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Abstract

Objective: The enaminones have shown high P-gp affinity and may act as P-gp modulators. This study investigated the potential
inhibition of the enaminones on paclitaxel efflux in vitro compared to cyclosporin A, a known P-gp inhibitor, and the effectiveness
of select enaminones on paclitaxel oral absorption in ké¢thods: Caco-2 transport offC]paclitaxel was evaluated in presence
of various enaminones at 19M. Concentration—effect (13° M to 10~ M) profiles for the enaminones, DM27 and/or DM40,
with paclitaxel and cyclosporin A were determined. Male Sprague—Dawley (250-275 g) rats were orally administered either
[**C]paclitaxel (3QuCi/kg) or [**C]paclitaxel/DM27 (7 mg/kg) and blood samples were collected. Paclitaxel brain concentrations
were measuredResults: Pappa—g, of [**C]paclitaxel, with DM27 and DM40 at 1@ M, was significantly £ < 0.05) higher
versus control. DM27 produced a 360% and a 139% increase inRaphcitaxe 8Nd Papp—s)cyciosporin fespectively. DM40
displayed a 131% increase in Pap,pacitaxet Whereas cyclosporin A produced a 213% increase in RapPaciiaxer RALS in
the DM27 group displayed large V#F values (23.35 liters/kg versus 14.62 liters/kg) and lower AUC (gl min versus
8.74u.g/mlmin) versus control. However, significantly higher levels (2.25-fold) of paclitaxel were observed in the brains of the
DM27 group.Conclusion: This study presents the enaminones as promising P-gp inhibitors with comparable potency to other
P-gp inhibitors. Furthermore, the enaminones may improve conventional therapy when used in combination with P-gp substrate
drugs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to a wide spectrum of drugs with varying chemical

structures or cellular target&6ttesman and Pastan,

In order to optimize oral bioavailability, it is nec- 1993. In humans, the major protein products produc-
essary to first identify the barriers to oral absorption. ing the MDR phenotype are the multidrug resistance

Multi-drug resistance (MDR), conferred by the active gene product MDR1 P-glycoprotein (P-gp), the mul-
extrusion of drugs from the cell, is a phenomenon tidrug resistance associated proteins (MRP1-MRP6),
often seen in cancer cells that may become resistantthe vesicular localized drug resistance related pro-
tein (LRP), and the breast cancer resistance proteins
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and Gudmundsson, 2002; Zaman et al., J9%4gp exhibited high efflux ratiosEddington et al., 2000
has been linked to incomplete and/or slow intestinal In vitro studies evaluating the transport and/or uptake
drug absorption of many drugédgngst, 1999; Suzuki  of a series of enaminones alone and in the presence of
and Sugiyama, 20001t is a multifunctional protein P-gp inhibitors (e.g. verapamil and rhodaminel123) in
that acts as an efflux pump for various hydropho- both BBMECs andMCF-7/Adr cell culture systems
bic compounds and regulates membrane compositionstrongly suggested that P-gp may be responsible for
via its flippase properties and ion transpdrRogépe, enaminone efflux@ox et al., 2001, 2002; Eddington
1995; Valverde et al., 1996As of yet, it is not un- et al., 2000. Further in vivo studies in P-gp-deficient
derstood how P-gp recognizes and transports struc-mice demonstrated significantly higher2—3-fold)
turally diverse compounds. However, all transported enaminone levels in P-gp expressing tissues compared
compounds share some characteristics such as beingo wild-type mice Cox et al., 2001, 2002 The use
hydrophobic or amphipathic in nature, containing a of enaminones to block the efflux of P-gp substrates
hydrophobic core and a polar or even charged domain may greatly increase oral bioavailability. The iden-
(Schinkel, 1998 P-gp is expressed in the epithelial tification of substrates/inhibitors of a specific efflux
cells of the intestine, liver, adrenal glands, renal prox- transporter is conducted via several screening as-
imal tubule, placenta, testes, and hematopoietic cells says such as cytotoxicity assays, inhibition of efflux,
and along the capillary endothelium of the blood brain transport experiments, and ATPase as&tgch and
barrier (BBB) Deuchars and Ling, 1989 Gudmundsson, 2002 Cyclosporin A has been re-
An approach to increase the oral bioavailability of ported as a P-gp substrate (compounds that can be
drugs is to inhibit their efflux by P-glycoprotein. MDR  transported by P-gp) that may competitively inhibit
inhibitors (often referred to as modulators) are com- the transport of coadministered P-gp substrates such as
pounds, which alter P-gp function and are not them- paclitaxel. In this study, screening of enaminones was
selves transported by P-gilértin et al., 200D. MDR performed by the inhibition of efflux approach, being
modulators or inhibitors sensitize resistant cells and a direct and reproducible functional assay for P-gp de-
allow for drug entry into the cell or tissué&budkar pendent transport. The effect of a series of enaminones
et al., 1999, thus improving the efficacy of conven- on the transport of a P-gp substrate, paclitaxel, was in-
tional therapy when used in combination with P-gp vestigated and compared to the effect of cyclosporin A.
substrate drugs. The three main mechanisms of mod- The effect of select enaminones on the transport of po-
ulators are: (1) direct interaction with one or more tent P-gp substrates such as cyclosporin A was also in-
binding sites on P-gp, blocking transport by acting as vestigated. Paclitaxel was chosen as the P-gp substrate
competitive or non-competitive inhibitors; (2) inhibi- because it has a limited oral bioavailability mostly
tion of ATP binding, hydrolysis or coupling of ATP  due to P-gp-mediated efflux despite susceptibility to
hydrolysis to the translocation of substrates; or (3) cytochrome P450-mediated metabolisgpérreboom
interaction with the lipid membrane of the cell thus et al., 1997; Woo et al., 2003In addition, paclitaxel
perturbing the membrane environment or modifying possesses significant therapeutic value as an antineo-
the drug—membrane interactiorobudkar et al., plastic agent for breast and ovarian cancer.
1999. Current P-gp inhibitors include; calcium chan-
nel blockers, calmodulin inhibitors, antiarrhythmics,
antidepressants, immunomodulators, and antibiotics 2. Materials and methods
(Jetté et al., 1998 These P-gp inhibitors pose serious
clinical risks because they may alter the pharmacoki- 2.1. Materials
netics of coadministered drugs in addition to possible
side effects (verapamil cardiotoxicity, cyclosporin A The Caco-2 cell line was obtained from ATCC
nephrotoxicity) Lum et al., 1993 (Rockville, MD). Ketamine HCI injection, USP, was
Enaminones are anticonvulsant compounds, which purchased from Bedford Laboratories (Bedford, OH).
displayed P-gp substrate properti€ok et al., 2001 Xylazine was purchased from Sigma Chemical Co. (St
Studies in bovine brain microvessel endothelial cells Louis, MO). All chemicals were of analytical grade.
(BBMEC) displayed that the transport of enaminones All surgical supplies were purchased from World
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Precision Instruments (Sarasota, FL). Experimen- gentamycin, and 0.4% fungizone, under standardized
tal supplies and saline were purchased from Fisher conditions (95% relative humidity, 5% GO37°C)
Scientific (Fair Lawn, New Jersey). Polyethylene with medium change every other day. The cells were
50 (PE 50) tubing was obtained from Clay Adams used between days 21 and 28. On the experiment day,

(Parsippany, NJ). Paclitaxel-(2-benzoyl-ring-Utc)
(56.9 mCi/mmol, purity >95%) and [Mebmef-
3H]cyclosporin A (methyl-butenyl-methyl-threonine-
B-3H) (5—20 Ci/mmol) were purchased from Sigma

and Amersham Radiochemicals (Piscataway, NJ), re-

spectively. Ultima Gold and Universol Scintillation
counting cocktails were purchased from Packard Bio-
science (Meriden, CT) and ICN (Cost Mesa, CA),
respectively. Solvabl¢! (Tissue and gel solubilizer,
0.5 M) was purchased from Packard Bioscience (Meri-
den, CT). Cell culture supplies (Dulbecco’s modified
Eagle medium, Dulbecco’s phosphate buffer saline
(PBS) (1x), non-essential amino acids, fetal bovine
serum, L-glutamate, trypsin 0.25%-EDTA (1 mM),
Penicillin G—streptomycin sulfate antibiotic mixture,
gentamycin, and fungizone) were purchased from
Gibco laboratories (Lenexa, KS). Transwell clusters,
12-well (0.4um pores, surface area 1 éwere pur-
chased from Corning Costar (Cambridge, MA). The

the integrity of tight junctions was determined by
measuring transepithelial electrical resistance (TEER)
values using a Millicef’-ERS meter (Millipore Corp.,
Bedford, MA) and by the transport of a paracellular
marker, mannitol. Batches of cells with TEER values
>350% cn?, mannitol permeability<2 x 10-6 cm/s,
and paclitaxel efflux ratios (B—A Papp/A-B Papp)
within 10-20 were used.

For in vitro experiments, aqueous solutions of
enaminones were prepared using dimethyl sulfox-
ide (DMSO) 0.4-7% and Pico-purified deionized
water. Caco-2 cells were preincubated with PBS or
each enaminone (E178, E121, LYN2, LYN3, K411,
K421, DM1, 5, 10, 15, 16, 27, 32, 39, 40, 47, 49,
53, 54) at a concentration of 1BM for 45min
(Cox et al., 200). After preincubation, a mixture
of [YC]paclitaxel (0.5.Ci/ml)/PBS (control) or
[*4C]paclitaxel (0.5.Ci/ml)/enaminone (test) was ap-
plied to the apical chamber. Samples were collected

enaminones were synthesized in the laboratory of from the receiver compartment at the following time

Dr. Kenneth Scott at Howard University, Washington,
DC. Table 1provides the structural characteristics of
the enaminones evaluated.

points: 10, 20, 30, 45, 60, 75, 90, and 120 min and
added to 5 ml universol scintillation counting cocktail.
Radioactivity was measured using Beckman Coulter

Jugular cannulated male Sprague—-Dawley rats LS 6500 multi-purpose Scintillation counter.

(250-275g) were purchased from Harlan Laborato-
ries (Indianapolis, Indiana) and housed individually
in cages. Rats were fed rat chow and water “ad
libitum” and maintained on a 12-h light/dark cycle.

The jugular vein cannula was kept patent by flushing
with heparinized physiological saline and heparinized
glycerol. The protocol for the animal studies was
approved by the School of Pharmacy, University of
Maryland IACUC.

2.2. Methods

2.2.1. Caco-2 transport studies with enaminones

2.2.2. Concentration—effect studies with select
enaminones

Based on the initial screening, DM27 and DM40
were found to display significant effects on pa-
clitaxel transport. Caco-2 cells were preincubated
with DM27 solution (7% DMSO) or DM40 so-
lution (0.6% DMSO) at different concentrations:
10719, 1078, 1077, 1075, 10°°, 107*M for 45 min
(Cox et al., 200} After preincubation, a mixture of
[*4C]paclitaxel (0.5.Ci/ml)/PBS or E*C]paclitaxel/
DM27 or DM40 was applied to the apical chamber.
Samples were collected from the receiver compart-

Caco-2 cell lines (passages 26-50) were seededment at 10, 20, 30, 45, 60, 75, 90, and 120 min. Sam-

(100,000 cells/crf) on transwell costar filters (1 cm
0.4pm pore size) Artursson, 1991; Hidalgo et al.,
1989. The cells were grown for 21 days in
Dulbecco’s modified Eagle mediumx), containing
1% penicillin—streptomycin, 2% glutamine, 10% fetal

ples were added to 5 ml universol scintillation cock-
tail. Radioactivity was measured by Beckman Coulter
LS 6500 multi-purpose Scintillation counter. Similar
in vitro studies were performed witRH]cyclosporin
A/DM27 (at concentration range; 1&° to 1074 M)

bovine serum, 1% non-essential amino acids, 0.2% versus $H]cyclosporin A alone. The inhibitory effect
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Table 1
The structural characteristics of the enaminones investigated in this study
NO,
Ha /G_R y HN @\/\/\NH @MNH
N
HeC™ o
HsC 0 0 o]

H,C T o) H3C o,0H, H3C 0,0H,
Generalstructure of enam inones
Compouné Molecular weight ClogP? Substitution groups

Rx R.V

LYN2 380.31 4.62 CQC(CHg)s 4'-Br
K421 246.26 2.75 H '4ANO,
DM1 320.39 2.92 CONHgHs H
DM27 234.73 3.37 H 4Cl
DM5 293.75 3.23 CQCH3 4'-Cl
DM54 293.75 2.93 CeCHs 2-Cl
E121 307.10 3.76 CEoHs 4'-Cl
DM10 275.33 1.55 CeCHs 3-OH
DM15 275.33 1.55 CeCHs 4'-OH
DM16 302.36 1.08 CeCHs 4'-CONH,
DM32 220.22 2.08 A
DM39 31541 3.99 B
DM40 303.44 3.46 C
DM47 327.32 3.33 CeCHs 3-CR;
K411 269.26 3.47 H '4CR3
DM49 343.30 2.88 CeCHs 3-0OCR
LYN3 385.42 4.12 CQC(CHg)3 4-0OCRs
DM53 338.42 0.76 CeCHs 4'-SO,NH;
E178 352.41 0.99 CEoHs 3-SO;NH>2

@ Chemical names are: LYNZ2tert-butyl-4-(4-bromophenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; K421: 5-methyl-3-(4-
nitrophenylamino)-cyclohex-2-enone; DM1: 6-methyl-2-oxo0-4-phenylaminocyclohex-3-ene carboxylic acid phenylamide; DM27: 3-(4-
chlorophenylamino)-5-methylcyclohex-2-enone; DM5: methyl-4-(4-chlorophenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; DM54:
methyl-4-(2-chlorophenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; E121: ethyl-4-(4-chlorophenylamino)-6-methyl-2-oxocyclohe
3-ene carboxylate; DM10: methyl-4-(3-hydroxyphenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; DM15: methyl-4-(4-hydroxy-
phenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; DM16: methyl-4-(4-carbamoylphenylamino)-6-methyl-2-oxocyclohex-3-ene car-
boxylate; DM32: 4-(3-nitrophenylamino)-pent-3-en-2-one; DM39: methyl-4-(4-phenylbutylamino)-6-methyl-2-oxocyclohex-3-ene carboxy-
late; DM40: methyl-4-(3-phenylpropylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; DM47: methyl-4-(3-trifluoromethylphenyl-amino)-
6-methyl-2-oxocyclohex-3-ene carboxylate; K411: 3-(4-trifluoromethylphenyl-amino)-5-methylcyclohex-2-enone; DM49: methyl-4-(3-
trifluoromethylphenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; LYt&3:butyl-4-(4-trifluoromethoxy-phenylamino)-6-methyl-2-
oxocyclohex-3-ene carboxylate; DM53: methyl-4-(4-sulfamoylphenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate; E178: ethyl-4-(3-
sulfamoylphenylamino)-6-methyl-2-oxocyclohex-3-ene carboxylate.

b Determined by reference # (MacLogP Program, Version 4.0 BioByte Corp., Claremont, CA, 91711, USA).

¢ Determined by ACDlab software.

of cyclosporin A (5x 106M) (Choo et al., 2000;  2.2.3. Oral absorption studies after intraduodenal
Dintaman and Silverman, 1999; Naruhashi et al., dosingin rats

2001; van der Sandt et al., 2000n paclitaxel trans- Jugular vein cannulated Sprague-Dawley rats
port was investigated by incubation of the cells were anaesthetized with intraperitoneal injection of
with cyclosporin A followed by transport studies for a ketamine/xylazine solution (80 mg/kg ketamine,
[14C]paclitaxel in the presence of cyclosporin A. 12mg/kg xylazine). PE 50 tubing was used for
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duodenal cannulation according to the method re-
ported byLukas and Moreton (1979Cannulas were

tailored to the same length and were inserted at ap-
proximately the same site in the duodenum. The can-

139

multi-purpose Scintillation counter. Blank brains
were treated in the same way for baseline reference.
A certain amount (10Ql) of stock [M*C]paclitaxel
solution was added to some blank brain homogenate

nula was anchored and exteriorized at the neck. PBS and treated similarly for standards.

was infused very slowly to ensure the free flow of

fluids through the intraduodenal cannula. Rats were 2.3. Data analysis

allowed to recover from the surgery for two days
prior to the initiation of the study.

For the in vivo experiments, DM27 was solubi-
lized in a mixture composed of 20% alcohol, 20%
DMSO, 20% propylene glycol, and 40% water. The
animals were fasted for >12 h prior to the experiment,
with free access to water. Rats £ 3—4 per group)
were randomly assigned to receive intraduodenaly:
(1) [*C]paclitaxel (3QuCi/kg)/solvent mixture, (2)
[*4C]paclitaxel (3Q.Ci/kg)/DM27 (7 mg/kg). DM27
(in test) and the solvent mixture (in control) were ad-
ministered 5min prior to'C]paclitaxel administra-
tion. The solution volume administered was adjusted
to 2ml with physiological saline. Blood samples
were collected via the jugular cannula at: 10, 20,
30, 45, 60, 90, 120, 240, 360, and 480 min. Blood
samples were centrifuged (13,000rpm for 10 min)

Apparent permeability coefficient®4pp) were cal-
culated by

dQ/ds
A-Co

where dQ/dtis the linear appearance rate of mass in the
receiver solution (dpm/min)A is the cross-sectional
area (Lcrf), C, is the initial concentration in the
donor compartment (dpm/ml). All values are rep-
resented as mean and standard error of the mean
(S.E.M.). The percent fold increase (percent enhance-
ment ratio) in transportR, was calculated by

1)

Papp =

Papp, ; ;
—B (+Enaminone or Cyclosporin)A « 100
Papp g contro)

R= @)

Data obtained after the in vivo administration of DM27

and plasma was obtained and immediately measured.were analyzed using WinnonLi¥ (Pharsight Inc.,

Scintillation cocktail (5ml) was added and radioac-

Mountain View, CA). The amount of radiolabelled

tivity was measured by Beckman Coulter LS 6500 drug absorbed was converted to concentrations using
multi-purpose Scintillation counter. At the end of the the specific activity of the radiolabelled stock drug so-
experiment, rats were sacrificed by £@sphyxiation lution. The pharmacokinetic parameters were calcu-
and the duodenum was inspected in order to ensurelated with non-compartmental analysis based on the
that the intraduodenal cannula was in place during Statistical moment theory. The area under the plasma
dosing. In order to evaluate the amount of paclitaxel concentration-time curve (AUC) was calculated us-
distributed into the brain tissue and the effect of ing the linear trapezoidal rule. The highest observable
oral P-gp inhibition on BBB, brains were excised at concentration and associated time point were defined
480 min, stored at-70°C and subsequently analyzed as maximum concentratiorCfax) and correspond-
for paclitaxel. ing time (Tmax), respectively. Data are presented as
meant S.E.M. The percent fold increas®, for the
pharmacokinetic parameters (PK) was calculated from
the following equation:

2.2.4. Quantitation of radiolabelled paclitaxel
in rat brains

Brains were weighed and homogenized with an
equal volume of PBS. Solvable (1 ml) tissue solubi- R
lizer was added to the brain homogenate (20Q@hen
incubated at 50C for 3 h. Glacial acetic acid (501)
was added to the homogenate and heated aC5or

PK parametgr, py27)

= x 100
PK parametqgomrob

©)

In order to evaluate the influence of oral P-gp inhibitor
administration on the BBB efflux of paclitaxel, the
1 h for decolorization then left to cool to room tem- amount of radiolabelled paclitaxel detected at the end
perature. Ultima Gold scintillation cocktail (10ml) of the experiment in the brains of paclitaxel/DM27
was added to the homogenate and kept at room tempgroup was compared to the control group. Radiola-
for 1 h before counting by Beckman Coulter LS 6500 belled drug concentration in the brain was calculated
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based on the specific activity and concentration of various enaminones. The percent fold increase in pa-
the stock solution in reference to the readings of a clitaxel Papp—g was statistically significantK <
group of standards. The standards were prepared from0.05) with DM27 and DM40 displaying 143.7 and
adding specific known amounts of stock paclitaxel to 124.3% fold, respectively, compared to the control.
blank brain tissues. Permeability coefficients, pharma- The concentration—effect profiles for paclitaxel
cokinetic parameters, and brain amounts were statis- Papp—s with DM27 and DM40 were investigated
tically compared by Studentistest or ANOVA using  at different concentrations: 18° to 104 M. DM27
Dunnett’s post hoc analysis &< 0.05. and DM40 profiles displayed a bell shape pattern.
Incubation of DM27 (161°M) solubilized in DMSO
(7%) did not lead to any statistically significant al-

3. Results terations in paclitaxePapp values. This observation
i i ) proves that neither DM27 at this low concentration
3.1. Caco-2 transport studies with enaminones nor DMSO (7%) affected P-gp functionality. This ob-

Apical to basolateral (A-B) permeability of pacii- servation confirms earlier reports which validated the
b P yorp use of DMSO as a solubilizing agent for relatively

taxel alone and in the presence of each investigated. . .
) X insoluble compounds in Caco-2 cell experiments and
enaminone was determined across Caco-2 cells. The

cells were preincubated wih E178, E121, N2, mETEReRt T8 £ 0 O neions
LYN3, K411, K421, DML, 5, 10, 15, 16, 27, 32, Y

39, 40, 47, 49, 53, 54 for 45min before adding (Booth et al., 1998; Da Violante et al., 2002; Dorr and

[44C]paclitaxel (0.5.Ci/ml) apically. Table 2lists the Liddil, 1991; Krishna et al., 2001; Stammati et al.,

ercent enhancement ratios for paclitaxel Papp with 1997; Zhou et al., 1993
P P P DM27 showed statistically significant?(< 0.05)

Table 2 increase in paclitaxel Pagpg at each concentration
The percent enhancement ratiostS.E.M.) for paclitaxel except 101°M (Fig. 1A) while DM40 displayed sta-
Pappa—s) (0.5uCi/ml) in the presence of various enaminone com-  tistically significant enhancement at1hand 10'M
pounds (10°M) relative to control paclitaxel Papp-g) across (Fig. 1B). Based on the promising results with DM27

Caco-2 cells and paclitaxel, another P-gp substrate, cyclosporin A,
Compound Percent enhancement ratie5(E.M.) was evaluated with DM27. Studies with cyclosporin
E178 87.88 (2.87) A/DM27 displayed statistically significanP(< 0.05)
E121 94.16 (3.64) increase in cyclosporin A Pagpg at 10°’ M. The
LYN3 112.33 (2.08) profile for cyclosporin A/IDM27 Fig. 2) followed
LYN2 77.59 (1.89) the same bell shape pattern displayed with paclitaxel
K411 111.82 (15.18) Fia. 1A

K421 78.1 (6.33) (Fig. 1A). S

DML1 114.08 (1.73) In order to compare the inhibitory effect of DM27
DM5 91.91 (9.88) on paclitaxel efflux with other P-gp inhibitors, trans-
DM10 84.92 (2.73) port of [*4C]paclitaxel in the presence of cyclosporin
DM15 85.77 (0.82) A (5 x 10°5M), a common P-gp inhibitor, was
DM16 104.35 (3.35) . . % fold |
DM27 143.65 (2.73) performgd. Cyplosporm A dlspla_yed.212.6/o old in-
DM32 111.99 (8.19) crease in paclitaxel Pappg), which is comparable
DM39 110.93 (10.03) to the enhancement displayed with DM27 at M
DM40 124.32 (7.35) on paclitaxel transport yet less than the enhancement
DM47 117.85 (9.23) effect at 106 M.

DM49 118.04 (2.09)

DM53 83.52 (1.62) . i ,

DM54 97.04 (5.44) 3.2. Oral absorption studies after intraduodenal

dosing in rats
The efflux ratios for paclitaxel across Caco-2 cells ranged between 9

10 and 20Note. Pappa—s, for paclitaxel: 5.7 £0.6) x 10~ cm/s . ) . .
(n = 3). The in vitro Caco-2 studies displayed that DM27

* Significant atP < 0.05 compared to paclitaxel alone. was able to most successfully minimize P-gp efflux
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Fig. 1. (A) The percent enhancement ratiasS(E.M.) for the transport of paclitaxel in the presence of DM27 at'4010°8, 1077,
1076, 1075, 1074 M across Caco-2 cells:(= 3—4). *Significant atP < 0.05 compared to paclitaxel alone. (B) The percent enhancement
ratios &S.E.M.) for the transport of paclitaxel in the presence of DM40 at’4010-8, 1077, 10°%, 107, 104 M across Caco-2 cells

(n = 3-4). *Significant atP < 0.05 compared to paclitaxel alone.
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Fig. 2. The percent enhancement ratiasS(E.M.) for the transport of cyclosporin A in the presence of DM27 at'4010-8, 10-7, 1078,
1075, 10*M across Caco-2 cells:(= 3—-4). *Significant atP < 0.05 compared to cyclosporin A alone.

and in vivo studies were carried out with this enam- Table 3depicts the meant{S.E.M.) pharmacokinetic
inone. Male Sprague—Dawley rats cannulated in parameters determined by non-compartmental anal-
the jugular vein and duodenum randomly received ysis. DM27-treated group displayed greaters¥f
[**C]paclitaxel or f*C]paclitaxel/DM27 (7 mg/kg).  (23.35 liters/kg versus 14.62 liters/kg), larger FEI/
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Table 3

The mean4S.E.M.) pharmacokinetic parameters in male Sprague—Dawley rats after ID administrafit@]paElitaxel (30uCi/kg)/solvent
mixture and f*CJpaclitaxel (3QuCi/kg)/DM27 (7 mg/kg)

Treatment TAClpaclitaxel f4ClpaclitaxeH- DM27 Ratio (test/control)
Crmax (ng/ml) 0.06 (0.004) 0.03 (0.004) 0.5

Tmax (Min) 14.67 (2.67) 17.342.67) 1.18

AUC (pg/mlmin) 8.74 (0.58) 5.47 (0.48) 0.63

VdsdF (liters/kg) 14.62 (4.23) 23.35 (1.00) 1.6

CI/F (liters/min/kg) 0.04 (0.00) 0.05 (0.00) 1.25

ty2 (M) 4.64 (1.43) 5.44 (0.31) 1.17

* Significant atP < 0.05 compared to paclitaxel alone.

(0.05 liters/min/kg versus 0.04 liters/min/kg) and In addition to evaluating the plasma concentration
longerty > (5.44 h versus 4.64 h). The differences in versus time profiles, the distribution of paclitaxel
CI/F and Vd4F obtained after{*C]paclitaxel/DM27 into the brain was examined, since it also expresses

and [1“C]paclitaxel administration, respectively, were P-gp apically Egan and Lauri, 2002 The amount
statistically significant # < 0.05) (Fig. 3). The of paclitaxel determined in the brains of the test
control group displayed two-fold highe€max and group was significantly # < 0.05) 2.25-fold greater

1.6-fold higher AUC compared to test. than the control group (5.023ng/g versus 2.23 ng/g,
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respectively). The brain to plasma ratio after 8 h was

2 and 7.8 for the control and test groups, respectively.
The use of radiolabelled drugs in research has al-
ways raised doubts about the contribution of metabo-

lites in the measurements. However, paclitaxel is
mainly metabolized by hepatic and biliary metabolism
and mainly excreted in the bileMpnsarrat et al.,
1990 with 90-98% radioactivity recovered in fe-
ces Gparreboom et al.,, 1997; Gaver et al., 1993
In vivo metabolism studies with paclitaxel in male
Sprague—Dawley rats identified two metabolites in the
liver, but none in the plasma or other tissuktetker

et al., 1994. Major fractions of dose excreted in
the form of parent drug or hydroxylated metabolites
(Sparreboom et al., 1998Hydroxylated metabolites
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as a P-gp inhibitor to minimize paclitaxel efflux. The
effect of cyclosporin A, a P-gp inhibitor, was com-
pared to DM27 effect. At 10° M, DM27 was capable

of increasing paclitaxel Papp by 360% fold whereas
cyclosporin A, at 5x 1078 M, increased paclitaxel
Papp by~213%. This comparison demonstrates that
the enaminones are promising P-gp inhibitors with
comparable/better effects than current P-gp inhibitors.
In a previous study, Seelig and co-workers suggested
that substrate recognition patterns for human P-gp
consists of two electron donor groups with a spatial
separation of 4+ 0.3 A (type | units) or three elec-
tron donor groups with a spatial separation of the two
outer groups of 6 + 0.6 A (type Il units') (Fig. 4B)
(Seelig, 1998 and that lipophilicity is a modulator

were not detectable in plasma or any tissues, exceptof the substrate—transporter interaction. Based on this

liver and tissues of the GIT, which indicates that the

theory, DM27 and DM40 are in excellent agreement

major part of these compounds is secreted directly with the bond lengths and lipophilicity with A—B of

into the bile and that reabsorption from the intestinal
lumen is low Gparreboom et al., 1996Based on
these earlier studies, it is highly likely that the radio-

2.573 and 2.575A and A-C of 5.691 and 5.621 A for
DM27 and DM40, respectively.
Some of the investigated enaminones have already

labelled paclitaxel quantitated in the brain represents been reported to have high efflux ratios (e.g. DM5)

the parent compound.

4. Discussion

yet failed to increase the A-B transport of paclitaxel
in this study Cox et al., 200} This is probably due

to having lower affinity or substrate specificity to P-gp
compared to paclitaxel. It is also possible that the
concentration investigated was too low to show a sig-

Enaminones are beta dicarbonyl enamines, which nificant inhibitory effect. DM27 is structurally similar

displayed P-gp affinity with efflux ratios ranging from
1.86 to 5.3 Eddington et al., 2000 The structure of

to DM5 except for the 4-carbomethoxy group in DM5
(Table 1. Yet, DM27 acted as a strong P-gp inhibitor

enaminones is consistent with the general characteris-to paclitaxel efflux while DM5 did not. Thus, it would

tics of P-gp reversal agents including high lipophilic-
ity (ClogP ranges from~2.5 to 3.88) and a secondary
amine group. In addition, their structure allows for po-
tential conformational changes into a phenothiazine
structure Fig. 4A) that is associated with known P-gp
reversal agentsAMmbudkar et al., 1999 Based on

appear that the’4Cl substitution might be important

for the P-gp recognition site and the appropriate align-

ment (in both DM5 and DM27) yet the ester function
at C1 decreases the specificity or affinity of the enam-
inone to P-gp compared to paclitaxel thus resulting
in no effect on paclitaxel efflux in the case of DM5.

these observations, we decided to investigate the effectSimilar behavior was seen in a previous study where
of various enaminones on paclitaxel efflux in search DM49 was reported to have lesser substrate speci-
of potent P-gp inhibitorsTable J). ficity than rhodaminel23 (R123) [commonly used
In this study, DM27 and DMA40 significantly in- to evaluate P-gp functional activityr¢ntaine et al.,
creased paclitaxel transepithelial transport by 143.7 1996] despite possessing high efflux ratio across BB-
and 124.3%, respectively, at 1M in comparison MECs, thus not affecting R123 uptake in vitrGdqx
to paclitaxel transport in their absence. The P-gp in- et al., 200). Earlier reports and our studies show that
hibitory effect of DM27 (at 1067 M) was also shown

with cyclosporin A, a P-gp substrate and inhibitor,
with a 139.2% fold increase in cyclosporin A trans-

1 seelig describes the electron donor unit: “A” as strong

(oxygen-containing) hydrogen bond acceptor or electron donor

port across Caco-2 cells. Cyclosporin A has been usedgroups.
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Fig. 4. (A) Conformational changes in the carboethoxy enaminone structure lead to the formation of a phenothiazine ring. (B) Seelig
hypothesis for substrate recognition for human P-gp encoded by MDR1.

categorizing a compound as a P-gp inhibitor depends by DM27 and DM40 will clarify the reasons for the
on the P-gp substrate under investigation. The P-gp in- bell-shape pattern. Predictions of structure—affinity
hibitors; enaminones, reported in this study were ref- relationships could promote the rational design of
erenced to paclitaxel, a more specific substrate to P-gpdrugs/prodrugs targeting specific transporters.
and could be used as a P-gp inhibitor to R123 efflux.  In addition to the in vitro evaluation of the enam-
As seen clearly in the DM27 and DM40 concen- inones, we examined their influence on the oral
tration—effect profiles, the enaminones act as P-gp bioavailability of a known P-gp substrate, paclitaxel.
inhibitors in a concentration-dependent manner ex- It should be noted that the enaminones have been
hibiting bell shape profiles with minimal inhibitory  developed as anticonvulsants and as such, doses
effects at higher concentrations. This pattern was used were not therapeutically active (DM27 &Db=
observed with pluronic block co-polymers on R123 14.72mg/kg versus 7mg/kg ID doseEddington
uptake Batrakova et al., 20Q1and similar bell shape et al., 2000; Scott et al., 1995t was expected that
profiles for the drug concentration against ATPase ac- P-gp inhibition in the GI tract by DM27 would re-
tivity indicated the presence of two binding sites (high sult in an increase in oral absorption of paclitaxel.
and low affinity) for the drugl{itman et al., 199Y. In- However in our studies, the plasma paclitaxel concen-
vestigation of the exact mechanism of P-gp inhibition trations were significantly higher wit@yax two-fold
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and AUC 1.6-fold higher for the control group. Simi-
lar findings have been reported for the administration
of cyclosporin A with the P-gp inhibitor, quercetin,
when given orally to both pigs and ratslgiu et al.,
2002. In those studies, quercetin decreased the oral
bioavailability of cyclosporin A. Recent studies by
Matheny and co-workers reported decreased oral
bioavailability of digoxin in mice and humans with
increased brain distribution due to concomitant P-gp
induction and inhibition by rifampinMatheny et al.,
2003. Although we did not observe an enhanced
oral absorption of paclitaxel with DM27, the P-gp
modulating effects of this enaminone were apparent
in our evaluation of the brain tissue distribution. P-gp
has been reported to be expressed in brain capillary
endothelial cells Batrakova et al., 2001 Paclitaxel
brain levels were 2.25-fold higher in the DM27-treated
group. In addition, a larger \{ldF was observed for
the DM27 group, as such, differences in AUC may
be due to the modulation of P-gp via DM27. This of
course is predicated on the bioavailabiliti®y being
similar in both groups (e.g. no plasma protein binding
displacement of paclitaxel by DM27).

As previously stated, after oral dosing, DM27 ap-
peared to modulate the distribution of paclitaxel in
the brain, without a similar effect on plasma levels.
DM27 possesses favorable characteristics [low MW
(235), high lipophilicity € log P = 3.37)] for fast ab-
sorption through the lipid bilayer of the gastrointesti-
nal tract Egan and Lauri, 2002 This potential fast
absorption may have limited its effectiveness on mod-
ulating P-gp in the Gl tract. Thus, it is possible that
by the time paclitaxel was administered (5min after
DM27 administration), a significant amount of DM27

had already been absorbed and distributed. Nonethe-

less, DM27 was able to cross the BBB easily where it
interacted with P-gp inhibiting paclitaxel efflux at the
BBB leading to a significant increase in the amount
of paclitaxel distributed into the brain.

In summary, this study displayed the effectiveness
of the enaminones in enhancing in vitro permeability
and in vivo brain delivery of paclitaxel, a drug dis-
playing high P-gp efflux and low oral bioavailability.
The enaminone enhancing effects observed in vitro
were significantly higher than our controls. The extent
of transport enhancement was comparable/higher than
common P-gp inhibitors such as cyclosporin A. The in
vivo oral absorption study did not show an increase in
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the plasma drug levels with DM27, but illustrated the
potential usefulness of the enaminones in enhancing
drug delivery to the brain. Structural modifications for
the enaminones may provide ‘ideal’ modulators, ca-
pable of pharmacologically modulating P-gp function,
enhancing drug bioavailability and therapeutic effec-
tiveness.
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