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Abstract

Oxidative stress, a redox imbalance between the endogenous reactive species and antioxidant
systems, is common to numerous pathological conditions such as cancer, central nervous system
injuries, radiation injury, diabetes etc. Therefore, compounds able to reduce oxidative stress have
been actively sought for over 3 decades. Superoxide is the major species involved in oxidative
stress either in its own right or through its progeny, such as ONOO™, H,0,, ‘'OH, CO3~,

and ‘NO». Therefore, the very first compounds developed in the late 1970-ies were the superoxide
dismutase (SOD) mimics. Thus far the most potent mimics have been the cationic meso Mn(111)
N-substituted pyridylporphyrins and N,N’-disubstituted imidazolylporphyrins (MnPs), some of
them with kgq:(O5 ™) similar to the keyt 0f SOD enzymes. Most frequently studied are ortho
isomers MnTE-2-PyP>* MnTnHex-2-PyP>*, and MnTDE-2-ImP>*. The ability to
disproportionate O, ™ parallels their ability to remove the other major oxidizing species,
peroxynitrite, ONOO™. The same structural feature that gives rise to the high keat (O27) and Kieqg
(ONOQ™), allows MnPs to strongly impact the activation of the redox-sensitive transcription
factors, HIF-1a, NF-xB, AP-1, and SP-1, and therefore modify the excessive inflammatory and
immune responses. Coupling with cellular reductants and other redox-active endogenous proteins
seems to be involved in the actions of Mn porphyrins.

While hydrophilic analogues, such as MnTE-2-PyP>* and MnTDE-2-ImP>* are potent in
numerous animal models of diseases, the lipophilic analogues were developed to cross blood brain
barrier and target central nervous system and critical cellular compartment, mitochondria. The
modification of its structure, aimed to preserve the SOD-like potency and lipophilicity, and
diminish the toxicity, has presently been pursued. The pulmonary radioprotection by MnTnHex-2-
PyP>* was the first efficacy study performed successfully with non-human primates. The Phase |
toxicity clinical trials were done on amyotrophic lateral sclerosis patients with N,N"-
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diethylimidazolium analogue, MnTDE-2-ImP>* (AEOL10150). Its aggressive development as a
wide spectrum radioprotector by Aeolus Pharmaceuticals has been supported by USA Federal
government. The latest generation of compounds, bearing oxygens in pyridyl substituents is
presently under aggressive development for cancer and CNS injuries at Duke University and is
supported by Duke Translational Research Institute, The Wallace H. Coulter Translational
Partners Grant Program, Preston Robert Tisch Brain Tumor Center at Duke, and National Institute
of Allergy and Infectious Diseases.

Metal center of cationic manganese porphyrins easily accepts and donates electrons as exemplified
in the catalysis of O, "~ dismutation. Thus such compounds may be equally good anti- and pro-
oxidants; in either case the beneficial therapeutic effects may be observed. Moreover, while the in
vivo effects may appear antioxidative, the mechanism of action of MnPs that produced such
effects may be pro-oxidative; the most obvious example being the inhibition of NF-xB. The
experimental data therefore teach us that we need to distinguish between the mechanism/s of
action/s of MnPs and the effects we observe.

A number of factors impact the type of action of MnPs leading to favorable therapeutic effects:
levels of reactive species and oxygen, levels of endogenous antioxidants (enzymes and low-
molecular compounds), levels of MnPs, their site of accumulation, and the mutual encounters of
all of those species. The complexity of in vivo redox systems and the complex redox chemistry of
MnPs challenge and motivate us to further our understanding of the physiology of the normal and
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diseased cell with ultimate goal to successfully treat human diseases.
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Introduction

A seminal paper of Gershman and Gilbert in 1954 drew the parallel between the effects of
oxygen and those of ionizing radiation, and proposed that the damaging effects of oxygen
are primarily due to oxygen radicals [1]. Another seminal paper of McCord and Fridovich in
1969 assigned the action of copper proteins, haemocuprein/hepatocuprein/cerebrocuprein to
superoxide dismuting ability; superoxide dismutases were born [2]. Babior and coworkers
early reports in 1970-ies on NADPH oxidase showed that reactive species, O, and H,0,,
constitute inflammatory response to injury or toxin exposure [3-5]. NADPH oxidases [6-9]
are now known to be widely distributed in many types of cells and cellular compartments
under physiological conditions. Superoxide and peroxide are considered important players in
cell signaling, proliferation, survival and death [10,11]. Species that arise from O, and
H»0,, as well as other species such as nitrated lipids [10,11], S-nitrosoproteins [12], lipid
radicals, cysteine radical and others, have been implicated in redox-based signaling
pathways too [10,11,13-17]. The balance between the reactive species and the endogenous
antioxidants allows cell to function normally. If the excess of reactive species and/or loss of
endogenous antioxidant defenses occurs, and the subsequent oxidative stress is hot managed
properly, cells undergo apoptosis or necrosis. Oxidative stress has been implicated in the
numerous pathological disorders, such as radiation injury, cancer, diabetes, injuries of
central nervous system, etc. Therefore the synthetic and natural antioxidants have been
aggressively sought. In particular, drugs have been developed to target mitochondria,
subcellular compartments responsible for healthy cell functioning and for its metabolic
failure [18].
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Metalloporphyrins are superior compounds as oxidative stress modulators for the same
reasons nature is using them as the key active sites in numerous enzymes and proteins such
as hemoglobin, myoglobin, cyt P450, oxygenases, oxidases, nitric oxide synthases, guanylyl
cyclase etc: (1) macrocyclic porphyrin ligand provides complexes of extreme stabilities
assuring the integrity of the metal site which in turn allows metal (primarily Mn, or Fe) to
accomplish their redox-based actions; their stability is so high that its determination is
precluded; (2) possibilities are endless for structural modifications aimed at fine tuning of
their redox-based properties, bioavailability and toxicity. The first studies of the ability of
metalloporphyrins to interact with small reactive molecules were reported by Pasternack,
Halliwell, Faraggi, Weinraub and others in the late 1970s and early 1980s [19-27]. In the
early1990-ies, Irwin Fridovich started exploring Mn porphyrins as potential SOD mimics
[28]. The two decade-long exploration has resulted in the design of appropriate ligands
around the metal site which (1) provide equal kinetic and thermodynamic facilitation for the
O, dismutation as seen with superoxide dismutases; (2) are widely bioavailable; and (3)
are fairly non-toxic. Those cationic Mn porphyrins that are potent SOD mimics have
electron-deficient metal site which is in need of electron-donating ligands. They thus favor
approach and/or binding of the electron rich anionic reactive species, such as O,~, ONOO™,
ONOOCO,™, CO3 ™, CIO™. Further, this very cationic nature allows them to accumulate in
critical cellular compartments, mitochondria, driven there by mitochondrial membrane
negative potential. The negatively charged phospholipids may be at least in part the driving
force for MnP accumulation in the central nervous system. We have detailed the design of
such compounds based on the structure-activity relationships as well as their biology and
pharmacology in our recent reviews [18,29-31]. The most in vivo studied Mn porphyrins are
listed in Figure 1.

Figure 2 shows other redox-active compounds that are able to suppress oxidative stress. The
core-modified porphyrins, corroles are also listed. Corroles have one less meso position
when compared to porphyrins, and therefore different redox properties and bioavailability
[18,29-31]. Primarily for the reasons cited above, and because of the remarkable efficacy of
metalloporphyrins, the researchers that have explored Mn salen derivatives and Mn cyclic
polyamines are exploring now the potential of porphyrin-based therapeutics also [18].

The efficacy of Mn porphyrins-based SOD mimics is related to their ability to easily accept
and donate electrons. During O, dismutation, the most potent catalysts are able to oxidize
and reduce Oy~ with similar-to-identical rate constants, k1 and k, (egs [1] and [2]), and thus
carry potential to be equally efficacious pro- and antioxidants. It is therefore no wonder that
more data are emerging indicating the pro-oxidative action of MnPs as therapeutically
beneficial under certain, not yet fully understood conditions (see further below). The same is
valid for various redox-active compounds. For details, the reader is directed to the reviews
[18,29-31], and to the contributions in a Special Issue of Anticancer Agents in Medicinal
Chemistry, titled “SOD enzymes and their mimics in cancer: pro- vs antioxidative mode of
action” [39-44].

Design of Mn porphyrins-based efficacious and bioavailable SOD mimics

Maximizing thermodynamic and kinetic properties of MnPs

The natural strategy in developing potent SOD mimics has been to mimic the
thermodynamics and kinetics of the O, dismutation catalyzed by SOD enzymes. The
enzymes (regardless of the type of the metal site) dismute Oy~ with log kcat = 8.84 — 9.30,
and at metal-centered reduction potential, E1/» ~ +300 mV vs NHE. This is a potential
around the midway between the potential for the Oy~ reduction (+890 mV vs NHE) and
oxidation (—160 mV vs NHE). Thus, the equal thermodynamic facilitation is afforded for
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each step of the dismutation process (equations 1 and 2). Consequently both rate constants
are identical (Figure 3) [45-47].

Using this approach we explored which modifications on unsubstituted Mn porphyrins,
MnT-2-PyP*, MnT-4-PyP* and MnTPP*, are needed to shift the potential for ~ 0.5 t0 0.7 V
from ~ —250 mV to ~ +300 mV vs NHE (Figures 3 and 4). The MnPs with very negative
E1/2 < —160 mV vs NHE are electron-rich (such as MnTBAP3~ with E1;» = —194 mV vs
NHE). Thus they can not easily accept electrons in a first, rate-limiting step (eq 1) of the
dismutation process and consequently can not catalyze O, ™ dismutation.

Mn"P* 40, " <======>Mn"P* +0, &

MnTPH +2 H 40, " <=======>Mn""P** +H,0, k»

In order to make MnPs prone to accept electrons, metal center must be made electron-
deficient. Such modification was achieved via the attachment of electron-withdrawing,
quaternized cationic pyridyls to porphyrin meso positions. Consequently, MnTM-4-PyP5*
(Figure 4) was synthesized with positive charges in para positions with respect to meso
carbons. E1» was shifted for 260 mV more positive relative to nonquatermized, MnT-4-
PyP* (E1j» = + 60 mV vs NHE). Such Ey, indicates that MnTM-4-PyP>* is fairly prone to
accept electrons in the first step of O, ™ dismutation, and is thus a modestly strong SOD
mimic (Table 1, Figure 4). The positive charges guide the anionic superoxide to the
porphyrin ring, enhancing its SOD potency (Table 1).

MnTM-4-PyP>* is a planar molecule and associates to a large extent with nucleic acids. If
the association with nucleic acids is extensive, the approach of O, ™ to MnP is precluded and
its SOD-like activity fully suppressed. Also interaction with nucleic acids in its own right
imposes toxicity [48]. The next step in development of SOD mimics was to move nitrogens
from the para onto ortho positions, closer to the Mn center [48] (Figure 4). This
modification resulted in enhanced electron-withdrawing effects. It also gained a bulkier
molecule, MnTM-2-PyP>* where the methyl groups are now stuck in vertical positions with
respect to the porphyrin plane, because their rotation is greatly limited due to the steric
hindrance imposed by p-pyrrolic carbons (Figure 1). As a consequence, its association with
nucleic acids is diminished. Cationic charges placed closer to the metal site, in ortho
positions, are more efficient in guiding anionic O, ™ towards metal site (Figure 4) [57]. Such
molecule has Eq, = +220 mV vs NHE, which is another 160 mV more positive relative to
E1/» of MnTM-4-PyP>* [48]. Combined, favorable thermodynamics and enhanced
electrostatic guidance of O, towards metal site, resulted in high kg4 (Table 1). The critical
impact of electrostatics on O, ™ dismutation catalyzed by MnPs, which accounts for the
enhancement of kg4t for 2 orders of magnitude, and is the reminiscent of the electrostatic
effects observed with SOD enzymes, has been detailed elsewhere [18,29,58]. Also the
impact of electronic effects on kgy: has been reported [59].

Electron-withdrawing effects can also be achieved by introducing the chlorines and
bromines on B-pyrrolic positions. Fully B-brominated or p-chlorinated MnPs with
substituted pyridyls in meso positions are not stable complexes, and thus have been explored
only for mechanistic purposes [18,29-31]. Partially halogenated MnPs require extensive
chromatography to be isolated in a pure state; such purification is precluded for drug scaling

up.
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Optimizing bulkiness of the molecule to diminish its unfavorable interactions with nucleic

acids

In a subsequent step of the drug development, the ethyl analogue, MnTE-2-PyP>* was
synthesized. It has enhanced bulkiness relative to MnTM-2-PyP>* (Figure 4), which
diminishes further its interactions with nucleic acids, and thus toxicity [48,49]. MnTE-2-
PyP>* (AEOL10113) has been the most frequently explored MnP in different models of
oxidative stress [18,29,30]. Based on the same principles, an even bulkier MnP was
synthesized with similarly high ket (O2 7). It is Mn(111) meso-tetrakis(N,N"-
diethylimidazolium-2-yl)porphyrin, MnTDE-2-ImP>* (AEOL110150) (Figures 1 and 4,
Table 1) [54,60]. Instead of 4 pyridyl rings, this compound bears 4 imidazolyl rings with
two nitrogens in ortho positions that are substituted with ethyl groups placed above and
below the porphyrin plane. Thus, the compound has no positional isomers, unlike all ortho
N-substituted pyridylporphyrins which have 4 positional isomers (atropoisomers) [56]. The
bulkiness of MnTDE-2-ImP>* decreases its toxicity due to its weaker interactions with
negatively charged biomolecules (such as nucleic acids), but it also diminishes its ability to
cross the membranes [61]. The placement of ethyl groups above and below the porphyrin
plane hinders charges, which are delocalized over the imidazolyl rings. Along with
bulkiness this may reduce its transport into mitochondria. MnTDE-2-ImP>* bears the same
number of positive charges in ortho positions, i.e. in a close proximity to the Mn site and
therefore possesses the same redox abilities in removing O, ~ and ONOOQO™ as the other two
MnPs (Table 1). With better resolved patenting and licensing rights, Federal Government
and are aggressively developing MnTDE-2-ImP®* as a wide spectrum radioprotector (see
below).

In cells, Mn'"'"P5* would undergo facile reduction to Mn!'P4* in the first step of dismutation
process with ascorbate, glutathione, tetrahydrobiopterin or flavoproteins due to their
abundancy. In a subsequent step Mn''P4* would reduce O, to H,0, [18,29,30,62,63] (see
below under the reactivity of MnPs). Thus in vivo, MnPs may mimic superoxide reductases
(such as rubredoxin oxidoreductase) rather than SOD enzymes [18].

Developing simple SOD-deficient E. coli model to assess in vivo efficacy of those MnPs
that have high kg

Once the compounds with high log kc;: of > 6 are synthesized, their efficacy is tested in a
simple prokaryotic organism Escherichia coli, before they are forwarded to animal studies.
The SOD-deficient E. coli lacks cytosolic SOD enzymes and can grow aerobically well only
when the medium is substituted with mimics of those enzymes [18,29,30,61,64—66]. Thus, it
is a superoxide-specific model, and an excellent tool to predict with high likelihood the
efficacy of the compounds in mammalian models of oxidative stress injuries.

Developing SOD-deficient yeast (Saccharomyces cerevisiae) model as an additional tool to
evaluate the therapeutic potential of SOD mimics

Our present studies indicate that prokaryotic organism E. coli is by far the most sensitive
organism to MnP toxicity. While 5 uM MnTnHex-2-PyP°* is already toxic to E. coli
[52,53,61] (Figure 7), at 30 uM it is neither toxic to eukaryotic S. cerevisiae, nor to
eukaryotic mammalian and rodent cancer cell lines [30,67-70, Aird et al, unpublished, Fels
et al unpublished]. Our present understanding is that each compound which is a powerful
SOD mimic and nontoxic to E. coli (within reasonable concentration range) is undoubtedly
an excellent candidate for clinical development. However, if the compound exerts toxicity to
SOD-deficient E. coli, but protects SOD-deficient S. cerevisiae when it grows aerobically, it
may still be a powerful therapeutic for mammals. The differences in the structure of
prokaryotic cell wall and eukaryaotic cell membrane may affect differentially their sensitivity
towards the toxicity of lipophilic MnPs. A comparative evaluation of antioxidant potency,
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bioavailability and toxicity of SOD mimics in both of those systems may provide a more
conclusive insight into the potential of an SOD mimic for clinical development.

Figure 5 shows the stepwise efforts in optimizing and evaluating the MnP structure for
clinical use starting from its design, and thorough studies of its aqueous chemistry
(synthesis, purification and characterization), over the simple in vivo models - prokaryatic E.
coli and eukaryotic S. cerevisiae- all the way up to nonhuman primates and eventually
humans. The Phase | toxicity clinical trial was successfully conducted on amyotrophic
lateral sclerosis patients with MnTDE-2-ImP>*. No toxicity was observed with doses well
above the therapeutic dose [71,72]. The scaling up of MnTE-2-PyP°* was completed, drug
master filed (DMF) and toxicity studies are in progress (see under Therapeutic effects and
clinical development of MnPs). The studies are also underway with oxygen-bearing
derivatives whose favorable redox properties and bioavailibility are maintained, but toxicity
diminished (Figure 4) [53,73].

Optimizing properties that may improve MnPs bioavailability - lipophilicity

Ortho isomers of Mn(lll) N-alkylpyridylporphyrins—From the time the very first
efforts were made to synthesize the efficacious water-soluble SOD mimics [18,29,30,74],
the questions arose whether such excessively charged and hydrophilic compounds would (1)
cross the blood brain barrier; (2) cross the plasma membrane; and (3) enter critical cellular
compartments, mitochondria, whose oxidative damage has the vast impact on the cell
function. As the key role of mitochondria in diseases became obvious, a number of groups
developed strategies to target mitochondria. It has been clearly shown [75-77] that the
compound must have cationic charge and appropriate lipophilicity to accumulate in
mitochondria, driven there by the mitochondrial membrane negative potential [75]. In order
to judge if our compounds reach subcellular compartments, the analytical tools for their
analyses in tissues and cellular compartments were developed. The very first method
established was HPLC/fluorescence method where Mn!!"P5* was reduced with ascorbate to
Mn!!P4*, The exchange of Mn with Zn'followed and the fluorescence of ZnP was measured
[78]. The method was very sensitive, and allowed the detection of as low as nM levels of
MnTE-2-PyP%* in plasma and various organs, as well as in cytosol, nucleus and
mitochondria [78,79].

Enhancing lipophilicity by lengthening the alkyl chains—Longer members of the
N-alkylpyridylporphyrin series, bearing alkyl chains with up to 8 carbon atoms were
synthesized [50]. Their lipophilicity was measured either in terms of thin-layer
chromatographic retention factor, R¢ (ratio of MnP and solvent path on silica plates [51]), or
partition between n-octanol and water, log Poy. Both values are linearly related [51]. We
frequently utilize R¢ as it is easier to assess than log Pow [51]. The lipophilicity increases
10-fold for each carbon atom added. Thus MnTE-2-PyP°* is 13,500-fold less lipophilic than
MnTnHex-2-PyP°* and 450,000-fold less lipophilic than MnTnOct-2-PyP>*. The lipophilic
analogues are more efficacious in vivo: MnTE-2-PyP>* is ~120- and 1,000-fold less potent
than are MnTnHex-2-PyP°* and MnTnOct-2-PyP>* [18,29,30,80]. E. coli study clearly
showed that such improved efficacy arose at least in part from the increased accumulation of
more lipophilic MnPs within a cell [52,61]. The preliminary ip pharmacokinetics shows
higher accumulation of MnTnHex-2-PyP°* in a mouse liver relative to MnTE-2-PyP>*
[Spasojevic et al, unpublished].

Enhancing lipophilicity by moving the pyridyl substitutents from ortho to
meta positions relative to porphyrin meso carbon—A first hint that meta isomer
MnTM-3-PyP>* (Figure 4) offers similar protection to SOD-deficient E. coli as ortho
analogue was reported in 1998 [48]. Efforts were originally directed towards designing SOD

Free Radic Biol Med. Author manuscript; available in PMC 2012 September 1.



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

1duasnuey Joyiny vd-HIN

Batinic-Haberle et al.

Page 7

mimics of highest antioxidant capacity; therefore the meta isomers have been overlooked for
a while [48,49]. Recently we quantified the lipophilicity of the series of MnPs and learned
that the meta N-alkylpyridylporphyrins are ~10-fold more lipophilic than their ortho
analogues (Table 1) [51]. The ~10-fold increased lipophilicity of MnTE-3-PyP°* relative to
MnTE-2-PyP5*, and therefore ~ 10-fold increased accumulation within E. coli compensated
for its inferior SOD-like activity. Consequently both compounds are equally able to protect
SOD-deficient E. coli when growing aerobically [52].

Enhancing lipophilicity via reduction of Mn''P5* to Mn!lP4* as a consequence
of the loss of a single charge from the metal site—As already noted and due to
their electron-deficiency, Mn(l11) N-alkylpyridylporphyrins get readily reduced in vivo with
cellular reductants and other redox active proteins. Upon reduction, single charge gets lost
from the Mn site, which enhances MnP lipophilicity by as much as 3 orders of magnitude,
depending upon the type of the isomer and the alkyl chain length [81]. The lipophilicity is
enhanced more with ortho than with meta isomers, and the effect is peaking with
MnTnBu-2(or 3)-PyP>* as shown in Figure 6 [81]. Such gain in lipophilicity upon MnP
reduction may in part explain their preferred mitochondrial accumulation and transport
across the blood brain barrier.

Enhancing mitochondrial accumulation—The HPLC/fluorescence method, originally
developed for pharmacokinetic studies of MnTE-2-PyP5* [78,79], appeared inferior to
measure the levels of lipophilic compound, MnTnHex-2-PyP5* in vivo. Due to the steric
hindrance of the long alkyl chains for the approach of Zn to the porphyrin pyrrolic nitrogens,
under experimentally achievable conditions the replacement of Mn did not progress to
completion. Thus another, more sensitive and less elaborative LCMS/MS method was
developed. After sample preparation, MnP was detected directly via mass spectroscopy
[29,81]. The method was already used for the analyses of different MnPs in different tissues
and cellular compartments [29,81]. In the first mouse heart mitochondrial study, MnTE-2-
PyP>* was found in mitochondria at > 5 uM. The study was preceded by Ferrer-Sueta et al
work [63], where submitochondrial particles were protected by > 4 uM MnTE-2-PyP5*
when exposed to the flux of ONOO™. Ongoing studies on the hydrophilic and lipophilic
analogues are in progress to determine their mitochondrial vs cytosolic accumulation in
yeast S. cerevisiae [70], and in mouse heart mitochondria. The increase in lipophilicity from
methyl to hexyl analogue (Table 1) parallels the increase in their mitochondrial
accumulation. The most hydrophilic member of the series, MnTM-2-PyP5* distributes
similarly between cytosol and mitochondria, while MnTnHex-2-PyP>* distributes at > 90%
in mitochondria relative to cytosol [70]. The MnTnHex-2-PyP>* was further found to
accumulate predominantly in mouse heart mitochondria at > 80% relative to cytosol
[Spasojevic et al unpublished]. Without bearing mitochondrial-targeting sequence, a
lipophilic cationic MnP, in its own right, distributes almost entirely into mitochondria
(relative to cytosol), where it can suppress the oxidative stress [70,82,83, Batinic-Haberle et
al, unpublished].

Enhancing nuclear accumulation—MnTE-2-PyP5* was found to accumulate 3-fold
more in nucleus relative to cytosol in a study where macrophages and LPS-stimulated
macrophages were exposed for 1.25 hour to 34 uM MnP [30]. At least in part, the compound
is driven into nucleus by negatively charged phosphates of nucleic acids.

Pharmacokinetic (PK) studies

The detailed PK study of MnTE-2-PyP5* was performed with single 10 mg/kg ip injection.
The plasma half-life is ~1 hour and the organ half-life between 60 and 135 hours [79].

Free Radic Biol Med. Author manuscript; available in PMC 2012 September 1.
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MnTE-2-PyP>* accumulates in all organs, most so in liver, kidneys and spleen. After initial
built up, the levels in all organs drop continuously, but increase in brain beyond day 7.

Oral bioavailability—The PK via ip route was compared to PK via oral gavage; the same
tmax Was found [84]. Based on Cmax, the oral availability of MnTE-2-PyP>* is ~25% of its ip
bioavailability. The PK studies are in progress on MnTnHex-2-PyP>*, The initial study
indicates higher oral availability of MnTnHex-2-PyP>* when compared to MnTE-2-PyP>*
[Spasojevic et al unpublished].

Transport of MnP across the blood brain barrier (BBB)—Under the same
conditions, the lipophilic MnTnHex-2-PyP>* crosses BBB 8- to 12-fold more than
hydrophilic MnTE-2-PyP>* [69, 82]. At least in part the porphyrin accumulation in brain is
driven by negatively charged phospholipids [69, 82]. Brain accumulation explains its
remarkable efficacy in a middle cerebral artery occlusion (stroke) and subarachnoid
hemorrhage rodent models [69,85]. MnTnHex-2-PyP>* was also protective in a rabbit
cerebral palsy uterus ischemia model at only 0.12 mg/kg given iv twice, 30 minutes before
and after ischemia. The hydrophilic MnTE-2-PyP5*, injected twice at 6 mg/kg, produced no
effect [86]. For a drug to be able to rescue puppies, it must have the ability to cross several
barriers: uterus, placenta, fetus and fetal BBB.

Optimizing properties that may diminish toxicity of MnPs

The ultimate goal of our studies is to have efficacious, bioavailable and nontoxic drug.
Mn(111) meso tetrakis N-alkylpyridylporphyrins with longer alkyl chains are cationic and
lipophilic which facilitates their mitocondrial accumulation and transport across the blood
brain barrier. However, they bear cationic “heads” (cationic nitrogens) and hydrophobic
alkyl chains and thus exert surfactancy (their aqueous solutions foam upon shaking) and
detergent-like properties. Therefore, at higher concentrations they can damage membranes,
whereby compromising the cell integrity. To disrupt the surfactancy of longer alkyl-chain
analogues, oxygen atoms are placed within the alkyl chains. The strategy is analogous to
replacing the sodium dodecyl sulfate (lauryl sulfate) in soaps and shampoos with ether-
modified, less skin-irritating analogue, sodium laureth sulfate [87,88]. A first hint that
oxygen insertion greatly diminishes the toxicity was reported in 2004 [54]. The porphyrins
of similar antioxidant potency and with chains of equal length (equal number of atoms),
MnTnBu-2-PyP>* and MnTMOE-2-PyP>*, were compared. The methoxyethyl analogue was
significantly less toxic to E. coli than MnTnBu-2-PyP>* [54].

The first lipophilic oxygen derivatives, synthesized recently, were meta analogues (Figure
7A) [53]. Meta isomers were chosen for two reasons: (1) the synthesis is more facile, and (2)
the meta isomers are ~ 10-fold more lipophilic than ortho analogues. For the latter reason
the meta isomers appear to bear similar therapeutic potential as ortho compounds [52]. The
Mn(111) meso-tetrakis(N-6'-methoxyhexylpyridinium-3-yl)porphyrin, MnTMOHex-3-PyP>*
was compared to Mn(l11) meso-tetrakis(N-2'-methoxyethylpyridinium-3-yl)porphyrin,
MnTMOE-3-PyP>* (Figure 7A) [53]. The charges in meta isomer are still close to the Mn
site assuring favorable thermodynamics and electrostatics for Oy~ dismutation [52] (Table
1). The insertion of oxygens, however, decreased the lipophilicity of the methoxyhexyl
compound, MnTMOHex-3-PyP>* relative to hexyl analogue (Figure 7B, Table 1).
Importantly, presence of one oxygen in alkyl chains also disrupts the surfactant-like property
and thus diminishes the toxicity. 1 uM MnTnHex-3-PyP°* exerts toxicity to SOD-deficient
E. coli, while it was still not fully efficacious at 0.5 uM. The efficacy of methoxyhexyl
analogue peaked at 5 uM (Figure 7C), and significant toxicity was observed at 10 uM. The
methoxyethyl, MnTMOE-3-PyP>* is significantly more efficacious than either its ethyl
analogue, MnTE-3-PyP>* (Figure 7C) or butyl porphyrin, MnTnBu-3-PyP>* which bears the
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same number of atoms in pyridyl chains. Finally, MnTMOE-3-PyP°* is more efficacious
than our mostly in vivo studied compound, MnTE-2-PyP>* (Figure 7C). We can assume at
this point that such profound beneficial effect of MNTMOE-3-PyP°* originates from a
favorable interplay of the size of the molecule, length of pyridyl substituents, rotational
flexibility (ortho isomer is more rigid, while meta is less so), bulkiness and presence of
oxygens.

Research in progress shows that positioning of the oxygen at the end of the long flexible
chains in MNTMOHex-3-PyP°* allows the oxygen electron pairs to approach cationic Mn,
which weakens the oxygen-to-alkyl chain bond, and thus facilitates hydrolysis of the
methoxy group. Porphyrin species with 3 methoxyhexyl and one hydroxyhexyl groups were
seen in mass spectrum. Also the position of oxygens at the end of long chains allows the
access of the solvent, resulting in a more solvated, less lipophilic molecule when compared
to either hexyl or heptyl (which has same number of atoms in chains) analogues (Figure 7B).

Much to our surprise the positioning of the oxygen closer to the porphyrin core hinders it
from solvent molecules; the MnP is as lipophilic as oxygen non-bearing compound of
identical length of pyridyl substituents, MnTnHep-2-PyP5*. Further, chains in ortho
positions are less flexible. The oxygen is buried within a chain and its approach to a Mn site,
which could have led to the hydrolysis of butyl group, is sterically precluded (Figure 8).
Such synthetic strategy led to the compounds of remarkable properties, and in particular of
diminished toxicity [Rajic et al, in preparation]. Needless to say that all those modified
MnPs still preserve cationic charges in ortho positions which assures their redox-based
actions and thus potency (Table 1).

Mn porphyrins and reactive oxygen and nitrogen species

The exceptional ability of cationic Mn(I11) N-alkylpyridylporphyrins to eliminate O, is
primarily based on the electron-deficiency of the Mn site and the preferred reactivity of
cationic porphyrins towards electron rich anionic species. Based on the same
thermodynamics and kinetics that is operable for the O, ™ dismutation, MnPs also
effectively scavenge ONOO™, CIO™, and CO3~ (Figure 19) [18,29-31,89, Ferrer-Sueta et al
unpublished]. This is exemplified by the linear relationship between the log keat (02 ™) and
log kreg (ONOOQ™) for the series of ortho Mn(I11) N-alkylpyridylporphyrins [90]. The
relationship tells us that a compound which is a good SOD mimic [18,29-31] is also a potent
peroxynitrite scavenger [90]. The electron density of the metal site may be best described in
terms of metal-centered reduction potential, Eq, for Mn!'P/Mn!!P redox couple, which
parallels the proton dissociation constants, pK, of the axially bound waters. The detailed
spectral and electrochemical studies of ortho and meta MnTE-2(or 3)-PyP°* with Mn in +2,
+3, and +4 oxidation states, which are relevant for the in vivo redox reactions of MnPs, have
recently been reported [91,92].

By reducing the levels of reactive species, MnPs reduce the oxidative damage to biological
molecules as a consequence of primary oxidative insult [18]. Reactive species are required
for upregulation of cellular transcriptional activity [18]. Thus, by removing those species
MnPs can modulate transcriptional activity also, and in turn suppress excessive
inflammation, i.e. continuous oxidative stress, and secondary oxidative damage of biological
targets. Such action is antioxidative in nature. However, the pro-oxidative action of MnPs,
which leads to the inhibition of transcription factors activation, has also been suggested
based on their aqueous chemistry and cellular studies, and is detailed further below [30, 93—
95].

Due to the thermodynamic and kinetic reasons stated above, the cationic compounds with
Eqp = +50 mV vs NHE are able to efficiently remove anionic reactive species such as Oy~
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and ONOO™. Substantial experimental evidence was provided that anionic porphyrins,
whose E1, is more negative than is the potential for oxidation of superoxide at =160 mV vs
NHE, cannot be SOD mimics [18,29-31,58,96]. Such is MNTBAP3~ (also known as
MnTCPP3") with E1/» = =194 mV vs NHE. With such E1» both MnP and superoxide prefer
oxidation in a first step of dismutation. Regardless, the manuscripts still continue to
incorrectly assign SOD-like activity to this porphyrin. Most recently, Esposito and
Cuzzocrea exemplify Mn porphyrin-based SOD mimics with the MNTBAP3™ structure,
misleading the readers [97]. . We showed that MnTBAP3~ has the ability to reduce ONOO™,
which action is still ~2 orders of magnitude lower than that of ortho cationic N-substituted
pyridylporphyrins [55]. Peroxynitrite is a strong oxidant and can oxidize even those
metalloporphyrins whose metal center is not very electron-deficient and thus not eager to
bind electron-donating ligands such as ONOO™. The role of this and other anionic and
neutral porphyrins, as well as modified porphyrins (corroles and texaphyrins [see review in
ref 18,98,99]) with respect to peroxynitrite scavenging, may require further thermodynamic
and kinetic considerations. Aside from ONOO™ - related reactivity, their differential
accumulation in tissues and subcellular compartments is critical to their actions and must be
accounted for.

Mn porphyrins and transcription factors

Antioxidative action

The same property that allows MnPs to operate as SOD mimics allows them to modulate
cellular transcriptional activity. Cationic, reducible MnPs inhibit activation of any
transcription factor thus far tested, HIF-1a, NF-xB, AP-1 and SP-1. Two explanations have
been proposed. The older school of thoughts assume that MnPs remove signaling reactive
species whereby preventing the activation of transcription by those species. This was
evidenced by reduced oxidative stress in several cancer studies [100-103].

Pro-oxidative action

The more recent data imply, at least in the case of NF-«xB, that its inhibition likely occurs via
pro-oxidative mechanism. Such action has been proposed by Piganelli and Tse for the
protection of isolated human islet cells and for the prevention of adoptive transfer of
autoimmune diabetes by a diabetogenic T-cell clone [30,104-107]. The data suggest that
MnTE-2-PyP>* did not affect cytosolic pathways. Once inside nucleus it presumably
oxidizes either cys 62 of p50 NF-«xB subunit or AEP1/Ref-1 or thioredoxin, which all assure
the reducing environment within nucleus critical for the transcription factor DNA binding.
Such scenario rules out the antioxidative action of MnP which would have enhanced the
reduced state of cysteine 62 of p50 and thus would have allowed its DNA binding and
transcription to commence [30]. Based on MnP/glutathione aqueous chemistry, MnP could
indeed oxidize SH-bearing proteins involved in the activation of major transcription factor,
NF-xB [30]. Though of pro-oxidative nature, the antioxidative effects, i.e. the suppression of
cellular inflammation were observed in diabetes studies [105-107]. This cautions us that we
need to differentiate between the mechanism of action of MnPs involved and the nature of
the effects observed.

Substantial evidence has recently been provided by Tome group that further supports the
pro-oxidative action of MnPs [93-95]. In cytosol, in the presence of H,O, and glutathione,
MnTE-2-PyP5* glutathionylates p65 subunit of NF-kB, whereby depriving the cells of
reduced glutathione and enhancing the glucocorticoid-induced apoptosis of murine thymic
lymphoma cells [93-95]. Glutathionylation and consequently inactivation of mitochondrial
proteins has recently been reported by Enrique Cadenas as a major consequence of oxidative
stress, facilitated by GSSG trapped in mitochondria [108].
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The k¢5:(02°7) as a measure of MnP ability to finely tune cellular redox-based pathways

While their in vivo mechanism awaits further consideration, in summary, a cationic Mn(l11)
N-substituted pyridylporphyrin with SOD-mimicing ability expressed as log Keat = 6
(preferably in excess of 7), is able to efficiently eliminate other reactive species too, and
suppress cellular transcriptional activity. Thus, we may safely view keat (O2'7) as a measure
of the MnP therapeutic potential in ameliorating diseases that have oxidative stress in
common. We need to bear in mind that ko describes both the electron-deficiency of the Mn
center (thermodynamics) and the cationic charge of the whole molecule (electrostatics); the
latter has large effect on Mn porphyrin bioavailability, i.e. tissue and subcellular
localization.

Mn porphyrins and cellular reductants

The pro-oxidative action can be accomplished when (1) MnPs modulate cellular
transcriptional activity (as described above); and (2) when they couple with cellular redox-
active compounds, such as ascorbate, glutathione, flavoenzymes, proteins bearing signaling
cysteines, etc.

In vivo Mn'"'P5* could be reduced with endogenously abundant ascorbate rather than with
superoxide, acting as superoxide reductase rather than superoxide dismutase [18]. In a
subsequent step reduced Mn!'P4+ may reoxidize to Mn!!'P5* with oxygen rather than with
micro- or submicromolar levels of O, ™, whereby producing O,~, and H,O5 in a subsequent
step (Figure 10). Further, ascorbyl radical, HA", formed in the reaction of Mn!/P>* with
ascorbate (HA™) [109], could be oxidized to dehydroascorbate (A), whereby transferring the
electron to oxygen, and producing superoxide and eventually peroxide (Figure 10). In such
scenario, MnP would function as a catalyst of ascorbate-driven peroxide production and
oxygen consumption.

The cytotoxic effects produced in such scenario were witnessed by us and others. Four
different cancer cell, Caco-2, 4T1, Hela and HCT116 were exposed to MnP and ascorbate.
Neither alone was toxic under identical experimental conditions [110]. Together they act
synergisticaly. The effect on Caco-2 cells is shown in Figure 11. Three different MnPs were
tested, the easily reducible ortho MnTE-2-PyP>* and MnTnHex-2-PyP%*, and the meta
compound of weaker reducibility, MnTnHex-3-PyP>* (Table 1). The data on MnTnHex-2-
PyP5* are shown only (Figure 11). MnPs are prone to oxidative degradation with H,0».
Compared to MnTE-2-PyP5*, and MnTnHex-3-PyP°*, MnTnHex-2-PyP>*was the most
stable towards peroxide [53]. Thus highest synergistic effect was observed with
MnTnHex-2-PyP>*. The effect was greatly diminished with catalase, but only marginally
with hydroxyl radical scavenger, mannitol, indicating H,O5 as a main cytotoxic agent [68].

Similar synergistic effects were reported by Tian et al, when hormone-dependent and
hormone-independent prostatic, pancreatic and hepatic cell lines where exposed to the
combination of MnTM-2-PyP>* with ascorbate [111]. Cytotoxic effects were attributed to
both H,0,0H radical, the latter formed in the reaction of H,O, and Fe2* (Figures 12 and
13). Levine et al data also support the cytotoxic effects of ascorbate [112]. An extensive
panel of 43 tumor and 5 normal cell lines, as well as in vivo glioblastomas (9L), ovarian
(Ovcar5) and pancreatic (Pan02) tumors in nude mice were studied. The effects reportedly
result from the ascorbate-based peroxide formation catalyzed by endogenous
metalloproteins [112]. Verrax et al also showed that redox-cycling system, ascorbate +
quinone menadione, kills tumors via production of reactive species [113,114]. Finally,
Jaramillo et al showed that MnTE-2-PyP>* can improve treatment of hematologic
malignancies with doxorubicin, cyclophosphamide and glucocorticoids in the presence of
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H,0, and another major cellular reductant, glutathione (see under Mn porphyrins and
transcription factors [93-95]).

The anticancer action of a variety of metal complexes (metal = Pt, Fe, Co, Cu, V, Ru, Rh,
Au, As) appears redox-based and related to the increased production of cytotoxic reactive
species; coupling with cellular reductants seems to be involved [115]. For example Ru
bis(imidazole) complex operates at Eq/2 ~ +30 mV vs NHE, which is similar to the one of
meta Mn(111) N-alkylpyridylporphyrins. Thus, there may be analogous anticancer
mechanisms operative with different metal complexes, regardless of the ligands coordinated
to the Mn center, as long as the ligands form stable complexes with metals and allow metal
site to couple with cellular redox-based systems in order to exert the anticancer effects
[115].

The anticancer effects of MnTnHex-2-PyP>* we observed in mouse brain tumor studies with
intracranial and subcutaneous xenografts may be ascribed to the removal of signaling
reactive species whereby suppressing HIF-1a activation and VEGF expression, as reported
with 4T1 mouse study [103]. However, the body levels of ascorbate are the highest in brain
and neuroendocrine glands [43]. Thus it may not be excluded that easily reducible and
lipophilic MnTnHex-2-PyP>* (E1/» = +314 mV vs NHE) would act as a catalyst for
ascorbate oxidation in the brain, whereby producing cytotoxic H,O, and ‘OH. Similar
considerations on the cytotoxicity of H,O5 to glioblastomas (9L) [112], and human glioma
cell line A172 were reported too [116].

To further substantiate the pro-oxidative action of MnPs, we recently explored a very simple
and straightforward superoxide-specific SOD-deficient E. coli system, where MnTE-3-
PyP>* acted as a powerful SOD mimic [Figure 12A]. If ascorbate is added to the medium,
SOD mimic becomes oxidant, causing oxidative damage to both wild and SOD-deficient
strains growing in either rich (casamino acids M9CA medium) or minimal (instead of
casamino acids only five amino acids were added to medium), and fully disabling their
growth [44] (Figure 12A). Over time, and only in a rich medium both parental and SOD-
deficient strains recover from oxidative insult (Figure 12B), presumbaly by upregulating the
peroxide-removing enzymes, catalases and peroxidases via induction of oxyR regulon
(Figure 13B). If the catalase is added to the medium, no damage was observed from MnP +
ascorbate treatment (Figure 13A) [44].

The pro-oxidative action of metalloporphyrins in the presence of ascorbate or glutathione
may be selective to cancer over normal cells due to their differential ability to remove
peroxides. Normal cell has plenty of peroxide-removing enzymes, while cancer cell is
already under oxidative stress and may have inadequate ratio of superoxide- to peroxide-
removing systems. Any additional oxidative burden may signal tumor to die. Recently,
Kuiper et al [117] showed that high grade tumors are ascorbate-deficient which drives
HIF-1a production; low grade tumors with high ascorbate content have low HIF-1a, levels.
Thus, employing exogenous ascorbate in combination with redox-active catalyst seems a
viable option for treating tumors.

In vivo systems are exceedingly complex, as is the biochemistry and biology of MnPs with
four readily accessible oxidation states and high reactivity of Mn site [92]. Given the
abundancy of cellular reductants and other redox-active compounds, it is very likely that
MnPs can exert their actions via both anti- and pro-oxidative pathways; the effects observed
could also be anti- and pro-oxidative. The observations on these SOD mimics parallel to a
certain extent the actions and effects observed with MnSOD, in particular in the studies
where the enzyme was overexpressed and increased levels of H,O, frequently observed
[39-44,118-121]. A brief article by Garry Buettner discussed the role of MnSOD as a
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central player in the redox biology of cells and tissues [121]. His report and reports by Irwin
Fridovich [39] and Lee Ann MacMillan Crow and John Crow [40], as well as from
Melendez [42] and St Clair [41] groups address the possible and still controversial origin of
the increased peroxide as a direct or indirect consequence of MnSOD overexpression [39—
44,121]. More work is needed to gain a profound insight into the in vivo destiny of MnPs, as
is to fully understand the role of the MnSOD enzyme which those compounds mimic.

The experimental data teach us to distinguish between the pro- and antioxidative actions of
MnPs and to understand which conditions would favor one over the other pathways; both
actions could obviously produce beneficial therapeutic outcome. It is further important to
distinguish between the effects we observe and the nature of actions that led to such effects.
The pro-oxidative mechanism of action in diabetes studies resulted in the therapeutically
beneficial antioxidative effect, while the pro-oxidative mechanism of action in lymphoma
studies led to the therapeutically beneficial tumor killing effect. It is also possible that upon
the oxidative insult, the cell would respond with adaptive response, via upregulation of
endogenous antioxidative defenses, alike does E. coli when stressed with peroxide;
obviously that would result in antioxidative effects [44]. Similar discussions on the
consequences of overexpression of MnSOD was provided by Kim et al too [118].

Therapeutic effects and clinical development of MnPs

Therapeutic effects of MnPs have been described in refs [18, 29-31], and along with new
data are summarized in Table 2. For more than two decades, the convincing and
reproducible data have been provided by different groups from different Universities on the
efficacy of three MnPs listed in Figure 1. Therefore, there is no doubt that they carry
therapeutic potential. Significant efforts have been made recently to get them into the clinic
as soon as possible.

Due to clear patenting and licensing rights of imidazolium analogue, MnTDE-2-ImP>*
(AEOL10150), Aeolus Pharmaceuticals is developing it as a wide spectrum radioprotector.
MnTDE-2-ImP>* was successfully tested in Phase | Toxicity Clinical trials on amyotrophic
lateral sclerosis patients. National Institute of Allergy and Infectious diseases, NIAID is
heavily supporting the development of lipophilic MnTnHex-2-PyP>* for pulmonary
radioprotection; the first study was successfully performed on non-human primates. Support
was also provided by Duke University Translational Research Institute, and the Wallace H.
Coulter Translational Partners Grant Program for the translational studies of the lipophilic
MnTnHex-2-PyP°* and its analogues, primarily for the injuries of the central nervous
system and for oncology applications. The Preston Robert Tisch Center at Duke is
supporting the development of lipophilic analogues for treating brain tumors, motivated by
their remarkable efficacy in suppressing growth of subcutaneous and intracranial brain
tumor xenografts [43]. Importantly, the optimized generation of lipophilic analogues has
clear patenting rights at Duke University Medical Center, and has not yet been licensed,
which allows us to assure the much needed financial support to get them into clinics. The
mishandling of IP rights has in past slowed the clinical developmentof MnPs for at least a
decade.

The synthesis of the most in vivo studied cationic Mn porphyrin, MnTE-2-PyP5*, has been
scaled up by Ricerca under the guidance and collaborative efforts of Duke University
Medical Center (Ines Batinic-Haberle) and National Jewish Research and Medical Center
(James Crapo). Master drug has been filed with Food and Drug Administration (FDA) for
MnTE-2-PyP5*. The toxicity studies needed for Investigational New Drug (IND) filing with
FDA are in progress.
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Given the convincing and reproducible efficacy of those compounds in vivo, it is still hard to
understand that much bigger progress has not yet been made in getting those compounds to
clinic. Moreso, as there are essentially no efficacious drugs availbale for the stroke, cancer
treatment and radioprotection of the normal tissue. Though scientific part in drug design and
synthesis is difficult in its own right, it seems that the drug development is often limited by
unresolved and/or mishandled IP rights.

Mn porphyrins, as well as any therapeutic, exert toxicity at high doses. The more lipophilic
members, such as MnTnHex-2-PyP>*, are toxic at least in part via their enhanced micellar
properties, which would allow them to incorporate into and damage membranes, thus
compromising the cell integrity. The lack of dark toxicity of lipophilic Zn analogues [161]
suggests that toxicity is not soilely due to surfactancy of these compounds but to redox-
related and/or Mn axial coordination properties also. The most in vivo explored compounds
(listed in Figure 1) are more toxic to rats than to mice: both exert blood pressure drop. No
blood pressure drop was seen with non-human primates at comparable doses. All of the
MnPs are more toxic if given ip than sc. Single 3 mg/kg ip injection of MnTnHex-2-PyP>*
is already toxic to mousee, and 5 mg/kg it would kill it [St. Clair et al, Sheng et al,
unpublished]. 1.6 mg/kg/day, given b. i. d. sc to nu/nu genotype of Balb/c mouse
background, caused no signs of toxicity during 6 weeks of treatment [43]. The PK study has
been published with MnTE-2-PyP>* [79]. Due to its plasma half-life of around 1 hour, the
twice daily administration is preferred. The TDsgg (the toxicity dose) of MnTE-2-PyP>*
given sc is 91.5 mg/kg, and for MnTnHex-2-PyP>* is 12.5 mg/kg [67]. Toxicity was
expressed as hypotonia, and shaking at higher doses. Given up to 120-fold higher in vivo
potency of MnTnHex-2-PyP>* (efficacious at as low as 0.05 mg/kg) than of MnTE-2-PyP>*
(efficacious at 6 mg/kg), the therapeutic window for the former is larger than for the latter
[18,29-31].

MnTnHex-2-PyP>* was given sc to macaque monkeys for 6 months at 0.05 mg/kg/day
without any signs of organ pathology. At such low dose it was also protective in lung
radiation macaque monkey model [155].

Identity and purity of redox-able compounds

The synthesis and purification of porphyrins is difficult alike of any other synthetic
compound aimed at clinical use. Very low levels of impurities may have biological activities
in their own rights, as we clearly showed with MnTBAP3~ [55,96,162,163]. Therefore, the
compounds with therapeutic potential must be of extreme purity in order to be used in
clinics. Very often insufficient data related to the drug identity and purity have been
reported. Mass spectra and elemental analyses are often missing. Frequently, the presence of
molecular ion is stated only, which is meaningless unless the intensity of such ion, i. e. its
contribution relative to other ions is clearly shown. The most obvious case is the anionic Mn
porphyrin, MnTBAP3~, which has been incorrectly assigned as SOD mimic [96,163]. It was
sold by different sources, each of different impurity. No commercial source produced
batches of MnTBAP3™ that are of consistent purity [96,163]. Finally, a particular batch of
MnTDE-2-ImP>* (made outside of our Lab), contained large amount of solid precipiatete. It
was identified as MnO,, and is the result of the hydrolysis of excessive amounts of Mn aqua
species which had not been removed after metallation. Inconsistency in the drug
preparations is perpetuating damage done to the scientific audience and misleading them in
understanding the magnitude of the drug efficacy and its mechanism of actions.
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Conclusions

Mn porphyrins seem advantageous relative to other synthetic metal-based compounds (such
as Mn salen compounds, Mn cyclic polyamines, Mn complexes with non-cyclic ligands) at
least because they are of remarkable metal/ligand stability, which assures integrity of the
metal site where all chemistry occurs; they are stable even in concentrated sulfuric and
hydrochloric acids, at room temperature and under light. Further there are limitless
possibilities of modifying their structure whereby improving redox ability, bioavailability
and toxicity. Among MnP class of compounds, cationic analogues are superior to anionic
and neutral compounds because: (1) they afford thermodynamic and kinetic facilitation for
the approach of anionic reactive species, which gives raise to high rate constants for the
removal of O," ~ and ONOO™; and (2) they accumulate in mitochondria relative to cytosol.

Among the compounds that have been thus far heavily explored in vitro and in vivo (Figure
1), MnTnHex-2-PyP>* is orders of magnitude more lipophilic than either MnTE-2-PyP>* or
MnTDE-2-ImP>* and is thus superior for CNS injuries, as showed with animal models of
cerebral palsy, pain, brain tumors, stroke, and subarachnoid hemorrhage (Table 2). MnTE-2-
PyP>* either failed (rabbit cerebral palsy model) or was much less effective than
MnTnHex-2-PyP>* (mouse pain model) in CNS injuries. There are essentially only E. coli
studies where MnTE-2-PyP5* and MnTDE-2-ImP>* were directly compared in a single
experiment. MnTDE-2-ImP>* is a more bulkier molecule with ethyl groups below and
above the porphyrin plane which limits its accumulation within E. coli cell and thus reduces
its efficacy in protecting SOD-deficient E. coli to grow aerobically [54,61]. Such bulkiness
further hinders positive charges which are delocalized over imidazole rings of MnTDE-2-
ImP5*, and may reduce its accumulation within cellular compartments (in particular in
mitochondria), as well as its interactions with negatively charged biological targets
(proteins, enzymes, phospholipids, nucleic acids). The suppressed interactions with
biomolecules presumably reduce the toxicity of MnTDE-2-ImP>*, allowing a larger
therapeutic window in a stroke model than that of MnTE-2-PyP>* [85]. More comparative
studies are needed to compare the therapeutic potential of MnTDE-2-ImP>* and MnTE-2-
PyP5*. Due to the fully resolved IP rights, the MnTDE-2-ImP>* is now pushed for the
development as a wide spectrum radioprotector by Aeolus Pharmaceuticals, being supported
in large part by USA Federal Government Contract. Additional translational aspects of the
MnPs development are addressed above (Therapeutic effects and clinical development of
MnPs).

The redox ability of MnPs, judged by the k4t(O»" ™), is optimized, and for some compounds
is nearly as high as the k(02 ™) for SOD enzymes. Mitochondria targeting has been
achieved with lipophilic MnTnHex-2-PyP>* [70]. Compounds that are able to cross the
blood brain barrier and are efficcaious in stroke and hemorrhage models, such as
MnTnHex-2-PyP>*, have been developed. More optimized drugs are in development. Most
recent efforts were also aimed at decreasing toxicity while maintaining high lipophilicity
and redox ability to modulate oxidative stress of a normal and cancer cell. Due to the very
complex redox chemistry of Mn site, with 4 oxidation states available for the interaction
with reactive species and signaling molecules and complex redox biology, further research is
needed to fully comprehend the redox-based reactions of MnPs.

Those MnPs which are easily coupled with cellular reductants are efficiently and
catalytically scavenging reactive species, whereby affecting primary oxidative events, but
also eliminating signaling species. Consequently, MnPs can modulate cellular transcriptional
activity, and be effective not only at the point of a primary oxidative event, but even when
given hours (stroke model) [122,123] or weeks (lung radiation) [152] afterwards, repairing
damage done by cycling inflammation.
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While considered predominantly antioxidants, the ability of Mn porphyrins to equally
effectively oxidize and reduce O, ~ indicates that they can be equally potent pro- and
antioxidants. The effects at the level of cellular transcriptional activity is thus far
predominantly viewed as antioxidative, though pro-oxidative action is involved in
suppressing NF-«B activation. The pro-oxidative action reportedly occurs also when MnPs,
other metalloporphyrins and metal complexes couple with cellular reductants, such as
ascorbate and glutathione [68,93-95,111,112]. The pro-oxidative action was reported for
metalloporphyrin-based activation (hydroxylation) of cyclophosphamide in a cyt P450
fashion [164]. The type of in vivo action of MnPs will predominantly depend upon the redox
status of the cell, ratio of superoxide to peroxide removing systems, species they will
encounter and compartments they will accumulate in.

Brief, yet very informative forum editorial by Paola Chiarugi [165] stressed the importance
of the clinically relevant strategies in both degenerative diseases and cancer which could
modulate cellular redox status either by pro-oxidants or antioxidants, or by affecting selected
redox-based signaling pathways. The author describes “Redox Paradox™ as the activation of
a survival programme by the same molecules from which protection is needed. She further
suggests that rational combination of pro-oxidants and compounds which are directed to
known signaling redox-sensitive pathways, may give raise to prospective therapeutics. MnPs
fulfil major requirements which make them perfectly fit as therapeutics. As already shown,
their redox properties allow them to finely modulate redox status of the cell, and in turn
apoptotic and proliferative events by either depleting the cell from reactive species or
increasing their levels. The magnitude of the reactive species produced will direct cell to
either upregulate its own endogenous antioxidative defenses in order to adapt and survive, or
undergo apoptosis.

Though obvious, it needs to be stressed again that extreme attention must be paid to the
identity and purity of compounds which are intended for therapeutic purposes; it is sine qua
non. Even tiny impurity may have biological activity and mask or modify the action of the
drug.

In summary, present data tell us that much is left to understand about chemistry, biology and
pharmacology of Mn porphyrins. They also challenge our thinkings and ask for eyes wide
open. Future explorations are justified as long as we continue to observe remarkable
therapeutic effects of MnPs.
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MnPs Mn(111) N-alkyl- and N-methoxyalkylpyridylporphyrins
and N,N’-dialkylimidazolylporphyrins
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H,TnHex-2-PyP4*
H,TnHex-3-PyP4*
H,TMOE-3-PyP**

H,TMOHex-3-PyP**
MnTE-2-PyP5*
MnTE-3-PyP>*
MnTnBut-3-PyP>*
MnTnHex-2-PyP5*
MnTnHex-3-PyP>*
MnTnHep-2-PyP5*
MnBrgTM-3-PyP4*
MnTMOE-3-PypP>*
MnTMOHex-3-PyP>*
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adduct of ONOO™ with CO,

nitric oxide

carbonate radical

hydroxyl radical

hypochlorous acid

dehydroascorbic acid

monodeprotonated ascorbate

ascorbyl radical

deprotonated ascorbyl radical

acetonitrile

blood brain barrier
meso-tetrakis(N-ethylpyridinum-2-yl)porphyrin
meso-tetrakis(N-ethylpyridinum-3-yl)porphyrin
meso-tetrakis(N-n-hexylpyridinum-2-yl)porphyrin
meso-tetrakis(N-n-hexylpyridinum-3-yl)porphyrin
meso-tetrakis(N-(2"-methoxyethyl)pyridinum-3-
yl)porphyrin
meso-tetrakis(N-(6’-methoxyhexyl)pyridinum-3-
yl)porphyrin

AEOL10113, FBC-007, Mn(l11) meso-tetrakis(N-
ethylpyridinum-2-yl)porphyrin

E3, Mn(I11) meso-tetrakis(N-ethylpyridinum-3-
yl)porphyrin

Mn(111) meso-tetrakis(N-n-butylpyridinum-2-
yl)porphyrin

Mn(111) meso-tetrakis(N-n-hexylpyridinum-2-
yl)porphyrin

Mn(111) meso-tetrakis(N-n-hexylpyridinum-3-
yl)porphyrin

Mn(111) meso-tetrakis(N-n-heptylpyridinum-3-
yl)porphyrin

Mn(11) B-octabromo-meso-tetrakis(N-
methylpyridinum-3-yl)porphyrin

Mn(111) meso-tetrakis(N-(2'-methoxyethyl)pyridinum-3-
yl)porphyrin

Mn(111) meso-tetrakis(N-(6’-methoxyhexyl)pyridinum-3-
yl)porphyrin

Mn(111) meso-tetrakis(N-2'-butoxyethylpyridinium-2-
yl)porphyrin
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MnTBAP3~ (also
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EDTA
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DMBA
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MPTP - 1-methyl-4-phenyl-1

MPP+

PK
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HIF-1a
NF-«kB
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Mn(111) meso-tetrakis(N, N'-diethylimidazolium-2-
yl)porphyrin
Mn(111) meso-tetrakis(4-carboxylatophenyl)porphyrin

mangenese(l11) tetrakis (1-methyl-4-pyridyl) porphyrin
manganese tetrakis-(ethoxycarbonyl) porphyrin
manganese 5,15-di(4-tetra-hydro-pyrano) porphyrin

thin-layer chromatographic retention factor that presents
the ratio between the solvent and compound path in 1:1:8
= KNOg3(sat):H20:CH3CN solvent system

partition between n-octanol and water
half-wave reduction potential
superoxide dismutase

normal hydrogen electrode
ethylenediaminetetraacetic acid
central nervous system
7,12-dimethylbenz-(a)-anthracene
12-O-tetradecanoylphorbol-13-acetate
2-chloroethyl ethyl sulfide
2,3,6-tetrahydropyridine

1-methyl-4-phenylpyridinium, 6-OHDA, 6-
hydroxydopamine

pharmacokinetics
intraperitoneal
intracerebroventricular
subcutaneous

intravenous

hypoxia inducible factor-1
nuclear factor kB
activator protein-1
specificity protein 1
transcription factor

dose at which 50% of animals exhibit toxicity,
determined as described in ref [67]

lipopolysaccharides
Food and Drug Administration
Investigational New Drug
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Figure 1.
The most frequently studied redox-active Mn porphyrins for treating oxidative stress
disorders, MnTE-2-PyP>*, MnTnHex-2-PyP°* and MnTDE-2-ImP5*,
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Figure 2.

Redox-active compounds which are able to diminish oxidative stress injuries. Shown are
modified porphyrins, corroles with one less meso position; the methyl analogue of MnTE-2-
PyP>* (Figure 1) [18], and the anionic corrole with sulfonato groups on pyrrolic positions
whose Ga complex is explored as anticancer drugs and Mn and Fe complexes for treating
ROS-related injuries [18]. The non-porphyrin-based SOD mimics [18,29-31], metal oxides
and metal nanoparticles are presented too. MnZ* in its own right, when complexed in vivo to
low-molecular weight ligands such as lactate or oxo/hydroxo/acetate ligands, exerts high
SOD-like activity [18]. Cerium oxide nanoparticles [32,33], osmium tetroxide, OsO4 [34]
and platinum nanoparticles [35] have shown SOD-like efficacy in vivo. Natural compounds,
primary those bearing phenol functionalities reportedly bear potential to reduce oxidative
stress also, as exemplified here with genistein [36], curcumin [37] and celastrol [38]. Among
them curcumin has a marginal SOD-like activity [18].
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Figure 3.

The dismutation of O, catalyzed by superoxide dismutases. The enzyme-catalyzed
dismutation is ~3 oders of magnitude faster than O, ™ self-dismutation, and occurs at
potential that is midway between the potential for O, ™ oxidation to oxygen, and its proton-
dependent reduction to H,O,. Under physiological conditions peroxide is removed in a
subsequent step by peroxide-removing enzymes such as glutathione peroxidases and
catalases.
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Figure 4.

Historical overview of the optimization of the MnP structure for suppressing oxidative
stress. Among structures shown, the most potent SOD mimic is the meta isomer of the
Mn(I1) B-octabrominated meso-tetrakis(N-methylpyridyl porphyrin, MnBrgTM-3-PyP4*; its
log keat = 8.85 is nearly identical to the one of SOD enzymes. The kq,t of SODs obtained by
different researchers ranged from 8.84 to 9.30 (Table 1). Yet, with highly positive E4, of
+468 mV vs NHE, Mn in MnBrgTM-3-PyP#* is in +2 oxidation state. The metal complex is
thus insufficiently stable and readily falls apart. While not of practical importance as a
therapeutic, its developmenmt justifies the use of porphyrin as an excellent ligand for
optimizing SOD mimics.
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Figure 5.

Historical overview of the development of MnPs from the conception, synthesis, testing in
prokaryotic E. coli, eukaryatic S. cerevisiae and whole organisms (rats, mice and rabbits),
over non human primates to humans. Few in vivo studies are referred here only. Other
studies are listed in Table 2. For the details on dosing and outcome of the studies please see
refs 18,29-31.
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Figure 6.

The lipophilicity gain upon reduction of ortho and meta isomers of Mn(lI11) N-
alkylpyridylporphyrins as a function of a number of carbon atoms, nC. The gain is larger
with ortho than with meta isomers, and is peaking with butyl compounds [81].
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Figure 7.

(A) The structures of meta isomers, where hexyl and ethyl compounds are derivatized with
methoxy groups: MnTMOHex-3-PyP>* and MnTMOE-3-PyP°*. The modification was
meant to decrease the toxicity of MnTnHex-3-PyP>*. Ethyl analogue was originally
intended for comparison, but appeared of unexpectedly high efficacy in vivo. This is
explained as a result of favorably balanced several structural features; (B) The lipophilicities
of metal-free porphyrins and their ligands expressed in terms of chromatographic retention
factor, R¢. Lipophilicity of Mn complexes is lower than of their metal-free ligands due to the
higher solvation of the metal site. The effect is more drastic with porphyrins bearing shorter
substituents. Longer-chained analogues, alkyl and methoxyalkyl are more lipophilic than
their shorter-chained analogues. Introduction of methoxy group reduces lipophilicity of
longer alkyl analogue, HoTnHex-3-PyP** and its Mn complex; (C) The effect of the MnPs
on the growth of SOD-deficient E. coli in minimal five amino acids-medium. The growth
was measured as absorbance at 600 nm. The data are the average of 5 different studies
where each compound was tested in triplicates. The data at 5 and 10 uM MnPs were
provided; for the rest see ref 53. The growth of JI132 and AB1152 alone is shown also. At 5
M MnTMOHex-3-PyP* is similarly potent as MnTMOE-3-PyP>*, and more efficacious
than MnTE-2-PyP>*, The alkyl analogue, MnTnHex-3-PyP>* is already very toxic at 5 pM.
At 10 uM MnTMOHex-3-PyP>* becomes toxic. MNTMOE-3-PyP>* is the most efficacious
of all compounds tested. Adapted from [53].
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Figure 8.

Introduction of oxygens at different positions within alkyl chains dramatically affects the
lipophilicity of MnPs, while maintaining the same redox-based abilities as exemplified with
high kgat. Shown are the data related to the compounds that bear oxygens at the very end of
the chains, MnTMOHex-2-PyP>*, and relatively close to the porphyrin core, MNTnBuOE-2-
PyP5*, as well as their alkyl analogues of comparable chain length, MnTnHex-2-PyP>* and
MnTnHep-2-PyP>* [18].

Free Radic Biol Med. Author manuscript; available in PMC 2012 September 1.



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

1duosnue\ Joyiny Vd-HIN

Batinic-Haberle et al. Page 37

Figure 9.

The reactivity of MnPs towards reactive species and transcription factors thus far studied
[18,30]. The log values of rate constants listed relate predominantly to ortho isomers. The
rate constant of MnPs with HCIO was estimated based on the reported data on the reaction
of MnTM-4-PyP5* and MnTBAP3~ with HCIO [89]. Data on the reaction of reduced Mn
porphyrin, Mn!'TE-2-PyP4* with ‘"NO is also listed. The highest log keat(O2 ™) > 8.85 refers
to Mn!'BrgTM-3-PyP#*. Based on our present knowledge, the ability of MnPs to catalyze
peroxide removal is weak. Based on the reactivity to other species listed, it is highly likely
that potent SOD mimics would scavenge 'NO> radical also.
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Figure 10.

The production of cytotoxic HyO, when MnP was exposed to ascorbate in aerobic
environment. Together, MnP and ascorbate can produce superoxide which can then undergo
self-dismutation, or enzyme-catalyzed dismutation to H,O,. In the presence of Fe, the
Fenton chemistry can lead to the production of hydroxyl radical ‘OH. Reduction of Fe3* to
FeZ* ~. The abbreviations are: A, dehydroascorbic acid; HA~, monodeprotonated ascorbate;
can happen with either ascorbate or O, HA', ascorby| radical; A~ deprotonated ascorbyl
radical.
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Figure 11.

Cytotoxicity of sodium ascorbate at 3.3 mM without or with 30 uM MnTnHex-2-PyP%*. 5
mM mannitol only weakly suppressed the cytotoxicity when MnP was combined with
sodium ascorbate, while the viability of Caco-2 cells increased with the addition of 1500 U/
mL catalase. This indicates that the cells were killed predominantly by hydrogen peroxide
(WST-1-based cytotoxicity assay). The assay is based on the reduction of tetrazolium salt
WST-1 to a water-soluble colored formazan by metabolically active cell. 10,000 viable cells
were plated in each well of a 96-well plate in a complete medium. After 24 h in 5% CO, at
37 °C, the medium was replaced with 100 pl of a fresh complete medium. A positive control
containing the same number of cells in complete medium without any drug was used. A
negative control without cells was used as blank. The plates were incubated for 96 h. At the
end of the incubation, the cells were washed twice with PBS. Then 100 ul of Opti-Media
(Invitrogen, USA) with 10 pl of proliferation reagent WST-1 was added to each well and the
plates were incubated at 37 °C for another 2 h. The absorbance was measured in a
microplate reader (BMG) at 450/595 nm and the percent viability was calculated from the
following equation: (Asample~Ablank)/(Acontrol~Ablank) X 100. Adopted from [68].
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(A) The growth of the wild type parental E. coli AB1157, and SOD-deficient JI132 E. coli
with 5 and 10 uM MnP —/+ ascorbate (1 mM) in minimal, five amino acids medium at 14 h;
(B) The growth of the wild type AB1157 and SOD-deficient E. coli JI132 with 5 and 10 pM
MnP/ascorbate (1 mM) in MOCA medium at 18 h, and in minimal 5 amino acids medium at
24 h, respectively. P=parental, or SOD™ = SOD-deficient E. coli, Asc=ascorbate,
E3=MnTE-3-PyP>*. (*) represents statistical significance. The data are adopted from [44].
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(A) Effect of catalase on MnTE-3-PyP>*/ascorbate toxicity on the growth of E. coli at 9
hours in M9CA nutrient rich medium. The parental AB1157 E. coli (P) grew with or without
1 uM MnP and 1 mM ascorbate. Catalase (C) was added to the growth medium at 1,000
units/mL five minutes before the addition of MnP and ascorbate; (B) The effect of MnP/
ascorbate on the upregulation of catalases and peroxidases. The parental (GC4468) cells
were incubated for 2 hours in the presence of 1 uM MnTE-3-PyP°* and 1 mM ascorbate. E.
coli responds to the increased peroxide levels as a consequence of MnTE-3-PyP>*/
ascorbate-based peroxide formation by upregulating catalases and peroxidases (E3+Asc bar
vs nontreated bar). P=parental, C=catalase, Asc=ascorbate, E3=MnTE-3-PyP>*: (*)
represents statistical significance. The data are adopted from [44].
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