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A B S T R A C T

The breast cancer resistance protein ABCG2 confers cellular resistance to irinotecan (CPT-

11) and its active metabolite SN-38. We utilised ABCG2-expressing xenografts as a model to

evaluate the ability of a non-toxic ABCG2 inhibitor to increase intracellular drug accumu-

lation. We assessed the activity of irinotecan in vivo in SCID mice: irinotecan completely

inhibited the development of control pcDNA3.1 xenografts, whilst only delaying the growth

of ABCG2-expressing xenografts. Addition of MBLI-87, an acridone derivative inhibitor, sig-

nificantly increased the irinotecan effect against the growth of ABCG2-expressing xeno-

grafts. In vitro, MBLI-87 was as potent as GF120918 against ABCG2-mediated irinotecan

efflux, and additionally was specific for ABCG2. A significant sensitisation to irinotecan

was achieved despite the fact that doses remained well below the maximum tolerated dose

(due to the rather limited solubility of MBLI-87). This suggested that MBLI-87 is an excellent

candidate to prevent drug efflux by ABCG2, without altering plasma concentrations of iri-

notecan and SN-38 after IP (intra-peritoneal) injections. This could constitute a useful strat-

egy to improve drug pharmacology, to facilitate drug penetration into normal tissue

compartments protected by ABCG2, and potentially to reverse drug resistance in cancer

cells.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction the target was not as prevalent as was previously thought or
Multidrug efflux pumps from the ATP-binding cassette (ABC)

family are thought to play important roles in drug absorption

and distribution, normal tissue protection and, perhaps, anti-

cancer drug-resistance. Although efforts to reverse drug resis-

tance using ABCB1/P-glycoprotein (Pgp) inhibitors essentially

failed in the past, it is not known whether this was because
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was due to inadequate inhibition or the concurrent expression

of other transporters able to compensate for the inhibition of

Pgp. The question of whether inhibitors of other ABC trans-

porters could be exploited clinically has rarely been ad-

dressed. Since a number of the targeted anticancer agents

have been found to be substrates or modulators of multidrug

efflux pumps, it has become important to define their possible
.
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role in multidrug resistance. Furthermore, inhibition of the

multidrug efflux pumps has potential utility beyond reversal

of resistance, for instance, in improving the delivery of sub-

strate drugs to the central nervous system (CNS).1–3 For exam-

ple, it was recently reported that CNS penetration of lapatinib

in animal models is limited by both Pgp and ABCG2.4 Our strat-

egy is to use reversal of drug resistance in xenografts as a proof

of the concept that improved drug delivery and accumulation,

through inhibition of efflux pumps, can indeed be achieved

in vivo. HEK293 human embryonic kidney cells were previously

shown to be able to grow as xenografts in SCID mice.4 This of-

fered the possibility of a defined model system of transfected

cells in which ABCG2 would be the only difference from con-

trol xenografts, and that levels would not be too high, in con-

trast to other model systems in which drug selection had been

utilised to achieve ABCG2 up-regulation. This would lay the

groundwork for re-testing the hypothesis that ABC transport-

ers contribute to drug resistance and that their inhibition

could prove useful in patients for targeting ABC transporters

that prevent drug accumulation in the CNS or for improving

and normalising oral drug bioavailability.

ABCG2, also termed breast cancer resistance protein or

BCRP, is an important ABC half-transporter. It effluxes a wide

range of substrates, including natural compounds such as por-

phyrins and anticancer drugs such as mitoxantrone, irinotec-

an (CPT-11)5 and SN-38, its pharmacologically-active

metabolite, thus overlapping the substrate spectra of ABCB1

and ABCC1.6 A few potent inhibitors have been described,

including GF120918, tariquidar, Ko143 – a derivative of fumi-

tremorgin C (a highly toxic tremorgenic mycotoxin isolated

from Aspergillus fumigatus), imatinib and gefitinib (GEFI,

ZD1839, Iressa).7 The latter compound is an efficient tyro-

sine-kinase inhibitor targeting the epidermal growth factor

receptor (EGFR) and used in lung cancer clinical trials.8,9 Con-

troversial data have been reported about its transport by

ABCG2.9,10 This is apparently due to the fact that gefitinib is

a substrate at low concentrations whereas inhibitory proper-

ties are observed in vivo at higher concentrations.11,12 Never-

theless, high and maximum tolerated doses of gefitinib (over

75 mg/kg) have demonstrated ability to reverse the SN-38-

dependent resistant phenotype.10,12,13 The requirement for

such high gefitinib doses would obviously constitute serious

limitations for ABCG2 modulation in a clinical setting. New

ABCG2 inhibitors have been recently designed and optimised

amongst flavonoids, based on flavone14 and acridone15 deriv-

atives. One acridone, MBLI-87, also called acridone 4b, was

found to be as potent in vitro as GF120918 against ABCG2-med-

iated mitoxantrone efflux,15 with the advantage of not inhibit-

ing ABCB1 and ABCC1.16 To further characterise MBLI-87

effects against ABCG2 transport activity, we evaluated its

in vitro inhibition of irinotecan efflux and its in vivo modulatory

effect on ABCG2-related drug resistance in xenografts.

2. Material and methods

2.1. Cell cultures

The two HEK293 cell models used, transfected with either

wild-type ABCG2 or empty pcDNA3.1 vector,17 were cultured

as described.14
2.2. Animal studies

SCID mice (Charles River Laboratories) were handled in accor-

dance with the Guide for the Care and Use of Laboratory Ani-

mals, and all procedures followed protocols approved by the

Animal Facility veterinarian board. Eight week-old female

mice were subcutaneously inoculated with either pcDNA3.1-

or ABCG2-HEK293 cells (8.2 · 106 in 100 lL DMEM medium

and matrigel solution (50% v/v)/inoculation). Since pcDNA3.1-

and ABCG2-xenografts responded differently to irinotecan

therapy, each mouse was implanted on the left and right

flanks with the same tumour cell type. All mice implanted

with ABCG2-xenografts were randomised within eight

groups. Similar procedures were carried out for control

(pcDNA3.1) xenografted mice. After randomisation, each

mouse was independently identified by a colour code. Tumour

volume was determined, in mm3, by measuring tumour

length (l) and width (w), and using the formula: vol-

ume = (4 * 3.14((l + w)/2)3)/3. Time zero was the day of cell

inoculation. Xenograft tumours were harvested when their

volume reached approximately 1800 mm3.

2.3. Drug formulation and administration

MBLI-87, which was not soluble in either water or saline vehi-

cles, was formulated in enzymatically modified cyclodextrin-

based colloidal suspension by the solvent displacement

method.19 An organic phase containing acetone (30 mL),

(cCD-C10 at 2 mg/mL),18,19 benzyl benzoate (600 lL), a lipo-

philic surfactant Montane� 80 (8 mg/mL) and the drug (9 mg)

was added into 60 mL of glucose (3.6% w/w) supplemented

with the hydrophilic surfactant Montanox� 80 (4 mg/mL)

under magnetic stirring (500 rpm) at 25 �C. The obtained org-

ano-aqueous suspension was submitted to reduced pressure

in order to eliminate acetone and the aqueous suspension vol-

ume was adjusted to reach isotonicity. The suspensions were

filtered through 0.45 lm and stored in sterile glass vials

(10 mL) for further in vivo studies. The nanoparticle size, mea-

sured by quasi-elastic light scattering, was around 185–195 nm

(PI 0.05).20 The MBLI-87 concentration recovered in the sus-

pension (0.16 mg/mL) was assayed spectrophotometrically at

393 nm in ethanol after dissolution of a known volume of sus-

pension in the organic solvent. The drug fraction solubilised in

the aqueous phase of the suspension was evaluated after sep-

aration of the nanoparticles from supernatant by ultracentri-

fugation (300,000g, 1.5 h, 20 �C) and was in agreement with

the poor MBLI-87 aqueous solubility (0.007 mg/mL at 25 �C).

In the final suspension, 95% of the drug amount recovered

was associated with the nanoparticles. The stability studies

indicated that the characteristics of MBLI-87-loaded nanopar-

ticle suspensions remained unchanged in terms of mean size

particles and drug concentration during at least 2 months.

Thus, the same batch of colloidal suspension could be used

repeatedly.

The suspension of MBLI-87-loaded nanoparticles (later

called MBLI-87), at 0.16 mg/mL, was administered by intra-

peritoneal (IP) injection as a 2.4 mg/kg dose, 5 days/week on

two consecutive weeks followed by a 14-day rest period. Un-

loaded colloidal suspension (without MBLI-87) was called

NANO (MBLI-87 vehicle). Irinotecan, kindly provided by
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Dr. Hamedi-Sangsari (MAP-France company), was adminis-

tered by IP injection at 30 mg/kg (0.1 mL water), 3 days/week

on two consecutive weeks followed by a 14-day rest period.

Tumour-bearing SCID mice were randomised into eight

groups the day after cell implantation, before receiving drugs.

The two-week period of drug administration plus its 14-day

rest constituted one therapy cycle; mice thus received 2 cycles

over 8 weeks.

2.4. Western blot analysis

Xenografts were resuspended in a hypotonic buffer (5 mM

EDTA, 10 mM Tris/HCl pH 8, 10 mM KCl, protease inhibitor

cocktail) in an ice-cold Dounce homogeniser for 1 h before

homogenisation 30 times on ice. After centrifugation

(15 min, 1000g), supernatants were collected, and protein con-

tent quantified using the bicinchoninic acid assay (provided

by Sigma–Aldrich, Inc.). 10 lg of proteins were separated by

10% (w/v) SDS–polyacrylamide gel electrophoresis. PVDF

membranes were probed with the anti-ABCG2 monoclonal

antibody BXP-21 (1/200, Tebu-bio), and a polyclonal alpha-

tubulin antibody (1/500, Sigma). ABCG2 was detected using

the Enhanced Chemiluminescence Plus detection kit (Amer-

sham Pharmacia Biotech), and densitometry performed using

QuantityOne� software.

2.5. In vitro and in vivo quantification of irinotecan and
SN-38

For in vitro experiments, cells were first plated at 750,000 cells/

well in 6-well plates. They were loaded with 2 lM irinotecan

in DMEM medium (without FBS) for 60 min at 37 �C in the ab-

sence or presence of either 5 lM GF120418, 5 lM MBLI-87 or

10 lM fumitremorgin C. During the uptake period, irinotecan

could be metabolised into SN-38. After two washings with ice-

cold PBS (to inhibit active efflux capabilities), cells were col-

lected in 1 mL of ice-cold PBS, submitted to centrifugation

(5 min at 1500g) and lysed by 500 lL pure methanol. Finally,

intracellular irinotecan accumulation was quantified in a cell

aliquot by HPLC MS/MS, according the analytical description

below. Specific transitions for SN-38, APC and SN-38G were

also monitored in order to assess potential metabolism of iri-

notecan in the cells. We were unable to detect APC and SN-

38G under our experimental conditions. Results (expressed

in ng irinotecan/mg protein) were normalised to cellular pro-

tein content (Bradford assay).

For in vivo experiments, irinotecan disposition was evalu-

ated in tumour-free SCID mice after a single MBLI-87

(3.45 mg/kg) and/or irinotecan (20 mg/kg) IP administration

(injection route used in in vivo protocol). Approximately

1 mL of blood was collected with heparinised syringes (5 ani-

mals per time point) at 0.5, 1, 3, 6, or 24 h after injection. Plas-

ma fractions were extracted from each blood sample by

centrifugation (5 min, 5000g).

For analytical quantification, irinotecan and SN-38 were

kindly furnished by Pfizer (Kalamazoo, USA) and camptothe-

cin was obtained from Sigma (Saint-Quentin Fallavier,

France). For plasma samples, the preparation was carried

out according to the following procedure: 50 lL of plasma,

20 lL of internal standard (camptothecin at 1 lg/mL) and
300 lL of formic acid (2% v/v) were mixed vigorously for

10 s. The mixture was applied to previously conditioned SPE

extraction cartridges (Oasis� HLB 30 mg – Waters, Milford,

USA). The cartridge was washed with 1 mL of a mixture of

methanol and 2% formic acid (20/80, v/v) and the elution

was then carried out with 1 mL of methanol. The eluate was

evaporated to dryness under a stream of nitrogen, and the

residue was resuspended in 100 lL of mobile phase. For cell

samples, following the incubation period with irinotecan,

the cells were washed three times with ice-cold PBS and then

300 lL of methanol were added and samples were stored at

)20 �C in this condition. The sample preparation was per-

formed by adding 20 lL of camptothecin (internal standard)

at 1 lg/mL, and then samples were mixed and centrifuged

at 12,000g for 5 min at 10 �C. The supernatant was removed

and evaporated to dryness under a stream of nitrogen. The

residues were resuspended in 300 lL of mobile phase.

For plasma and cell incubation samples, the solution was

then transferred to a glass vial kept at 10 �C in the autosam-

pler and 10 lL was injected in the HPLC device. Irinotecan

and SN-38 were separated on a Hypersil Gold 100 mm ·
2.1 mm column (ThermoFisher, San Jose, USA). The separa-

tion was performed using a gradient mode with a mobile

phase constituted by water and acetonitrile, both solutions

containing acetic acid at 0.1%. The mobile phase was deliv-

ered through the column (temperature maintained at

+30 �C) at a flow rate of 200 lL/min. The detection was carried

out with a Quantum-Ultra (ThermoFisher, San Jose, USA) tri-

ple quadrupole mass spectrometer. The instrument was oper-

ated in positive ion mode with electrospray (ESI) source. The

quantification was performed using the transitions m/z

587! 124 (irinotecan), m/z 393! 349 (SN-38) and m/z 349!
m/z 305 (camptothecin).

Calibration curves were constructed by plotting the ion

abundance peak area ratio irinotecan/camptothecin and SN-

38/camptothecin as function of irinotecan or SN-38 plasma

concentration. Calibration curves were tested from 5 to

1000 ng/mL and from 0.5 to 100 ng/mL for irinotecan and

SN-38, respectively. For both compounds, a weighting factor

(1/concentration) was applied and a mean least-squares lin-

ear regression correlation coefficient of greater than 0.995

was obtained. The concentrations back-calculated from the

equation of the regression analysis were lower than 8.5% for

precision and than 5% for accuracy for both compounds.

The within-run and between-run variability (precision) and

the mean predicted concentration (accuracy) were analysed

at three different concentrations (0.5, 5 and 55 ng/mL for

SN-38 and 7, 70 and 750 ng/mL for irinotecan) in sextuplicate

on four separate days and were lower than 10% except for SN-

38 at 0.5 ng/mL, with a between-run variability equal to 12.8%.

All parameters fulfilled the respective requirements of the

Washington consensus conference on analytical methods

validation.

2.6. Statistical analysis

Irinotecan accumulation histograms (Fig. 1) were constructed

with Excel, and expressed as mean ± SD. The statistical anal-

yses (unilateral t-test) were performed with Excel. Growth

curves were constructed with Excel as a plot of tumour
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Fig. 1 – In vitro irinotecan accumulation in control and ABCG2-expressing cells. Cells were loaded with 2 lM irinotecan in

DMEM medium (without FBS) for 60 min at 37 �C in the absence or presence of either 5 lM GF120418, 5 lM MBLI-87 or 10 lM

fumitremorgin C. Intracellular irinotecan accumulation was quantified by HPLC MS/MS. Results were expressed as ng

irinotecan/mg protein.
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volume ± SE against time. In Fig. 3A and B, statistical evalua-

tion was carried out with the non-parametric Mann Whitney

test. In Fig. 3C and Table 1, growth curves were constructed

with SigmaPlot� (Systat Software, San Jose, CA), by analysing

data as a plot of tumour volume ± SE against time, and the

statistical analyses (paired t-test) were performed with Sigm-

astat� (Systat Software).

3. Results and discussion

To compare the in vitro effects of MBLI-87 on irinotecan accu-

mulation in both control pcDNA3.1-HEK293 cells and ABCG2-

expressing HEK293 cells, the two cell lines were incubated for

60 min with 2 lM irinotecan in the absence or presence of

either 5 lM MBLI-87, 5 lM GF120918 or 10 lM fumitremorgin

C (Fig. 1). Then, cellular accumulation of irinotecan was quan-

tified by HPLC MS/MS. This demonstrated that irinotecan was

approximately 1.7-fold less accumulated in ABCG2-express-

ing HEK293 cells than in control cells. In ABCG2-HEK293 cells,

irinotecan accumulation was increased by co-exposure to any

ABCG2 modulator (10 lM fumitremorgin C, 5 lM GF120918 or

5 lM MBLI-87), whilst these modulators had no effect in the

control cells (Fig. 1). This demonstrated that MBLI-87 is indeed

a potent inhibitor of ABCG2, increasing irinotecan cellular

accumulation.
We have used pcDNA3.1 and ABCG2 stable transfectants

in HEK293 cells as a cellular tool17 to characterise both

in vitro and in vivo effects of ABCG2 modulators. In contrast

to drug-selected ABCG2 cancer cells, these models allow ac-

cess to a true negative control (here the empty pcDNA3.1

transfected cell line) in order to validate the specificity, and

to exactly evaluate the net effect of our inhibitor on the

ABCG2 target. We first confirmed the previously reported

tumourigenicity of HEK293 cells21 and then determined the

optimal concentration range of MBLI-87 and irinotecan,

non-toxic doses in combination and the schedule of their

administration to SCID mice over the 8-week protocol. We

characterised the maximum tolerated doses of irinotecan

(30 mg/kg for 3 days/week) in combination with either control

NANO (300 lL for 5 days/week) or MBLI-87 (2.4 mg/kg in

300 lL NANO for 5 days/week). Higher doses of irinotecan

were not used as they resulted in loss of weight and modifi-

cations in behaviour, both defined as reference elements by

the Animal Facility veterinarian board to in vivo quantify

the toxicity of the molecules. No difference in toxicity was

observed according to the treatments.

MBLI-87 could not be solubilised in oil, saline or water

vehicles. The chronic administration schedule of 50 lL pure

DMSO was not recommended by the ethics committee of

our institution, as described in the Section 2. We used a
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specific and complex formulation in nanoparticles (NANO) to

allow its administration to mice. Consequently, for evaluating

the net MBLI-87 effect on the growth of ABCG2-expressing

xenografts, we carried out control conditions with the nano-

particles alone (NANO). When the tumour volume reached

approximately 1800 mm3, mice were sacrificed and xeno-

grafts harvested. ABCG2 expression levels were quantified

by Western blot analysis and, as expected, the ABCG2 protein

was only detected in ABCG2 xenografts (Fig. 2A). Since control

(pcDNA3.1) tumours did not grow during the first 60 days, we

did not check any irinotecan effect on ABCG2 expression. We

did not find any statistical effect of NANO vehicle on the

growth curves of either pcDNA3.1 HEK 293 cells or ABCG2

HEK 293 cells (data not shown). NANO did not significantly al-

ter the effect of irinotecan on the growth of ABCG2 xenografts

(data not shown). Interestingly, irinotecan treatment,
whether combined with MBLI-87 or under control conditions

(NANO), resulted in higher ABCG2 expression in xenografts

(Fig. 2A and B), whereas MBLI-87 alone had no effect

(Fig. 2B). This strongly suggested that the anticancer agent iri-

notecan selected ABCG2-expressing cells having high efflux

capability, which then could limit irinotecan chemotherapeu-

tic activity or disposition.

We next evaluated MBLI-87 circumvention of in vivo drug

resistance by submitting mice to two chemotherapy cycles,

administering irinotecan (30 mg/kg for 3 days/week) in com-

bination with either control NANO (300 lL for 5 days/week)

or MBLI-87 (2.4 mg/kg in 300 lL NANO for 5 days/week), the

day after cell implantation. The first drug therapy period

(from day 1 to 15) avoided physical variability of irinotecan

distribution in xenografts (since tumours were small and

not completely established in 3-D tissue). This first chemo-
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therapy period likely potentiated drug effects on the im-

planted cells, through a direct action on the cells. In contrast,

the second drug therapy period (from day 30 to 44) was per-

formed when xenograft volumes were in the mean range of

100 mm3, an established tumour size. Although some concen-

tration variability was observed, both SN-38 and irinotecan

were detected in xenografts, by LC–MS/MS, 24 h after irinotec-

an administration. Control xenografts, treated with NANO,

grew and reached a maximal volume at day 28, whereas they

did not grow at all during the 8-week period following irino-

tecan therapy (Fig. 3A). NANO-irinotecan and MBLI-87-irino-

tecan therapies completely prevented the growth of control

xenografts during the first 8 weeks (Fig. 3A). MBLI-87 alone

did not significantly modify the growth of either pcDNA3.1-

or ABCG2-xenografts when compared to control NANO

(Fig. 3A and B). Compared to its effect on the pcDNA3.1 con-
trol xenografts, treatment with irinotecan alone delayed the

growth of ABCG2-expressing xenografts by approximately

10 days (Fig. 3C versus B).

We observed an inhibition by MBLI-87 of ABCG2-depen-

dent resistance to irinotecan during the second chemother-

apy cycle, examining the day 30–54 period (Fig. 3C). ABCG2

tumour growth was delayed by co-administration of MBLI-

87 and irinotecan, in comparison to NANO and irinotecan

during the first rest period and the second therapy period.

The data points of the overall MBLI-87 series were signifi-

cantly below those of the NANO series (Paired t-test,

p < 0.001). This was especially true over the time period of

35–54 days.

To further evaluate the difference between the two treat-

ments, a kinetic analysis was performed. The points depicted

in Fig. 3C were better fitted (F test, at p < 0.01) for both test and



Table 1 – Parameters of MBLI-87-irinotecan and NANO-
irinotecan exponential growth equationsa.

Coefficient Std. error P-value

NANO-irinotecan (0–30 days)
R2 = 0.9702 f = )0.6424 + 3.2693 * exp(0.1322 * x)
y0 )0.6424 10.2939 ns 0.9523
a 3.2693 2.9354 ns 0.308
b 0.1322 0.0294 * 0.0041

MBLI-87-irinotecan (0–30 days)
R2 = 0.7293 f = 9.7198 + 2.0402 * exp(0.1162 * x)
y0 9.7198 16.1066 ns 0.5683
a 2.0402 6.0361 ns 0.7469
b 0.1162 0.0954 ns 0.2691

NANO-irinotecan (30–54 days)
R2 = 0.9954 f = 163.1692 + 0.0437 * exp(0.1857 * x)
y0 163.1692 19.6266 ** 0.0002
a 0.0437 0.0361 ns 0.2709
b 0.1857 0.0152 *** <0.0001

MBLI-87-irinotecan (30–54 days)
R2 = 0.9969 f = 91.6966 + 0.0002 * exp(0.2836 * x)
y0 91.6966 11.4804 ** 0.0002
a 0.0002 0.0002 ns 0.3233
b 0.2836 0.0173 *** <0.0001

* p < 0.01.

** p < 0.001.

*** p < 0.0001.
a The points of the Fig. 3C were better fitted (F test, at p < 0.01) for

both test and control series, as two separate (rather than a single

one) time courses following the augmented (three parameter)

exponential growth equation: y = y0 + a * exp(b * t), where y0 + 1 is the

computed size at t = 0, a is 1.71828 times the increment in size at

time equal to 1/b, whilst b is the growth rate constant. The p values

reflect the goodness of fit of the growth rate equation to the data,

and not the comparison between the two treatments. The two

treatments were not statistically different when compared for the

period from 0 to 30 days (p = 0.115), but they were indeed statistically

different when compared for the period from 30 to 54 days

(p < 0.001).
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control series, as two separate (rather than a single one) time

courses following the augmented (three-parameter) exponen-

tial growth equation: y = y0 + a * exp(b * t), where y0 + 1 is the

computed size at t = 0, a is 1.71828 times the increment in size

at times equal to 1/b, whilst b is the growth rate constant (Ta-

ble 1). Although there was no statistically-supported differ-

ence (p = 0.115) for the whole 0–30 day period, a statistically

significant difference was indeed observed over the first rest

period (day 16–30), p = 0.039.

The growth rate during the second drug therapy period

(day 30–44) appeared to be slower for MBLI-87-irinotecan than

for NANO-irinotecan although this did not reach statistically

significance (p = 0.883). Surprisingly, following discontinua-

tion of therapy, growth of the tumours accelerated, and more

so for the MBLI-87-irinotecan group. Growth started from a

lower point and yet reached the same end size. For the statis-

tical analysis of the entire growth period (comprising the

second drug therapy and rest combined (day 30–54)), there

were enough data points to give a satisfactory p value

(p < 0.001) for the difference in the growth rate constants: b

(NANO-irinotecan) ) b (MBLI-87-irinotecan) = 0.1857 ) 0.2836 =
)0.0979; t = )4.251 with 16 degrees of freedom (P < 0.001), and

95 percent confidence interval for difference of means: )0.147

to )0.0491 (the power of performed test with a = 0.050:0.981).

Thus, the growth rate constant (b) in the MBLI-87-irinotecan

case was 50% higher than that in NANO-irinotecan and this

was supported at p < 0.001 (Table 1). A possible explanation

is that the growth rate of the xenograft accelerates when

treatment with MBLI-87-irinotecan is discontinued. A similar

phenomenon was observed for tumour growth in humans

upon cessation of treatment with bevacizumab (Avastin),22

also suggesting a tumour growth acceleration after drug re-

moval and hence an apparently similar phenomenon in our

animal model. Regardless of whether the tumour accelerates

or simply returns to a pre-treatment growth rate, this model

may have relevance for the clinical situation, showing that

we cannot expect a ‘‘permanent’’ benefit after discontinuation

of therapy.

MBLI-87 was selected as a specific, non-toxic inhibitor of

ABCG2, not interacting with ABCB1. MBLI-87 could not be

experimentally assayed at a maximum tolerable dose, due

to limited solubility. It was not toxic for mice, its usable dose

being here limited by the maximal volume that could be in-

jected (300 lL). Furthermore, since ABCG2 is physiologically

expressed in various tissues (liver, BHE and intestine), we

evaluated the influence of MBLI-87 on SN-38 and irinotecan

in plasma in pharmacokinetic experiments. Irinotecan dispo-

sition was evaluated in tumour-free mice after a single IP

injection of irinotecan (20 mg/kg) with either MBLI-87

(3.45 mg/kg) or the NANO vehicle control. Under our condi-

tions, irinotecan concentrations followed a two-phase decay

(Fig. 4A); they were high at 30 min, decreased strongly after

3 h exposure and remained detectable after 24 h. We also

quantified SN-38, the active metabolite of irinotecan, in plas-

ma. Interestingly, with a slight delay likely due to metabolism

kinetics, the high concentration of SN-38 was reached at the

3 h timepoint and decreased strongly but remained still

detectable 24 h after injection (Fig. 4B). The median values

per timepoint and the AUCs (AUC (NANO-irinotecan) =

20117.76 ng/mL/h ± 13356.18 (SD); AUC (MBLI-87-irinotec-

an) = 18160.34 ng/mL/h ± 2855.506 (SD); AUC (SN-38-NANO) =

3712.245 ng/mL/h ± 767.17 (SD); AUC (SN-38-MBLI-87) =

3242.69 ng/mL/h ± 856.8481 (SD)) were similar for the different

conditions. Consequently, MBLI-87 had no effect on SN-38

and irinotecan concentrations and, presumably, on their re-

lated toxicity. Such a lack of interference of MBLI-87 towards

irinotecan and SN-38 disposition encourages further studies.

The results presented above show evident sensitisation to

therapy by MBLI-87 at earlier timepoints, which at later time-

points is negated by the acceleration of tumour growth that

occurs following discontinuation of therapy. We consider that

these studies serve as proof of concept and suggest that opti-

misation of both the injectable MBLI-87 preparation and its

in vivo therapeutic protocol is a worthwhile endeavour, to-

ward preclinical modelling of ABCG2 inhibition. If MBLI-87 is

indeed confirmed as a potent non-toxic inhibitor towards

other drugs and in other model systems, it will constitute a

good candidate for further development aimed at improving

bioavailability of substrate drugs, CNS penetration, accumula-

tion of targeted agents in stem cells and possibly to overcome

multidrug resistance in cancer.
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Fig. 4 – Representative plots of irinotecan (A) and SN-38 (B) plasma concentrations as a function of time. Mice were treated by

IP injection of irinotecan in combination with either MBLI-87 or NANO (5 mice per condition). HPLC MS/MS determined

irinotecan and SN-38 plasma concentrations (ng/mL plasma) are represented as plots as a function of time. Irinotecan (A) or

SN-38 (B) plasma concentration of each mouse is shown in the absence (red triangles/NANO-irinotecan) or presence of MBLI-

87 (blue crosses/MBLI-87-irinotecan). Median values are either represented by a red line (NANO-irinotecan) or a blue line

(MBLI-87-irinotecan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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19. Gèze A, Choisnard L, Putaux JL, Wouessidjewe D. Colloidal
systems made of biotransesterified alpha, beta and gamma
cyclodextrins grafted with C10 alkyl chains. Mater Sci Eng C
2009;29:458–62.

20. Choisnard L, Geze A, Yameogo BG, Putaux JL, Wouessidjewe D.
Miscellaneous nanoaggregates made of beta-CD esters
synthesised by an enzymatic pathway. Int J Pharm 2007;
344(1–2):26–32.

21. Zhang Y, Bressler JP, Neal J, et al. ABCG2/BCRP expression
modulates D-luciferin based bioluminescence imaging.
Cancer Res 2007;67(19):9389–97.

22. Stein WD, Yang J, Bates SE, Fojo T. Bevacizumab reduces
the growth rate constants of renal carcinomas: a novel
algorithm suggests early discontinuation of bevacizumab
resulted in a lack of survival advantage. Oncologist
2008;13(10):1055–62.


	The acridone derivative MBLI-87 sensitizes breast cancer resistance protein-expressing xenografts to irinotecan
	Introduction
	Material and methods
	Cell cultures
	Animal studies
	Drug formulation and administration
	Western blot analysis
	In vitro and in vivo quantification of irinotecan and SN-38
	Statistical analysis

	Results and discussion
	Conflict interest statement
	Acknowledgements
	References


