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Abstract
The study objective was to develop a formulation of elacridar to overcome its dissolution-rate
limited bioavailability. Elacridar is a P-gp and BCRP inhibitor that has been used to improve the
brain distribution of drugs that are substrates of P-gp and BCRP. The chronic use of elacridar is
restricted due to poor solubility leading to poor oral bioavailability. A microemulsion formulation
using Cremophor EL, Carbitol and Captex 355 (6:3:1) was developed. The elacridar
microemulsion was effective in the inhibition of P-gp and Bcrp in MDCKII-transfected cells.
FVBn mice were used to determine the bioavailability of elacridar after a 10 mg/kg dose of
elacridar in the microemulsion, intraperitoneally and orally; and the absolute bioavailability was
determined to be 1.3 and 0.47, respectively. Co-administration of elacridar microemulsion
intraperitoneally with oral erlotinib in FVBn mice improved the erlotinib brain penetration three-
fold. The current study shows that a microemulsion formulation of elacridar is effective in
improving the bioavailability of elacridar and is an effective inhibitor of P-gp and Bcrp; in-vitro
and in-vivo. It offers an alternative to the suspension and allows a decrease in the dose required to
achieve a significant inhibitory effect at the blood-brain barrier.
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Introduction
One of the major hurdles that has to be overcome for effective treatment of brain disorders is
the blood-brain barrier (BBB). Efflux transporters such as P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP), work at the level of the BBB to actively efflux drugs from
the brain, thus limiting distribution to their target site. Pharmacological inhibition of these
efflux transporters may overcome this inadequate delivery of drug therapy to the brain.
Elacridar (GF 120918) was initially developed as a multi-drug resistance reversal agent to
restore sensitivity of tumor cells to chemotherapeutics such as doxorubicin 1. It is a potent
inhibitor of P-gp and BCRP 2,3. This inhibitory effect has been also used to improve the oral
bioavailability of drugs that are substrates for P-gp and BCRP in humans, such as topotecan
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and paclitaxel, by limiting the efflux of substrate drugs into the intestinal lumen4–6.
Elacridar has also been used to study the influence of P-gp and Bcrp in preclinical models
on the brain distribution of substrate drugs such as morphine, amprenavir and several
tyrosine kinase inhibitors 7–11. These studies have shown that inhibition of these efflux
proteins at the BBB using elacridar is an effective way to enhance the brain distribution of
drugs that are substrates for P-gp and BCRP. This strategy could result in improved efficacy
of several drugs that have a site of action in the brain, but have CNS distribution limited by
the BBB. Therefore, the use of elacridar as a drug delivery adjuvant has the potential to
enhance efficacy of these drugs by improving their distribution to target sites within the
CNS.

Co-administration of elacridar as an adjuvant treatment presents several challenges, in both
preclinical and clinical applications. The bioavailability of elacridar in the mouse after an
oral or intraperitoneal dose is only about 22% and 1%, respectively12. Unfavorable
physicochemical properties, such as poor solubility and high lipophilicity, result in
dissolution-rate limited absorption from the gut lumen 13. Therefore, remarkably large doses
of elacridar, as much as 100 mg/kg to 500 mg/kg, have been administered orally in
preclinical species to achieve plasma concentrations that can be effective for inhibition of P-
gp and Bcrp 7,14. Moreover, given the magnitude of these doses, chronic multi-dose
regimens are problematic. The poor solubility of elacridar also limits its development as an
injectable. These are major obstacles in the practical use of elacridar in both preclinical
animal models and in clinical applications. Since the oral absorption of elacridar is
dissolution-rate limited 13, improving the dissolution rate would be an important strategy to
overcome this limitation Several approaches could be used to improve the dissolution rate of
elacridar, including: the preparation of a microemulsion, a solid dispersion, a water soluble
prodrug, as well as the use of surfactants, cyclodextrins or lipids.

Given the success of some microemulsions in increasing bioavailability, and reducing
variability in absorption15, we chose the microemulsion approach to improve the absorption
of elacridar. Microemulsions are thermodynamically stable, transparent or translucent,
optically isotropic colloidal dispersions, with low viscosity and fine droplet size (<100 nm).
Microemulsions could be generated using self microemulsifying drug delivery systems
(SMEDDS), which are comprised of a mixture of surfactant, co-surfactant and lipid, that
upon agitation with water, form microemulsions16. Microemulsions improve the absorption
of drugs by improving dissolution 17,18. SMEDDS and microemulsions have been widely
used to improve the bioavailability of poorly soluble drugs. Neoral (cyclosporine A),
Fortovase (saquinavir), and Norvir (ritonavir) are examples of commercially available
SMEDDS, which have been employed to improve bioavailability of these poorly soluble
drugs.

Given its high lipophilicity and poor bioavailability, elacridar is a good candidate for a
microemulsion formulation. The objective of this study was to develop and characterize a
microemulsion formulation of elacridar, assess its systemic bioavailability, and determine its
pharmacokinetics in plasma and brain. An improvement in the bioavailability of elacridar
may result in a practical multiple dosing regimen, one that will allow chronic inhibition of
the transporters at the BBB.

Materials and Methods
Chemicals and reagents

Elacridar ( GF 120918 ) [N-(4-(2-(1,2,3,4-tetrahydro-6,7-dimethoxy-2-
isoquinolinyl)ethyl)phenyl)-9,10-dihydro-5-methoxy-9-oxo-4-acridine carboxamide] of
molecular weight 563.64 g/mole was purchased from Toronto Research Chemicals
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( Ontario, Canada). Cremophor EL, Cremophor RH40, Solutol HS, Captex 355, Captex 300
were obtained from Abitech (Janesville, WI). Carbitol [2-(2-Ethoxyethoxy) ethanol] was
purchased from Sigma-Aldrich (St. Louis, MO). Erlotinib was purchased from LC
Laboratories (Woburn, MA, USA). [14C]-dasatinib was a kind gift sample from Bristol-
Myers Squibb. All other chemicals used were reagent grade or HPLC grade from Sigma-
Aldrich (St. Louis, MO).

Solubility
The solubility of elacridar in various components was determined as follows: a small
quantity of elacridar (~ 1 mg) was added to a 100 ul of vehicle in a closed microcentrifuge
tube. The tubes were shaken on an orbital shaker at 37 ºC at 200 rpm for 24 hours to allow
for equilibration. At the end of 24 hours, the tubes were removed from the shaker and
centrifuged at 10,000 rpm for 5 min to separate the solubilized fraction from the un-
dissolved material. The supernatant was pipetted, diluted and concentration of elacridar was
determined by LCMS-MS.

Construction of phase diagrams
A series of mixtures was prepared with various ratios of Solutol HS and Cremophor EL. The
phase behavior of the system was studied at surfactant to co-surfactant ratios of 8:1, 4:1 and
2:1. Aliquots of each surfactant:co-surfactant mixtures were mixed with oil and then purified
water. Mixtures were mixed by vortexing at room temperature. The samples were assessed
visually and determined to be either coarse emulsions, gels or clear and transparent
microemulsions. The microemulsion region was plotted on a ternary phase diagram. The
microemulsion region represents clear and optically isotropic systems. The non-
microemulsion region represents the dispersed and turbid systems. These were identified by
visual inspection.

Emulsion droplet size analysis
The droplet size of the microemulsion was measured by the dynamic light scattering
technique using a Delsa™Nano C (Beckman Coulter, Inc, Chaska, MN). The microemulsion
formulation was diluted 50-fold in purified water prior to droplet size measurements.

In vitro studies
Cellular accumulation studies were conducted in epithelial Madin-Darby canine kidney II
(MDCKII) cells over expressing either murine BCRP (MDCKII-Bcrp1) or human P-gp
(MDCKII- MDR1) and were obtained from Dr. Piet Borst and Dr. Alfred H. Schinkel (The
Netherlands Cancer Institute). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin
(100 μg/ml), and amphotericin B (250 ng/ml) (all Sigma-Aldrich) and maintained at 37°C
with 5% CO2 under humidifying conditions.

In vitro efficacy of elacridar microemulsion
Intracellular accumulation of radiolabelled dasatinib in presence of the optimized elacridar
microemulsion as well as elacridar as a solution [DMSO diluted with cell assay buffer, (122
mM NaCl, 25 mM NaHCO3, 10 mM glucose, 10 mM HEPES, 3 mM KCl, 2.5 mM MgSO4,
1.8 mM CaCl2, and 0.4 mM K2HPO4)]was examined in wild-type and MDCKII MDR1 and
Bcrp1 transfected cells using 24-well polystyrene plates (Thermo Fisher Scientific,
Waltham, MA). We choose dasatinib as a model compound since we have shown in our
previous studies that it is a dual substrate for both P-gp and Bcrp10. Cells were seeded at a
density of 1× 105 cells per well. Fresh media was supplied every two days to the cells until a
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confluent monolayer was obtained. Prior to starting the experiment, the nutrient media was
aspirated and cells were washed with pre-warmed cell assay buffer.

To study the effect of elacridar microemulsion on radiolabelled dasatinib cellular
accumulation, cells were preincubated for 30 minutes with one milliliter of treatment buffer,
including elacridar solution (5 uM), elacridar microemulsion (1 uM), as well as equal
volume of blank microemulsion components. One milliliter of tracer solution, 14C dasatinib
added to the elacridar solution, was added to the cells and the plates were incubated for 1
hour in an orbital shaker at 37 ºC. At the end of the incubation period, the radiolabelled drug
solution was aspirated from the wells and the cells were washed with ice-cold phosphate
buffered saline. 500 μl of 1 % Triton X solution was added to the wells to solubilize the
cells. The BCA protein assay (Thermo Fisher Scientific, Rockford, IL) was used to
determine the protein concentrations in the solubilized cell fractions. Radioactivity in each
100 μl sample was determined by liquid scintillation counting (LS-6500; Beckman Coulter,
Fullerton, CA). The radioactivity in the cell fractions was normalized to the protein
concentrations in each well. The drug accumulation in the cells was expressed as amount of
radioactivity (dpm) per microgram of protein.

Effect of increasing concentration of elacridar in microemulsion on cellular accumulation
of radiolabeled dasatinib

The intracellular accumulation of radiolabelled dasatinib with increasing concentrations of
elacridar as the microemulsion formulation was examined in MDCKII-WT, MDR1, and
Bcrp1 cells. The cells were pre-incubated for 30 minutes with one milliliter of increasing
concentrations of elacridar microemulsion. A control experiment was carried out with blank
microemulsion, using an equivalent volume of microemulsion components that was used in
the treatment groups.. One milliliter of tracer solution of 14C dasatinib in the elacridar
solution was added to the cells and the plates were incubated for 1 hour in an orbital shaker
at 37 ºC. At the end of the incubation period, the radiolabelled drug solution was aspirated
from the wells and the cells were washed with ice-cold phosphate buffered saline. The rest
of the experiment was carried out as described above. The accumulation of radiolabeled
dasatinib in the cells was expressed as a percent accumulation when elacridar
microemulsion is absent, where the dpm of radiolabeled dasatinib is normalized to cell
protein.

Animals
In vivo studies were conducted in FVB wild-type mice (Taconic Farms, Germantown, NY).
All animals were 8–10 weeks old at the time of the experiment. All mice were maintained
under a 12-hour light/dark cycle, had unlimited access to food and water, and were
maintained in a temperature-controlled environment. All studies were approved by the
Institutional Animal Care and Use Committee of the University of Minnesota.

Determination of bioavailability
The dosing solution was prepared by dissolving elacridar in a mixture of the surfactants and
oil at a ratio that would allow a 3 mg/ml solution. This solution was then diluted with saline
to obtain a 1 mg/ml microemulsion. Mice were given a 10 mg/kg dose either by oral gavage
or by intraperitoneal injection. Mice were also administered elacridar microemulsion
intravenously at dose of 2 mg/kg by tail vein injection. Animals were sacrificed at
predetermined time points (n=4 at each time point) by carbon dioxide euthanasia. Plasma
and brain were collected at 30 min, 1, 2, 4, 8 and 12 hours post-dose. Blood was collected by
cardiac puncture and transferred to heparinized tubes. Plasma was obtained by
centrifugation of blood at 7000 rpm for 10 min. Whole brain was isolated from skull and
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rinsed with ice-cold saline and then flash frozen with liquid nitrogen. Both plasma and brain
specimens were stored at −80 ºC before analysis by LCMS-MS.

Influence of elacridar microemulsion formulation on brain penetration of erlotinib
To determine whether the elacridar microemulsion improves the brain distribution of
substrate drugs, we selected erlotinib as a model P-gp and Bcrp substrate. The elacridar
microemulsion formulation was prepared as described above. Erlotinib dosing formulation
was prepared by suspending erlotinib in 1% Tween 80 to obtain a 2 mg/ml suspension. Mice
were administered 5 mg/kg of elacridar microemulsion by intraperitoneal injection 30 min
prior to erlotinib oral administration. As a positive control, a 10 mg/kg dose of elacridar in
solution (40 % DMSO, 40% propylene glycol, 20% water) was administered to another
group of mice, 30 min prior to erlotinib administration. All mice were administered 10 mg/
kg erlotinib by oral gavage. Animals were sacrificed at 1 hour post-dose of erlotinib by CO2
euthanasia. Blood and brains were collected as described above. The concentrations of
elacridar and erlotinib were measured in plasma and brain by LCMS-MS.

Analysis of elacridar and erlotinib by LCMS-MS
The concentrations of elacridar and erlotinib in mouse plasma and brain were determined by
HPLC coupled with mass spectrometry. Brain samples were thawed and homogenized with
three volumes of 5% bovine serum albumin using a tissue homogenizer (Thermo Fisher
Scientific, Rockford IL). Twenty nanograms of internal standard, tyrphostin (AG1478) was
added to 50 ul of plasma and 100 ul of brain homogenate along with 100 ul of pH 11 buffer.
Liquid-liquid extraction was carried out by adding 1ml of ethyl acetate and vortexing the
mixture, followed by centrifugation at 7500 rpm for 15 min at 4 ºC. 600 ul of the organic
phase supernatant was dried under nitrogen, and reconstituted in 100 ul of mobile phase and
transferred to autosampler vials. A 5 μl volume was injected into the HPLC using a
temperature-controlled auto sampler maintained at 10ºC. A method to simultaneously detect
elacridar and erlotinib was developed. The column used for chromatographic separation,
purchased from Agilent Technologies (Santa Clara, CA), was an Eclipse XDB-C18 RRHT
threaded column (4.6 mm id × 12.5 mm, 5 u). The mobile phase was composed of
acetonitrile:20 mM ammonium formate (with 0.1 % formic acid) (42:58 v/v) with a flow
rate of 0.25 ml/min. A Thermo Finnigan TSQ Quantum 1.5 detector (Thermo Fisher
Scientific) was used to analyze the eluent. The instrument was equipped with an
electrospray interface. The samples were ionized by the electrospray probe and analyzed in
the positive ionization mode operating at a spray voltage of 4500 V for elacridar, erlotinib
and the internal standard. The spectrometer was programmed to allow the [MH]+ ion of
elacridar at m/z 564.6, m/z of 395.18 for erlotinib and 316.67 for the internal standard to
pass through the first quadrupole (Q1) and into the collision cells (Q2). The collision energy
was set at 39 V for elacridar and erlotinib, 9V for tryphostin. The product ions for elacridar
(m/z 252.9), erlotinib (m/z 278.9 and 336.9) and internal standard (m/z 300.9) were
monitored through quadrupole 3(Q3). The scan width and scan time for monitoring the two
product ions was 1.5 m/z and 0.5 s, respectively. The assay was sensitive and linear over a
range of 2.5 ng/ml to 1000 ng/ml.

Pharmacokinetic Analysis
Pharmacokinetic parameters obtained from the concentration-time profiles in plasma and
brain were calculated by non-compartmental analysis using Phoenix WinNonlin 6.1
(Mountain View, CA). The area under the concentration-time curve for plasma and brain
were calculated using the trapezoidal method. The AUCextrapolated (AUC from last measured
time point) was estimated by dividing the last measured concentration by the terminal rate
constant. For calculating the AUCplasma after an intravenous dose, a concentration at time
zero that was extrapolated from the first few data points was used for determining
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concentration at time zero. In our previous study12 we have calculated the AUCplasma after
intravenous administration of elacridar solution [in a vehicle containing DMSO: propylene
glycol, and saline at 2:2:1 (v/v/v)] in FVB wild-type mice, and we used these data to
calculate the absolute bioavailability. The absolute bioavailability (F) was calculated as the
ratio of dose-normalized AUCplasma after oral or intraperitoneal microemulsion
administration to dose-normalized AUCplasma after intravenous dosing of elacridar solution
which was calculated in a previously published study 12.

The brain-to-plasma partition coefficient of elacridar (Kp,brain) was calculated as the ratio
of AUCs (AUCbrain/AUCplasma)

Statistical Analysis
Comparison between groups were made using SigmaStat, version 3.1 (Systat Software, Inc.,
San Jose, CA). Statistical difference between two groups was tested by using the two-sample
t-test, and significance was declared at p < 0.05. Multiple groups were compared by one-
way analysis of variance with the Holm-Sidak post hoc test for multiple comparisons at a
significance level of p < 0.05.

Results
Solubility studies

The components evaluated for the microemulsion were first examined for their capability to
dissolve elacridar. The results are listed in Table 1. The components selected for further
development of the formulation were chosen on the basis of solubility of elacridar in those
components. Cremophor EL provided the best solubilization capacity and was therefore
chosen for use in the microemulsion. Cremophor itself is an inhibitor of P-gp19; therefore
appropriate controls have been used in all experiments.

Pseudoternary phase diagrams and droplet size
Pseudoternary phase diagrams of oil, surfactant, co-surfactant and water were developed by
preparing a number of mixtures at room temperature. Phase behavior of the system was
studied using several surfactant to co-surfactant ratios (Smix = 2:1, 4:1, 8:1, where the Smix
denotes the mixture of surfactant to co-surfactant).

The microemulsion region was found to be present at high surfactant concentration and low
oil concentrations at all Smix ratios. The microemulsion region was larger at Smix ratio 8:1 as
compared to 4:1 and 2:1. The surfactant: co-surfactant ratio of 2:1 was chosen since the final
viscosity of the microemulsion was better suitable for injectable formulations. The
formulation chosen was Cremophor EL: Carbitol: Captex in 6:3:1 ratio. A 3 mg/ml solution
of elacridar was prepared in the microemulsion components in the absence of water. For the
in vitro and in vivo studies, the 3 mg/ml solution was diluted with purified water or saline.
To examine the droplet size of the microemulsion, a 1 mg/ml elacridar microemulsion was
diluted 20-fold. The droplet size for the microemulsion without the drug was found to be
16.8 ± 0.8 nm. When the drug was present in the microemulsion, the droplet size was
slightly larger, 19.1 ± 0.3 nm. A similar increase in droplet size with addition of drug was
observed in a previously published study with Cremophor EL and cyclosporine20.
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In vitro efficacy of elacridar microemulsion
This study was carried out to determine if the microemulsion formulation of elacridar is as
effective in inhibiting P-gp and Bcrp in an in vitro model as the conventional solution
formulation. The efficacy of elacridar microemulsion in inhibiting P-gp and Bcrp was
measured using MDCKII cells that over-express P-gp and Bcrp and wild-type cells were
used as a control. Radiolabeled dasatinib was used in tracer quantities as a model substrate
for P-gp and BCRP 10. The accumulation of dasatinib in MDR1-overexpressing cells
increased several fold upon treatment with elacridar microemulsion (Figure 1A). There is a
similar increase accumulation of radiolabeled dasatinib in Bcrp1-transfected cells on
treatment with elacridar microemulsion (Figure 1B). A solution of elacridar in DMSO was
used as a control. The increase in radiolabeled dasatinib accumulation shows that the
microemulsion formulation of elacridar is effective in inhibiting P-gp and Bcrp in vitro at an
elacridar concentration of 1 uM. Microemulsion components without any added elacridar
were used a control group because Cremophor EL has been shown to be an inhibitor of P-
gp 19,21. However, the microemulsion components did not show any inhibitory effect on the
P-gp and Bcrp over-expressing cell lines. This would indicate that the Cremophor EL is
present at a concentration that is well below its IC50 for inhibition of either transport system.

Effect of increasing concentrations of elacridar as a microemulsion on cellular
accumulation of radiolabeled dasatinib

The percent accumulation of radiolabeled dasatinib in MDCKII MDR1 and Bcrp1 cells
showed unexpected results when the concentration of elacridar microemulsion was
increased. The percent accumulation of radiolabeled dasatinib first showed an increase
followed by a decrease in both sets of transfected cells (Figure 2). This was unexpected
since previous experiments indicated that increase in elacridar concentrations result in a
non-linear increase in the cellular accumulation of radiolabeled dasatinib (submitted). The
control groups also showed a decrease in the accumulation from 100% to about 16% in both
MDCKII MDR1 and Bcrp1 transfected cells. This phenomenon suggests that the Cremophor
EL contributed by the microemulsion system is well below a concentration that can inhibit
P-gp. One could hypothesize that the decrease in the cellular accumulation may occur due to
a micellar trapping effect. At higher concentrations of the microemulsion components, the
surfactant mixture can create micelles that can entrap the radiolabeled drug. This
phenomenon has been previously observed with a number of different monomeric
surfactants including Pluronic 85 22. This unexpected phenomenon raises the possibility that
greater concentrations of the microemulsion and its components may adversely affect the
cellular accumulation of drugs due to the micellar effect in vivo.

Intraperitoneal and oral administration of elacridar microemulsion
The pharmacokinetics of elacridar microemulsion in plasma and brain were studied when
the microemulsion was administered intraperitoneally and orally. The bioavailability of
elacridar was calculated using equation 1, using the area under the concentration time curve
for plasma (AUCplasma) calculated after an intravenous dose of elacridar solution at 2.5 mg/
kg from a previously published study 12.

A 10 mg/kg dose of elacridar microemulsion was administered intraperitoneally to FVB
mice. The plasma concentrations of elacridar showed a maximal concentration of 6.8 ± 0.7
μg/ml at 1 hour post dose (Figure 3A). The brain concentrations showed slower rate of
increase, with very low concentrations at the initial times, and the peak concentration of
elacridar was reached at about 4 hours post dose. The brain-to-plasma concentration ratios
of elacridar are very low at initial time points and then show an increase to 2.3 ± 0.6 at 4
hours post dose. The total exposure of elacridar achieved in the plasma and the brain are
much higher than those seen after a 100 mg/kg dose administered as a suspension12 [at 100
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mg/kg elacridar as suspension: AUCplasma = (63.5 ± 6.6), AUCbrain = (19.9 ± 4.7) μg.min/
ml; at 10 mg/kg elacridar as microemulsion : AUCplasma = (840 ± 45), AUCbrain = (843 ±
27.6) μg.min/ml]. These results suggest that an intraperitoneal administration of elacridar in
the microemulsion formulation could be a more efficient mode of administration of elacridar
in a chronic dosage regimen for studies in preclinical models of cancer.

A 10 mg/kg oral dose of elacridar microemulsion was administered to mice via oral gavage.
The plasma concentrations reached a maximum at 1 hour post-dose, followed by a sharp
decline in plasma concentrations (Figure 4A). The plasma concentrations reached a
maximum of 1.3 ± 0.1 μg/ml, at 1 hour post-dose. Brain concentrations show a much slower
increase to maxima and reach a peak only at 8 hours post dose. The brain-to-plasma ratio
shows an increase followed by a slow decline (Figure 4B). The brain concentrations show a
lag time, reaching a maximum of 0.3 ± 0.1 μg/ml, at 4 hours post-dose. The brain-to-plasma
concentration ratios reach a maximum of 1.1 ± 0.2 at 4 hours and show a slight decline at 12
hours. The brain and plasma concentrations, when normalized to the dose, were higher than
the dose normalized concentrations after an oral administration of conventional suspension
at a dose of 100 mg/kg 12, e.g., at 100 mg/kg oral dose of elacridar suspension, Cmax in
plasma = 0.7 ± 0.1 μg/ml; Cmax in brain = 4.34 ± 0.1 μg/ml.

The half-life of elacridar when administered as an intraperitoneal injection was 3.2 hours, as
compared to 10.5 hours when administered orally (Table 2). Interestingly, when elacridar
was administered orally as a suspension, the half-life was also found to be ~4 hours for
intraperitoneal administration and ~10 hours for oral administration 12.

The AUCplasma (0-inf) after an oral microemulsion dose was found to be 270.5 min*μg/ml.
This is lower as compared to the AUCplasma(0-inf) calculated after intraperitoneal
administration of the same dose (962.41 min*μg/ml) (Table 2). This could arise due to the
differences in the pH and the area available for absorption in the GIT versus the peritoneal
cavity.

The brain-to-plasma partition coefficient (Kp) was calculated by obtaining a ratio of
AUCbrain to AUCplasma. The Kp was very different for the two routes of administration. This
could be an effect of the relative AUCplasma obtained post intraperitoneal and oral
administration, which may lead to saturation of the efflux from the brain.

Intravenous administration of elacridar microemulsion
Elacridar microemulsion was administered to FVB wild type mice at a dose of 2.5 mg/kg to
study the distribution of elacridar when it is administered as the microemulsion formulation
as an intravenous dose. The plasma concentrations show a mono-exponential decline (Figure
5A). The brain concentrations at each time-point were found to be higher than the
corresponding plasma concentrations. The brain-to-plasma concentration ratios are greater
than one at all time-points, and show a peak at 30 mins (Figure 5B).

The AUCplasma(0-inf) (90.9 ug*min/ml) was found to be lower than AUCbrain(0-inf) (226.8
ug*min/ml) (Table 2). The Kp was calculated to be 2.5 indicating that when administered
intravenously the elacridar microemulsion has greater partition into the brain. The half-life
in plasma (2.16 hours) was longer than compared to the half-life in the brain, 1.5 hours
(Table 2).

Bioavailability of elacridar microemulsion
The absolute bioavailability of elacridar microemulsion was calculated with respect to the
area under the curve calculated after an intravenous injection of elacridar solution at 2.5 mg/
kg from a previously published study12. The absolute bioavailability after an intraperitoneal
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injection of the microemulsion may be 100%, since the calculated value was 135%, a
possible overestimation given the single measurement of AUC due to destructive sampling
(Table 3). The oral bioavailability post microemulsion dosing was calculated to be 47%,
which is a two-fold increase from administration of an oral suspension. Hence, the
microemulsion formulation was found to improve the oral and intraperitoneal bioavailability
of elacridar. Another advantage of using the microemulsion formulation is that the dose
required to produce an effect may be reduced by several fold. This is important since
elacridar could be potentially administered as an adjuvant to a chronic chemotherapeutic
dosage regimen, and reduction in the daily dose administered could only help avoid
potential adverse drug reactions.

Influence of elacridar microemulsion on brain penetration of erlotinib in FVBn mice
Erlotinib is a dual substrate for P-gp and BCRP23–25. The presence of P-gp and BCRP at the
BBB limits the brain distribution of erlotinib 23. One of the aims of this study was to
improve the brain distribution of erlotinib by co-administration of elacridar as a
microemulsion formulation. Erlotinib was administered as a 20 mg/kg oral dose to FVB
wild-type mice. The mice were pretreated with either intravenous elacridar in a conventional
dosing solution (10 mg/kg, positive control) or an intraperitoneal injection of elacridar
microemulsion (5 mg/kg). The plasma concentrations of erlotinib at one hour post dose were
not significantly different across treatment groups (Figure 6A). The mean brain
concentration of erlotinib in the control group that did not receive an inhibitor was found to
be 76.4 ± 7.8 ng/ml. The co-administration of elacridar as a solution (positive control),
increased the mean brain concentrations of erlotinib to 366 ± 299 ng/ml and there was
considerable inter-individual variability observed. The administration of the elacridar
microemulsion increased the mean erlotinib brain concentrations three fold to 253 ± 22.7 ng/
ml (Figure 6A). The mean plasma elacridar concentrations achieved after an intravenous
dose (2.5 mg/kg) of elacridar solution were found to be 560 ± 60 ng/ml, compared to 3200 ±
200 ng/ml after an intraperitoneal dose (5 mg/kg) of the microemulsion.

The brain-to-plasma concentration ratios of erlotinib were calculated to normalize any effect
due to difference in plasma concentrations of erlotinib across the groups. At 1 hour post-
dose, the brain-to-plasma concentration ratio for the control group was calculated to be 0.07
± 0.01, on co-administration of elacridar solution (positive control), the brain-to-plasma
ratio increased to 0.37 ± 0.15 (Figure 6B). The treatment group that received elacridar
microemulsion also showed a statistically significant increase in brain-to-plasma ratio of
erlotinib to 0.2 ± 0.04. This experiment shows that the administration of elacridar as a
microemulsion formulation can improve brain distribution of erlotinib and potentially other
substrates across the BBB using a practical dose and more convenient route of
administration for chronic preclinical studies.

Discussion
The use of elacridar in preclinical models, as well as in clinical settings, for chronic
administration is limited by its poor oral absorption and lack of injectable formulations. The
poor solubility of elacridar in aqueous solvents has been limiting in formulating an
injectable dosage form. The use of surfactants and lipids can enhance the solubility and
permeability of poorly soluble drugs26,27. This strategy has been used to improve the oral
bioavailability of drugs such as antiviral compounds (marketed preparations of ritonavir,
saquinavir), anesthetics (propofol), as well as chemotherapeutics (paclitaxel) 15,28,29. The
objective of this study was to create a microemulsion formulation of elacridar that would
improve its systemic bioavailability that also could be delivered on a chronic basis either
orally or via injection into the peritoneal cavity (in preclinical studies). Many molecularly-
targeted agents that are currently being developed for the treatment of glioblastoma are
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intended to be administered on a daily basis. Therefore, the long-term goal of the current
study is to create a formulation that could be co-administered with these agents to improve
their distribution across the BBB in the glioblastoma patient30.

The in vitro studies herein suggest that elacridar retains its inhibition of P-gp and Bcrp in the
microemulsion formulation. Cremophor EL, the surfactant used in the microemulsion, is
known to be also a weak inhibitor of P-gp19. The microemulsion vehicle was used as a
control to ensure that this surfactant at the concentrations used in the formulation did not
influence P-gp function. However, a higher concentration of the microemulsion vehicle
seems to cause a decrease in cellular accumulation of substrate drugs, possibly due to a
micellar-trapping mechanism. This phenomenon may have some implications in its future
use in vivo. A micellar-trapping mechanism of Cremophor EL has been shown to result in
preferential binding of paclitaxel to the surfactant versus erthyrocyte binding components at
higher concentrations31.

The oral bioavailability of elacridar is purportedly dissolution-rate limited 13. In a previous
study, we calculated that the absolute bioavailability of elacridar when administered as a
suspension at 100 mg/kg dose to be approximately 22% 12. A phase I study carried out with
elacridar and topotecan showed that systemic exposure (AUC) after oral administration
exhibits high variability5. This limited bioavailability of elacridar post administration of a
suspension at such a high dose; coupled with high variability, indicates the need to develop a
more bioavailable and reliable formulation of elacridar, particularly for chronic dosing.
Microemulsion formulations of other poorly soluble drugs, such as cyclosporine (Neoral),
have been particularly successful in increasing the oral bioavailability, and reducing the
variability in the bioavailability of these drugs. A microemulsion formulation of
cyclosporine prepared with cremophor20 was used as a model composition to prepare a
formulation of elacridar. When elacridar is administered as this microemulsion formulation
at 10 mg/kg, the bioavailability increased two-fold to 47%. The plasma concentration time
profile shows a peak at 1 hour postdose followed by a rapid decline (Figure 4A). It is
possible that this could be a result of precipitation of elacridar from the microemulsion
system due to the changes in pH through the GIT, or because of dilution and digestion of the
dispersed excipients in the GIT 32. Microemulsion systems are known to be sensitive to
changes in the pH, and rapid changes in the pH could lead to instability in the system
causing a precipitation of elacridar 33. The slow absorption of the precipitated elacridar from
the GIT may lead to flip-flop kinetics resulting in a longer than expected half-life of ~10
hours (seen after IV dosing 12). The longer than expected half-life is consistent with that
seen post oral administration of a suspension of elacridar 12.

After an intraperitoneal administration of elacridar microemulsion, the oral bioavailability
was calculated to be greater than 100% (Table 3). In a previously published study, the
bioavailability of elacridar suspension after an intraperitoneal administration was only about
1% 12. As such, the plasma concentrations of elacridar achieved after an intraperitoneal
administration of the microemulsion are much higher than those achieved after
administration of a suspension 12. The plasma concentrations of elacridar after
administration of the suspension could be lower due to poor dissolution of the suspension
particles in the intraperitoneal fluid, leading to a slower absorption rate. When elacridar is
administered as a microemulsion, it is already in a solubilized form, which allows it to be
readily absorbed into the systemic circulation. This improves the dose-normalized area
under the curve, leading to enhanced bioavailability.

An intravenous administration of elacridar microemulsion was carried out to examine the
brain distribution of elacridar. The brain concentrations were much higher than plasma
concentrations at all measured time points. The brain-to-plasma ratios showed an increase to
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a maximum value followed by a decrease. This pattern of the brain-to-plasma ratios has
been observed earlier for elacridar, and could arise due to an active efflux of elacridar from
the brain 12. The Kp observed post intravenous dose was much higher than intraperitoneal
and oral administration of the microemulsion.

To determine whether elacridar microemulsion could improve the brain distribution of
substrate drugs, we chose erlotinib, a dual P-gp and BCRP substrate, as a model compound.
The co-administration of elacridar microemulsion (at 5 mg/kg intraperitoneal dose)
successfully improved the brain penetration of erlotinib. Erlotinib is an EGFR inhibitor and
a dual substrate for P-gp and BCRP and its brain distribution is known to be limited by the
presence of these two transporters23,25,34. Erlotinib alone and in combination with
temozolomide, has been examined for use in treatment of glioblastoma in several clinical
trials 35–38. However, the results have been disappointing, and the lack of brain penetration
of erlotinib has been cited as a possible cause36. Use of the elacridar microemulsion as an
adjuvant to erlotinib therapy may help overcome poor water-solubility and the effect of
transporters at the BBB, improve distribution to the brain, and thus may result in enhanced
efficacy of chemotherapeutics through delivery enhancement both at the BBB and the tumor
cell in the brain parenchyma. This hypothesis can only be tested if a practical formulation of
elacridar is available for chronic use, either in preclinical models or eventually in the patient.

There are several advantages to developing a microemulsion formulation of elacridar. The
novel formulation helps overcome the poor physicochemical properties of elacridar, such as
poor solubility and high lipophilicity. The improvement in bioavailability allows a decrease
in the dose required to achieve inhibition of efflux at the BBB. The microemulsion can also
be administered easily, either orally or intraperitoneally, both modes of administration are
typically suitable for chronic dosing in preclinical models of glioblastoma. The studies
described herein indicate that a microemulsion formulation of elacridar can be developed for
use as an adjuvant to therapy in the treatment of glioblastoma, particularly in preclinical
models to improve delivery of molecularly-targeted agents that are subject to active efflux at
the BBB by P-gp and BCRP and need to be administered on a chronic basis.
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Figure 1.
Effect of elacridar microemulsion (1 uM) on accumulation of radiolabelled dasatinib in
MDCKII wild type, MDCKII MDR1 and Bcrp1 transfected cells with elacridar solution (5
uM) and equivalent volume of microemulsion components as control. Elacridar
microemulsion was effective in increasing the accumulation of radiolabeled dasatinib in the
MDR1- transfected cell line (A), as well as Bcrp1-transfected cells (B) as compared to
control.

Sane et al. Page 15

J Pharm Sci. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of increasing concentrations of elacridar microemulsion on accumulation of
radiolabelled dasatinib in MDCKII wild type, MDCKII MDR1 cells and MDCKII Bcrp1
cells. The cellular accumulation of dasatinib increases in both sets of transfected cells and
then decreases with increasing concentrations of elacridar microemulsion. In the control
group, the cellular accumulation shows a decline with increase in the volume of
microemulsion components (in the absence of elacridar), suggesting that the decrease in the
cellular accumulation is a function of the microemulsion components.
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Figure 3.
Plasma and brain concentrations of elacridar after a 10 mg/kg intraperitoneal dose of
elacridar microemulsion (A). The plasma concentrations reach a maximal concentration at 1
hour post dose, while the brain concentrations reach a maximum at 4 hours post dose. The
brain-to-plasma concentration ratio (B), following a 10 mg/kg IP dose of elacridar
microemulsion, shows a slow increase to a maximum value followed by a decrease as a
function of time.
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Figure 4.
Brain and plasma concentrations of elacridar after a 10 mg/kg oral dose of elacridar
microemulsion (A). The plasma concentrations reach a peak at 1 hour post dose, while the
brain concentrations reach a peak only at 8 hours post dose. The brain-to-plasma
concentration ratios of elacridar after a 10 mg/kg oral dose of elacridar microemulsion (B),
show an increase to a maximum value, followed by a decrease.
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Figure 5.
The brain and plasma concentrations of elacridar after an intravenous dose of 2 mg/kg
elacridar microemulsion (A). The brain concentrations of elacridar are higher than plasma at
all time-points. The brain-to-plasma concentration ratios of elacridar after an intravenous
dose of 2mg/kg elacridar microemulsion (B) are higher than one at all measured time-points.
The brain-to-plasma ratios show an increase to a maximum value followed by a decrease.
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Figure 6.
The brain and plasma concentrations of erlotinib (A) at 1 hour post a 20 mg/kg oral dose.
Pretreatment with elacridar solution (10 mg/kg intravenously) was used as a positive control.
Elacridar microemulsion was administered intraperitoneally at 5 mg/kg. Administration of
elacridar microemulsion improved the brain concentrations of erlotinib significantly
(p<0.001). Pane B shows the brain-to-plasma ratios of erlotinib at one hour post-dose, with
either elacridar solution (10 mg/kg intravenously) or elacridar microemulsion (5 mg/kg).
The brain-to-plasma ratio of erlotinib increased with co-administration of elacridar
microemulsion (*p<0.05).
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Table 1

Equilibrium solubility of elacridar at 37 º C in various components after 24 hours.

Solvent Solubility (mg/ml)

Water 12.3 ± 5.8 × 10–5 mg/ml

Captex 355 (oil) 0.3 ± 0.001 mg/ml

Captex 300 (oil) 0.3 ± 0.001 mg/ml

Carbitol (co-surfactant) 1.31 ± 0.05 mg/ml

Solutol (surfactant) 0.85 ± 0.06 mg/ml

Solutol microemulsion system 0.84 ± 0.03 mg/ml

Cremophor EL (surfactant) 4.27 ± 0.31 mg/ml

Cremophor EL microemulsion system 4.2 ± 0.2 mg/ml
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Table 3

Plasma pharmacokinetics of elacridar as microemulsion formulation and bioavailability of elacridar after
intraperitoneal, oral and intravenous administration of elacridar (* F is calculated with using AUCplasma after
elacridar solution as a control.)

Route of administration Dose CL/F (ml/min) Vd/F (ml) F

Intraperitoneal 10 mg/kg 0.31 88.69 1.35

Oral 10 mg/kg 1.13 1020.69 0.47

Intravenous 2.5 mg/kg 0.70 0.14
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