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Abstract Multidrug resistance (MDR) remains a major
obstacle in the treatment of human cancers. The recently
discovered breast cancer resistance protein (BCRP/
ABCG?2) has been found to be an important mediator of
chemotherapeutic MDR. Fumitremorgin C (FTC) is a
selective and potent inhibitor of BCRP that completely
inhibits and reverses BCRP-mediated resistance at
micromolar concentrations. We report a study of the
pharmacokinetics and tissue distribution of FTC when
administered intravenously (IV) at a dose of 25 mg/kg to
female SCID mice bearing the BCRP-overexpressing
human ovarian xenograft Igrovl/T8 tumors. Plasma
pharmacokinetics and tissue distribution of FTC in var-
ious organs and tissues were studied. In addition, the ef-
fect of FTC administration on the expression of BCRP in
T8 tumors was also assessed by RT-PCR. Administration
of asingle FTC IV dose did not appear to cause any major
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toxicities. The resulting pharmacokinetic data were fit to a
two-compartment model using NONMEM and the FTC
clearance was determined to be 0.55 ml/min (25.0 ml/
min/kg) with a 56% inter-animal variability. Area under
the plasma concentration time curve was determined by
Bailer’s method and was calculated to be 1128+
111 pg min/ml. FTC was widely distributed in all tissues
assayed with highest concentrations found in lungs, liver
and kidney in decreasing order, respectively. FTC did not
appear to have any effect on the expression of BCRP in T8
tumors. Less than 2% of the administered dose was
recovered in the urine and feces after 24 h, suggesting
hepatic metabolism as a primary mechanism of elimina-
tion. The current study can be used as a basis for future
animal or in vivo studies with FTC designed to further
understand the impact of BCRP on drug resistance.

Keywords Fumitremorgin C - Breast cancer resistance
protein - Multidrug resistance

Introduction

Multidrug resistance (MDR) remains a major obstacle
in the treatment of human cancers. The ATP-binding
cassette (ABC) family of transport proteins such as
P-glycoprotein (Pgp), the MDR-associated protein
subfamily (MRPs) and the breast cancer resistance
protein (BCRP/ABCG2/MXR) have the potential to
play an important role in MDR. Resistance of cancer
cells to multiple drugs is associated with overexpression
of these ABC proteins leading to reduced intracellular
drug accumulation and clinical treatment failure [21].
The recently discovered ABC half-transporter, BCRP
[5], is an important mediator of MDR and can confer
resistance to a mixed group of drugs including mito-
xantrone [5], camptothecins, doxorubicin, daunorubicin
[1], and flavopiridol [20], although significant resistance
to anthracyclines is only found following a point
mutation in the third transmembrane segment [8]. BCRP
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along with conferring resistance to a variety of
anticancer agents is also present in a large number of
normal human tissues [13], and also in the human brain
microvessel endothelium at levels lower than those of
Pgp [4]. Human BCRP has recently been implicated in
resistance to sterol, steroid and estrogen receptor
antagonists that are used in breast cancer treatment [9].
Also there are reports that BCRP is involved physio-
logically in transport or cellular efflux of photosensitiz-
ing porphyrins [10]. BCRP has also been implicated in
reducing the oral bioavailability of topotecan [12].
Fumitremorgin C (FTC) has been recently discovered
to be a specific and selective inhibitor of BCRP [7, 18, 19].
FTC was identified as a BCRP inhibitor when Rabindran
et al. tested a library of extracts from a variety of
microorganisms in a cell-based transport screen. One of
the extracts from the medium of Aspergillus was found to
be active and increased the cytotoxicity of mitoxantrone
when used in combination. When studied further the
pharmacologically active ingredient in the extract was
found to be a diketopiperazine, FTC (Fig. 1)[18]. FTC s
relatively non-toxic and is able to completely inhibit
resistance in cell lines with the highest levels of BCRP-
mediated resistance at micromolar concentrations
(1-5 pM; 0.38-1.9 pg/ml). The fact that FTC does not
reverse resistance to Pgp or MRP1, unlike other inhibi-
tors, makes FTC a potent and selective pharmacologic
tool to evaluate the role of BCRP in MDR and to study
the impact of BCRP as a drug transporter in drug dis-
position. To date there have been no studies performed
to evaluate the pharmacokinetics and biodistribution of
FTC. We therefore undertook studies to determine the
pharmacokinetics and tissue distribution of FTC in
SCID mice bearing BCRP-expressing human ovarian
carcinoma Igrovl/T8 tumor and also to study the effect
of FTC on the levels of BCRP expressed in the tumor.

Materials and methods
Drugs and additives

FTC (Fig. 1) was isolated by the Natural Products
Support Group, National Cancer Institute (NCI).

()
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Fig. 1 Structure of FTC

Roquefortine (the internal standard for the FTC assay)
was obtained from Sigma Chemical Company (St Louis,
Mo.). Cremophor EL, USP ethyl alcohol, and USP
0.9% sodium chloride for injection were obtained,
respectively, from Sigma Chemical Company, Pharmaco
Products (Brookfield, Ct.) and Baxter (Deerfield, IIl.).
HPLC grade methanol and acetonitrile were obtained
from B&J (Muskegon, Mich.).

Mice and tumor growth
Mice

Specific-pathogen-free adult CB-17 female SCID mice
(5-6 weeks of age) were obtained from the animal pro-
gram administered by the Biological Testing Branch of
the National Cancer Institute. Mice were handled in
accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996)
and a protocol approved by the Institutional Animal
Care and Use Committee of the University of Pitts-
burgh. Mice were given at least 1 week to acclimate to
the animal facility before they were studied. To minimize
exogenous infection, mice were maintained in sterile
microisolator cages. Ventilation and airflow in the ani-
mal facility were set to 12 changes per hour. Room
temperatures were regulated at 72+ 2°F, and the rooms
were kept on automatic 12-h light/dark cycles. Mice
received Prolab ISOPRO RMH 3000, Irradiated Lab
Diet (PMI Nutrition International, Brentwood, Mo.)
and sterile water ad libitum. However, on the evening
prior to study, food was removed at approximately 6
p.m. and withheld until 4 h after dosing on the next day.
Sentinel mice, housed in 20% dirty bedding from study
mice, remained murine antibody profile-negative using
Assessment + (Charles River Laboratories, Wilmington,
Mass.), indicating that the study mice were specific-
pathogen-free.

Tumor cell line

The Igrovl/T8 human ovarian cancer cells were ob-
tained from Maliepaard and colleagues [14]. These
cells, overexpressing BCRP, were created by selection
of Igrovl cells with topotecan and maintained as de-
scribed. The cells were expanded in culture in RPMI
1640 medium (Gibco, InVitrogen Corporation, Carls-
bad, Calif.) supplemented with 10% fetal bovine serum
(Biofluids, Rockville, Md.) and 10 pg/ml gentamicin
(Gibco, InVitrogen) and were maintained at 37°C in an
incubator under an atmosphere of 95% air and 5%
CO, at 95% humidity. Before implantation into study
animals, cells (5x10° cells/mouse) were injected subcu-
taneously into the right flanks of “‘passage” SCID
mice. Tumor volumes, in cubic millimeters, were cal-
culated twice weekly using the formula Vol = L(W?/2)
and measurements of length (L) and width (W)
obtained by digital caliper. When the tumors in the



passage mice reached approximately 500-1000 mm?,
the mice were killed, and the tumors were removed
using sterile technique. Tumors were cut into fragments
of approximately 25 mg, and the fragments were placed
in sterile medium until implantation in study mice.
Tumor fragments were implanted subcutaneously into
the right flank of the study mice and allowed to grow
until the tumor volumes were greater than 100 mm?>, at
which time the mice were stratified into groups (each
group having three animals) by body weight and tumor
volume.

Toxicity

As no prior information regarding the acute toxicity of
FTC after intravenous (IV) administration to mice was
available for initial experiments, FTC was dissolved at
its maximal solubility of 2.5 mg/ml in the dosing solu-
tion ethanol/Cremophor EL/saline (1:1:6) and animals
were dosed with 25 mg/kg. FTC (25 mg/kg) was
administered to non-tumor-bearing CB-17 female SCID
mice as a single IV dose and the mice were followed for
15 days after dosing to determine any delayed toxicity.
Body weights and clinical observations were recorded
twice weekly.

Pharmacokinetic sampling

Three mice per time point were killed by CO, inhalation,
and blood was collected by cardiac puncture using
heparinized syringes at the following times after dosing:
5, 10, 15, 30, 45, 60, 120, 180, 240, 360, 420, 960, and
1440 min or 5 min after the administration of vehicle.
Blood was transferred to microcentrifuge tubes and
stored on ice until centrifuged at 13,000 g for 4 min to
obtain plasma and red blood cells. Livers, kidneys,
hearts, lungs, spleens, brains, fat, skeletal muscles, and
tumors were rapidly dissected, placed on ice, weighed,
transferred to cryovials, and snap-frozen in liquid
nitrogen. Tumors were cut into two pieces, and each
piece was weighed prior to placing in the cryovials.
Plasma and tissues were stored at —70°C until analysis
by HPLC as described below. Urine and feces were
collected from animals housed in metabolic cages from
the time of dosing until the time they were killed at 24 h
(1440 min) after dosing.

Analysis of FTC

FTC plasma concentrations were measured using a
newly developed and validated HPLC assay method.
Briefly, 100 pl plasma was precipitated with 500 pl
acetonitrile containing 300 ng/ml of roquefortine as
the internal standard. The mixture was vortexed and
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centrifuged at 19,000 g at 4°C for 10 min. After cen-
trifugation, samples were dried under a stream of
nitrogen gas and reconstituted with 100 pl of starting
mobile phase, and 80 pl of this mixture was injected
into a Hewlett Packard 1100 series HPLC with a DAD
detector employing a Waters 4 um Nova-Pak CI18
3.9x150 mm column. The mobile phase of 10 mM
acetate buffer (pH 4) and acetonitrile (70:30, v/v) was
pumped isocratically at a rate of 1 ml/min. FTC was
detected by UV absorption at 225 nm and the internal
standard roquefortine was detected at 312 nm.

An assay based on the plasma assay was developed
for the Igrovl/T8 human tumor xenograft and for the
following mouse tissues: brain, liver, kidney, spleen,
lung, heart, skeletal muscle, and fat. Tissue samples
were similarly analyzed except for the following dif-
ferences. Tissues were homogenized in a Polytron
homogenizer (Brinkman Instruments, Westbury, N.Y.)
using phosphate-buffered saline (PBS) (pH 7.4) in a
ratio of 1:1 w/v for brain, tumor, lung, fat and kidney,
1:2 w/v for spleen, and 1:3 w/v for heart and skeletal
muscle. The homogenization ratios with PBS were
different for some of the tissues to allow optimal
extraction of the drug. For tumor, liver, kidney, heart,
and fat a 100-mg sample was weighed and processed,
for brain and skeletal muscle a 200-mg sample was
weighed and processed, for spleen a 75-mg sample was
weighed and processed and for lung, a 25-mg sample
was processed.

The limit of quantitation of FTC was 0.03 pg/ml in
plasma and 0.0075 pg/g in tissues. The assay was lin-
ear over the range 0.03-30 pg/ml in plasma and
0.0075-120 pg/g in tissues. The range for brain and
skeletal muscle was 0.0075-5 pg/g; for fat, heart, tu-
mor, kidney and liver 0.03-10 pg/g; for lung 0.06—
120 pg/g; and for spleen 0.02-13.3 pg/g. The newly
developed HPLC method yielded retention times of
9.5 min and 13 min for FTC and the internal stan-
dard, respectively, for plasma analysis. Drug recovery
from spiked samples of plasma was approximately
90%. The intraassay and interassay error of accuracy
was less than 14% and 7%, respectively, for the
plasma standard curve.

Pharmacokinetic analysis

Pharmacokinetic models were fit to FTC plasma con-
centration data using the Nonlinear Mixed Effects
Modeling Program (NONMEM) version V (Globomax
Service Group, Hanover, Md.). Two-compartment and
three-compartment pharmacokinetic models with first-
order elimination were specified using the NONMEM
PREDP subroutines ADVAN3/TRANS4 and AD-
VANI1/TRANS4, respectively. The FTC pharmacoki-
netic parameters estimated were the volume of
distribution of the central compartment (V;), clearance
from the central compartment (CL), volume of distri-
bution of the peripheral compartment (V,), and the
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intercompartmental clearance (Q). Interanimal vari-
ability in pharmacokinetic parameters was estimated by
the exponential error model:

Py = Oexp (1;) (1)

where 0 is the population mean value for parameter P,
P;, is the individual parameter estimate, and #; is a
random variable with a mean of zero and a variance of
Q2 which describes the deviation of P; from P. Residual
variability for FTC pharmacokinetics was modeled by a
proportional error model:

(2)

where C,, is the observed concentration, Cpeq is the
model-predicted concentration, and €, is the propor-
tional error component. The proportional error com-
ponent was fixed to the highest variability in the FTC
assay so that parameter identifiability was possible a
posteriori using a nested error model given the single
sample from each animal (destructive sampling). The
Akaike information criteria (AIC) was used for com-
partmental model selection.

Cobs = pred(1 + 81)

Area under the concentration curves

Tissue and plasma area under the curve from 0 min to
1440 min (AUC_1449) Was determined using Bailer’s
method [2]. This method permits calculation of the
variance associated with the AUC, thus yielding a 95%
confidence interval (95% CI). Equation 3 was used to
calculate the AUC:

m

(AUCJ') = Z CqYiq
g=1

where ¢q=(1/2)D, for q=1, (1/2)(Dgq + Dg+) for q=2
to g=m-—1, ¢q=(1/2)D,, for g=m; j is the number of
groups, D is the time interval, m is the number of time
points, and q is any given time point from 1 to m, and
¥j.q 1s the sample mean of the response at time g in group
j- In our case the number of groups j=1. The variance
associated with the AUC was calculated using Eq. 4:

3)

2

m
Siq

s (AUCj) = Z cé

g=1

(4)

Njq

where sj,” is the variance associated with the response
for each group at time point q, and njq is the number of
animals per group at time point q. Clearance was esti-
mated for the Bailer-calculated AUC by using Eq. 5:

Dose
AUC (5)

The maximum concentration (Cp,,,) and time of maxi-
mum concentration were the observed values.

CL =

RT-PCR for BCRP levels in tumor

Isolation of total RNA from T8 tumor xenograft tissue,
RT-PCR

Total cellular RNA was isolated from approximately
10 mg of T8 tumor tissue excised from tumor xenografts
in the mice, frozen in liquid nitrogen using RNeasy
(Qiagen, Valencia, Calif.), according to the manufac-
turer’s protocol. Briefly, solid tumor tissue was
homogenized with lysis buffer and total RNA was
immediately stabilized. Then, RNA was separated on a
silica-gel column and, additionally, treated with DNase I
(Qiagen) on the same column. Finally, the RNA was
dissolved in water. As a control, total RNA was also
isolated from the human ovarian carcinoma lines Igrovl
(parental) and BCRP-overexpressing Igrovl/T8, grown
in tissue culture, in vitro. BCRP and f-actin mRNA
expression in the tumor samples and cell lines was
determined from total cellular RNA, using quantitative,
real-time RT-PCR methodology, as described previously
[16].

Results
Toxicity

Both groups of animals (FTC-treated and vehicle-trea-
ted) exhibited symptoms of ethanol intoxication at
about 5 min after administration. The animals did not
move and when forced to move, had difficulty control-
ling their movement and swayed back and forth. Mice
receiving FTC at 25 mg/kg IV had rasping and slow
respiration for the first 15 min after dosing. By 15 min
after dosing all animals had returned to normal activity.
FTC-dosed animals were similar to the vehicle control
animals in terms of clinical observations and body
weights during the 15 days following dosing. Further,
when the animals were killed 15 days after administra-
tion of FTC, no gross pathology was noted and all tis-
sues appeared normal.

Plasma pharmacokinetics

After IV administration of FTC to female SCID mice
bearing Igrovl/T8 tumors, plasma FTC concentrations
declined rapidly but were still detectable at the last time
point (24 h). A two-compartment open model best de-
scribed the time-course of FTC in plasma (Fig. 2).
Table 1 summarizes the pharmacokinetic parameters
obtained from fitting the two-compartment model to the
data using NONMEM. There was no significant drop in
the value of the minimum objective function and the
AIC by fitting a three-compartment model to the data.
Thus, parameters for the two-compartment model are
presented and 95% CI were calculated for each param-
eter based on the asymptotic standard errors reported by



Fig. 2 Observed and predicted 100
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concentrations of FTC in
plasma of SCID mice bearing
T8 tumors after IV
administration of 25 mg/kg
FTC. Open circles represent the
individual observed
concentrations and the solid line
indicates model-predicted
concentrations

Concentration (ug/mL)

1 L 1 L L 1 1 L 1 1 L 1 Il I L 1 L 1 1

0.01

NONMEM. The inter-animal variability and 95% CI
were calculated with accuracy only for the clearance
term due to the low sample size. Mean clearance was
estimated to be 0.55 ml/min (25.0 ml/min/kg) with a
tight confidence interval (0.44-0.65 ml/min) and a 56%
coefficient of variation representing the intersubject
variability. Mean volume of distribution was estimated
to be 41.8 ml (1907 ml/kg) with a confidence interval of
35.6-47.9 ml.

Figure 2 shows the observed FTC plasma concen-
trations obtained from the individual mice and the
predicted concentrations obtained from the NONMEM
model. A plot of the observed versus predicted FTC
concentrations and weighted residuals versus predicted
concentrations (Figs. 3 and 4) did not show substantial
bias indicating satisfactory model fit. The area under the
plasma concentration curve was calculated using the
Bailer’s method and the AUC(_ 44 for FTC was
1128 pg min/ml with a 95% CI of 1093-1163 pg min/ml
(Table 2). The clearance of FTC, calculated from the
AUC 1449 using Eq. 5 was 0.49 ml/min (22.4 ml/min/
kg). This value fell within the 95% CI range of the
clearance calculated by NONMEM (Table 1), thus val-
idating the NONMEM model.

Table 1 Plasma pharmacokinetic parameters of FTC after IV
administration to female SCID mice bearing T8 tumors at a dose of
25 mg/kg (data based on NONMEM results) (CL mean clearance
from the central compartment, V., volume of distribution of the

240

1200

480 720 960 1440
Time (minutes)
The peak plasma FTC concentrations were

11.6£5.5 pg/ml at 5 min, the earliest time point sam-
pled and the concentrations of FTC in plasma were
above the lower limit of quantitation throughout the
sampling period (24 h).

Tissue concentrations of FTC following IV
administration

FTC was widely distributed following IV administration
of 25 mg/kg FTC (Table 3). The highest concentrations
were found in lung, liver and kidney in decreasing order,
respectively. In liver and kidney the concentrations were
maximal at 5 min (first time point) and declined pro-
gressively thereafter (Table 3). Lung concentrations
were 80—100 times higher than those in plasma, liver and
kidney at all time points examined and did not decline
until 30 min after dosing. The concentrations of FTC in
the heart, brain and skeletal muscle were found to be
maximal at 5 min and were much lower at all time
points than the concentrations in plasma, lung, liver and
kidney. Concentrations of FTC in the fat were maximal
at 15 min and in the spleen peaked at 180 min after

central compartment, Q intercompartmental clearance, ', volume
of the peripheral compartment, NE not estimated or not applica-
ble)

Parameter Units Mean estimate Intersubject variability, %
(95% confidence interval) (95% confidence interval)

CL ml/min 0.55 (0.44, 0.65) 56 (21.5, 76.1)

Ve ml 41.8 (35.6, 47.9) NE

Q ml/min 0.21 (0.05, 0.36) NE

V, ml 85.8 (44, 128) NE
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Table 2 Area under the curves (AUC 44¢) for plasma and tissues for FTC in female SCID mice bearing T8 tumors at a dose of 25 mg/kg

Plasma/tissue AUC 1440 (ng min/ml) 95% CI Tissue/plasma ratio
Plasma 1,128 111 1,093-1,163

Lung 446,190 £ 4,654 444,729-447,651 396
Spleen 228 +94 199-258 0.20
Liver 1,030+ 103 997-1,062 0.91
Kidney 1,020 + 144 975-1,066 0.90
Tumor 512+101 480-544 0.45
Heart 242 +78 217-266 0.21
Brain 154+ 55 137-172 0.14
Skeletal muscle 212481 187-238 0.19
Fat 669+ 107 636-703 0.59

injection. The concentrations of FTC in the brain and
the tumor were low (tumor was lower than the brain)
and this is consistent with the presence of the blood—
brain barrier and tumor blood-flow resistance, respec-
tively [6, 11]. Tumor concentrations of FTC did not
reach peak concentrations until 60 min after the injec-
tion.

The AUC( 1449 of FTC in tissues is presented in
Table 2 along with the tissue to plasma ratio. The
highest tissue to plasma ratio was found in the lung (396)
followed by liver, kidney and fat. The amount of un-
changed drug excreted in the urine over a period of 24 h
was 1.52 pg and in the feces was 4.55 pg, which repre-
sents 0.26% and 0.82% of the total dose administered,
respectively.

BCRP levels in the Igrovl/T8 tumor

Quantitative RT-PCR analysis revealed that BCRP
mRNA expression in the sample tumors was not affected
by FTC administration, with the levels ranging from
1.50x10° £ 7.10x10* to 1.82x10°+2.17x10° copies of
BCRP/pg f-actin mRNA from 5 min to 24 h, respec-
tively (Fig. 5). These levels were lower than those ob-
served in the pure Idrovl/T8 cells grown in tissue
culture. The levels in Igrovl cells grown in tissue culture

were 2.44x10% 4+ 119 copies of BCRP/f-actin mRNA and
those in the Igrovl/T8 cells expressin§ BCRP grown in
tissue culture were 1.33x10°+4.53x10* copies of BCRP/
pg f-actin mRNA (Fig. 5).

Discussion

FTC is a novel agent that completely reverses BCRP-
mediated drug resistance without reversing resistance to
cells that overexpress Pgp or MRP1 [18]. BCRP has been
shown to have mutations that affect the substrate spec-
ificity [8] and there are reports that FTC completely
inhibits both the wildtype and mutant form of BCRP
expressed in Xenopus oocytes [15].

This study is the first in which the pharmacokinetics
and tissue distribution of FTC have been investigated in
vivo and its uptake in BCRP-overexpressing human
ovarian cancer xenografts examined. Unlike earlier
studies in which FTC caused tremors in 1-day-old
cockerels when administered as an oral extract [3], the
single IV dose of 25 mg/kg FTC used in the present
study did not cause any long-term effects and the ani-
mals appeared normal by 4 h after administration of the
dose. No gross changes were noted in any of the tissues
at necropsy, 15 days after administration of the dose.

Table 3 Plasma and tissue concentrations of FTC in female SCID mice bearing T8 tumors after IV injection at a dose of 25 mg/kg (data

are means +standard deviation) (BLD below limit of detection)

Time (min) Plasma Lung Spleen Liver Kidney Tumor Heart Brain Skeletal Fat (ng/g)
(ng/ml) (ng/e) (ng/g) (ng/g) (ng/g) (hg/g) (hg/g) (ng/g) muscle (ug/g)
5 11.6£5.50 965+607 0.394+0.19 9.51+5.77 9.14+2.01 0.217+0.14 2.18+0.89 1.73+0.95 1.96+0.68 0.62+0.26
10 109+3.97 741+590 0.58+0.13 7.32+2.34 8.10+3.20 0.45+0.30 1.80+0.90 0.84+0.50 0.80+0.30 1.80£0.60
15 11.2+1.55 1078 +£225 0.68+0.20 8.43+3.00 5.70+1.70 0.33+0.12 1.40+0.30 0.83+0.30 1.40+0.30 2.80+0.50
30 481+0.23 469+63.1 0.46+0.17 4.10+£1.40 3.50+:0.90 0.44+0.20 0.904+0.20 0.40+0.20 0.60=+0.04 1.90+£0.80
45 5.004+3.45 935+442 0.52+0.50 3.12+1.90 3.90+4.00 0.72+0.35 0.70+0.50 0.40+0.20 0.70+0.90 2.60+1.20
60 5.46+1.28 1301+351 0.51+0.10 3.30+0.40 4.00+£1.00 1.00+£0.90 0.70+0.30 0.50+0.10 0.90+0.30 3.60+1.30
120 1.89+0.89 532+387 037020 3.20%£1.00 1.80+£1.20 0.40+0.09 0.50%=0.03 0.504+0.50 0.30+0.14 0.92+0.70
180 1.77+£0.31 832+62.3 0.95+0.47 2.90+1.90 2.00+0.30 0.70+0.30 0.60+0.25 0.22+0.07 0.40+0.13 1.20+0.40
240 1.22+0.67 167+61.7 0.35+0.17 2.10+£0.80 1.10£0.70 0.90+0.60 0.30+0.10 0.20+0.20 0.20+0.05 0.44+0.20
360 0.364+0.07 145+144 0.23+0.40 1.00+0.70 0.40+0.20 0.50+0.40 0.10+0.05 0.15+0.20 0.07+0.03 0.20+0.20
420 0.295+0.02 153+33.1 0.114+0.20 0.14+0.08 0.30+0.20 0.80+0.70 0.20+0.10 0.04+0.02 0.15+0.15 0.21+£0.06
960 0.22+0.08 348+206 0.03+0.010 BLD 0.30£0.09 0.30+=0.10 0.04+0.02 0.03+0.003 0.04+0.01 0.30£0.06
1440 0.07+0.02 108+76.1 BLD BLD 0.20+0.07 0.20+0.20 BLD 0.02+0.001 0.02+0.002 0.10+0.03
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Fig. 3 Observed plasma concentrations (DV) plotted as a function
of (a) population-predicted (PRED) and (b) individual predicted
(IPRED) plasma concentrations of FTC. The closed circles are the
individual data and the /ines are the unity lines

The aim of using mice bearing tumors was to evaluate
the FTC penetration into the tumor and also to evaluate
whether FTC affected the BCRP levels in the tumor.
The plasma time-course of FTC was best described by
a two-compartment model using NONMEM. There was
no significant reduction in the AIC when a three-com-
partment model, as compared to a two-compartment
model, was fit to the data. The clearance of FTC was

Fig. 4 Weighted residuals
(WRES) versus predicted
concentrations (PRED) for the
pharmacokinetic model of FTC
after administration of 25 mg/
kg to female SCID mice bearing 25 |
T8 tumors. The closed circles ’ [
are the individual data
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calculated to be 0.55 ml/min with an intersubject vari-
ability of 56%. As clearance is a relevant physiologic
parameter these data may be of use in other studies in
which FTC is studied in vivo or when the effect of FTC is
being studied in other BCRP substrates to achieve ade-
quate levels of FTC. Less than 2% of the administered
dose was accounted for in urine and feces at 24 h, sug-
gesting hepatic metabolism as the primary mechanism of
elimination of FTC. Preliminary studies in our labora-
tory (data not shown) suggest metabolism by cytochrome
P450 3A4 as one likely mechanism for FTC elimination.

The highest concentrations in plasma (approximately
26-30 uM) were observed at the first sampling time of
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Fig. 5 Levels of BCRP as 1.6e+6 -
measured by RT-PCR using a
thermal light cycler in the
control IGROV cells, T8 1.4e+6 T
IGROV cells expressing BCRP
and the T8 tumor excised from = 12e+6 -
the control or treated mice at 3, 5
60, 420, and 1440 min after ®
FTC dosing. The levels of < 1.0e+6
BCRP are expressed as copies 2
of BCRP/pg of f-actin a
/pg of f T 50ess
O
[aa]
% 6.0e+5
a
s)
O 4.0e+5 - T -
2.0e+5 - T I
i o
IGROV IGROV vehicle 5 60 420 1440
WT T8 .
Minutes
In vitro Igrov1/T8 Tumors in mice
5 min after injection. These concentrations were been localized to the blood—brain barrier, mainly at the

approximately 6-30 times higher than the FTC con-
centration range required (1-5 uM or 0.38-1.9 pg/ml) to
cause reversal of BCRP-mediated resistance [19] and
remained above that FTC concentration for approxi-
mately 360 min (6 h) after injection. However, whether
these plasma levels of FTC could be extrapolated to in
vivo BCRP reversal requires further investigation with
special emphasis on protein binding of FTC and high
serum conditions in vitro.

FTC was widely distributed in mouse tissues and was
measurable at 24 h after dosing, the last time point
sampled, in all the tissues sampled except spleen, liver
and heart. Taking into view the wide tissue distribution
of BCRP [13], the current results emphasize the useful-
ness of FTC as a BCRP inhibitor. FTC levels in liver,
which expresses high BCRP levels, remained above 2 pg/
ml for 4 h after administration. The highest concentra-
tions were found in the lung with levels approximately
80 times higher than the highest plasma concentrations.
These high concentrations were sustained for the entire
sampling period and suggest a depot effect in the lung.
FTC probably binds extensively to lung tissue which
could be magnified by the lung first pass effect following
IV dosing. As can be seen in Table 3,around 40% of the
administered dose is found in the lungs initially. This
could explain the short-term respiration problems that
were observed in the FTC-dosed animals. However,
whether the high concentrations of FTC in the lung have
any bearing on the available dose/amount of FTC in
other tissues requires further study of FTC administered
either intraperitoneally or orally.

The presence of BCRP has been demonstrated in both
normal human brain and intracranial tumors and it has

luminal surface of microvessel endothelium [4]. This
localization of BCRP is similar to that of Pgp. Brain
concentrations of FTC were about one-tenth the con-
centrations in plasma. However, the brain concentrations
of FTC remained above 1 uM for 2 h and these concen-
trations of FTC are high enough to cause short-term
BCRP reversal. Whether this inhibition of BCRP will be
sufficient to alter concentrations of key BCRP substrates
in the brain is open to investigation. However, because
BCRP shares several substrates in common with Pgp our
results and previously reported results [4] suggest that
BCRP may serve as an additional blockade at the blood—
brain barrier in normal tissues and intracranial tumors.
BCRP has the potential to play an important role in
tumor transport of certain drugs including mitoxan-
trone, and camptothecin-based anticancer drugs, such as
topotecan and SN-38, the active metabolite of irinotecan
[17]. FTC administration did not appear to cause a
significant difference in the expression of BCRP mRNA
in the tumors as measured by RT-PCR, which indicates
that FTC causes BCRP reversal without affecting BCRP
mRNA expression. However, BCRP mRNA expression
in tumor tissue was less than that in Igrovl/T8 cells
grown in tissue culture. This is likely the result of the
presence of non-BCRP-expressing cells in the tumor
tissue such as stromal and vascular cells and due to
variation from a plastic to an in vivo model system.
The FTC concentrations in the tumors remained
above 1 uM (0.38 pg/ml), which is required for BCRP
inhibition, for the 24-h sampling period (Table 3),
indicating that FTC attains sufficient concentrations in
the tumor to cause BCRP reversal based on in vitro cell
models. Whether this is sufficient to overcome resistance



to BCRP-transported drugs in tumor in vivo awaits
further investigation.

The data presented in this report demonstrate that
FTC can be administered IV to tumor-bearing mice as a
single 25 mg/kg dose without severe toxicity. After
administration, FTC is widely distributed to tissues,
including brain and tumor where it is thought that
BCRP plays a role maintaining a barrier for drug pen-
etration. This study provides a basis for future in vivo
studies designed to investigate the impact of BCRP on
drug resistance and the utility of FTC and its analogues
to be useful BCRP inhibitors.
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