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Abstract

Despite intensive efforts to improve multimodal treatment of brain tumors, survival remains
limited. Current therapy consists of a combination of surgery, irradiation and chemotherapy with
predisposition to long-term complications. Identifying novel targeted therapies is therefore at the
forefront of brain tumor research. This study explores the utility of a manganese porphyrin in a
brain tumor model. The compound used is ortho isomer, manganese(lll) meso-tetrakis(/N-n-
hexylpyridinium-2-yl)porphyrin, MnTnHex-2-PyP>*. It is a powerful SOD mimic and
peroxynitrite scavenger and a potent modulator of redox-based cellular transcriptional activity,
able to suppress excessive immune and inflammatory responses and in turn proliferative pathways.
It is further one of the most lipophilic compounds among cationic Mn(I11) A-
alkylpyridylporphyrins, and thus accumulates predominantly in mitochondria relative to cytosol.
In mitochondria, MnTnHex-2-PyP>* could mimic our key antioxidant system, mitochondrial
superoxide dismutase, MNnSOD, whose overexpression has been widely shown to suppress tumor
growth. Importantly, MnTnHex-2-PyP°* crosses blood brain barrier in sufficient amounts to
demonstrate efficacy in treating CNS injuries. For those reasons we elected to test its effects in
inhibiting brain tumor growth. This study is the first report of the antitumor properties of
MnTnHex-2-PyP>* as a single agent in adult and pediatric glioblastoma multiforme (D-54 MG,
D-245 MG, D-256 MG, D-456 MG) and pediatric medulloblastoma (D-341 MED), and is the first
case where a redox-able metal complex has been used in glioma therapy. When given
subcutaneously to mice bearing subcutaneous and intracranial xenografts, MnTnHex-2-PyP°*
caused a significant (P< 0.001) growth delay in D-245 MG, D-256 MG, D-341 MED, and D-456
MG tumors. Growth delay for mice bearing subcutaneous xenografts ranged from 3 days in D-54
MG to 34 days in D-341 MED. With mice bearing intracranial xenografts, MnTnHex-2-PyP>*
increases median survival by 33% in adult glioblastoma multiforme (D-256 MG; P< 0.001) and
173% in pediatric medulloblastoma (D-341 MED, <0.001). The beneficial effects of MnTnHex-2-
PyP>* are presumably achieved either (1) indirectly viaelimination of signaling reactive oxygen
and nitrogen species (in particular superoxide and peroxynitrite) which in turn would prevent
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activation of transcription factors; or (2) directly by coupling with cellular reductants and redox-
sensitive signaling proteins. The former action is antioxidative while the latter action is
presumably pro-oxidative in nature. Our findings suggest that the use of Mn porphyrin-based SOD
mimics, and in particular lipophilic analogues such as MnTnHex-2-PyP5*, is a promising
approach for brain tumor therapy.

Keywords

Brain tumors; glioma; porphyrins; novel anticancer therapeutic strategy; SOD mimic;
peroxynitrite scavenger; MnTnHex-2-PyP>*

INTRODUCTION

Brain Tumors

Glioblastoma is the most frequent and aggressive primary brain tumor in adults, and despite
surgical resection and chemoradiotherapy followed by adjuvant temozolomide, its prognosis
remains poor, with a median survival of approximately 15 months [1, 2]. Almost all patients
ultimately develop progressive tumors after initial treatment, with median survival following
recurrence of only about 6 months [3, 4]. Medulloblastoma is the most common brain tumor
in children [1]. Treatment for this disease includes surgery, craniospinal irradiation, and
chemotherapy. The 5-year progression-free survival of medulloblastoma patients ranges
from 40% to 70%, and most survivors experience a combination of long-term, treatment-
related neurocognitive deficits [5, 6]. Due to the typically poor outcomes for patients with
brain tumors, novel therapeutic strategies and agents are desperately needed.

Porphyrins in Tumor Therapy

Various investigators have developed diagnostic or therapeutic drugs for cancer using
porphyrin derivatives. The aim of most of those studies was to refine current methods for
photodynamic therapy [7]. Over the last 20 years, more than 1,200 types of porphyrin
derivatives have been synthesized. Modifications of their structures, affinities for tumor
tissues, and mechanisms of action have been studied with the ultimate goal to develop them
for use in cancer diagnosis and treatment [8-15]. The mechanism of photodynamic therapy
is a pro-oxidative one, where Killing occurs via enhanced production of reactive species.

Mn(lll) N-Alkylpyridylporphyrins

Cationic manganese (I11) ortho N-ethylpyridylporphyrin, MnTE-2-PyP>* (AEOL10113),
and related ortho analogues, such as Mn(l11) meso-tetrakis(/N-n-hexylpyridinium-2-
yl)porphyrin, MnTnHex-2-PyP>* (Fig. 1) and Mn(111) meso-tetrakis(N, N
diethylimidazolium-2-yl)porphyrin, MnTDE-2-ImP>* (AEOL10150) are among the most
potent catalytic scavengers of superoxide, O, ~ and peroxynitrite, ONOO™ [16, 17].
MnTE-2-PyP>* was the first developed and thus mostly studied /in vivo [16-18]. Their
potency depends on the presence of cationic charges on pyridyl nitrogens in ortho positions
(Fig. 1). Such placement close to the metal site exerts an electron-withdrawing effect and
consequently affords a favorable reducibility of manganese [16—18]. In addition such
position of charges affords electrostatic attraction for the incoming anionic superoxide and
peroxynitrite [16—18]. The action of Mn porphyrins (MnPs) in scavenging O, ~ and ONOO~
is likely coupled with cellular reductants, due to their high cellular levels [16, 17]. Such
coupling, while supporting their antioxidative action/s, may be involved in their pro-
oxidative action/s also; see Discussion. Cationic Mn(l11) A-substituted pyridylporphyrins,
and in particular ortho isomers posses properties that allow them to inhibit activation of
major transcription factors as shown with MnTE-2-PyP°* for HIF-1a, AP-1 and NF-xB,
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with MnTDE-2-ImP%* for HIF-1a, SP-1 and NF-xB and with MnTnHex-2-PyP>* for
HIF-1a and NF-xB [16-23]. Consequently, these compounds suppress excessive
inflammatory and immune responses in numerous animal models of diseases [16-18]. The
specificity of the effects of MnPs on cellular transcription activity may arise from the
different redox status of tumor vsnormal cells. It may also be due to the different
transcription factor profile in tumor vsnon-tumor cells.

The therapeutic effects of cationic Mn(111) porphyrins as well as their chemistry and biology
have been recently reviewed in detail [16-18]. A number of reports have demonstrated their
therapeutic potential in cancer therapy when given either alone or combined with radiation,
heat and chemotherapy [16-18]. Examples include studies with the 4T1 mouse breast tumor
[21-23, Jackson et al. unpublished], mouse skin carcinogenesis [24], lymphoma [25, 26] and
a mouse prostate tumor model [27] (see Discussion for details).

A more lipophilic analogue with antioxidant potency equal to that of MnTE-2-PyP>*,
Mn(l11) ortho N-n-hexylpyridylporphyrin, MnTnHex-2-PyP°* (Fig. 1, Table 1), was
developed recently [16— 18]. With this compound we aimed primarily at increasing MnP
accumulation within the cell and particularly in critical cellular compartments mitochondria
(see below), and enhancing its ability to cross the blood brain barrier (BBB). MnTnHex-2-
PyP>* is 13,500-fold more lipophilic than its ethyl analogue, MnTE-2-PyP>* (Table 1) [28].
The difference in lipophilicity between MnTnHex-2-PyP>* and MnTE-2-PyP°* (Table 1)
translates to up to 2 orders of magnitude difference in their /in vivo efficacy [16-18]. Of
particular relevance to brain tumors, lipophilic hexyl porphyrin, MnTnHex-2-PyP>* reaches
brain at higher levels compared to the hydrophilic ethyl analog, MnTE-2-PyP>* [29, 30]. In
a recent mouse pharmacokinetic study, MnTnHex-2-PyP>* levels in brain at 24 hours were
8-fold higher relative to MnTE-2-PyP>* [29]. These two Mn porphyrins differ also with
respect to the ease of their reduction from Mn'!'P5* to Mn!'P4* (Table 1). MnTnHex-2-
PyP>* is more readily reducible than MnTE-2-PyP>*, which would favor its coupling with
cellular reductants while removing reactive species (Table 1). Finally, they differ with
respect to the shape, size of the molecule, steric hindrance of cationic charges, which may
also affect their differential /n vivo efficacy [16-18]. MnTnHex-2-PyP5* is bulkier than
MnTE-2-PyP5* which may outbalance to some extent the favorable effect of its lipophilicity
on the transport across cellular membranes and the BBB. In a 4T1 mouse breast cancer
study, MnTnHex-2-PyP5* was found to favor tumor accumulation 5-fold more than a
muscle [31]. Thus far, MnTnHex-2-PyP>* has been efficient in all /n vitroand in vivo
models of oxidative stress studied, while the more hydrophilic MnTE-2-PyP5* failed in two
studies: radioprotection of ataxia telangiectasia [32], and a rabbit cerebral palsy model [33,
Drobyshevsky et al. unpublished]. The failure was ascribed to the inability of MnTE-2-
PyP5* to accumulate in mitochondria and cross the BBB at pharmacologically effective
levels.

Mitochondria, the highly dynamic organelles, are crucial for the life and death of the cells.
They have been linked to apoptosis, maintenance of cellular homeostasis, and ultimately to
neurologic disorders and metabolic diseases. Therefore therapeutic strategies targeting
mitochondria have been actively sought (see Discussion). Lipophilic, positively charged
compounds accumulate in mitochondria driven there by the mitochondrial membrane
potential [34, 35]. Accordingly, MnTnHex-2-PyP>* accumulates in yeast mitochondria at
>90% relative to cytosol, and more than hydrophilic MnTE-2-PyP>*, mimicking there
superoxide dismutase [36]. While an earlier mouse study showed that MnTE-2-PyP5*
accumulated in heart mitochondria at levels high enough to protect it against peroxynitrite-
mediate damage [37], we have not looked at its cytosolic levels. In a subsequent mouse heart
mitochondria study, similar to yeast, MnTnHex-2-PyP>* was found predominantly in
mitochondria relative to cytosol [Spasojevic et al. in preparation]. We ascribe the
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remarkable potency of both compounds in 77 vivo models of oxidative stress at least in part
to their mitochondrial accumulation where they can mimic MnSOD. The skin
carcinogenesis study, where timely administration of MnTE-2-PyP>* produced effects
similar to those produced when MnSOD was overexpressed, suggests that MnP accumulates
in mitochondrial matrix [24]. For final proof of the accumulation site within mitochondria,
further work is needed to analyze inner and outer mitochondrial membranes as well as
intermembrane space on MnP levels. Mitochondrial superoxide dismutase, MnSOD, is an
essential antioxidant defense against excessive superoxide produced during respiration and
generation of ATP. It has been widely substantiated that MnSOD overexpression suppresses
tumor growth [reviewed in 38, in this issue].

In summary, we have chosen to assess the therapeutic efficacy of MnTnHex-2-PyP>* in
treating human brain tumors in a mouse model for several reasons: (1) it is among the most
potent SOD mimics and peroxynitrite scavengers; (2) it is a potent modulator of redox-based
cellular transcriptional activity; (3) it accumulates in tumor relative to normal tissue; (4) it is
among the most lipophilic cationic Mn porphyrins, and thus: (a) accumulates predominantly
in mitochondria relative to cytosol where it could mimic mitochondrial superoxide
dismutase, MnSOD, and (b) crosses the BBB.

MATERIALS AND METHODS

Animals

Female athymic mice (nu/nu genotype, Balb/c background, 6 to 8 weeks old) were used for
all antitumor studies. Animals were maintained in filter top cages in Thoren units (Thoren
Caging Systems, Inc., Hazelton, PA). All animal procedures conformed to Institutional
Animal Care and Use Committee and National Institute of Health guidelines.

Tumor Xenografts and Implantation

The following patient-derived human tumor xenografts maintained at the Preston Robert
Tisch Brain Tumor Center at Duke were used both for intracranial (ic) and subcutaneous
(sc) studies: D-341 MED, a pediatric medulloblastoma and three adult glioblastoma
multiforme xenografts: D-54 MG, D-245 MG, and D-256 MG. D-456 MG was also
screened as a part of this study, but was only implanted subcutaneously.

For intracranial studies, subcutaneous xenografts passaged in athymic mice were excised
from host mice under sterile conditions in a laminar flow containment hood. The entire
tumor was resected from the host animal, and necrotic tissue visible to the eye was removed.
The xenograft was minced and cells separated with a 60 mesh tissue cytosieve (Biowhitter
Inc, Walkersville, MD) into a Zinc Option solution, allowing for passage through a 25 gauge
needle. After centrifugation, supernatant was removed, and cells were mixed 1:1 with
methylcellulose. This mixture was then loaded into a repeating 250-/J Hamilton syringe
(Hamilton, Co., Reno, NV) dispenser and injected ic into the right cerebral hemisphere of
the athymic mouse at an inoculation volume of 10 pl. The ic injections were done by placing
a mouse into a stereotactic frame. A 1/2” midline skin incision was made. The bregma was
located and the coordinates (2 mm lateral) determined. A mounting holder on the frame
holds the syringe containing the cells. A sterile 25 gauge needle attached to the syringe was
introduced through the calvaria and into the brain at a depth of 4 mm. The cells were
injected and after one minute, the syringe was pulled up and a small amount of bone wax
was placed to occlude the hole. The mouse was removed from the frame and wound clips
were used to close the skin [39-42]. All mice, control and treated, were injected with the
same volume of tumor homogenate, assuring the same number of tumor cells injected into
each mouse.
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In preparation for sc transplantation, tumors were prepared as indicated above and placed
into a modified tissue press. The resulting homogenate was then loaded into a repeating
Hamilton syringe dispenser. Tumor homogenate was injected sc into the right flank of the
athymic mouse at an inoculation volume of 50 pl with a 19 gauge needle [39]. Due to sterile
technique, no infection was observed. Lidocaine and Bupivicaine were used to control the
pain.

Subcutaneous Tumor Measurement

Subcutaneous tumors were measured twice weekly with handheld vernier calipers
(Scientific Products, McGraw, IL). Tumor volumes, V were calculated with the following
formula: [width? x length]/2 = V (mm3).

Subcutaneous and Intracranial Xenograft Therapy with MnTnHex-2-PyP>*

For the sc tumor studies, groups of mice randomly selected by tumor volume were treated
when the median tumor volumes were on average 250 mm?3 and were compared with control
animals receiving vehicle (saline). For ic tumor studies, groups of mice were randomized 3
days after ic tumor implantation [43]. MnTnHex-2-PyP>* was injected sc at a dose of 1.6
mg/kg b.i.d. throughout the duration of the experiment. The volumes were adjusted to the
weight of the mice and were 300 UL on average. At dose used no adverse effects on mouse
overall health were observed (see below under Toxicity of MnP).

Mn Porphyrin Synthesis

MnTnHex-2-PyP>* was prepared as previously described [16, 17]. Briefly, 11 mL of n-
hexyl p-toluenesulfonate was added to a mixture of 75 mg of H,T-2-PyP (Frontier
Scientific) in 20 mL N, -dimethylformamide and heated at ~100°C. Reaction was followed
by thin-layer chromatography (TLC) on silica gel TLC plates using 8:1:1 =
acetonitrile:KNOg(sa):H20 as a mobile phase. Completion was indicated by the lack of any
change in two consecutive TLC runs. Upon completion, the reaction mixture was poured in
a separatory funnel containing 200 mL each of water and chloroform and shaken well.
Tetracationic porphyrin has tosylates as counterions, and is thus fairly lipophilic. Further,
the excess of DMF and tosylate keeps it also from distributing readily into aqueous layer.
Thus porphyrin tends first to form a third layer. Several extractions are needed to remove the
excess DMF and tosylate. The dropwise addition of methanol to the mixture is often helpful
to push porphyrin into aqueous layer. When the extraction was completed, the aqueous layer
was filtered into glass bealker where porphyrin was precipitated as PFg™~ salt by dropwise
addition of a concentrated aqueous solution of NH4PFg until no further precipitate was
formed. Precipitate was filtrated through a fritted disc and thoroughly washed on a disc with
diethyl ether. Dried precipitate was dissolved in acetone and filtered. The porphyrin was
precipitated out of acetone solution as a chloride salt with dropwise addition of saturated
acetone solution of tetrabutylammonium chloride [17]. The precipitate was washed
thoroughly with acetone (to remove any traces of tetrabutylammonium chloride, which is
toxic to cells and animals) and dried in vacuum at room temperature. When the ligand was
used only to prepare Mn complex and not for other purposes, single precipitation was
sufficient.

For metallation, 20-fold excess MnCl, was added to a pH ~10.7 solution of porphyrin at 25
°C to ensure the presence of both kinetically more reactive Mn(11) monohydroxoaqua
species, and deprotonated inner pyrrolic nitrogens of porphyrin [17]. With a longer alky-
chain analogue such as hexyl porphyrin, the heating of a solution for hours at ~100°C is
often needed. The reaction progress was followed by uv/vis spectroscopy and TLC (8:1:1 =
acetonitrile: KNOgsat):H20) until the disappearance of the Soret band and fluorescence of
the metal-free porphyrin. Porphyrin is stable under such conditions and it is not critical to

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keir et al.

Page 6

stop the metallation at the exact moment of completion. Upon completion, the solution was
filtered to remove the excess of free Mn in the form of Mn oxo/hydroxo species. The
porphyrin was precipitated as PFg~ salt from filtrate by dropwise addition of saturated
aqueous solution of NH4PFg and washed with diethyl ether. Precipitate was dissolved in
acetone, and the porphyrin chloride salt was precipitated with saturated acetone solution of
tetrabuthylammonium chloride, and the resulting precipitate was washed with acetone. The

PF¢ (1q)/Cliaceione) precipitation procedure was repeated twice to ensure the full removal of
free manganese. A chloride salt, MnTnHex-2-PyPCls was utilized in this study. Its identity
and purity was checked by uv/vis spectroscopy, elemental analysis, thin-layer
chromatography, electrospray mass spectrometry and the analysis of free Mn (lowmolecular
weight Mn complexes) [17].

Evaluation of Subcutaneous Xenograft Response to MnP Treatment

The response of sc xenografts to MnP treatment was assessed by delay in tumor growth and
by tumor regression. Growth delay, expressed as T-C, is defined as the difference in days
between the median time required for tumors in treated (T) and control (C) animals to reach
a volume five times greater than that measured at the start of the treatment. Tumor
regression is defined as a decrease in tumor volume over two successive measurements.
Statistical analysis was performed using a SAS statistical analysis program, the Wilcoxon
rank order test for growth delay, and Fisher’s exact test for tumor regression as previously
described [39, 44].

Evaluation of Intracranial Xenograft Response to MnP Treatment

The response of ic xenografts to MnP treatment was assessed by percentage increase in time
to a specific neurologic endpoint (seizure activity, repetitive circling, or other subtle changes
such as grooming or decrease in appetite) or to death. Statistical analysis was performed
using the Wilcoxon rank order test as previously described [39, 44]. Animals were observed
twice daily for signs of distress or development of neurologic symptoms, at which time, the
mice were sacrificed.

RESULTS
Toxicity of MnP

Efficacy

A preliminary toxicity study was conducted in mice bearing D-245 MG ic tumors to
determine the appropriate dosage for all subsequent studies. Doses of MnTnHex-2-PyP5*
tested were in the range of 0.1 mg/kg to 1.6 mg/kg given sc b.i.d. (twice daily) for the
duration of the experiment (Fig. 2). Control animals received an equal volume of saline.
Previous studies have used doses of MnP ranging from 0.05 to 2 mg/kg/day given via
different routes of administration [16, 17].

Among the 115 mice treated, no deaths were attributed to drug toxicity. The median nadir
weight loss for treated animals was 3.2%. No neurologic toxicity of MnP was observed. No
significant dose response was detected in the range of doses studied. Given the doses used
elsewhere, and the lack of the toxicity of MnP at 3.2 mg/kg/day we have chosen to use this
dose for efficacy studies.

Subcutaneous Xenograft Therapy by MnP—MnTnHex-2-PyP>* produced
statistically significant (P< 0.001) growth delays in D-245 MG, D-256 MG, D-341 MED,
and D-456 MG (Table 2) xenografts. Growth delays ranged from 3 days in D-54 MG to 34
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days in D-341 MED. Tumor regression was seen in studies with D-245 MG, D-341 MED,
and D-456 MG. Control animals received an equal volume of saline.

Intracranial Xenograft Therapy by MnP—MnTnHex-2-PyP>* produced a statistically
significant (P< 0.001) increase in median survival in D-256 MG and D-341 MED of 33%
and 171%, respectively (Table 3 and Figs. 3 and 4). All mice displayed gross evidence of ic
tumors at the time of death.

In both subcutaneous and intracranial xenografts the suppression of tumor growth was larger
with pediatric tumors than with adult glioblastomas.

DISCUSSION

Cationic Mn(l11) A-alkylpyridylporphyrins that have metal-centered reduction potential for
Mn!P5*/Mn!IP4* redox couple between ~+50 and~+500 mV vs NHE can easily adopt 4
oxidation states /n7 vivo (+2, +3, +4, and +5), which allows them to undergo a variety of
redox-based reactions with reactive oxygen and nitrogen species, cellular reductants and
signaling molecules (in particular with cysteines of those proteins which may be oxidized or
glutathionylated; both modifications have been reported (Fig. 1) [16-18, 26]. They are the
most potent SOD mimics and ONOO™ scavengers reported (Fig. 1) [16-18]. Cell biology is
greatly redox-based. Thus it is only natural that very redox-able compounds could finely
tune cellular apoptotic and proliferative pathways v7ia modulation of redox-based
transcriptional activity (Fig. 1), which would in turn lead to modulation of inflammatory and
immune responses [16-18]. Recent data indicate that cationic Mn porphyrins can
differentiate between tumor and normal tissue [31]. MnTnHex-2-PyP>* accumulates 5-fold
more in 4T1 tumors than in muscle taken from the opposite leg (Fig. 1) [31]. Favoring tumor
over normal tissue may arise in part from the differential redox status of such tissues and in
particular from their differential ability to remove superoxide and peroxides [45-48]. Higher
tumor oxidative stress would result in compromised cellular and mitochondrial membranes
which may contribute to leaky tumor vasculature. Another reason may be the higher surface
area of cancer cells due to the higher number of microvilli and thus more chances to interact
with a drug. Finally, cancer cells have a net negative surface charge due to the higher
expression of anionic molecules, such as phosphatidylserine, O-glycosylated mucins,
sialilated gangliosides and heparin sulfates [49-55]. These negatively charged molecules
facilitate interaction and penetration of the cationic species through the membrane.

While maintaining the high redox-ability, we modified the structure of Mn porphyrins to
increase their bioavailability. Primarily, compounds with increased lipophilicity, and thus
cellular, subcellular (particularly mitochondrial) and tumor accumulation as well as those
able to cross the BBB were synthesized (Fig. 1). Such efforts have been aimed at more
promising drugs for CNS injuries including brain tumors. Thus far, the most prospective has
been a lipophilic MnTnHex-2-PyP>* (Fig. 1). This study is the first and encouraging report
of the antitumor properties of a metal complex, MnTnHex-2-PyP>* as a single agent in adult
and pediatric glioblastoma multiforme and pediatric medulloblastoma. Tumor growth was
significantly inhibited by MnTnHex-2-PyP>* in 4 out of the 5 brain tumor lines (Figs. 2, 3
and 4). When given subcutaneously to mice, MnTnHex-2-PyP>* caused a significant (P <
0.001) growth delay in D-245 MG, D-256 MG, D-341 MED, and D-456 MG xenografts.
Growth delay for mice bearing subcutaneous xenografts ranged from 3 days in D-54 MG to
34 days in D-341 MG. With mice bearing intracranial xenografts, MnTnHex-2-PyP>*
produced a statistically significant (< 0.001) increase in median survival of the mice for
33% (D-256 MG) and 173% (D-341 MED).

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 21.
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Our data on both subcutaneous and intracranial xenografts indicate a better response of
pediatric than adult tumors (Tables 2 and 3). In general, pediatric medulloblastomas are
more sensitive to adjuvant irradiation and chemotherapy than malignant gliomas [56], which
is in agreement with this study. Given the limited number of tumors evaluated in this study
(3 adult malignant gliomas, 1 pediatric glioma and 1 pediatric medulloblastoma in 2
different sets of experiments) we cannot speculate further about the nature of the differential
response of these tumors to MnP treatment.

With the exception of completely resected low-grade glioma, radiation therapy remains a
component of therapy care for most patients. However, most children exposed to radiation
therapy have significant neurocognitive and endocrinologic sequelae and significant late
effects [57]. Thus, there is a need for therapeutic approaches to reduce the toxicity of
radiotherapy or eliminate the need for it [58]. In search for new therapies, different pathways
have been explored with medulloblastomas (such as Hedgehog, Wnt and Notch) [59] and
with gliomas (receptor tyrosine kinases, Src family of non-receptor protein kinases,
intracellular signaling molecules such as EGFR-PI3K-Akt-mTOR signaling network [60],
epigenetic abnormalities, tumor vasculature, microenvironment stem cells, mitochondria etc
[61, 62]). As glioblastoma multiforme is almost invariably fatal, any breakthrough may have
a substantial impact on survival and provide hope to the thousands of patients who receive
this diagnosis annually [63].

In addition to suppressing tumor growth, MnTnHex-2-PyP>* and other analogues reportedly
possess remarkable ability to radioprotect normal tissue [16-18]. MnPs produce
radioprotective effects in animal studies of lung, brain, eye, prostate, colon, and
hematopoietic cells [16-19, 20, 32, 64-69, Archambeau et a/. unpublished], and zebra fish
embryo [16, 17, Daroczi et al., unpublished]. The most extensively studied organ has been
lung [19, 20, 64]. When the methyl analogue, MnTM-2-PyP>* was administered for 2 weeks
prior to 8 Gy whole body radiation, 80% of the radiated mice survived relative to the control
counterparts [70]. The post total body treatment (TBI) with NADP oxidase inhibitor
diphenylene iodonium or MnTE-2-PyP>* not only significantly reduced TBlinduced
increases in reactive oxygen species production, oxidative DNA damage and DNA double-
strand breaks in hematopoietic stem cells (HSC), but also dramatically decreasesd the
number of cells with unstable chromosomal aberrations in the clonal progeny of irradiated
HSCs [65, 68]. Recent studies reported that MnTE-2-PyP5* treatment prior to brain
irradiation protected against acute radiation-induced apoptosis and ameliorated delayed
damage to the blood-brain barrier and radiation necrosis [66]. Finally, MnTE-2-PyP5*
altered cytokine responses after irradiation in a prostate tumor model and shows a potential
to enhance anti-tumor immune responsiveness and decrease the risk for radiation-induced
normal tissue toxicities [67]. Consequently, the use of Mn porphyrins could enhance the
therapeutic margin by sensitizing the tumor and protecting normal tissue at the same time.

Mechanistic Considerations

This study aimed primarily to show if there is a therapeutic potential of a novel strategy in
employing a metal complex in treating brain tumors. The use of a metal complex is still a
rarity in clinics. It has been known for nearly 50 years that tumors exist under conditions of
perturbed redox status which results in oxidative stress with increased levels of reactive
species [71]. The excessive reactive species drive the tumor growth; they originate from
dysfunctional cells; most so from mitochondrial respiratory chain and hypoxic conditions (in
particular conditions of hypoxia/reoxygenation occurring during tumor growth). Further, the
upregulation of NADPH oxidase and inducible nitric oxide synthase contribute to the
production of O, ~, "'NO, ONOO™ and their progeny [72-80, 81]. The predominant function
of MnTnHex-2-PyP5* in the case of tumors is likely the redox-based suppression of
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oxidative stress v/ia modulation of redox-sensitive cellular pathways which control tumor
proliferation and apoptosis [16-18]. This modulation may be indirect by removing reactive
species that would otherwise activate transcription factors (antioxidative mechanism), or
direct by oxidizing transcription factors such as NF-xB (pro-oxidative mechanism) [18, 26,
82].

During the two-step O, ~ dismutation process, the MnP is oxidizing O, ~ (producing O,) in
one half-, and reducing O, ~ (producing H,05) in another half-reaction. With enzymes and
with the most potent MnPs, such as MnTE-2-PyP>* and MnTnHex-2-PyP°*, both processes,
oxidation and reduction of O, ~, occur with the similar rate constants [16, 17, 83]. Such fact
clearly suggests that Mn porphyrins could act both as anti- and pro-oxidants in an /n vivo
setting. Future efforts are directed towards understanding which mechanism of MnP action,
and under what conditions, prevails /in vivo.

Antioxidative Mechanism of In Vivo MnP Action/s

The antioxidative type of action has been supported by experimental evidences in numerous
reports which are summarized in refs 16 and 17, and briefly herein. Our previous mouse 4T1
breast cancer studies indicate that Mn porphyrin, MnTE-2-PyP°* inhibits HIF-1a. and
therefore downregulates VEGF and bFGF expression which in turn inhibits tumor
angiogenesis and sensitizes tumor microvasculature and tumor cells to radiation [21-23].
The suppression of oxidative stress was reported also [21]. The proposed antioxidative
mechanism was the removal of signaling species that would have otherwise activated
HIF-1a. MnTE-2-PyP>* was further tested in a well-established mouse skin carcinogenesis
model which consists of sequential application of a subthreshold dose of the mutagenic
chemical initiator 7,12-dimethylbenz(&)-anthracene (DMBA), followed by repetitive
treatments with the tumor promoter 12- O-tetradecanoylphorbol-13-acetate (TPA). In this
model, MnTE-2-PyP>* markedly suppressed both tumor incidence and multiplicity: in
groups consisting of 11 animals, 30 papillomas developed in the control group vs5 in the
MnP-treated group [24]. Further, MnTE-2-PyP°* strongly suppressed the activation of AP-1
transcription factor which controls cellular proliferation. Consequently, proliferating cellular
nuclear antigen, PCNA was down-regulated [24]. The anticancer effects were greatly
enhanced when MnTE-2-PyP>* was combined with radiation in a 4T1 breast cancer mouse
model [22, 23]. Also the Balb/c nu/nu mouse study in progress on D-245 MG sc xenografts,
where MnTnHex-2-PyP°* is combined with radiation, shows the greatly enhanced
suppression of tumor growth relative to either treatment alone [Rajic et a/. unpublished].
Remarkable suppression of B16F10 melanoma growth was observed in C57/BL6 mice when
MnTE-2-PyP>* was combined with hyperthermia [Jackson et a/. unpublished]. In a mouse
prostate cancer tumor model RM-9, the combined treatment of MnTE-2-PyP>* with
radiation slowed the growth of tumors, provided benefit over radiation alone, enhanced
immune response, increased number of natural Killer cells, and ability to produce IL-2 [27].

Pro-Oxidative Mechanism of In Vivo MnP Action/s

Such action/s is facilitated by the high intracellular levels (mM) of cellular reductants such
as ascorbate [84], glutathione and the bioavailability of oxygen. In particular the coupling of
MnP with ascorbate (Fig. 1) may be relevant to gliomas, because the brain and spleen are
the organs with the highest levels of ascorbate [85, 86]. The pro-oxidative action may occur
when porphyrins are given either alone or with exogenous ascorbate. In a pro-oxidative
scenario [87], Mn!'P5* gets readily reduced to Mn!!P4* with ascorbate in a first step of a
dismutation process. In a subsequent step, the reduced Mn!'P may reduce oxygen (rather
than superoxide) to O, ~ which would then readily dismute to cytotoxic H,O,. Also, MnP
catalyzes the oxidation of ascorbate to the ascorbyl radical in a first step (while being
reduced to Mn!'P) [47, 88]. The ascorbyl radical would undergo oxidation to

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keir et al.

Page 10

dehydroascorbate in a subsequent step, while reducing oxygen to superoxide; eventually
H,0, would be formed [87]. In either scenario, peroxide would either kill the tumor in its
own right via causing oxidative damage to biological targets, or act as a signal for
upregulation of cellular transcriptional activity which may perpetuate oxidative stress
forcing cells to die eventually. H,O, can also inflict toxicity via producing highly damaging
species, “OH radical, in a Fenton-type reaction with Fe2* [89, 90]. The tumors are already
under oxidative stress [91], and are very sensitive to any additional increase in oxidative
burden which could signal cell death [26, 87].

Several reports support the pro-oxidative action of Mn porphyrins. When combined with
chemotherapy, MnTE-2-PyP>* sensitized WEHI7.2 murine thymic lymphoma cells to
cyclophosphamide and inhibited cell growth, at least in part v/a pro-oxidative mode of
action inhibiting activation of NF-xB v7a glutathionylation of its p65 subunit [25, 26]. A
modified porphyrin of extended core, Gd(I11) texaphyrin (Motexafin gadolinium, MGd,
Xcytrin [Pharmacyclics, Sunnyvale, CA]), combined with radiation has been used with
varying success for the treatment of brain metastases [92, 93]. MGd kills tumor cells
presumably via increased production of reactive species, that is, viaa pro-oxidative mode of
action, similar to photodynamic therapy; only the source of reactive species is different. In
another, amyotrophic lateral sclerosis study, both MGd and MnTnHex-2-PyP>* [94] were
compared to each other and produced similar effects, although an antioxidative mode of
action was proposed for the latter and a pro-oxidative for the former. The data suggest that
perhaps both MGd and MnTnHex-2-PyP>* may act via common, pro-oxidative action. In
our most recent study, 4 different cancer cell lines were treated with MnTnHex-2-PyP>*
alone and in combination with ascorbate [95]. Data clearly indicate that remarkable cancer
cell killing with MnP + ascorbate treatment was achieved via pro-oxidative action where Mn
porphyrin acts as catalyst for ascorbate-driven peroxide formation [95]. Recently, in cellular
and /n vivoip and iv studies it was clearly pointed to the antitumor potential of ascorbate
where peroxide production was catalyzed by redox-able compounds, such as quinones and
endogenous porphyrins [84, 86, 96-99]. We have recently explored a simple straightforward
superoxide-specific system — aerobic growth of SOD-deficient £. coli [87]. Without SOD
mimic, this strain grows poorly under aerobic conditions in a nutrient-poor medium, but
grows as good as wild type in the presence of Mn porphyrin-based SOD mimics. If the
medium contains both Mn porphyrin and ascorbate the SOD-deficient £. coli does not grow;
the effect is reversed in the presence of catalase. The data clearly indicate that cytotoxic
H,0, was formed in a Mn porphyrin-catalyzed ascorbate consumption of oxygen [87, 101].

While the action of MnPs on transcription factors HIF-1a and AP-1 (Fig. 1) was shown to
be antioxidative [14, 21, 23, 24], the action on NF-xB was described as pro-oxidative.
Coupling with SH-groups of signaling molecules (such as p50 subunit of NF-xB in nucleus)
was suggested to be operative in diabetes studies [18, 82, 100]. In lymphoma studies and in
the presence of H,0, and glutathione (GSH), MnTE-2-PyP>* was able to glutathionylate
p65 subunit of NF-xB, which prevents its DNA binding, while depriving cells of GSH [26].

The effects that we are observing /n7 vivoand in vitro, and routinely ascribing to the
antioxidative action of a MnP, may instead also arise from the pro-oxidative action. In such
a scenario, the increased peroxide levels could lead to the activation of cellular
transcriptional activity which would result in upregulation of endogenous antioxidative
defenses and a subsequent suppression of oxidative stress. Thus the antioxidative effects of
MnPs could be observed, whereas the initial effect of MnPs might have been prooxidative in
nature. Such events were supported by the experimental observations of Kim et a/. [102] as
well as by our £. colistudies, where a pro-oxidative insult (increased peroxide levels) forces
E. colito induce oxyR regulon and upregulate antioxidative enzymes [87]. More research is
needed to clarify which action of MnPs prevails in vivo.
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Mimicking Mitochondrial Superoxide Dismutase, MNSOD

MnTnHex-2-PyP>* distributes predominantly into yeast [36], and mouse heart mitochondria
relative to cytosol [Spasojevic ef al. unpublished], where it could mimic MnSOD, the major
natural antioxidant defense system (Fig. 1). Overexpression of MnSOD has been widely
shown to suppress tumor growth [38, 103,104]. In a mouse skin carcinogenesis model the
effect of MnTE-2-PyP°* was greater than the effect of MnSOD overexpression. While this
was in part due to the possibility of administering MnP in a timely manner after cell
apoptosis and before proliferation, the data strongly indicate a potential of MnP to act as
MnSOD mimic in suppressing tumor growth [38, 103, 104]. The exact mechanism of
MnSOD action in carcinogenesis is still not fully understood and requires future studies [38,
103, 104].

The possible actions and the advantage of the lipophilic MnTnHex-2-PyP5* are summarized
in Fig. (1). The ongoing studies are exploring the nature of the MnP antitumor activity in its
own right, in particular with respect to treatment-resistant gliomas. Work is also in progress
to determine if combination therapy with radiation, temozolomide and MnP can provide
effective, but less toxic treatment of gliomas.

CONCLUSIONS

This is the first report on the efficacy of a redox-active metal complex in the treatment of
brain tumors. MnTnHex-2-PyP°* inhibited the growth of glioblastoma and medulloblastoma
xenograft lines /n vivo in both subcutaneous and intracranial tumor models, and is thus a
novel and promising approach to brain tumor therapy that warrants further investigation. Its
redox-based action influences cellular signaling pathways and in turn affects apoptosis and
proliferation. The type of action may be pro- or antioxidative, which would depend upon the
balance of cellular oxidants and antioxidants, and in particular upon the ability of the cells to
remove superoxide and peroxide. It would also depend upon the tissue, cellular and
subcellular accumulation of Mn porphyrin. The redox balance in tumors is known to be on
the side of oxidants [91], and the resulting increased levels of reactive species appear to
stimulate tumor growth. Their removal would prevent tumor cell signaling and, thus tumor
growth [45]. Tumor growth suppression or induction of apoptosis could also happen via
enhanced production of reactive species as a result of excessive oxidation of biological
targets [45, 46, 49]. Therefore, both anti- and pro-oxidative actions of MnPs would result in
killing of tumor cells.

Our findings justify exploring the use of MnPs in brain tumor therapy, as well as identifying
the mechanism/s of action/s of these drugs. Work is also in progress to explore if the MnP
treatment, when combined with radiation and chemotherapy (temozolomide), can enhance
tumor growth suppression in D-245 MG brain tumor xenografts. The preliminary data
indicate that MnP greatly sensitizes D-245 MG xenografts to radiation [Keir et a/.
unpublished]. New oxygen-modified Mn porphyrins are being synthesized also [105, 106].
The methoxy analogue of MnTnHex-2-PyP>*, (Mn(111) meso-tetrakis(A-(6’-
methoxyhexyl)pyridinium-3-yl)porphyrin, MnTMOHex-3-PyP5*) has been fully
characterized [105]. One other oxygen-modified analogue of superior properties have been
also characterized, and the glioma study is in progress to test its therapeutic potential [106,
Rajic et al. unpublished]. While maintaining the same antioxidant potency and the
lipophilicity as MnTnHex-2-PyP>*, the most prospective analogue is significantly less toxic
[106]. Work is in progress on the toxicity profiles of these oxygen-modified analogues.
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Fig. (1).

The structure, /n vivoactions and the beneficial properties of the lipophilic ortfo isomeric
Mn(111) meso-tetrakis(A-n-hexylpyridinium-2-yl)porphyrin, MnTnHex-2-PyP>*.
MnTnHex-2-PyP>* accumulates in yeast (>90%) and mouse heart mitochondria (>80%),
and in 4T1 breast tumor, and crosses the blood brain barrier. It is among the most potent
SOD mimics and peroxynitrite scavengers (Table 1). Its ethyl analogue, MnTE-2-PyP>*
reportedly inhibits activation of several major transcription factors either viaremoving
signaling species or via direct interactions with these proteins. Based on the nearly identical
redox properties of those two Mn porphyrins (Table 1) and their equal overall charge, the
same ability to inhibit transcription factors was found with NF-xB and HIF-1a for
MnTnHex-2-PyP>* and was thus presumed operative for AP-1, and SP-1 also. Its
interactions with cellular reductants may result in anti- and pro-oxidative actions (see
Discussion). Interactions with NF-xB were discussed as being pro-oxidative, affecting the
p50 and p65 subunits of NF-xB (see Discussion). Glutathionylation of p65 by MnTE-2-
PyP5* was shown to prevent DNA binding (see Discussion). Thus far, the interactions of
MnPs with HIF-1a and AP-1 were described as antioxidative in nature.

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Keir et al. Page 20

(@)
o

1N
o

N
o

0 1 . |

0.0 0.5 1.0 1.5
MnTnHex-2-PyP°*, mg/kg,twice daily (b.i.d)

Fig. (2).
Toxicity evaluation of MnP treatment in mice bearing intracranial D-245 MG xenografts.
Median day of survival post-tumor implant is plotted vsthe dose of MnTnHex-2-PyP>* in
mg/kg given sc b.i.d.. Treatment started 3 days post tumor implant.

Median day of survival post-tumor implant

Anticancer Agents Med Chem. Author manuscript; available in PMC 2012 May 21.

2.0



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Keir et al.

Percent survival

Page 21

100
90-
80+
70+
60+

-o— (Control
= MnTnHex-2-PyP°*

I
10 20 30 40 50 60
Days Post-Tumor Implant

Fig. (3).
Survival Curves: Effect of MnTnHex-2-PyP>* treatment on the survival of mice bearing
intracranial human pediatric medulloblastoma D-341 MED xenografts. MnTnHex-2-PyP5*

was given sc at a dose of 1.6 mg/kg b.i.d. throughout the duration of experiment.
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Fig. (4).

Survival curves: Effect of MnTnHex-2-PyP>* treatment on the survival of mice bearing
intracranial human glioblastoma multiforme D-256 MG xenografts. MnTnHex-2-PyP>* was
given sc at a dose of 1.6 mg/kg b.i.d. throughout the duration of experiment.
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Metal-Centered Reduction Potential, £/, for Mn!!'P5*/Mn!!P4* Redox Couple, and the Rate Constants for the

Dismutation of O, ~ and Reduction of ONOO™ by MnTnHex-2-PyP>*. Also the partition of the compound
between n-octanol and water, Poyy was given as a measure of its lipophilicity. The data for another

hydrophilic but equally potent compound, MnTE-2-PyP>* {ortho isomer, Mn(l11) meso-tetrakis( /-
ethylpyridinium-2-yl)porphyrin, AEOL10113}, as well as for SOD enzymes were given here for a

comparison?

Table 1

Compound Eyj MV vs NHED | 1og keae(O )€ | 10g kreg(ONOOT)A | log Pow®
MnTnHex-2-PyP5* +314 7.48 7.11 -2.76
MnTE-2-PypS* +228 7.76 753 -6.89
SODs ~+300 8.84-9.30 3.97

aThe details are given in references 16 and 17.

bEl/z was determined in 0.05 M phosphate buffer (pH 7.8, 0.1 M NaCl);

ckcat was determined by cytochrome cassay in 0.05 M phosphate buffer (pH 7.8, at 25+1 °C);

dkred(ONOO_) was determined in 0.05 M phosphate buffer, 37 + 0.1 °C;

e . -
POV describes a partition of the compound between n-octanol and water.
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Table 3

The Effect of MnTnHex-2-PyP>* Treatment on the Survival Of Mice Bearing Intracranial Human Brain

Tumor Xenografts. MnTnHex-2-PyP>* was given sc at a dose of 1.6 mg/kg b.i.d. throughout the duration of
experiment

In Vivo Results
Xenograft Histology Adult/Pediatric | % Increase in Survival | P Value
D-54 MG Glioblastoma multiforme Adult 0% NS
D-245 MG | Glioblastoma multiforme Adult 20% <0.111
D-256 MG | Glioblastoma multiforme Adult 33% <0.001
D-341 MED Medulloblastoma Pediatric 171% <0.001
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