rat
brain capillary endothelial cells has been found (13). However,
the extent of terfenadine brain tissue binding or existence of the
active uptake across BBB, remains to be elucidated.

When assayed for CNS penetration using brain perfu-
sion method in the absence of CSA, cetirizine had a K;,, value
more than ten times lower than terfenadine and loratadine.
Similarly, fexofenadine brain concentration following perfu-
sion in absence of CSA was very low, resulting in a K;,, value
close to 0. This negligible brain penetration of fexofenadine
and cetirizine is in accordance with reports of very low or
non-existent binding of these compounds to cortical H;
receptors following oral ingestion in humans (20,42). Fur-
thermore, fexofenadine and cetirizine are devoid of sedation
at therapeutic or higher doses (17-19,43,44). In contrast,
terfenadine and loratadine that exhibited substantial brain
penetration potential even under conditions of efflux have
been associated with relatively frequent reports of motor and
psychological functions impairment in patients (17,34).
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Fig. 10. The unidirectional transfer constants (K;,) of terfenadine
and antipyrine in absence and presence of cyclosporine A (CSA).
Values present mean + SEM from three animals in each treatment
group. *Terfenadine K;, value in presence of CSA is significantly higher
than corresponding antipyrine Kj, value (P <0.05, paired Student’s t-test).
#Terfenadine Kj, value in presence of CSA significantly higher than
terfenadine Kj,, value in absence of CSA (P <0.05, paired Student’s
t-test). In absence of CSA terfenadine and antipyrine K;, values
were not different. In addition, antipyrine K;, value in absence of
CSA was similar to antipyrine K;, value in presence of CSA.
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Under conditions of inhibited Pgp-mediated efflux by
CSA, K, values of fexofenadine, certirizine, loratadine, and
terfenadine significantly increased by several fold, which demon-
strates that potential of these second generation antihistamines to
cross BBB is limited by their interaction with Pgp. The brain
penetration of fexofenadine and cetirizine remained poor even
under conditions of Pgp inhibition. In contrast, brain delivery of
terfenadine and loratadine surpassed that of antipyrine when Pgp
was inhibited. These results suggest that a primary limiting factor
for terfenadine and loratadine CNS penetration is likely Pgp-
mediated efflux, whereas fexofenadine and cetirizine have low
potential to cross BBB independent from Pgp function.

In summary, the present study demonstrated that the
majority of antihistamines, including both first and second
generation compounds, are Pgp substrates in vitro. However,
Pgp-mediated efflux is not a limiting factor for brain penetra-
tion of first generation antihistamines. Regarding the trans-
port of second generation compounds, Pgp plays a minor role
in limiting terfenadine and loratadine disposition into the
CNS. In contrast, brain permeation of fexofenadine and
cetirizine is intrinsically low and further suppressed by Pgp-
mediated efflux.
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