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Abstract

Objective: The objective of this study was to evaluate the abilityrd, the 12 kDa active fragment of ZOT, to increase the

brain distribution of MTX and paclitaxel, two commonly used anticancer agents with poor distribution into the brain.

Methods: As part of dose estimation @G, [**C]-sucrose (4@.Ci/kg), a hydrophilic paracellular marker, was co-administered

with AG (0, 400 and 80Q.g/kg) with and without protease inhibitors to male Sprague—Dawley na&tS (per group) via an
intracarotid cannula. MTX (50 mg/kg) an@H]-paclitaxel (120.Ci/kg) were co-administered with the effective doses\af
determined from the above study via the intracarotid cannula. Animals were euthanized by carbon dioxide asphyxiation at the
specified time periods and brain and plasma samples were analyzed for the respective drug.

Results: The brain distribution of f*C]-sucrose was significantly enhanced at both doses®fA fold enhancement in the

BIP ratios of 1.88 and 2.68 was observed at the 400 andug@y doses respectively, when the protein was protected from
metabolic degradation with PIAG significantly increased the brain distribution of MTX at each of the doses administered,
with over a seven-fold increase at the §af)kg dose. JH]-paclitaxel brain AUG_gominWas significantly higher in the presence

of AG (800u.g/kg with Pls) with a 2.5-fold enhancement in brain exposure.

Conclusions: AG significantly enhances the brain distribution of MTX (hydrophilic) and paclitaxel (lipophilic) and has the
potential to be further developed as adjunct therapy to increase delivery of poorly permeable chemotherapeutic and other CNS
targeted compounds.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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challenge to the successful treatment of these dis-

orders. The principle reason for this is the pres-
ence of the blood-brain barrier (BBB) formed by
the highly specialized capillary endothelial cells
(Bradbury, 1983 This anatomical barrier is formed
by complex tight junctions, contains few pinocytotic
vesicles and is devoid of fenestrBradbury, 1984;
Rubin and Staddon, 19%9Tight junctions (TJ) are
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competentCote etal., 1996 Once considered rare, the
incidence of PCNSL has increased by about 7-10%
in both immunocompromised and immunocompetant
populations Cote et al., 1996; Corn et al., 199TCur-

rent management of gliomas involve surgical resection
for immediate relief followed by radiation therapy.
MTX based chemotherapy along with radiation ther-
apy has had a significant impact on the management

considered to be the major determinant of paracellular of PCNSL in the immunocompetant, but severe neuro-

permeability across membrandgiursson, 199Pand
restrict the paracellular diffusion of polar molecules.
Small lipid soluble molecules with a molecular weight
<500 Da can cross the BBB via lipid mediated free
diffusion (Pardridge, 200l However, if the surface
area of the molecule is greater than 50-A80 in
vivo permeability does not increase proportionately to
an increase in lipophilicity Kischer et al., 1998 In
addition, a number of active efflux transporters are
expressed at the BBB which function to reduce the
intracellular accumulation of their substrat€so{den
and Pollack, 2008 Consequently only a small number
of low molecular weight (<500 Da), lipophilic com-
pounds can permeate the BBBefin, 1980; Unger et
al., 1985; Pardridge et al., 1990

Most of the serious disorders of the brain includ-
ing, human inmmunodeficiency virus type-1 (HIV-1)
neuroinvasion and brain tumors, do not respond to
treatment with large molecules due to their inabil-
ity to achieve and maintain effective concentrations
in the CNS Pardridge, 2003b The large molecular
weight lipophilic (e.g. saquinavir in HIV-1 infection)
or hydrophilic (e.g. methotrexate (MTX) in primary
CNS lymphoma) compounds that are effective system
ically are unable to attain pharmacologically signifi-
cant amounts in the braifRéggev and Djerassi, 1988;
Yazdanian, 1999

Drug delivery to brain tumors has been a contro-
versial subject and is therefore of particular interest.
Brain tumors can vary in malignancies but even the
so-called benign tumors can be lethal due to their infil-
trating properties and their ability to undergo malignant
transformations over time. Gliomas and primary CNS
lymphomas (PCNSL) are the most commonly observed
forms of brain tumor in adult®ehin et al., 2008 The

toxic effects persist. The current understanding is that
inadequate drug delivery to brain tumors is responsi-
ble for the unsatisfactory response of chemosensitive
brain tumors Kouis et al., 2000; Siegal and Zylber-
Katz, 2002.

Zonnula ocludens toxin (ZOT) is a 45 kDa protein
isolated byFasano et al. (199%)om Vibrio cholerae.
AG is its 12kDa active fragment identified and iso-
lated by deletion studies with ZOTD{ Pierro et al.,
2007). Both ZOT andAG have been shown to bind
to a surface receptor and cause TJ opening via intra-
cellular PKC mediated event&gsano et al., 1995
In studies conducted with ZOT and insulin in BB/r
diabetic male rats, Fasano et al. have shown that co-
administration of ZOT with oral insulin resulted in
enhanced insulin transport across the intestinal tight
junctions resulting in blood glucose levels compara-
ble to that achieved by the conventional subcutaneous
route Fasano and Uzzau, 1997a,More recently, in
vitro studies in Caco-2 and bovine brain microvessel
endothelial cells (BBMEC) cells as well as in vivo
oral studies from this lab have demonstrated that both
ZOT andAG are capable of transiently and reversibly
increasing the paracellular transport in a dose depen-
dant manner, of a number of hydrophilic molecular
weight markers (mannitol, sucrose, PEG 4000 and
inulin) and therapeutic compounds (acyclovir, pacli-
taxel, doxorubicin) Cox et al., 2001, 2002; Karyekar
and Eddington, 2002abIn a previously reported
in vivo study in male Sprague—Dawley rats it was
shown that co-administration afG along with pro-
tease inhibitors (P1) with)'C]-mannitol resulted in a
2.75-fold increase in its intestinal absorption (bioavail-
ability) (Salama et al., 20Q3It was therefore expected
that this observed effect kG on the bioavailability

incidence of gliomas has been approximated to 5-10 of mannitol will translate into an increased distribution

per 100,000 general populatidregler etal., 1998and
that of PCNSL to 4-5 per 1000 persons in patients with

AIDS and 0.3 per 100,000 persons among the immuno-

of therapeutic agents across the BBB when adminis-
tered along withAG. Hence, the purpose of this study
was to examine the effect cAG on the brain dis-
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tribution of MTX (MW 454.4) and paclitaxel (MW
853.9), two extensively used anticancer agents with dif-

ferent physicochemical properties and poor permeabil-

ity into the brain Neuwelt et al., 1991; Huennekens,
1994; Fellner et al., 2002The hydrophilic paracellu-
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flushing with heparinized saline. The protocol for the
animal studies was approved by the School of Phar-
macy, University of Maryland IACUC.

For the dose estimation studies with sucrose, ani-
mals ¢ = 3 per group) were administeredC]-sucrose

lar marker sucrose (MW 342.3) was used to assess an(40.Ci/kg) andAG (0, 400 and 80Q.g/kg) with and

effective dose range af G in this study.

2. Materials and methods
2.1. Materials

MTX, xylazine, leupeptin, bestatin, captopril, ace-
tonitrile and Tris—HCI were purchased from Sigma
Chemical Co. (St. Louis, MO). All chemicals used
were of analytical grade. Ketamine HCI Injection
USP was purchased from Bedford laboratories (Bed-
ford, OH). [1“C]-sucrose (10Q.Ci/mmol), [PH]-o-
benzamido-paclitaxel (37 Ci/mmol) were purchased
from Moravek Biochemicals (Brea, CA). Phosphate
buffered saline (PBS), sterile saline (0.9N sodium chlo-
ride), and glacial acetic acid were purchased from
Fischer Scientific (Newark, DE). The tissue solubi-
lizer, Solvabl€, and scintillation fluid, Ultima Gol8,
were purchased from Packard BioScience (Gronin-
gen, Netherlands)AG was isolated and purified as
described previoushydi Pierro et al., 200Land was
obtained from Dr. Fasano. Polyurethane tubing (MRE
033) was purchased from Braintree Scientific (Brain-
tree, MA).

2.2. Methods

2.2.1. Brain distribution studies with AG in
carotid cannulated rats

Male Sprague—-Dawley rats weighing 225-275g
were purchased from Harlan (Indianapolis, IN). The
animals were housed in an AAALAC accredited facil-
ity run on a 12h light and dark cycle. The animals

were allowed unrestricted access to food and water.

without PI (bestatin 30 mg/kg, leupeptin 67 mg/kg and
captopril 30 mg/kg) via the intra carotid cannula. This
cocktail of Pl was previously used to protet& from
possible metabolismSalama et al., 2003In all the
experiments where Pls were used, it was administered
as a mixture immediately before the administration of
AG and the radiolabeled compound. All solutions were
freshly prepared in saline on the day of dosing. The
animals were euthanized by carbon dioxide asphyxi-
ation 5min post dosing. For the MTX and paclitaxel
brain distribution studies, the animais< 3 per group)
were dosed with the drug (MTX, 50 mg/kg antH]-
paclitaxel, 12QuCi/kg, respectively), and G (0, 200,
400 and 60Gug/kg) for MTX and (0 and 80@.g/kg)

for paclitaxel, respectively with and without PlIs. All
doses were administered in a total volume not exceed-
ing 1.2 mL. Animals were euthanized by carbon diox-
ide asphyxiation at the specified time points (2, 5 and
10 min for MTX and 5, 10, 15, 30 and 60 min for pacli-
taxel, respectively). Blood was collected by cardiac
puncture immediately after euthanization, centrifuged
at 2500 rpm for 10 min and plasma separated form the
samples. Brains were removed within a minute of blood
collection, blotted dry and weighed. All samples were
stored at-80°C until analyzed.

The radiolabeled tissue and plasma samples
(sucrose and paclitaxel) were prepared for analysis
as previously outlined (in the manufacturer’s instruc-
tions). Briefly, the tissue samples were homogenized
with equal volumes of phosphate buffered saline (PBS).
An amount of 20Q.L of the homogenate was added
to 1mL of Solvabl® (alkali tissue solubilizer) and
digested at 50C in a water bath for 2h. At the end
of the 2h period, the samples were cooled to room
temperature. An amount of 0 of glacial acetic acid

The rats were anesthetized with an intraperitoneal dose(bleaching agent) was then added to the samples and
of ketamine (80 mg/kg) and xylazine (12 mg/kg) and further digested at 50C for 1 h. At the end of the
the carotid artery was isolated and cannulated using 1 h period, the samples were cooled to room tempera-
polyurethane tubing in a retrograde manner. The can- ture and 10 mL of the liquid scintillation fluid, Ultima
nula was exteriorized at the back of the neck. The ani- Gold® was added. The samples were allowed to tem-
mals were allowed 2 days to recover from the surgery. perature and light adapt for 1 h. Plasma samples were
The patency of the cannulas were maintained by daily prepared by addition of 1Q0L of the plasma sample
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to 10 mL of the liquid scintillation fluid. All samples
were counted on a Beckman LS 6500 Scintillation
Counter.

MTX in tissue and plasma was analyzed using a
previously reported UV-HPLC methodCéirnes and
Evans, 198Pwith minor modifications. Briefly, brain
tissue samples were homogenized with equal vol-
umes of 0.1M Tris (pH 8) containing the internal
standard aminopterin (30g/mL), 20ul of TCA was
added to 20Q. of the homogenate and centrifuged
at 20,000x g for 20 min. An amount of 5@Q.L of the
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culated for the treatment and control groups using
Bailer's method Bailer, 1988. At each time point, the
mean sample concentration was estimated following
the expression given below:

— Yq.r

wherey, is the average brain concentration of the drug
g™ time point,n, the number of sample points gt

7, - 3)

supernatant was then injected on to an HPLC under point, andyy,r is the concentration of theth animal

the chromatographic conditions stated below. Plasma

samples were treated with 0 of 50% TCA, cen-
trifuged at 20,000 g for 20min and 5@Q.L super-
natantanalyzed for MTX utilizing UV detection&tax

of 280 nm. MTX was eluted using a reverse phagg C
10pum Bondapak (Phenomenex, 150 mn3.9 mm)
column with 15% ACN in 0.01 M ammonium formate
buffer.

2.3. Distribution and statistical data analysis

2.3.1. Brain to plasma ratios for studies with
sucrose

Brain (B) to plasma P) ratio (B/P) of [**C]-sucrose
at 5min was determined as follows:

B/P = (dpm/g) !n brain
(dpnymL) in plasma

@)

B/P-fold enhancement ratio to indicate the amount of
enhancement produced kYG treatment was calcu-
lated as

(B/ P)agpi
(B/P)control

where, B/P) sg/pi is the brain to plasma ratio o¥{C]-
sucrose in theAG treated group (with or without the
PIs) and B/P)control IS the brain to plasma ratio of
[14C]-sucrose in the control group. TB&P ratios were
compared for statistical significance using a Student’s
t-test or ANOVA with Dunnett’s post-hoc where appro-
priate atp <0.05.

fold enhancement ratigR) =

)

2.3.2. Brain distribution studies with paclitaxel
and MTX

Area under the concentration—time curve (AUC)
and the variance associated with the AUC was cal-

at thegth time point. The trapezoidal rule was then
applied to the average concentrations to estimate the
AUC:

Y

AUC = “w,Y, 4)
q=0

where

_(1—-0) _

Wg =" =0 (5)
fga1 — tg_

q:w7 =1...,0-1 (6)
(To —19-1)

quQle, g=0 )

The variance of the estimated AUC at each time interval
was estimated using the following expression:

ZqQ:OwZSZ

g

var(AUC) = (8)

wheres, is the variance of the concentration at the
gth time point. Total variance was calculated as a sum-
mation of variance at each time interval. Ninety-five
percent confidence intervals were calculated for the
groups and used to determine statistical significance.
The ratio of AUC brain to AUC plasma was used to
calculate the plasmato tissue partitioning. Further, fold
enhancement of thAG treated group was calculated
as

ﬁ:Brain-AG/AUCPIasmaAG

R= (9)

—

AUCBrain-Control/AUCPIasma—ControI
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Fig. 1. Mean £S.D.) ofB/P ratio of sucrose in Sprague—Dawley rats
for the control AG 0) and treatment group&\G 400 and 800) on
concomitant dosing with 400 and 800 mg/kgs with and without
Pls via the intracarotid cathetép < 0.05 vs.control.

3. Results

3.1. Brain distribution studies with sucrose and

AG

The objective of the sucrose arm of this study was
to assess a dose range fo6 that should be adminis-
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treatment group was significantly differept<0.05)

as that of the control, whereas that of 40fkg treat-
ment did not shown any significant difference. When
the PI cocktail was administered along wittG at O,
400, and 80Gwg/kg, theB/P ratios were 0.016- 0.001,
0.034£0.003, and 0.043 0.005, respectively. In this
case, both the 400 and the 80§/kg AG groups had
significantly higher ratiog(< 0.05) as compared to the
control group.

In the group where sucrose was administered with
AGalone,al.1and1.33-fold enhancementinthe mean
BIP ratio was observed with the 400 and 80fYkg
doses, respectively. As seen from the plot, on admin-
istration of AG along with the Pls there was a further
increase inB/P ratio (1.88 and 2.68 with the 400 and
800p.g/kg doses) caused hyG.

3.1.1. Brain distribution studies with paclitaxel,
MTX and AG

MTX and paclitaxel, two anticancer agents with
poor permeability across the BBB, were selected to
evaluate the effect oAG on the brain distribution
of compounds that show limited transport into the
CNS. The brain distribution of MTX after a 50 mg/kg
intra-arterial dose was determined over a 10min
period in the absence and presenceadd (0, 200,
400 and 60Qug/kg) when administered along with

tered inrats to observe an appreciable brain penetrationPls. The experiment employed a destructive sampling
enhancement effect. Sucrose was administered with strategy and therefore application of Bailer's method

400 and 80Gwg/kg AG with and without PIsFig. 1
illustrates the results. The/P [*4C]-sucrose ratio for
the control groups with and without the administration
of PIs was 0.016-0.001 and 0.015:0.001, respec-
tively, with no significant difference. Thg/P ratios for
the 0, 400, and 80@g/kg AG treatment in the absence
of Pl treatment was 0.0250.001, 0.01#-0.001, and
0.020+ 0.001, respectively. The/P of the 800ug/kg

Table 1

to estimate the AUC would allow statistical analysis
of the data. The brain and plasma Abl&ymin for
MTX as determined by Bailer's method for each
dose of AG are presented iffable 1 In addition,
the B/P ratios for MTX in the presence and absence
of AG are also presented ifable 1 As seen from
the table, there is a significant reductign<(0.05) in
the systemic availability of MTX when comparing

Brain and plasma mean area under the concentration—-time curveo(Ad§) andB/P ratio of MTX for the control and treatment groups in
male Sprague—Dawley rats on concomitant dosing with 200, 400 anddR@ of AG with Pls via the intracarotid catheter

Group Mean AUC braig10 min (lower 95% Mean AUC plasmg@._10 min (lower BIP

Cl, upper 95% CI) gg min/g) 95% CI, upper 95% Cl)g min/mL)
Control 108 (70.0, 146) 14623 (12624,16623) 0.00737
200 317 (261, 373) 5393 (4923,5864) 0.059
400 607 (422, 792) 3359(3096, 3622) 0.181
600 822 (684, 960) 4691 (4071,5309) 0.175

2 Significantly different from control based on 95% CI.
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Table 2
Brain and plasma mean area under the concentration—time curvep(AdG) andB/P ratio of paclitaxel for the control and treatment group
in male Sprague—Dawley rats on concomitant dosing with89Rg of AG with Pls via the intracarotid catheter

Group Mean AUC braiggo min (lower 95% Mean AUC plasmg@.eo min(lower 95% BIP

Cl, upper 95% CI) (ng min/g) Cl, upper 95% CI) (ng min/g)
Control 1.17 (1.00, 1.35) 41.15 (31.30, 51.01) 0.028
800 3.04 (2.73, 3.35) 27.82(15.97, 39.71) 0.109

2 Significantly different from control based on 95% CI.

the control group (AUG_10min=14,623ug min/mL) research is focused on drug discovery and only 1%
versus the 200 (AUE 10min=5393ng min/mL), is allocated to CNS drug deliveryérdridge, 199y

400 (AUCy_10min=3359ugmin/mL) and 600 Although several factors contribute to the low brain lev-
(AUCo_10min=4691ug min/mL) treatment groups. elsof CNS active drugs, the presence ofthe blood—brain
The distribution of MTX as indicated by AUC10 min barrier (BBB) plays a key role in preventing their
(317, 607, 822,g min/g) into the brain was signif-  transport to the brainBart et al., 200D The pres-
icantly increased in each of treatment group (200, ence of highly resistant complex tight junctions is
400, and 60(.g/kg ) when compared to the control an important component of the physical barrier. The
(AUCo-10min=108wg min/g). As such, an increase of tight junctions or zonula occludens are specialized
over three- to seven-fold in the exposure of MTX inthe structures between the capillary endothelial cells that
brain was observed in the three treatment groups. A securely separate the blood compartment from the brain
corresponding 8—24-fold increase was seen inBtie and almost completely eliminate the paracellular path-
ratio of MTX, both due to the enhanced distribution way for the passage of compoundsi{z and Siahaan,

of MTX into the brain as well as the reduced systemic 1997).

exposure of this agent in plasma. Methods involving modulation of the BBB have
The total amount of3H]-paclitaxel present in the  proven to be effective in increasing the brain distri-
brain was estimated by calculating the Ablgo minby bution of anticancer agentdléuwelt, 1984; Louis et

Bailer's method and comparing the AUC values in the al., 2000; Siegal and Zylber-Katz, 2002; Pardridge,
two treatment groups. The data is presentethinle 2 2003h. Osmotic BBB disruption has been one of the
A significant increasep(<0.05) in the brain distribu-  first approaches to this end. Intracarotid infusion with
tion of [3H]-paclitaxel was observed on dosing with hypertonic mannitol has been used to open the BBB
800g/kg of AG. As such, the AUG_go minOf the con- in experimental animals and in humansrgll and
trol group was 1.1 0.08 and 3.04- 0.26 ng min/g Neuwelt, 1998 Other methods involving localized
for the AG treated group. The\G treated animals  delivery of small hydrophilic anticancer agents to brain
displayed approximately a two-fold increase in the tumors using intra arterial and intravenous infusions of
brain exposure to®H]-paclitaxel as compared to the  bradykinin and its analogue RMP-7 have been shown to
control group. There was no significant difference in be effective in animal models and in humahsafnura
the plasma distribution of®H]-paclitaxel. TheB/P et al., 1994; Prados et al., 2008 owever both these
ratio was 0.028 and 0.109 in the control and treatment methods are fraught with severe side effects like mor-
groups, respectively, translating into a fold enhance- bidity and are still under evaluation.
ment of 3.9. Fasano et al. have identified zonula occludens toxin
(ZOT), a 45kDa protein elaborated By cholerae,
which activates a protein kinase C (PKC) dependent
4. Discussion complex intracellular cascade of events that regu-
late tight junction competency in the small intestine
Effective delivery of compounds to the brain has (Fasano et al., 1995ZOT exerts its action on tight
been a challenging problem to the pharmaceutical sci- junctions by mimicking Zonulin, a ubiquitous molecule
entist for many years. In spite of this, more than 99% that regulates tight junction permeability. ZOT is capa-
of central nervous system (CNS) drug development ble of binding to the Zonulin receptor on the luminal
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surface of the intestine and reversibly opening the tight ated with and without the use of Pls (captopril, bestatin

junctions between intestinal epithelial cellsaéano et

al., 1991, 1995; Fasano and Uzzau, 1997a; Fasanoetal.,

1997. Both in vitro and in vivo studies have shown that
ZOT significantly enhances the intestinal absorption
of a variety ofstructurally dissimilar co-administered

therapeutic agents, including insulin, mannitol, inulin,
paclitiaxel, acylcovir, cyclopsorin A, and PEG4000.
Of significant importance, is that Zonulin, the puta-

and leupeptin).

The sampling times in the various arms of this study

was selected considering the stability of the protein

AG, its proposed mode of action and the disposition

of the compounds being evaluated. For instance, the
distribution of sucrose into the brain is predominantly

determined by its concentrations in plasma. Itis rapidly

cleared from plasma. Therefore sampling at an early

tive endogenous ligand for the ZOT receptor has been time point, such as 5min, will be more effective in

found in the brainl(u et al., 2000.

AG is the 12 kDa active fragment of ZOT that has
been shown to reversibly and transiently open tight
junctions in epithelial and endothelial celSd¢x et al.,
2002; Karyekar et al., 2003In previously reported
work from this lab, it has been shown that the paracellu-
lar transport of a number of molecular weight markers

delineating any possible differences due to treatment
with AG. Also, since the effect of degradation by pro-

teases on the biological activity of the protein was being
evaluated, early sampling times were selected. MTX
and paclitaxel, have a longer half life in plasma as com-
pared to sucrose and therefore the distribution of MTX

and paclitaxel were evaluated over a longer duration of

(PEG 4000, dextran and inulin) and therapeutic agents time (Scheufler etal., 1981; Beijnen etal., 1994; Lesser

(acyclovir, cyclosporin, doxorubicin, paclitaxel) was
significantly enhanced with the concomitant us&of
(Cox et al., 2002; Karyekar et al., 2003n addition,

AG has been shown to enhance the systemic availabil-

ity of both hydrophilic markers and therapeutic agents
(Salama et al., 2003, 2004, 2905

The first objective of the study reported herein was
to determine an effective dose range foG required

etal., 1995%.

We observed a significant difference in B ratio
at both the doses oAG (400 and 80Gug/kg) when
administered with the protease inhibitofgd. 1). In the
AG treatment groups without the protease inhibitors, a
significant difference was observed only in the higher
dose group (80Q.g/kg). Also, there was no significant
difference in theB/P values of the control groups with

to enhance the brain distribution of sucrose. Sucrose and without protease inhibitors. From these observa-
is an non-metabolized commonly used low molecular tions we may infer: (1) that the protease inhibitors are
weight (MW 342.3) paracellular marker. A number of essential in preventing the degradation of the protein
proteases, like aminopeptidases and angiotensin con-and thereby serve to enhance its activity as seen from
verting enzymes, are expressed at the BBB and in the the B/P values, and (2) that the protease inhibitors are
systemic circulation. The Pls bestatin, leupeptin and themselves not responsible for the increase in the dis-
captopril have been shown to inhibit the activity of tribution of the compound. Based on these results the
the aminopeptidases, serine and thiol proteases anddose of AG effective when co-administered with the

angiotensin converting enzymes, respectively. Pls have Pls (400ug/kg) and two doses bracketing this effective

been used in in vitro and in vivo studies with pro-
teins to effectively prevent degradation of the protein
(Augustijins and Borchardt, 1995; Salama et al., 2003
AG being a protein, is susceptible to metabolic degra-

dose (200 and 600g/kg) were selected for the distribu-

tion study with MTX and the higher dose (80@/kg)

was selected for distribution studies with paclitaxel.
The second objective of this study was to determine

dation by the proteases in the systemic circulation and the brain distribution of two anticancer agents, MTX

atthe BBB. In studies evaluating the effectofs on the
intestinal absorption of therapeutic age®alamaetal.
(2003, 2004, 2005)bserved a significant enhancement
in the biological effect of the protein when dosed along
with the Pls. Therefore in order to examine the need for
protection ofAG from degradation by proteases, when
doesed via the intracarotid route, the biological effect
of AG on the brain distribution of sucrose was evalu-

and paclitaxel, in the absence and presence 6f
Methorexate (MW 454.4) is a weak organic acid, is
negatively charged at neutral pH and therefore diffuses
very slowly across biological membranes. This results
in very poor permeability across the blood-brain bar-
rier (Cosolo and Christophidis, 1987; Neuwelt et al.,
199)). Also, MTX is a substrate for the efflux pumps
MRP1 and BCRP expressed at the BER(st et al.,



D. Menon et al. / International Journal of Pharmaceutics 306 (2005) 122-131 129

2000; Breedveld et al., 20D4This further reduces = BBMECs on treatment witlAG returned to baseline
the intracellular concentrations of MTX. As seen from values (same as controls) within 10 min of removal of
Table 1 treatment withAG resulted in a significantly ~ the protein. This would prove be significant in vivo.
higher distribution of MTX into the brain in all the  Further studies in brain tumor models examining the
dose groups. In our study, we observed a seven-fold efficacy and safety of concomitant dosing of anticancer
increase in the brain distribution of MTX at the high- agents withA G are required to completely characterize
est dose evaluated (6Q@/kg). This may appear to be its role in drug therapy.
modest when compared to the 10-100-fold increase in ~ To summarize, we conclude thatG is effective in
the brain distribution of MTX reported with the use of increasing the brain distribution of both hydrophilic
intraarterial infusion of mannitolKroll et al., 1998. and lipophilic compounds. Compared to ZQYG is
However, differences in the method of administration susceptible to enzymatic degradation and requires the
(bolus dose versus infusion) and the use of increaseduse of Pls for activity. The protein appears to signif-
doses oAG may resultin afurtherincrease inthe brain icantly enhance the distribution of poorly permeable
distribution. compounds into the brain. ThiaG technology may
Paclitaxel (MW 854.9) is a high molecular weight have the potential to be comprehensive because it has
compound, is extremely lipophilic and is a substrate beenshown to reversibly modulate tightjunctionsinthe

of the efflux pumpp-glycoprotein yan Asperen etal.,  small intestine, and BBB and can potentially enhance
1997). Therefore, paclitaxel exhibits very poor perme- the drug delivery of structurally dissimilar macro-
ability across the BBB and into the brairdliner et al., molecules. Drug delivery approaches, by their nature,
2002; Kemper et al., 2003; Rice et al., 20@aclitaxel need to be developed on a molecule-by-molecule basis.

is alarge molecule and therefore the highest dogg®f This research has taken the opposite approach, and
was used in this experiment. As seen from the data dis- has evaluated the influence of modifying the anatomi-
cussed above, the Pls did not themselves enhance theal structures that control molecule transport. Further-
distribution of sucrose or MTX. Therefore, the Plswere more, this approach may produce an effective, safe,
not included in the control group and were included in broadly enabling and encompassing solution for the
the treatment group to prote®dG from degradation. challenges that exist in drug delivery.

A point to be noted is that paclitaxel is predominantly

metabolized by the CYP 450 isozymérésteil et al.,

1994; Harris et al., 1994nd the Pls used in this study ~ References
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