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Abstract

Purpose The delivery of drugs to the brain is a major
obstacle in the design and development of useful treatments
for malignant glioma. Previous studies by our laboratory
have identified a series of 9-amino acridine compounds that
block the catalytic cycle of topoisomerase II resulting in
apoptosis and cell death in a variety of cancer cell lines.
Methods This study reports the in vitro and in vivo activity
of two promising lead compounds, [{9-[2-(1H-Indol-3-yl)-
ethylamino]-acridin-4-yl}-(4-methyl-piperazin-1-yl)-meth-
anone (1) and [9-(1-Benzyl-piperidin-4-ylamino)-acridin-
3-yl]-(4-methyl-piperazin-1-yl)-methanone] (2), using an
orthotopic glioblastoma mouse model. In addition, the
absorption, distribution, and metabolism properties are
characterized by determining metabolic stability, MDCK
accumulation, Pgp efflux transport, plasma protein binding,
and brain distribution in mouse pharmacokinetic studies.
Results The efficacy results indicate low micromolar
EDs, values against glioma cells and a significant increase
in the survival of glioma-bearing mice dosed with (2)
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(p < 0.05). Pharmacokinetic data collected at time intervals
following a 60 mg/kg oral dose of acridine 1 and 2 showed
both compounds penetrate the blood-brain barrier yielding
peak concentrations of 0.25 pM and 0.6 uM, respectively.
Peak plasma concentrations were determined to be 2.25 uM
(1) and 20.38 uM (2). The results were further compared
with data collected using a 15 mg/kg intravenous dose of 2
which yielded a peak concentration in the brain of 1.7 uM
at 2.0 h relative to a 2.04 pM peak plasma concentration.
The bioavailability was calculated to be 83.8%.

Conclusion Taken overall, the results suggest compounds
in this series may offer new strategies for the design of che-
motherapeutics for treating brain cancers with high oral
bioavailability and improved efficacy.

Keywords Acridine - Glioma - Anticancer agents -
Pharmacokinetics - In vivo efficacy - Topoisomerase

Introduction

Annually, more than 14,000 people are diagnosed with pri-
mary malignant brain cancer in the United States [1]. In
addition, less than 5% of patients with glioblastoma, the
most devastating and fatal type of brain malignancy, have
survived for 5 years following their initial diagnosis [2].
Treatment for glioblastoma with the administration of the
DNA alkylating agent temozolomide (Fig. 1), an oral pro-
drug of MTIC (3-methyl-(triazen-1-yl)imidazole-4-carbox-
amide), in conjunction with radiotherapy has increased
median patient survival to 14.6 months compared with
patients receiving radiotherapy alone (12.1 months) [3].
Despite the moderate success of temozolomide treatment,
undesirable side effects such as aplastic anemia [4-6],
hepatic encephalopathy [7], and most recently urticarial
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hypersensitivity [8] have been reported. Several other types
of small molecule chemotherapeutic agents for malignant
glioma have been investigated only to find a modest
increase in patient survival and/or problems with toxicity
[9-11]. Clearly, there is still an imperative need for small
molecule chemotherapeutics to treat malignant glioma.
Since the 1970s, tricyclic acridine-containing com-
pounds have been investigated as small molecule chemo-
therapeutic anticancer agents [12, 13]. Mechanisms of
action studies have described acridines to be inhibitors of
topoisomerase (topo) and telomerase enzymes, which ulti-
mately lead to programmed cell death. Amsacrine (Fig. 1),
a characterized “topo poison” and the most successful acri-
dine-based anticancer therapeutic, is clinically used for the
treatment of several types of leukemia [14-16]. Cornford
and colleagues initially investigated the blood-brain barrier
(BBB) permeability of amsacrine and amsacrine deriva-
tives, ultimately confirming that acridine-containing drugs
can penetrate the BBB [17]. Interestingly, only two
acridine-containing compounds have been used to treat
malignant glioma. DACA, N-[2-(dimethylamino)ethyl]-
acridine-4-carboxamide (Fig. 1), inhibits both topo I and II
by intercalating DNA and stabilizing the cleavable complex
between DNA and enzyme. Intraperitoneal administration
of DACA to mice resulted in tissue uptake in the brain,
liver, kidney, and heart with the greatest accumulation
occurring in the liver and kidney [18]. Despite an encourag-
ing low-toxicity profile and high in vitro efficacy, DACA
was not further developed due to lack of efficacy in patients
with either advanced colorectal cancer, non-small cell lung
cancer, advanced ovarian cancer, and glioblastoma multi-
forme [19-22]. In addition, pyrazoloacridine (PA) (Fig. 1)
in combination with platinum-containing compounds has
shown encouraging efficacy in T98G glioblastoma cells
[23]. However, clinical efficacy was again limited follow-
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ing a PA/carboplatin combination in patients with recurrent
glioma [24].

Our research group has recently discovered a series of
substituted 9-amino acridines with encouraging anticancer
properties that function as topoisomerase II catalytic inhibi-
tors, similarly to aclarubicin [25-27]. To facilitate further
clinical development of these compounds, we have charac-
terized their absorption, distribution, and metabolic
properties by investigating metabolic stability, perme-
ability, P-glycoprotein (Pgp) and breast cancer resistance
protein (BCRP) efflux transport, plasma protein binding,
and tissue distribution using mouse pharmacokinetic stud-
ies. The pharmacokinetic properties are further applied to
select a lead compound for evaluation in an in vivo efficacy
study using an orthotopic glioma mouse model. Results are
presented that show compound 2 significantly extends the
survival of glioma-bearing mice when given once daily in
oral doses.

Materials and methods
Chemical materials

Acridine 1 and 2 (Fig. 1) and were synthesized as previ-
ously described [25] with purities of 97.8 and 96%, respec-
tively. Tamoxifen was purchased from MP Biomedicals
(Solon, OH). Quinidine, Amitriptyline, and Verapamil
were all purchased from Sigma-Aldrich (St. Louis, MO).
LY335979 trichloride (LY) and GF120918 (GF) were gifts
from Dr. Elmquist’s laboratory at the University of Minne-
sota. Solvents and reagents for liquid chromatography
included HPLC grade acetonitrile (Sigma-Aldrich, St.
Louis, MO), 1-heptane sulfonate sodium salt (Regis Tech-
nologies, Morton Grove, IL), and 98% formic acid (Fluka
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Analytical, St. Louis, MO). Aqueous reagents were pre-
pared with water purified from a Millipore Elix UV Water
Purification System (Millipore, Billerica, MA).

HPLC method development

The HPLC system was composed of an Agilent 1,100
Liquid Chromatograph (Agilent Technologies, Santa Clara,
CA), a Phenomenex Gemini C6-Phenyl 100 x 2.0 mm,
5 um reversed-phase column (Phenomenex, Torrance, CA),
and a Shimadzu UV/Vis detector (Shimadzu, Kyoto, Japan)
with the wavelength set at 434 nm. Mobile phase A con-
sisted of a 0.05% formic acid aqueous solution containing
5 mM I-heptane sulfonate, pH 2.8 and mobile phase B was
acetonitrile. Acridine 1, 2, and a sulfonamide derivative
internal standard eluted at 4.06, 5.22, and 6.38 min, respec-
tively, with the following gradient elution: 30% B to 75% B
over 8 min with a flow rate of 0.3 mL/min and re-equilibra-
tion at 30% for 2.0 min prior to the next injection.

Microsomal stability

Pooled human liver microsomes (HLMs) (BD Biosciencs,
San Jose, CA) were incubated at 37°C with acridine 1 or 2
(added in DMSO, final DMSO concentration was <0.1%)
for 120 min in the presence of NADPH (EMD Chemicals,
Inc., Gibbstown, NJ). The final incubation volume was
0.25 mL and contained the following reagents: 1 pM acri-
dine 1 or 2, 0.25 mg protein/mL pooled human liver
microsomes, 50 mM potassium phosphate buffer, pH 7.4,
1 mM NADPH, and 5 mM MgCl,. All samples were pre-
pared on ice in triplicate, pre-incubated for 2 min at 37°C,
followed by the addition of NADPH. Incubations were
removed at 5, 10, 15, 30, 45, 60, 90, and 120 min and
quenched with 0.25 mL of ice-cold acetonitrile containing
the internal standard. Each incubation was added to a
0.2 uM micro-spin filter tube (Chrom Tech, Inc., Apple
Valley, MN) and spun at 13,000g for 5 min to remove
precipitated proteins. The filtrate was then subjected to
HPLC-Vis analysis.

Intracellular accumulation in MDCKII cells

Wild-type, MDRI-transfected, and Bcrpl-transfected
Madin-Darby canine kidney (MDCKII) cells were kindly
provided by Dr. William Elmquist’s laboratory at the Uni-
versity of Minnesota. Wild-type cells were cultured in
DMEM (Mediatech, Inc., Herndon, VA) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 U/mL),
and streptomycin (100 pg/mL) (Sigma-Aldrich, St. Louis,
MO) and incubated at 37°C and 5% CO,. MDR1-transfec-
ted cells were cultured as described previously but with the
addition of colchicine to the media (final concentration

0.22 uM). Bcerpl-transfected cells were cultured with
DMEM/F12 media supplemented with FBS and antibiotics.
Cultures were passed successively in T-75 tissue culture
flasks (Becton-Dickinson, San Jose, CA). Accumulation
experiments were performed in 12- or 24-well polystyrene
tissue culture plates (Sarstedt, Inc., Newton, NC). All cells
were seeded at a density of 2 x 10°% cells/well and the
media was changed every other day until confluent mono-
layers were formed. At the start of the experiment, the
media were removed from each well by aspiration and the
monolayers were washed two times with warmed 37°C cell
assay buffer, pH 7.4 (122 mM NaCl, 25 mM NaHCO;,
10 mM glucose, 10 mM HEPES, 3mM KCI, 1.2 mM
MgSO,, 1.4 mM CaCl,, 0.4 mM KH,PO,). 1.0 mL of cell
assay buffer was added to each monolayer and the plates
were pre-incubated at 37°C in an orbital shaker with mild
agitation (60 rpm). Subsequently, the media were aspirated
and the experiment began by the addition of 1.0 mL of
5 uM acridine 1 or acridine 2 in cell assay buffer. Plates
were agitated at 60 rpm and 37°C in an orbital shaker for
120 min. At the end of the 120 min, the drug solutions were
immediately aspirated from each well and the wells were
washed three times with 1.0 mL ice-cold phosphate-
buffered saline. The cells were then lysed by the addition of
0.5 mL 1% Triton X-100 solution. 500 pL. of acetonitrile
were added to a 500 pL aliquot from each well to precipi-
tate proteins. Samples were spun at 13,000g for 2 min and
the supernatant was subjected to HPLC-Vis analysis. In
addition, the BCA protein assay (Pierce Biotechnology,
Inc., Rockford, IL) was utilized to measure protein concen-
trations in each cell lysate and normalize acridine concen-
trations from cell monolayers. Acridine concentrations
need to be normalized to total protein concentration
because the wild-type cells grow at different rates compared
with the transfected cells. Acridine accumulation was
expressed as the amount of acridine (umols) per microgram
of cellular protein. For the Pgp and BCRP inhibition exper-
iments, cells were treated during both the pre-incubation
and incubation times with 1 pM of LY335979 or 5 uM
GF120918, respectively. Acridine uptake in the presence of
organic cation transporter substrates (70 uM Amitryptiline,
100 uM Verapamil, 100 pM Tamoxifen, 174 uM Quini-
dine) were also investigated in the wild-type cells.

Plasma protein binding

The binding of Acridine 1 and 2 to human plasma proteins
was investigated by an ultracentrifugation technique. Acri-
dine 1 and 2 were added to blank human plasma to achieve
a5 uM concentration. In triplicate, 500 pL of each solution
was added to Millipore Centrifree UF Devices (Millipore,
Billerica, MA) and centrifuged at 2,000g for 30 min. The
resulting ultrafiltrate was subjected to HPLC-Vis analysis.

@ Springer



1522

Cancer Chemother Pharmacol (2012) 69:1519-1527

Cell lines

GBMG6 and Patient 9 (P-9F) cells were established from sur-
gically dissociated human GBMs at the University of Min-
nesota. Patient 9-F cells were stably transfected to express a
firefly luciferase reporter gene under 2 pg/mL puromycin
selection. Cells were maintained as suspended neurospheres
in serum-free DMEM/F12 media supplemented with 1%
non-essential amino acids, 1% pen/strep, 1X B27, 1X N2,
(Invitrogen, Grand Island, NY), and 20 ng/mL. EGF and
FGF. Cells were incubated in a humidified 37°C atmosphere
containing 5% CO,. Prior to intracranial injection, P9-F
neurospheres were centrifuged and dissociated in non-
enzymatic cell dissociation buffer (Sigma-Aldrich, St. Louis
MO) to form a single-cell suspension. Cell number and
viability were determined via trypan blue exclusion on a
countess automated cell counter (Invitrogen, Grand Island,
NY).

In vitro efficacy

A total of 2,500 GBMG6 cells were plated into each well of a
96-well plate, allowed to equilibrate at 37°C and 5% O, for
4 h and then were exposed to 100, 33.3, 10, 3.3, and 1 uM
of acridine 1 or 2. Vehicle (phosphate-buffered saline) was
administered as a negative control. The cells were incu-
bated for 72 h after which 20 pL. MTS (3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (Promega, Madison, WI) was added to
each well. Mitochondrial activity was measured using a
Synergy/Gen 5 (BioTek, Winooski, VT) plate reader at an
absorbance of 490 nm. EDj, values were calculated using
Microsoft Excel.

Drug formulation and administration

Oral doses of acridine 1 were prepared in a 0.1 M phos-
phate buffer, pH 3.0 containing 30% polyethylene glycol
200 (Sigma-Aldrich, St. Louis, MO). Oral doses of acridine
2 were prepared in a 0.1 M phosphate buffer, pH 3.0. Each
dose contained 1.2 mg acridine/200 pL. formulation solu-
tion (60 mg/kg) and was administered to the mice by oral
gavage. Intravenous doses of acridine 2 were prepared
in filter sterilized water containing 40% hydroxypropyl
beta-cyclodextrin (Cerestar, Hammond, IN). Each dose
contained 0.3 mg acridine/100 pL. (15 mg/kg) and was
administered via tail vein injection.

Animals
Forty-two female C57BL/6 J mice (stock #: 000664) and

12 female B6.CB17-Prkdc*“/SzJ mice (stock #: 01913)
(Jackson Labs, Bar Harbor, ME) were utilized for the
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acridine pharmacokinetic investigations and glioma efficacy
experiments, respectively. Animals were 6-8 weeks old
(20-24 g) at the time of the experiment and were main-
tained under controlled temperature and humidity while
having unlimited access to food and water in a pathogen-
free storage facility. The Institutional Animal Care and Use
Committee (IACUC) of the University of Minnesota
approved all animal procedures.

Sample collection

Single oral and IV dose pharmacokinetic experiments: Fol-
lowing acridine 1 or 2 administration by oral gavage, mice
were killed at 1, 2, 4, 8, and 24 h (three mice per time point)
by an overdose of ketamine/xylazine. Blood was collected
into heparanized vacutainers (BD Biosciences, San Jose,
CA) by cardiac puncture. Following aortic perfusion with
PBS, the liver, kidney, and brain were excised from the
mouse and immediately snap frozen in liquid nitrogen.
Acridine 2 was administered via tail vein injection and
mice were killed at 0.25, 0.5, 2, 8, 24, and 72 h by an over-
dose of ketamine/xylazine. Blood and organs were col-
lected as previously described. Plasma was fractionated
from whole blood by centrifugation at 2,000 g. Each organ
was separately weighed in a homogenization test tube and a
volume of PBS 3 x the organ weight was added. Following
homogenization, the tissue homogenates were filtered
through gauze to remove any particulates.

Sample preparation

To 0.1 mL of plasma and 0.8 mL of tissue homogenate, were
added 0.1 mL and 0.8 mL of methanol containing an acri-
dine sulfonamide internal standard, respectively. The sam-
ples were vortexed, refrigerated for 30 min, and centrifuged
at 13,000g for 10 min. The supernatants were then subjected
to the following solid phase extraction (SPE) protocol: C18
Bond Elut (1.0 mL 100 mg) SPE cartridges (Varian, Lake
Forest, CA) were conditioned with 1.0 mL 100% methanol
and equilibrated with 1.0 mL 0.05% formic acid. 0.1-0.2 mL
of plasma and 1.0 mL of tissue homogenate supernatants
were loaded onto the cartridge. The cartridges were then
washed with 0.5 mL of 30% methanol followed by an addi-
tional wash with 70% methanol. Acridines were eluted with
0.5 mL 2% ammonium hydroxide in methanol. Samples
were dried under a nitrogen atmosphere at 37°C and recon-
stituted in 0.1 mL of the HPLC mobile phase.

In vivo efficacy
A total of 50,000 P9-F cells suspended in 1 pLL of PBS were

injected into the right hemisphere of the brain parenchyma
of 6- to 8-week-old female C57BL/6J SCID mice [28, 29].
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Briefly, mice were anesthetized with an IP injection of a  Results

cocktail of 54 mg/mL Ketamine and 9.2 mg/mL Xylazine
and subsequently placed in a Kopf stereotactic head frame.
The scalp was swabbed with betadine and a midline inci-
sion was made with a scalpel. A burr hole was placed
2.5 mm lateral and 0.5 mm anterior from sagittal midline
located bregma. A Hamilton syringe (26 g) was used to
deliver P9-F cells to a 3.3 mm depth from the skull surface
to about the middle of the caudate-putamen. Each mouse
was randomized and administered a 200 pL. dose of acri-
dine 2 via oral gavage on a two-week dosing schedule (days
1-5, 8-12). A 30 mg/kg dose was administered for the first
week followed by a 60 mg/kg dose for the second week.
Control mice were administered 200 uL. of 0.1 M phos-
phate buffer, pH 3. Mice were closely observed for the
duration of the experiment and killed upon any visual mor-
bidity. The Kaplan—Meier curve was generated with Graph-
Pad Prism software.

Pharmacokinetic calculations

The area under the plasma concentration—time curve
(AUC) was calculated with the WinNonLin software v5.0.1
(Pharsight, St. Louis, MO). Acridine 2 bioavailability was
calculated by the following equation: F=(AUC,, x
Dose;,)/(AUC;, x Dose,,,). Elimination half-life (7,
clearance (CI) and volume of distribution (V) were calcu-
lated by the following equations: f;, = (In 2/k,) where
k. = fractional rate of elimination, Cl=Dose/AUC,
V4 = Dose/C, where C,, is the concentration at time 0.

Statistical analysis

An unpaired Student’s ¢ test was used to compare the differ-
ences of experimental groups. Data are expressed as the
mean = standard deviation. Survival was tested by Log-
Rank test. Statistical significance was determined by a
p < 0.05, indicated by a asterisk.

Metabolic stability

Acridines 1 and 2 (1.0 uM) were incubated in pooled
HLMs (0.25 mg protein mL~"), for 120 min in the pres-
ence of 1| mM NADPH. Following protein precipitation
and HPLC-Vis analysis, no significant metabolites were
identified. Half-lives were calculated to be 1.9 and 5.8 h
for acridine 1 and 2, respectively, (Fig. 2). Metabolic sta-
bility of acridines 1 and 2 in HLMs supplemented with
UDPGA also did not show the formation of any glucuro-
nide metabolites. (Data not shown). The conversion of
Flurbiprofen to 4’OH Flurbiprofen was monitored as a
positive control.

Intracellular accumulation of acridine 1 and 2

Acridine 1 and 2 permeability was investigated by comparing
their accumulation in MDCK cells with a series of f-blockers
(atenolol, nadolol, metoprolol, talinolol, and propranolol)
which have known permeability. It was found that acridine
1 and 2 similarly accumulate in WT cells with values 2.67
and 2.19 times higher than propranolol, respectively, indi-
cating that acridine 1 and 2 are highly permeable. (Data not
shown) Acridine 1 accumulation significantly decreases in
both the MDCK-MDRI1 (Fig.3a) and MDCK-Bcerpl
(Fig. 3b) cells, illustrating that acridine 1 is a substrate for
both the Pgp and BCRP efflux transporters. In addition,
acridine 1 and 2 were thought to be substrates for the
organic cation transporter due to the weakly basic nature of
acridine-containing compounds. To test this hypothesis,
acridine 1 and 2 were incubated in MDCK-WT cells in the
presence of various organic cation transporter (OCT) sub-
strates and acridine accumulation was measured (Fig. 3c).
Acridine accumulation significantly decreased in the pres-
ence of all OCT substrates providing evidence that acridine
1 and 2 are substrates for this transporter.
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In vitro cytotoxicity

The EDs, values of acridine 1 and 2 against several human
cancer cell lines have been previously described [30].
Efficacy experiments with acridine 1 and 2 against GBM6
cells indicate the lowest EDs, values (5.2 and 4.1 pM,
respectively) compared with the previously tested cancer
cell lines (Table 1).

Plasma protein binding
Protein binding experiments indicated 97.7 and 95.3%

binding to human plasma proteins for Acridine 1 and 2,
respectively. (Data not shown).
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Animal pharmacokinetics

The acridine 1 plasma and brain concentration versus time
profiles are presented in Fig. 4a and b. The profiles display
a clear mono-exponential decline of acridine 1 indicating a
one-compartment model. Following a single 60 mg/kg oral
dose of acridine 1, the C,,, values of acridine 1 in plasma
and brain were 2.25 and 0.2 uM, respectively. The half-life
of acridine 1 in plasma and tissue was calculated to be
approximately 4.0 h. Fig. 4c depicts the acridine 2 plasma
concentration versus time profile in mice that were admin-
istered a single oral (60 mg/kg) or IV (15 mg/kg) dose of
acridine 2. These profiles display a two-compartment
model with a both distributional and elimination phase. The
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Table 1 Acridine 1 and 2 in vitro efficacy against a variety of cancer
cell lines

Table 2 Pharmacokinetic parameters from the oral and IV dose of
acridine 2 administered to mice

Acridine 1 2 Administration Oral v
GBM6 52+£28 41+£19 Dose (mg/kg) 60 15
DU145 372+ 121 324+88 Cinax (MM) 20.38* 2.04°
HCT-116 29.0 £8.7 292 +4.1 Clearance (L/h) 0.0326° 0.0394
Hepa-1clc7 559453 269 £ 6.6 AUC,_,, (h pmol/L) 61.63 18.37
H460 16.0 £6.9 385+£3.6 V@) N/A 0.266
MCF-7 37.2+62 257+5.0 Free fraction 0.047

SU86.86 6.8+£22 21.2£5.1 F 86%

MEL 16.7 441 14.6 £ 3.2 ? Cpax at 1.0 h after oral administration

OCL-3 398+ 86 203 +£4.6 ® €, at 15 min after IV administration

REH 19.7+49 21.0£45

Cancer cells: GBM6 (glioblastoma), DU-145 (prostate), HCT-116 (co-
lon), Hepa-1clc (liver), H460 (non-small lung), MCF-7 (breast),
SU86.86 (pancreatic), MEL (melanoma), OCL-3 (ovarian), and REH
(kidney). Values reported are EC5, = SE (uM)

plasma half-life of acridine 2 (22.2 h) was approximately 5
times longer than acridine 1 (4.46 h).

Following the IV dose, a distributional half-life (4.68 h)
was calculated instead of a terminal half-life because the
concentration at the 72-h time point was below the limit of
detection for the assay. Both the volume of distribution
(0.266 L) and bioavailability (84%) were high, and due to
the long half-life of acridine 2, clearance was very slow,
0.0394 L/h (Table 2). Figure 4d illustrates the brain con-

>

Fig. 4 Acridine 1 and 2 plasma
and brain concentration versus
time profiles in C57BL-6 female
mice. a, b Plasma and brain log
concentrations of acridine 1 ver-
sus time in mice treated orally
with a single dose of 60 mg/kg
acridine 1. ¢, d Plasma and brain
concentration of acrdine 2 ver-
sus time in mice treated orally
with a single dose (60 mg/kg)
and intravenously (15 mg/kg) of
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centration of acridine 2 versus time following the oral and IV
dose. The brain pharmacokinetics from the oral dose displays
unusual pharmacokinetics (concentration decreases and then
increase). The C,,, of acridine 2 in the brain following the
single IV dose (1.7 pM) was 2.8 times higher than the brain
C,,.x following the oral dose.

In vivo efficacy

Mice-bearing glioma were treated with acridine 2 via oral
gavage. Mice were dosed once daily, M-F for two weeks
(Fig. 5). During the first week, the mice were treated with

B
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Fig. 5 Kaplan—Meier survival curve of untreated and acridine 2 treated
mice. p < 0.05 for the survival between treated and untreated animals

30 mg/kg of acridine 2 followed by 60 mg/kg during the
second week. All of the untreated mice died within two
weeks of glioma implantation; however, there was a signifi-
cant increase in the survival (p <0.0375) of mice treated
with acridine 2.

Discussion

Our research group has discovered a series of small mole-
cule 9-aminoacridine-based compounds with low micromo-
lar EDs, values against human glioma cell lines (Table 1).
Permeability and mouse pharmacokinetic studies led us to
choose acridine 2 for in vivo efficacy experiments due to its
higher brain penetration and limited efflux by Pgp and
BCRP compared with acridine 1. Acridine 2 significantly
increased the median survival of mice in an orthotopic glio-
blastoma model (Fig. 5). To our knowledge, this is the first
evidence of in vivo efficacy against malignant glioma from
both a topoisomerase II inhibitor and acridine-containing
compound. We hypothesize that our compounds gain
access to the brain by passive diffusion due to their high
lipophilicity: ClogP values of 5.52 and 5.28 for acridine 1
and 2, respectively. Although DACA and PA were admin-
istered to patients with malignant glioma, the BBB perme-
ability was never initially investigated. The CLogP values
of DACA and PA are 3.1 and 4.2, respectively, and thus are
less lipophilic than acridine 1 and 2. This may explain the
failure of DACA and PA to show efficacy against glioma.
Alternatively, they may be better substrates for efflux
pumps. Other topoisomerase II inhibitors such as etoposide,
doxorubicin, and mitoxantrone are thought to suffer from
high efflux (Pgp and BCRP), limiting their application in
the clinic [31].

Efflux may also explain the higher concentration
achieved in the brain for acridine 2. In comparing cellular
concentrations of compounds 1 and 2 in Pgp and BCRP

@ Springer

overexpression systems (Fig. 3), acridine 1 shows lower
accumulations indicating it is a more favorable substrate for
Pgp and BCRP efflux than acridine 2. This may be due to
the greater positive charge on compound 2. At physiologi-
cal pH, the piperidine nitrogen of acridine 2 is more easily
ionized than the indole nitrogen of acridine 1 and thus
accounts for the greater overall positive charge of acridine
2. Also, acridine 2 is less bound to human plasma proteins
than acridine 1 (95 and 98%, respectively).

Preliminary experiments also have been performed that
suggest acridines 1 and 2 are substrates for an organic cat-
ion transporter (Fig. 3C). We believe the OCT-2 transporter
is the predominant isoform involved in acridine transport
because MDCK cells have been previously shown to
express OCT-2 specifically with little to no expression of
the other isoforms (OCT-1 and OCT-3) [32]. Lin and col-
leagues recently discovered that both OCT-1 and OCT-2
are expressed on the luminal side of brain microvessel
endothelial isolated from humans, mice, and rats [33]. In
addition to passive diffusion, acridine 1 and 2 may be enter-
ing the brain through the OCT uptake transporters
expressed on the luminal membrane of the brain capillary
endothelial cells.

One issue that is not addressed here is the difference
noted in the plasma and brain concentration versus time
profiles of acridine 1 and 2. While the pharmacokinetics of
acridine 1 suggests a one-compartment model, the data
observed for acridine 2 are consistent with a two-compart-
ment model. The origin of this disparity is unclear but may
be due to transport mechanisms or mouse to mouse vari-
ability. Acridine 2 does bear an additional positive charge,
which may have a significant impact on distribution and
elimination, especially if OCT transport is involved. Never-
theless, the high oral bioavailability of acridine 2 and long
half-life is extremely encouraging in the design and devel-
opment of new agents for treating malignant glioma. Addi-
tional experiments are underway to better understand the
role OCT plays in mediating transport of these compounds
across the blood brain barrier with the ultimate goal of
reaching higher, more efficacious concentrations of drug in
the brain.
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