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processes. The equal ability to reduce and oxidize superoxide 
during the dismutation process and recently accumulated re-
sults suggest that pro-oxidative actions of MnPs may also con-
tribute to their therapeutic effects. All our data identify the su-
peroxide dismutase-like activity, estimated by log k cat (O2

–�), as a 
good measure for the therapeutic efficacy of MnPs. Their accu-
mulation in mitochondria and their ability to cross the blood-
brain barrier contribute to their remarkable efficacy. We sum-
marize herein the therapeutic effects of MnPs in cancer, central 
nervous system injuries, diabetes, their radioprotective action 
and potential for imaging. Few of the most potent modulators 
of cellular redox-based pathways, MnTE2-PyP 5+ , MnTDE-2-
ImP 5+ , MnTnHex-2-PyP 5+  and MnTnBuOE-2-PyP 5+ , are under 
preclinical and clinical development. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 The increasing awareness of the role of superoxide dis-
mutase (SOD), and in particular the mitochondrial isoform 
MnSOD under physiological and pathological conditions, re-
sulted in the increased search for their mimics. Few com-
pounds are true SOD mimics, i.e. able to catalytically remove 
superoxide (O2

–� ; oxidize and reduce it in a two-step dismutation 
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 Abstract 

 Based on aqueous redox chemistry and simple in vivo models 
of oxidative stress,  Escherichia coli  and  Saccharomyces cerevisiae , 
the cationic Mn(III) N-substituted pyridylporphyrins (MnPs) 
have been identified as the most potent cellular redox modula-
tors within the porphyrin class of drugs; their efficacy in animal 
models of diseases that have oxidative stress in common is 
based on their high ability to catalytically remove superoxide, 
peroxynitrite, carbonate anion radical, hypochlorite, nitric ox-
ide, lipid peroxyl and alkoxyl radicals, thus suppressing the pri-
mary oxidative event. While doing so MnPs could couple with 
cellular reductants and redox-active proteins. Reactive species 
are widely accepted as regulators of cellular transcriptional ac-
tivity: minute, nanomolar levels are essential for normal cell 
function, while submicromolar or micromolar levels impose ox-
idative stress, which is evidenced in increased inflammatory 
and immune responses.   By removing reactive species, MnPs af-
fect redox-based cellular transcriptional activity and conse-
quently secondary oxidative stress, and in turn inflammatory 
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process). Thus far, no compound has been reported to be a spe-
cific O2

–�  scavenger. Most of the redox-active compounds ex-
plored as potential therapeutics are able to scavenge a wide 
range of reactive species (though with different rate constants) 
and thus affect the cellular redox status, oxidative damage of 
biological molecules, signaling processes and in turn suppress 
the oxidative stress injuries. Both natural and synthetic com-
pounds have been explored. Most natural compounds are 
polyphenol based and are able to redox cycle with reactive spe-
cies between phenol/semiquinone (phenoxyl radical)/quinone 
forms, thus suppressing oxidative stress injuries [for reviews, 
see  1–5] ; some of these natural compounds possess modest 
SOD-like activity. Our studies have shown that the ability of 
compounds to mimic SOD parallels their ability to scavenge 
other species and impact redox-based cellular transcriptional 
activity. Most synthetic compounds contain a redox-active 
metal center and are therefore able to easily exchange electrons 
with targets of interests such as reactive oxygen, nitrogen and 

sulfur species as well as with redox units (cysteines) of cellular 
signaling proteins involved in transcription. Such compounds 
are shown in  figure 1  (Mn and Fe porphyrins) and in  figure 2  
(metallocorroles, metallotexaphyrins, Mn salen derivatives 
and Mn cyclic polyamines) [for details, see also  6–10] . In addi-
tion, simple metal salts and oxides, such as manganese salts, 
cerium dioxide (CeO 2 ), osmium tetroxide (OsO 4 ) and Pt 
nanoparticles are potent SOD mimics and have been explored 
for efficacy in in vivo studies ( fig. 2 )  [8, 11–13] . Few compounds 
are redox active but do not bear metals, such as nitroxides, ni-
trones, mitochondria-targeted ubiquinone and its derivatives 
 [8, 9, 14–16] .

  We have recently reviewed different classes of SOD mimics 
 [8, 9]  and Mn porphyrins in particular  [6, 7, 10] . Herein we ad-
dress the design of Mn pyridylporphyrins (MnPs) and our 
most recent thoughts on their in vivo mechanisms of action, 
bioavailability and therapeutic effects.
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  Fig. 1.  Structures of redox-active metalloporphyrinoid compounds. Compounds that have anionic or no charge on 
the periphery lack kinetic and thermodynamic facilitation for the catalysis of O2

–� dismutation essential for mimicking 
SOD enzyme. By analogy with MnPs, FP15  [34, 40, 199] , though not reported, likely possesses SOD-like activity in 
addition to ONOO –  scavenging ability. 
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  Design of Mn Porphyrin-Based Redox Regulators 

 Redox-active Mn porphyrins have been initially developed 
as mimics of SOD enzymes. Yet, later it became obvious that 
SOD-like activity relates closely to their ability to undergo di-
verse interactions with biological targets, which is the molecu-
lar basis for their remarkable therapeutic efficacy. Thus, we 
will summarize here the principles of their development as 
SOD mimics. 

  There are 3 mammalian isoforms within the family of SOD 
enzymes: extracellular Cu,ZnSOD, cytosolic/mitochondrial 
intermembrane Cu,ZnSOD and mitochondrial matrix Mn 
SOD. SOD enzyme is a high-molecular-weight protein, and 
thus cannot cross the cellular membrane  [17] ; further, its use 
could cause an unfavorable antigenic response. The strategy 
adopted by Fridovich’s group was to mimic the properties of 
the SOD enzyme as closely as possible by employing low- 
molecular-weight compounds, which would cross biological 
membranes and not exert antigenicity. Archibald and Frido-
vich  [18]  showed that low-molecular-weight Mn compounds 
possess SOD-like activity; the most potent is Mn lactate – only 
60-fold less potent than the SOD enzyme ( fig. 3 ). Some organ-
isms, such as  Lactobacillus plantarum , accumulate manganese 
in millimolar quantities and use it instead of SOD enzyme  [18] . 
Compared to cationic Mn(III)-ortho-N-substituted pyridyl-
porphyrins, Mn 2+  was of much lower efficacy in protecting 
SOD-deficient  Escherichia coli  when growing aerobically  [19, 
20] . Thus, stable complexes based on porphyrin core have been 
developed where Mn is coordinated to the porphyrin ligand. 

The porphyrin ligand has been modified to finely tune the 
properties of the Mn trapped within the macrocyclic cavity so 
that it can be as efficient as the SOD enzyme  [7, 8, 21] . Both, Fe 
and Mn can be used as redox-active metals. When scavenging 
O2

–� , the metal center of those complexes redox cycles between 
+3 (more stable complex) and +2 (less stable complex) oxida-
tion states. During this process, the less stable complex may 
release some of its metal. If the metal is Fe, a highly toxic spe-
cies, hydroxyl radical ( � OH), would be formed by the interac-
tion of the free Fe 2+  with hydrogen peroxide (Fenton chemis-
try). Due to the higher Mn III /Mn II  reduction potential of 
+1.51 V versus a normal hydrogen electrode (NHE; relative to 
+0.77 V vs. NHE for Fe III /Fe II  redox couple), the Mn reaction 
with H 2 O 2  is unfavorable, and thus Mn does not undergo Fen-
ton chemistry-based �OH production. Consequently, we ex-
plored Fe porphyrins less, and considered them inferior to Mn 
porphyrins. Recently, though, the potential of Fe porphyrins 
has been reconsidered either for therapeutic or mechanistic 
purposes  [22] .

  The first notion that a cationic, water-soluble porphyrin li-
gand bound to metal presents a strategy to mimic SOD was 
introduced by Pasternack and Halliwell  [23]  in 1979 on FeTM-
4-PyP 5+ . The rationale behind such a strategy was obvious: to 
utilize the same advantage of the porphyrin cyclic structure 
that nature uses as a building block of numerous proteins and 
enzymes – hemoglobin, myoglobin, the cytochrome P450 en-
zyme family, nitric oxide (NO) synthases, etc., in order to con-
duct redox-based biological reactions such as transport of oxy-
gen, synthesis of NO, oxidation (breakdown) of toxins, etc. The 
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  Fig. 2.  Structures of other metal-based redox-active compounds  [11–13, 18, 20, 41, 45, 46, 200–202] . 
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cyclic structure of a porphyrin ligand binds some metals (e.g. 
Mn 3+ , Fe 3+ ) so strongly that strong acids like hydrochloric and 
sulfuric acids cannot cause the loss of the metal  [7, 8, 24] . Con-
sequently, the integrity of the metal site, where all actions of 
interest occur, is preserved. One biologically relevant reagent 
that can destroy a porphyrin ring is hydrogen peroxide (H 2 O 2 ) 
 [25–27] . This points to the crucial role of peroxide in vivo ,  and 
the reason why so many systems are developed by nature to 
keep H 2 O 2  at low physiological nanomolar levels (catalases, 
glutathione peroxidases, glutathione transferases, glutathione 
reductases, peroxiredoxins, thioredoxins, etc.)  [28] .

  The report by Pasternack and Halliwell  [23]  on FeTM-4-
PyP 5+  was followed by studies of different investigators on the 
reactions of Fe and Mn porphyrins with small molecules, such 
as oxygen, NO, carbon monoxide, cyanide, etc.  [29–31] . In the 
1990s, Irwin Fridovich’s group started exploring Mn porphy-
rins as SOD mimics  [32] . The work has been continued in the 
Batinic-Haberle Laboratory. Several other laboratories are now 
involved in the development of metalloporphyrins and in the 

exploration of the mechanistic aspects of their mode(s) of 
action(s)  [33–45] . The modification of the porphyrin core by 
enlargement (texaphyrins) and shrinkage (corroles) has been 
explored by Sessler’s and Gross’s groups, respectively ( fig. 2 ) 
 [46–54] . Mahammed and Gross  [51]  have shown that metal 
complexes of ‘shrinked’ porphyrins – metallocorroles – due to 
their enhanced stability in a higher +4 oxidation state than that 
of porphyrins possess a fair catalase-like in addition to SOD-
like activity  [46] .

  Cationic Mn Porphyrins 
 The design of an optimized Mn porphyrin structure was 

conducted in three phases. In phase I we aimed to synthesize 
Mn porphyrins that have a rate constant for the dismutation of 
O2

–� as high as the SOD enzyme, with log k cat (O2
–� ) = 8.84–9.30. 

To achieve such a value of k cat , we aimed to: (1) adjust the half-
wave reduction potential (E 1  /  2 ) of Mn porphyrins for the redox 
couple Mn III P/Mn II P, to be around +300 mV versus NHE, sim-
ilar to that of SOD enzyme, and (2) provide the electrostatic 
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  Fig. 3.  Structure-activity relationship between the SOD-like activity 
of compounds (expressed in terms of the log of the catalytic rate con-
stant k cat  for O2

–� dismutation) and redox ability of Mn center [ex-
pressed as the metal-centered reduction potential E 1  /  2  for the Mn(III)/
Mn(II) redox couple given in mV vs. NHE]  [7, 8, 21] . At negative po-
tentials, Mn(III) cannot be reduced with O2

–� in the first step of the 
dismutation process; thus, this step is rate-limiting in an O2

–� dispro-
portionation process. Hence, electron-withdrawing groups (positive-
ly charged quarternized nitrogens, or halogens) were placed on the 
molecule to make the metal center electron deficient and thus ready 
to accept electrons from O2

–�. As the electron deficiency of the metal 
site increases, so increases the k cat  as indicated by the left leg of the 
bell-shaped curve. At E 1  /  2  of approximately +300 mV versus NHE, the 
Mn porphyrin is able to equally easily accept and donate electrons to 
O2

–�, and thus the rate constants for both steps of dismutation are near-
ly identical  [75] ; in turn Mn porphyrin operates at very high k cat ; for 
some Mn porphyrins k cat  is nearly identical to that of SOD enzyme. 

As E 1  /  2  increases further, the Mn center becomes so electron deficient 
that it is stabilized in the +2 oxidation state, and its oxidation becomes 
the rate-limiting step of the catalysis; consequently the k cat  decreases 
as shown by the right leg of the bell-shaped curve. Compounds with 
E 1  /  2  approximately +500 mV, while of high k cat , are not stable and lose 
metal readily, and in turn their function. MnTAlkyl-2-PyP = Mn(III) 
meso-tetrakis(N-alkylpyridinium-2-yl)porphyrins; MnTAlkyl-3-
PyP = Mn(III) meso-tetrakis(N-alkylpyridinium-3-yl)porphyrins; 
MnTAlkyl-4-PyP = Mn(III) meso-tetrakis(N-alkylpyridinium-4-yl)
porphyrins; MnHalTAlkyl-2(3,4)-PyP = Mn(III)  � -halogenat-ed me-
so-tetrakis(N-alkylpyridinium-2(3,4)-yl)porphyrins; MnTAlkoxyal-
kyl-2-PyP = Mn(III) meso-tetrakis(N-alkoxyalkylpyridinium-2-yl)
porphyrins; MnTAlkoxyalkyl-3-PyP = Mn(III) meso-tetrakis(N-alk-
oxyalkylpyridinium-3-yl)porphyrins; M40403 = cyclic polyamine; 
MnTBAP 3–  = Mn(III) meso-tetrakis(4-carboxyphenyl)porphyrin; 
MnTSPP 3–  = Mn(III) meso-tetrakis(4-sulfonatophenyl)porphyrin. 
Adapted from Batinic-Haberle et al.  [7] . 
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facilitation that would guide the anionic superoxide to the re-
dox-active Mn site. For that reason, the cationic porphyrins 
were the compounds of choice as they bear 5 positive charges 
which guide O2

–�  to the Mn site ( fig. 1 )  [55, 56] . When cationic 
nitrogens are in ortho positions, the pyridyl substituents are 
stuck in vertical positions relative to the porphyrin core and 
thus form a cavity which additionally guides O2

–� towards Mn 
 [57] . Such a situation is reminiscent of the highly preserved 
electrostatic ‘funnel’ lined with positively charged amino acid 
residues that is believed to guide negatively charged superoxide 
towards the active metal site of the SOD enzyme  [56, 58–60] . 
Moreover, such cationic porphyrins, bearing 4 positively 
charged nitrogens in the vicinity of the Mn site (ortho posi-
tions) withdraw electron density from the Mn center at an ap-
propriate magnitude, which in turn results in nearly identical 
thermodynamic properties of the Mn site of the porphyrin, as 
found with all isoforms of SOD proteins, regardless of the type 
of metal site (Fe, Cu, Mn or Ni). The resulting E 1  /  2  allows Mn 
porphyrins and enzymes to oxidize (accept electrons, equation 
1) and reduce O2

–� (donate electrons, equation 2) similarly fast in 
a 2-step dismutation process described with equations 1 and 2:

  Mn III P 5+  + O2
–�   }  Mn II P 4+  + O 2  (1)

  Mn II P 4+  + 2H +  + O2
–�   }  Mn III P 5+  + H 2 O 2  (2)

  Based on the analysis of numerous Mn porphyrins that we 
have synthesized and some commercial compounds, the struc-
ture-activity relationship between the ability of the compound 
to mimic the enzyme [log k cat (O2

–�)] and its redox property (E 1  /  2 , 
mV vs.   NHE) for Mn III P/Mn II P redox couple ( fig. 3 ) was estab-
lished. The more positive E 1  /  2 , the easier Mn III P is reduced to 
Mn II P by O2

–� in the rate-limiting first step of the dismutation; 
consequently, the higher the k cat  is of a given MnP (for details, 
see also legend of  fig. 3 ).

  Based on the critical role played by cationic substituents at 
the meso positions on the SOD-like activity of the Mn(III) N-
alkylpyridylporphyrins and their imidazolyl analogs, N,N�-
dialkyl imidazolylporphyrins of comparable SOD-like poten-
cy ( table  1 ,  fig.  1 ) were synthesized. The diethyl analog 
MnTDE-2-ImP 5+  (AEOL10150) has been successfully ex-
plored for in vivo efficacy in diseases associated with oxidative 
stress  [61–64] . The most potent among those compounds have 
E 1  /  2  close to that of the SOD enzyme (fig. 3;  table 1 ). With two 
ortho and meta isomeric Mn porphyrins [MnBr 8 TM-3(and 
4)-PyP 4+ ], the  potency of the SOD enzyme was reached  [65, 
66] . With  MnCl 5 TE-2-PyP 4+ , an only slightly lower k cat  than 
that of SOD was achieved  [67] . Those compounds with the 
highest k cat  are derivatized in both meso (substituted pyridyl 
groups) and beta positions (bromines or chlorines) with elec-
tron-withdrawing groups  [65–67] . Due to excessive electron-
withdrawing effects, these porphyrin ligands are so electron 
deficient that they do not have enough electron density to sta-
bilize +3 oxidation state of Mn, and thus are isolated as Mn(II) 
complexes. However, these complexes with Mn bearing a 2+ 

charge (instead of 3+) are not stable from a metal/ligand struc-
tural point of view and lose metal readily  [55, 65, 66] . While 
they are of no practical importance, their existence clearly 
shows that the same catalytic potency as that of SOD protein 
could be achieved even with a small porphyrin ligand.

  In phase II we aimed to enhance the lipophilicity and in 
turn bioavailability of such compounds via increasing the 
length of alkyl chains from methyl to octyl ( table 1 )  [6–8, 68] . 
The lipophilicity has been assessed by the thin-layer chro-
matographic retention factor R f , and a more commonly used 
partition between n-octanol and water, log P OW   [68, 69] . Data 
are shown in  table  1 : the increase in alkyl chain from ethyl 
(MnTE-2-PyP 5+ ) to octyl (MnTnOct-2-PyP 5+ ) results in an ap-
proximately 5 orders of magnitude increase in lipophilicity, 
which translates into an approximately 3 orders of magnitude 
increased efficacy of lipophilic compounds in suppressing ox-
idative stress injuries in several animal and cellular models 
 [6–8] . To find out how structural modifications of MnPs affect 
their in vivo availability, we developed high-performance liq-
uid chromatography/fluorescence and tandem liquid chro-
matogra-phy mass spectrometry methods to determine MnP 
levels in plasma, tissues and subcellular compartments  [70–
72] . MnPs bearing long alkyl substituents (e.g. MnTnHex-2-
PyP 5+ , MnTnHep-2-PyP 5+  and MnTnOct-2-PyP 5+ ) have a po-
lar amphiphilic nature with cationic nitrogens and hydropho-
bic long alkyl chains – which determines their micellar 
character. Due to the increased lipophilicity, they accumulate 
in cells at higher levels. For both reasons, surfactancy and high 
bioavailability, they are more toxic at high concentrations than 
the more hydrophilic MnTE-2-PyP 5+   [69, 73, 74] .

  In an ongoing phase III we aimed to reduce the general tox-
icity via disrupting the micellar property of these compounds 
by introducing oxygen atoms into hydrophobic long alkyl 
chains. Our very first analogs of that type were MnTMOE-2-
PyP 5+   [75]  and MnTMOHex-3-PyP 5+   [74] . In these compounds, 
oxygen atoms located at the end of alkyl chains are exposed to 
solvent, which makes the compounds fairly hydrophilic. We 
have recently synthesized a superior oxygen derivative, MnT-
nBuOE-2-PyP 5+  ( fig.  1 ). This compound has oxygen buried 
deeper in the alkyl chains, which prevents its excessive solva-
tion  [24] . When compared to MnTnHex-2-PyP 5+  and MnTn-
Hep-2-PyP 5+ , it has significantly reduced toxicity but pre-
served lipophilicity and high SOD-like activity  [24] . The ex-
ploration of its in vivo efficacy and biodistribution is in 
progress.

  Anionic Mn Porphyrins 
 We have also listed in  figure 2  the anionic Mn porphyrin 

MnTBAP 3–  that has been often used by researchers, presum-
ably due to its commercial availability. With its E 1  /  2  of –194 mV 
versus NHE, it is a fairly redox-inactive compound and is not 
able to catalyze O2

–� dismutation; thus it is not a SOD mimic  [76] . 
It cannot be reduced with cellular reductants, ascorbate and 
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Redox-active compounds E1 /  2 /mV vs. NHE log kcat(O2
–�) log kred(ONOO–) log POW

Mn porphyrins
MnTM-2-PyP5+ +220 7.79 7.28 –8.16a

MnTE-2-PyP5+ +228 7.76 (cyt. c), 7.73 (p.r.)c 7.53 –7.79a

MnTnBu-2-PyP5+ +254 7.25 7.11 –6.19b

MnTnHex-2-PyP5+ +314 7.48 7.11 –3.84b

MnTnHep-2-PyP5+ +342 7.65 –3.18b

MnTnOct-2-PyP5+ +367 7.71 7.15 –2.32b

MnTMOE-2-PyP5+ +251 8.04 (p.r.) 7.36 –7.52a

MnTMOHex-3-PyP5+ +68 6.78 –5.45b

MnTnBuOE-2-PyP5+ +277 7.83 –4.10b

MnBr8TM-3-PyP4+ +468 >8.85
MnTCl5TE-2-PyP4+ +560 8.41
MnTDE-2-ImP5+ +346 7.83 (p.r.) 7.43
MnTTEG-2-ImP5+ +412 8.55
MnMImPh3P2+ 6.92 4.78
[MnBV2–]2 +460c 7.4
[MnBVDME]2 +450c 7.7
[MnMBVDME]2 +440c 7.36
[MnBVDT2–]2 +470c 7.4
MnTBAP3– –194 3.16 5.02
MnTCHP+ –200 to –400 5–6 [44]

Fe porphyrins
FeTM-2-PyP5+ +212 7.95
FeTE-2-PyP5+ +215 8.00
FP15 >8d 6.80 [116]
cis-FeTM-4-Py2P2P3+ 7 [188]
INO-4885 7.7 [189]

Mn salens
EUK-8 –130 5.78 (cyt. c) [190]
EUK-134 �–130 5.78
EUK-189 �–130 5.78 –0.90 [113]
EUK-207 �–130 IC50 = 0.48 �M (NBT assay) –1.41 [113]
EUK-418 IC50 = 1.73 �M (NBT assay) 0.548 [113]

Cyclic polyamine
M40403 +525 (ACN), +840 (water) 7.08

Nitroxides
Tempol +810c <3 (pH 7.8)
Tempone +918c <3 (pH 7.8)
4-Carboxy-tempo 7.54 (pH 5.4)

Mn corroles
MnTrM-2-corrole3+ +910e 5.94
MnTrM-3-corrole3+ +880e 6.34
MnTrM-4-corrole3+ +760e 6.27
MnTrF5P-�(SO3)2-corrole2– +840e 5.68

Metals, metal ions and oxides
OsO4 9.14 (pH 5.1–8.7) [12]
CeO2 (3- to 5-nm particles) 9.55 [11]
Nano-Pt IC50 = 48.9 �M (7.7 WST-1

assay) [13]
Mn2+ +850f 6.11 (cyt. c), 6.28 (p.r.)

Table 1. M etal-centered reduction potential E1 /  2  versus NHE (for MnIIIP/MnIIP redox couple), log kcat(O2
–� ) for the catalysis of O2

–� dismuta-
tion, log kred(ONOO–) for the 1-electron reduction of ONOO– to �NO2 and the lipophilicity of Mn porphyrin-based SOD mimics expressed 
in terms of partition between n-octanol and water, log POW
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glutathione, but it can be oxidized with strong oxidants such 
as peroxynitrite (ONOO – ), carbonate radical (CO3

–�) and likely 
hypochlorite (ClO – ). Since the reactivity towards O2

–� parallels 
the reactivity of MnPs towards ONOO – , the ability of MnT-
BAP 3–  to reduce ONOO –  is modest, but if administered at high 
concentrations, it may account for the reported beneficial in 
vivo effects  [38, 77] . In addition, the electrostatic interactions 
disfavor reactions between the anionic MnTBAP 3–  and anion-
ic reactive species ONOO – , CO3

–� and ClO – , and thus limit 
the magnitude of the related rate constants. Such a struc-
ture-activity relationship is applicable to other anionic Mn 
porphyrins as well, such as MnTSPP 3– , MnBr 8 TSPP 3–  and 
 MnBr 8 TCPP 3– . Despite having a favorable reduction potential 
of approximately +200 mV versus NHE due to the strong elec-
tron-withdrawing bromines at  � -positions, MnBr 8 TSPP 3–  and 
MnBr 8 TCPP 3–  lack electrostatic guidance for superoxide, thus 
demonstrate only fair SOD-mimicking potency.

  Other Metal Complexes 
 In addition to Mn porphyrins, a few other compounds pos-

sess fair-to-high SOD-like activity and are listed in  table 1  and 
 figures 1  and  2 : Mn(III) corroles, Mn(III) biliverdins, Mn(III) 
salen derivatives, Mn(II) polyamines (M40403), as well as 
Fe(III) N-substituted pyridylporphyrins. FP15 and INO-4885 
are ortho Fe(III) N-substituted pyridylporphyrins with tri-
ethyleneglycolated and 4-carboxylatobenzyl substituents. 

Their design was governed by the same principles (cationic 
charges at ortho-nitrogens) which provide Fe(III) and Mn(III) 
N-alkylpyridylporphyrins with high SOD-like activity and 
high ability to reduce ONOO –   [22, 25] . While not reported as 
SOD mimics, and routinely viewed as peroxynitrite scaven-
gers only, cationic Fe porphyrins are potent catalysts of O2

–� 
dismutation as well, and react with other reactive species in a 
manner similar to Mn porphyrins (see under ‘Mechanism of 
action of Mn  porphyrins’)  [6, 9] . Indeed, the SOD-like activ-
ity of the Mn analog of FP15 MnTTEG-2-PyP 5+  was reported 
to be log k cat (O2

–�) = 8.11  [78] .

  Simple O2
–�-Specific Models for Initial Evaluation of SOD 

Mimics 

 SOD-deficient  E. coli  mutants lacking cytosolic SOD en-
zymes (FeSOD and MnSOD) cannot grow aerobically as well 
as the wild type  [79, 80] . Such mutants appeared as an excellent 
tool, and an O2

–�-specific model to evaluate the potential of Mn 
porphyrin-based drug candidates  [24, 69, 74, 81] . Any MnP 
that has reduction potential  1 +50 mV versus NHE has been 
tested in this SOD-deficient  E. coli  model; any MnP which sup-
ported the aerobic growth of the SOD-deficient  E. coli  was 
shown later to be efficacious in animal models of oxidative 
stress injuries.  Figure 4 a illustrates identical effects of isomer-

Table 1 (continued)

Redox-active compounds E1 /  2 /mV vs. NHE log kcat(O2
–�) log kred(ONOO–) log POW

Metallotexaphyrin
Gd(III) texaphyrin (XCYTRINTM) –41g [53]

Natural compounds (polyphenols)
Curcumin IC50 = 115 �M (NBT assay) [191]
Honokiol 5.5 [192]
MitoQ –105 (MitoQ/UQH�), water 8.30 kox(O2

– ) 3.44 (37° C,
n-octanol/PBS)

SOD enzymes �+300 8.84–9.30 3.97

For comparison, the values for some other compounds listed in 
figures 1 and 2 are given also. In the absence of SOD enzyme, O2

–�  self-
dismutes at pH 7.8 with a rate constant of k(O2

–�  self-dismutation) ap-
proximately 5 ! 105 M–1 s–1. Therefore, the compounds cannot be 
SOD mimics, if they disproportionate O2

–� with a rate constant equal 
to or lower than 5 ! 105 M–1 s–1 [log k(O2

–�) ≤5.7]. cyt. = Cytochrome; 
p.r. = pulse radiolysis; IC50 = 50% inhibitory concentration; NBT = 
nitroblue tetrazolium; ACN = acetonitrile; MitoQ = mitochondria-
targeted ubiquinone; UQH� = ubisemiquinone; PBS = phosphate-
buffered saline. E1 /  2  is determined in 0.05 M phosphate buffer (pH 7.8, 
0.1 M NaCl); kcat was determined by cytochrome c assay in 0.05 M po-
tassium phosphate buffer (pH 7.8, at 25 8 1° C); for detailed compar-
ison of validity of cytochrome c vs. NBT assay for kcat determination, 
see Batinic-Haberle et al. [193]. a Data obtained from the relationship 

Rf vs. log POW (log POW = 12.207 ! Rf – 8.521) [9, 68], and direct de-
terminations of log POW for Mn(III) N-alkoxyalkylpyridylporphyrins; 
an error was made in the calculation of log POW values and is cor-
rected herein. b Determined experimentally using n-butanol and wa-
ter biphasic system and converted to log POW according to the equa-
tion log POW = 1.55 ! PBW – 0.54; PBW is the partition between n-
butanol and water [68, 194]. c   The 1-electron reduction potential refers 
to the RNO+/RNO� redox couple. d

 Estimated based on the deter-
mined kcat(O2

–�) for MnTTEG-2-PyP5+ [7, 8] and the relationship be-
tween the kcat(O2

–�) for FePs and MnPs [25]. e E1 /  2  data associated with 
the MnIV/MnIII reduction potential in mV vs. Ag/AgCl [46]. f  Oxida-
tion potential only, MnIII/MnII redox couple is irreversible. g Reduc-
tion potential only, in N,N-dimethylformamide. When references are 
not indicated, the data are taken from Batinic-Haberle et al. [6–8].
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ic Mn   ortho- and meta-N-alkylpyridylporphyrins in allowing 
SOD-deficient JI132  E. coli  to grow as well as its SOD-profi-
cient counterpart AB1157. The somewhat inferior SOD effi-
cacy of the meta   analogs compared to the ortho species was 
compensated by their better bioavailability (determined main-
ly by their higher lipophilicity)  [68, 69] . The prokaryotic  E. coli  
is much more sensitive to the toxicity of long alkyl chain ana-
logs, such as MnTnHex-2-PyP 5+ , than are the eukaryotic yeast 
and mammalian cells  [27, 82] .

  We have therefore recently employed the SOD-deficient 
 Saccharomyces cerevisiae  aerobic growth as an additional 
tool to better evaluate the therapeutic potential of lipophilic 
an alogs  [24, 83] ; a representative plot of SOD-deficient yeast 
growth in the presence of Mn porphyrins is shown in  fig-
ure 4 b. The oxygen-derivatized MnTnBuOE-2-PyP 5+  was ef-
ficacious but less toxic than its alkyl analogs of similar lipo-
philicities, MnTnHex-2-PyP 5+  and MnTnHep-2-PyP 5+ . 
These data parallel the toxicity data obtained in a mouse 
study  [24] .

  Bioavailability of Mn Porphyrins 

 Accumulation of Mn Porphyrins in Mitochondria and 
Nucleus 
 Despite their high positive charge, originally speculated to 

serve as a barrier, these compounds accumulate to levels high 
enough at targeted sites (mitochondria and nucleus) to afford 
protection from the damage due to oxidative stress. The cat-
ionic charge, driven by the negative mitochondrial membrane 
potential and attracted by anionic phosphate groups of cellular 
membranes, is the predominant reason for accumulation of 
Mn porphyrins in the mitochondria.

  In an in vivo study, where porphyrin accumulation was in-
vestigated in heart mitochondria of mice receiving single in-
traperitoneal drug injection at 2 mg/kg, lipophilic compounds 
such as MnTnHex-2-PyP 5+  accumulated severalfold more in 
mitochondria than in cytosol compared to the hydrophilic an-
alog MnTE-2-PyP 5+  ( fig. 5 )  [9] . A similar distribution of por-
phyrin was registered with the yeast  S. cerevisiae   [72] . One of 
the evolutionary hypotheses claims that mitochondria arose 
from symbiotic bacteria. Therefore we can compare data ob-
tained on mouse mitochondria to data obtained on the accu-
mulation of Mn porphyrins in  E. coli . Lipophilic MnTnHex-2-
PyP 5+  accumulates much more in both cytosol and cell wall/
membranes of  E. coli  than MnTE-2-PyP 5+   [9] . To some extent, 
cationic Mn(III) N-alkylpyridylporphyrins may mimic both 
cytosolic and mitochondrial intermembrane space Cu,Zn
SOD and matrix MnSOD. Our data on macrophages and lipo-
polysaccharide-stimulated bone marrow-derived macro-
phages showed approximately 3-fold higher levels of MnTE-
2-PyP 5+  in the nucleus than in the cytosol, driven there by neg-
atively charged phosphates of nucleic acids  [10] .

  Accumulation of Mn Porphyrins in the Brain 
 Initial efficacy studies of central nervous system injuries 

indicated that cationic Mn porphyrins are able to cross the 
blood-brain barrier  [9, 72, 84] . Even the excessively charged 
and hydrophilic MnTE-2-PyP 5+  accumulates over a 7-day pe-
riod in the brain while its levels in other organs after initial 
build-up decrease in the same period of time  [9, 72, 84] . The 
brain is rich in phospholipids and thus in anionic phosphates; 
this appears to be a driving force for the brain accumulation of 
pentacationic MnPs. After a single injection of 2 mg/kg, the 
lipophilic MnTnHex-2-PyP 5+  accumulates at 24 h to an ap-
proximately 9-fold higher level in the mouse brain than does 
MnTE-2-PyP 5+  at 10 mg/kg  [85] . In a pharmacokinetic rat 
study, we reported for the first time the brain levels of MnTn-
Hex-2-PyP 5 , which correspond to its remarkable efficacy in a 
stroke model (see under ‘Stroke’)  [85] .

  Oral Availability of Mn Porphyrins 
 Comprehensive pharmacokinetic studies via intravenous, 

intraperitoneal and oral routes of administration were per-
formed for cationic MnTE-2-PyP 5+  (10 mg/kg) and MnTnHex-
2-PyP 5+  (0.5 or 2 mg/kg)  [70, 86] .  Though highly charged and 
fairly hydrophilic, both compounds are orally available. The 
plasma oral availability (expressed as AUCORAL/AUCIV) was 
found to be 23 and 20% for MnTE-2-PyP 5+  and MnTnHex-2-
PyP 5+ , respectively. The plasma AUCIP was found to be 83% of 
AUCIV for MnTE-2-PyP 5+  at 10 mg/kg and 84% for MnTnHex-
2-PyP 5+  at 0.5 mg/kg. The organ oral availability (based on the 
combined AUC of plasma and AUC of vital organs: liver, kid-
ney, spleen, heart, lung, brain) expressed as AUCORGAN(oral)/
AUCORGAN(ip) was found to be 13 and 33% for MnTE-2-PyP 5+  
and MnTnHex-2-PyP 5+ , respectively. The less hydrophilic 
MnTnHex-2-PyP 5+  is approximately 2.5-fold superior relative 
to MnTE-2-PyP 5+  with regard to organ distribution. The data 
demonstrate the impact of lipophilicity and pentacationic 
charge on MnP biodistribution and oral availability  [86] .

  Mechanism of Action of Mn Porphyrins 

 Cationic Mn(III) pyridyl and imidazolyl porphyrins are 
among the most potent synthetic SOD mimics available. 
However, the reactivity of MnPs towards O2

–� is not specific. 
MnPs are also highly reactive towards ONOO –  and CO3

–�  (the 
degradation product of ONOO –  and CO2 adduct;  fig. 6 ). The 
k red (ONOO – ) parallels the k cat (O2

–�) for Mn(III) N-alkylpyri-
dylporphyrins  [77] . Such a relationship is due to the same 
thermodynamic and electrostatic factors that favor the reac-
tion of the cationic, electron-deficient metal complex with an-
ionic species  [6–8, 10] . Therefore, the cationic MnPs with the 
highest kcat(O2

–�) are the most  potent scavengers of ONOO –  
while anionic porphyrins  [MnTBAP 3– , FeTBAP 3– , FeTSPP 3– , 
FeT(2,4,6-Me 2– 3,5-[SO 3 ] 2 -P)P 7– ] and metal complexes that 
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  Fig. 4.  The efficacy of Mn porphyrins in 
 protecting SOD-deficient organisms when 
grown aerobically :  prokaryotic  E. coli  and 
eukaryotic  S. cerevisiae .  a  SOD-deficient  E. 
coli  (JI132) grew in M9CA medium. The wild 
type AB1157 and SOD-deficient strain JI132 
were used. Growth was followed turbidimet-
rically by measuring the absorbance at 600 
nm as described in details elsewhere                  [69, 74] . 
 b  The wild-type yeast  S. cerevisiae  strain 
used was EG103, which has a complete geno-
type of  MAT  �  , leu2, his3, trp1  and  ura3 . The 
 sod1  �  mutant  S. cerevisiae  strain, lacking 
Cu,ZnSOD, was EG118, which has a com-
plete genotype of  MAT  �  , leu2, his3, trp1, 
ura3  and  sod1  �  ::URA3                                           [83]  .  Yeast grew in 
medium that contained peptone agar supple-
mented with 2% dextrose and yeast extract. 
Growth was followed turbidimetrically by 
measuring the absorbance at 600 nm. Modi-
fied from Rajic et al.                                      [24] . 
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have no charges on the periphery and bear electron-rich met-
al sites [MnTCHP + , Mn(III) complex with bis(dihydroxyphenyl)
dipyrromethene derivative, EUK-418 and AEOL11207;  fig. 1 , 
 2 ] are inferior  [45, 87–90] . MnTE-2-PyP 5+  reacts with high af-
finity, rapidly and stoichiometrically with �NO  [91] . Studies 
are in progress with the group of Ferrer-Sueta on the reactiv-
ity of MnPs towards hypochlorite formed in vivo by the action 
of myeloperoxidase. Data are reported on the reactivity of sev-
eral MnPs towards ClO –  and ClO2

–  [35, 92–94] . Indirect studies 
indicate reactivity of MnTE-2-PyP 5+  towards peroxyl and alk-
oxyl radicals  [77, 95, 96] . Studies are in progress to broaden 
our insight into the reactivity of MnPs towards H 2 O 2  and oth-
er biologically relevant peroxides  [97] ; Araujo-Chaves et al. 
 [98]  reported glutathione peroxidase-like activity of MnTM-
4-PyP 5+ , while Gross’s group reported fair catalase-like activ-
ity of corroles  [51] . Potent SOD mimics have metal-centered 
redox properties compatible with cellular reductants such as 
ascorbate, glutathione and tetrahydrobiopterin. Due to the 
high in vivo concentrations of those reductants, MnPs are 
likely coupled to these molecules while redox cycling with re-
active species. By removing reactive species, MnPs can protect 
isocitrate dehydrogenase, therefore assuring regeneration of 
cellular antioxidant defenses  [99, 100] .

  As already noted, the reactive species, usually viewed as ‘bad 
guys’, are able to oxidize biological molecules, but at nanomolar 
levels are also essential for cellular signaling. Their levels are 
tightly controlled by the abundance of cellular endogenous anti-
oxidants: small molecules such as ascorbate, tocopherols, tetra-
hydrobiopterin and glutathione, and proteins such as the SOD 

family of enzymes, catalases, peroxidases, peroxiredoxins, etc. 
Once their concentrations increase and approach micromolar 
levels, the cell is oxidatively stressed; subsequently it either up-
regulates antiapoptotic pathways, aiming at cell survival, or ac-
tivates proinflammatory pathways, eventually leading to cell 
death or cell transformation and carcinogenesis. We have thus 
far reported that MnPs are able to prevent activation of major 
transcription factors that control those processes: hypoxia-in-
ducible factor-1 (HIF-1 � ), a major factor in carcinogenesis; NF-
 � B, a major antiapoptotic factor (though it contains proapop-
totic members of its family), and activator protein-1 (AP-1), 
which controls both cell proliferation and apoptosis ( fig. 7 )  [6, 9, 
10] .

  Originally, and based on the experimental evidence, the re-
moval of reactive species by MnPs was proposed as means to 
prevent the activation of HIF-1 � , AP-1 and NF- � B ( fig. 7 )  [101–
105] . However, very early on, in a cell-free system, Piganelli’s 
group suggested that MnTE-2-PyP 5+  likely oxidizes cysteine of 
the p50 NF- � B subunit in the nucleus, which prevents the 
DNA binding of NF- � B and the related transcriptional activ-
ity ( fig. 7 ). The efficacy of the imidazolium derivative MnTDE-
2-ImP 5+  in a stroke model was attributed to a similar mecha-
nism  [106] . We have subsequently shown the feasibility of such 
an event in an aqueous system where MnTE-2-PyP 5+  proton-
dependently oxidized the cysteine residue in glutathione  [10] . 
Moreover, the compound indeed reaches the nucleus and ac-
cumulates there at a 3-fold higher level than in the cytosol of 
bone-marrow-derived macrophages  [10] . Such action of MnP 
likely plays a role in the prevention of excessive inflammation 
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• –..  Fig. 6.  The reactivity of MnPs towards reac-

tive species is related to the electron deficien-
cy of the metal site characterized by E1 /  2  (see 
fig. 3). The most potent Mn porphyrins have 
a very electron-deficient metal site and thus 
favor binding of electron-donating anionic 
species such as O2

–�, ONOO                   – , CO3
–�, ClO – , etc. 

Further due to the same fact they favor ac-
cepting electrons and being readily reduced 
with cellular reductants; in a subsequent step 
(while being oxidized from Mn       II P to Mn III P) 
Mn II P can reduce the reactive  species. The 
cationic character allows them to approach 
the anionic deprotonated cys teines of signal-
ing proteins and oxidize those while under-
going reduction. When oxidized to O = 
Mn IV P 4+  (with ONOO – , H     2 O 2 , ClO                 –  or CO3

–�), 
in a subsequent step they readily oxidize glu-
tathione, ascorbate or uric acid and undergo 
reduction to Mn III P whereby closing the cat-
alytic cycle. Adapted from Batinic-Haberle 
et al.            [7] .  
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of islet cells during isolation and significantly delayed or pre-
vented animal death in young nonobese diabetic-severe com-
bined immunodeficient mice  [101] ; note that the effects ob-
served were antioxidative, but are likely a consequence of the 
MnP pro-oxidative action. The fact that MnTE-2-PyP 5+  oxi-
dizes and reduces O2

–� in a dismutation process with similar rate 
constants (equations 1 and 2) supports such in vivo findings 
where it indeed acts either as anti- or pro-oxidant. Recently, 
Tome’s group in a study on lymphoma cells showed that, when 
combined with steroid dexamethasone, MnTE-2-PyP 5+  gluta-
thionylates cysteine of the p65 subunit of NF- � B in the pres-
ence of H 2 O 2  (levels of which were increased due to the action 
of dexamethasone). Such a modification seems to occur in cy-
tosol, and in turn prevents p65 DNA binding in the nucleus 
and NF- � B activation. In turn, it deprives cells of their key en-
dogenous antioxidant glutathione and therefore enhances the 
anticancer/cytotoxic effect of steroids  [107] . Whether cationic 
MnP oxidizes or glutathionylates the protein cysteine, electro-
statics plays a role when it approaches the deprotonated an-

ionic cysteine. Both sets of experiments caution us to distin-
guish between the nature of the actions of MnPs and the nature 
of the effects we observe in vivo.

  To investigate the possibility that MnPs act as pro-oxi-
dants in vivo, which results in mild oxidative stress and sig-
nals the organism to employ its own endogenous antioxida-
tive defenses, we explored the MnP/ascorbate system  [27] . 
The major reason behind such a strategy is that there are large 
intracellular micromolar levels of ascorbate whose primary 
role is to recycle oxidized tocopherol and thus assure its pro-
tective role in preventing lipid peroxidation. In a simple aque-
ous ascorbate/MnP system, MnTE-2-PyP 5+  catalyzes ascor-
bate oxidation leading to the enhanced production of perox-
ide ( fig. 8 )  [27] . Such a system could produce mild oxidative 
stress and signal to the organism that it needs to upregulate 
its own defense systems. Such an effect is also reminiscent of 
the effect of physical exercising: as a mild oxidative event, ex-
ercise has been shown to upregulate endogenous antioxida-
tive defenses, including MnSOD  [108] .
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  Fig. 7.  The reactivity of Mn porphyrins towards transcription factors 
(       a ), and suppression of postischemic NF-                                                                                                                                           � B activation by MnTDE-2-
ImP 5+  in a middle cerebral artery occlusion model of stroke ( b ,  c ). 
 a  One week of intracerebroventricular administration of Mn porphy-
rin starting at 90 min after the onset of reperfusion (after 90-min 
middle cerebral artery occlusion) allows for a significant decrease in 
infarct volume and neurological deficit even 8 weeks after ischemia 
       [106] . The efficacy was largely attributed to the suppression of cellular 
transcriptional activity that would have otherwise perpetuated the 
primary oxidative event. NF- � B activation was measured 6 h after 
middle cerebral artery occlusion in rats treated intracerebroventricu-
larly with vehicle or 900 ng MnTDE-2-ImP 5+  at 90 min after onset of 
reperfusion. ROS = reactive oxygen species; RNS = nitrogen species; 

VEGF = vascular endothelial growth factor; EGF = epidermal growth 
factor; MCP = monocyte chemoattractant protein.  b  Representative 
electromobility shift analysis. A = Probe with no sample; B = positive 
control (HeLa); C = positive control with cold probe; D = contralat-
eral hemisphere with p50 antibody (MnTDE-2-ImP 5+ ); E = contralat-
eral hemisphere with p65 antibody (MnTDE-2-ImP 5+ ); F = ischemia 
hemisphere (MnTDE-2-ImP 5+ ); G = ischemia hemisphere (vehicle); 
H = ischemia hemisphere (vehicle) with p50 antibody; I = ischemia 
hemisphere (vehicle) with p65 antibody. A substantially greater su-
pershift was seen for p65 than p50 (here indicated as NF- � B).  c  Open 
circles indicate relative optical density values in individual rat NF- � B 
bands in the hemisphere ipsilateral to middle cerebral artery occlu-
sion. Horizontal bars indicate group mean values. 
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  Depending upon the levels of ascorbate, MnP and the cel-
lular redox status, such an action may eventually lead to exces-
sive H2O2 accumulation and in turn cell death and could be 
employed in anticancer therapy ( fig. 8 ). Of note, the cancer cell 
is under oxidative stress and thus already has a perturbed bal-
ance between reactive species and antioxidant levels and a dif-
ferent transcription status profile relative to normal cells  [9, 
27] . A small change in the levels of reactive species may thus 
be overwhelming and may signal the cancer cell to undergo 
death. Thus, particularly in cancer, redox coupling of MnP 
with ascorbate (exogenous or endogenous) may cause cancer 
cell death through increased peroxide production ( fig. 8 ). The 
nature of the in vivo redox-based actions of MnP will depend 
upon the levels of reactive species, endogenous antioxidants, 
levels of MnPs and their cellular distribution. It may be safe to 
say, given their redox properties, that MnPs are potent biolog-
ical catalysts of those redox reactions that would have other-
wise occurred but to a smaller extent. It is further safe to say 
that k cat (O2

–�) describes the ability of Mn porphyrin to readily 

give and accept electrons, and thus to reduce and oxidize sub-
strates. The k cat (O2

–�) is therefore an excellent measure of MnP 
therapeutic potential.

  Purity and Identity of Mn Porphyrin Preparations 

 Researchers need to be aware that the preparations they 
obtain may not be pure enough or may contain impurities 
that could cause adverse effects or interfere with the active 
ingredient. Data have already been provided on such cases 
related to commercial preparations from Alexis, CalBiochem 
and Porphyrin Products  [7, 109] . Among such cases are those 
where the insufficient purity of commercial preparations of 
MnTE-2PyP 5+  and MnTBAP 3–  resulted in failures of those 
Mn porphyrins to perform in models with oxidative stress 
background  [38, 76, 110] . Thus, prior to their use in biological 
studies, the compounds should be tested on their activity 
with basic analytical tools  [76, 109] . The impurities that may 
be present in preparations of MnPs relate to incomplete 
 quaternization of pyridyl nitrogens (differently quaternized 
compounds), incomplete metallation (metal-free ligand) and 
incomplete removal of free manganese, and may be assessed 
as described elsewhere  [76, 109, 111] .

  Assignment of Type of Action to Mn Porphyrins and 

Related Compounds 

 Another problem that continuously appears in publications 
is incorrect assignment of the function of Mn porphyrins and 
other types of antioxidants. Importantly, none of the synthet-
ic or natural compounds explored are specific to a particular 
reactive species and cellular location. For many compounds, 
very limited data exist on their reactivity and subcellular dis-
tribution. For example, a few years ago we clearly showed that 
MnTBAP 3–  is not an SOD mimic  [76, 109] . However, research-
ers continue to indicate that they have chosen for their research
MnTBAP 3–  due to its function as a SOD mimic. Its use authors 
have additionally justified by its mitochondrial targeting  [112] , 
even though insufficient data have thus far been provided on 
the mitochondrial localization of MnTBAP 3– . Based on the 
present knowledge that the drug needs to have a cationic 
charge to enter mitochondria, the accumulation of the nega-
tively charged MnTBAP 3–  in mitochondria would be disfa-
vored  [9] . Neutral porphyrins such as EUK-418, AEOL11207 
and MnTCHP +  have been claimed to be either SOD mimics 
(EUK-418  [113]  and AEOL11207  [90] ) or potent ONOO –  scav-
engers (MnTCHP +   [44]  and Mn(III) complex of bis(dihydroxy-
phenyl)dipyrromethene derivative  [45] ). The ONOO – -related 
potency of MnTCHP +  and Mn(III) complex with bis(dihy-
droxyphenyl)dipyrromethene derivative was evaluated based 
on the comparison to MnTM-4-PyP 4+  (k = 4.3  !  10 6   M  –1 s –1 ) 
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  Fig. 8.  Mn porphyrin redox cycling with ascorbate will cause differ-
ential effects in cancer and normal cells. Due to the high cellular lev-
els of ascorbate, it is likely that cationic Mn(III) N-alkylpyridylpor-
phyrins will be reduced with ascorbate to Mn                   II P within the cell, 
which will then act as a reductant, either reacting with O2

–� or 
ONOO –  or ClO –  or H     2 O 2  closing the catalytic cycle. Due to the abun-
dance of oxygen relative to the levels of other species, Mn II P may 
prefer reducing O     2  to O2

–� which will eventually dismute to H               2 O 2 . The 
normal cell has the abundance of peroxide-removing enzymes, thus 
the contribution of Fenton chemistry leading to a deleterious                  – OH 
radical may be negligible                            [203–211] . Cancer cells are frequently de-
prived of H 2 O 2 -removing enzymes, thus excessive amounts of perox-
ide will be formed. In such a situation, coupling with ascorbate in-
volves O 2  or O2

–� (catalytic in nature) and may produce pro-oxidative 
effects, and favor cancer cell death as opposed to normal, nontrans-
formed cells  [9, 27, 148] .               
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 [114]  which is an inferior ONOO –  scavenger compared to the 
severalfold more potent ONOO –  scavenger, MnTM-2-PyP 5+  
(k = 1.85  !  10 7   M  –1  s –1 )  [114] . (OH)FeTM-4-PyP 4+  (commonly 
indicated in the literature as FeTMPyP), FP15 and INO-4885 
are declared as ONOO –  scavengers, while based on our data 
and the data of others, they are likely much stronger catalysts 
of O2

–� dismutation than scavengers of ONOO –   [115–117] . In-
deed, (OH)FeTM-4-PyP 4+  was the first porphyrin-based SOD 
mimic ever tested by Pasternack and Halliwell  [23] . To add to 
the existing confusion in the literature about metalloporphy-
rins, a paper by Suofu et al.  [118]  describes FeT[2,4,6-Me 3- 3,5-
(SO 3 ) 2 -P]P 7–  as ‘FeTMPyP’, which is a common ab breviation for 
Fe(III) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin. 
The former is an anionic Fe porphyrin and the latter a cationic 
compound  [118] . The latter is a commercially available Fe por-
phyrin, and perhaps the one used by the authors. Another man-
uscript by Thiyagarajan et al.  [119]  has a confusing statement, 
listing MnTE-2-PyP 5+ , M40403 and M40404 compounds as be-
longing to the same metalloporphyrin class of SOD mimetics 
with neuroprotective effects in cerebral ischemia models. Yet, 
M40403 and M40404 are Mn(II) cyclic polyamines; M40404 is 
an inactive analog of M40403  [7] . The papers listed above are 
only few among many which indicate the potential of metallo-
porphyrins in treating oxidative stress injuries, but introduce 
errors from therapeutic and mechanistic points of view.

  Finally, the justification for use of the wide-spectrum anti-
oxidant tempol in vivo has been based on its SOD activity  [120, 
121] . However, at physiological pH, it is not an SOD mimic, 
although it can be oxidized to oxoammonium cation with 
ONOO – , and oxoammonium cation reacts rapidly with O2

–� , 
closing the catalytic cycle. Thus, tempol may be considered as 
ONOO – /O2

–� oxidoreductase. It does, however, react with 
ONOO –  and with CO3

–� and  � NO2
–  degradation products of the 

ONOO –  adduct with CO 2   [122–125] . Tempol has also been 
shown to react with other strong oxidants such as protein-de-
rived, peroxyl and thiyl radicals  [8] .

  Such improper assignments obviously lead to incorrect in-
terpretation of data obtained from in vivo studies, and wrong-
ly instruct future researchers what to use in their studies; con-
sequently, incorrect conclusions are being perpetuated.

  Cancer 

 As the world population ages, the prevalence of cancer in-
creases and is presently one of the major causes of death world-
wide. It is thus no wonder that there is a growing interest in the 
development of anticancer drugs. Cancer is a disease with a 
staggering complexity that continues to generate new avenues 
of research. There are more than 200 different tumor types, 
each with its own subtypes. To further complicate matters, 
findings from animal models do not translate well to human 
subjects  [126] .

  Most anticancer drugs can be classified according to their 
mechanism of action, such as DNA-interactive agents, an-
timetabolites, antitubulin agents, molecular targeting agents, 
hormones, monoclonal antibodies and other biological agents. 
MnPs present an entirely novel class of anticancer drugs: they 
are metal complexes whose redox potency is the basis for their in 
vivo efficacy; rather than targeting a specific protein, they target 
the cancer cell redox status which supports cancer cell metabo-
lism and growth. MnPs can: (a) act as single anticancer agents; 
(b) enhance radiochemotherapy and hyperthermia; (c) offer ra-
dioprotection for normal tissue during cancer radiation therapy; 
(d) diminish consequences of the effect of the ‘chemobrain’ (the 
term that describes the brain-damaging effects of chemothera-
peutics such as doxorubicin); (e) inhibit chronic morphine toler-
ance and thus allow pain management; (f) prevent neuropathic 
pain caused by anticancer chemotherapy, and (g) differentially 
image tumor versus normal tissue. All of these actions that sub-
stantiate the therapeutic potential of Mn porphyrin in cancer 
have thus far been reported by different laboratories for different 
cancer types  [27, 82, 102, 103, 105, 107, 127–134] .

  Mn Porphyrins as Single Agents 
 Their actions as single agents in breast, prostate, skin and 

brain animal tumor models were investigated  [63, 103, 105, 
131–133, 135–138] . Except for skin cancer  [105] , thus far the 
antitumor effect has been moderate and is primarily under-
stood as being at the level of tumor vasculature, i.e. by inhibit-
ing HIF-1 �  activation and expression of its gene vascular en-
dothelial growth factor (VEGF), which is crucial for tumor 
growth  [63, 103, 131–133, 135–138] .

   In a 4T1 breast cancer mouse model,  MnTE-2-PyP 5+  pro-
duced a moderate anticancer effect – tumor growth delay 
when given daily at 2  !  7.5 mg/kg s.c. for the duration of the 
study. HIF-1 �  and VEGF were suppressed, as was hypoxia and 
consequently microvessel density and endothelial cell prolif-
eration. Oxidative stress was suppressed as measured by de-
creased levels of nitrotyrosine, DNA oxidation, NADPH oxi-
dase and macrophage infiltration  [103] .

   In an RM-9 mouse prostate model,  MnTE-2-PyP 5+  sup-
pressed tumor growth in its own right only when it was in-
jected immediately after subcutaneous implantation of 5  !  
10 5  RM-9 cells  [139] .

   In a mouse skin carcinogenesis study,  the antitumor effect of 
MnTE-2-PyP 5+  as monotherapy was remarkable. Mouse skin 
was treated with as low as 5 ng/day for 5 days per week for 14 
weeks. Tumor was  induced with 7,12-dimethyl-benz-( a )-an-
thracene and promot-ed with 12-O-tetradecanoylphorbol-13-
acetate. MnTE-2-PyP 5+  was applied either 30 min before or 12 h 
after each 12-O-tet radecanoylphorbol-13-acetate treatment. 
MnP decreased the number of papillomas from 31 to 5, while 
MnSOD overexpression decreased the number of papillomas 
from 19 to 9  [105, 140] . The smaller effect of MnSOD overexpres-
sion was due to the suppression of both cell apoptosis and pro-
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liferation; however, MnP was given in a timely manner (after the 
peak of apoptosis but before the peak of mitosis) and it thus sup-
pressed proliferation only. In another study, depilated mice were 
exposed to 5 kJ/m 2  UVB irradiation  [141] . MnTE-2-PyP 5+ , given 
at 5 mg/kg i.p. for 2 days before radiation protected mtDNA 
polymerase (a major constituent of nucleoids, responsible for the 
replication and repair of the mitochondrial genome). Oxidative 
damage (as measured by nitrotyrosine formation) was decreased 
at 1 and 24 h after radiation  [141] . This study suggests that MnP 
would protect skin against the UVB-mediated development of 
skin cancer.

   Brain Cancer 
 Two lipophilic Mn porphyrins were tested in a mouse brain 

tumor study on several glioblastoma and medulloblastoma cell 
lines and exerted an anticancer effect  [131] . A significant anti-
cancer effect was found in the presence of radiation, or temo-
zolomide, or when combined both with radiation and temo-
zolomide  [127, 128] . Lam’s group found in a cellular study that 
the combination of MnTnBuOE-2-PyP5+ with apoptotic gene 
and gap junction inhibitor confers potency in the treatment of 
brain tumors [131].
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  Fig. 9.  Radiosensitizing effect of MnTE-2-PyP                   5+  on tumor growth 
and on the tumor vasculature in a mouse 4T1 breast cancer study. 
         a  Sc xenograft tumor growth delay: MnTE-2-PyP                                   5+  was given before 
and after radiation. Two regimes of dosing were employed where 
MnP was given either 1 h before each radiation dose or at 1, 13 and 
25 h after the 3rd dose of radiation. Three doses of radiation were 
separated by 12 h. Tumors were allowed to reach approximately 200 
mm 3  in size, and randomized to 1 of 5 treatment groups on postim-
plantation day 9: (1) phosphate-buffered saline (NT), (2) MnTE-2-
PyP 5+  (6 mg/kg every 12 h/3), (3) radiation (RT; 5 Gy every 12 h/3), 
(4) MnTE-2-PyP 5+  + RT (1 MnTE-2-PyP 5+  dose before each fraction 
of radiation), or (5) RT + MnTE-2-PyP 5+ (3 MnTE-2-PyP 5+  doses after 
the third fraction of radiation). The combined-treatment groups 
had significant, supra-additive effects on radiation-induced tumor 
growth delay, irrespective of sequencing. n = 5 per group.  *  p                                                =  0.01 
versus radiation alone                                                  [82] .                    b ,  c  4T1 window chamber model: the ra-

diosensitizing effect of MnTE-2-PyP 5+  is at least in part related to the 
antiangiogenic action of MnTE-2-PyP 5+  as shown by the measure-
ments of vascular density. Amifostin has no effect on vascular den-
sity. 4T1 window chamber tumors were randomized to treatment 
with radiation (RT) or sham-irradiation (NT) and phosphate-buff-
ered saline or MnTE-2-PyP 5+  (   b ) or phosphate-buffered saline or am-
ifostine (WR-2721;  c ). A course of 3 fractions of radiation (5 Gy each, 
12 h apart) was followed immediately by daily administration of 
MnTE-2-PyP 5+  (6 mg/kg/day) or amifostine (100 mg/kg/day) for 
3 days. Tumors were imaged immediately after radiation (0 h) and 
every day thereafter (24, 48 and 72 h), and these images were used to 
calculate the tumor vascular length densities. Combined treatment 
with radiation and MnTE-2-PyP 5+  resulted in significant tumor de-
vascularization between 48 and 72 h after radiation. n = 5 per group. 
 *  p  =  0.05 versus tumor vascular length density at 0 h. Error bars rep-
resent standard deviations. Adapted from Moeller et al.  [82] .   
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  Mn Porphyrins as Radiosensitizers 
 Mn porphyrins have been shown to radiosensitize tumors 

to radiation therapy  [82, 127, 128] . It is known that HIF-1 �  is 
activated as a consequence of increased levels of reactive species 
formed by radiation  [142] . Increased HIF-1 �  activation and 
consequent upregulation of angiogenic proteins (VEGF and ba-
sic fibroblast growth factor) outbalances to some extent the cy-
totoxic effect of radiation  [82] . Based on the existing experi-
mental evidence from a 4T1 mouse breast cancer study with 
subcutaneous xenografts ( fig. 9 )  [102] , the radiosensitizing ef-
fect of MnTE-2-PyP 5+  has been attributed to the suppression of 
HIF-1 �  and its  VEGF  gene activation, which in turn led to sup-
pression of angiogenesis ( fig. 9 ). In a Balb/c nu/nu mouse brain 
tumor study, both lipophilic compounds MnTnHex-2-PyP 5+  
and MnTnBuOE-2-PyP 5+  produced similar radiosensitizing ef-
fects  [127, 128] .

  MnTE-2-PyP 5+  enhanced radiotherapy and showed a poten-
tial to enhance the antitumor immune response: a high number 
of T lymphocytes, natural killer cells in the spleen, B-cell counts 
in the blood and spleen, and increased IL-2 levels were found in 
mice receiving MnP  [132] . The group receiving MnP plus ra-
diation had reduced intratumoral HIF-1 �  and a decreased ca-
pacity to secrete TNF- � , whereas production of IL-4 was in-
creased  [135] .   Moreover, MnTE-2-PyP 5+  decreased the risk of 
radiation-induced normal tissue toxicity  [133] . While the MnPs 
studied may theoretically protect tumors as well as normal tis-
sue during radiation, such an effect, if present, has been insig-
nificant  [135]  and has not diminished the cytotoxic effect of 
tumor radiation. Such negligible radioprotection of tumors by 
MnP relative to normal tissue may result from the differences 
between cancer and normal cells as a consequence of their dif-
ferential redox status and transcription profile.

  Mn Porphyrins as Chemosensitizers 
  MnP + Temozolimide . It was further shown, with the brain 

tumor cell line D-245 MG in a Balb/c nu/nu mouse subcu-
taneous tumor xenograft study, that two cationic MnPs, 
 MnTnHex-2-PyP 5+  and MnTnBuOE-2-PyP 5+ , enhance temo-
zolomide therapeutic efficiency  [127, 128] .

     MnP + Corticosteroid and MnP + Cyclophosphamide.  In a 
cellular lymphoma model, Tome’s group showed that MnTE-
2-PyP 5+  accelerated dexamethasone-induced apo ptosis in 
mouse thymic lymphoma cells WEHI7.2 and primary follicu-
lar lymphoma FL cells  [130] . It also potentiated cyclophospha-
mide toxicity while inhibiting lymphoma cell growth and at-
tenuating doxorubicin toxicity in H9c2 cardiomyocytes (im-
mortalized clonal cell line derived from BDIX rat embryonic 
heart tissue)  [130] . The effects are related to the inhibition of 
NF- � B activation by MnP as a consequence of MnP-driven 
catalysis of glutathionylation of the p65 subunit of NF- � B with 
H 2 O 2  (produced by corticosteroid; see under ‘Mechanism of 
action of Mn porphyrins’)  [107] . In an aqueous system, Fe and 
less so Mn porphyrins are able to hydroxylate cyclophospha-

mide in the presence of ascorbate, acting as cytochrome P450 
mimics [26]. Due to the accumulation of MnPs in tumors, the 
activation of the prodrug cyclophosphamide would occur in 
situ in the tumor rather than in the liver.

   MnP + Ascorbate.  Levine’s group has pointed to the remark-
able anticancer potency of ascorbate given as a single agent ei-
ther via the intraperitoneal or intravenous route, but not orally 
 [143–146] . The action was ascribed to the enhanced production 
of peroxide catalyzed by endogenous metalloproteins  [144] . 
Ascorbate was also tested in a combi nation with other redox-
able agents such as quinones; the combined treatment with 
menadione already has a clinical application for the treatment 
of prostate cancer  [147] . In cellular experiments with 5 different 
cancer cell lines, MnTE-2-PyP 5+  and MnTnHex-2-PyP 5+  cata-
lyzed ascorbate oxidation leading to the production of cyto-
toxic peroxide; 30  �  M  MnP and 3 m M  ascorbate were employed 
 [27] . In an  E. coli  study, in such a scenario, MnPs acting as pro- 
rather than antioxidants imparted oxidative stress, which sub-
sequently induced an adaptive response by upregulating en-
dogenous catalases and peroxidases so that the stressed cells 
grow as well as the nonstressed cells  [148] . A similar action may 
occur even when MnP is administered as a single agent due to 
the high millimolar intracellular levels of ascorbate.  E. coli  data 
clearly point to the fact that at least one possible action of MnPs 
under certain in vivo   conditions is an induction of mild oxida-
tive stress (similar to physical exercising), which provokes the 
upregulation of endogenous antioxidative defenses. Subse-
quently, we observe antioxidative effects. In a preliminary 4T1 
mouse breast cancer study, conducted with 2  !  1 mg/kg/day 
of MnTnHex-2-PyP 5+  (s.c.) and 2  !  2 g/kg ascorbate (i.p.), tu-
mor growth delay was observed (not reaching statistical sig-
nificance). The effect can be due at least in part to the increased 
macrophage infiltration and reduced macrovessel density  [27] . 
More work is needed to identify appropriate concentrations of 
both MnP and ascorbate in order to conduct an in vivo study 
with a significant therapeutic outcome. This will further our 
insight into the type of action of SOD mimics in vivo.

  Mn Porphyrins as Enhancers of Hyperthermia 
 MnTE-2-PyP 5+  largely potentiated hyperthermia  [129] . 

Treatment of mice started 10 days after tumor implantation 
(day 1). Heat was delivered at 41.5 ° C on days 1, 5 and 8. MnTE-
2-PyP 5+  was delivered at 5 mg/kg twice per day to C57/BL6 
mice carrying the B16F10 melanoma cell line, starting on day 
1 until mice were sacrificed on day 9. Nearly full suppression 
of melanoma growth was observed as a result of this combina-
torial treatment  [129] .

  Mn Porphyrins as Cancer Imaging Agents 
 In a mouse prostate cancer study, Lascola’s group  [149]  

showed that contrast changes of MnTE-2-PyP 5+  are up to 
6-fold greater in tumors than surrounding noncancerous tis-
sues, suggesting its potential as a novel diagnostic tool in de-
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tecting prostate malignancy. In MRI experiments at 7 T, the 
phantom studies revealed approximately 2-fold higher T1 re-
laxivity changes with MnPs than observed with commercially 
available Gd chelates  [149] .

  Radioprotection 

 Rectum Radioprotection 
 Radiation proctitis is a common adverse event associated 

with radiotherapy of tumors in the pelvic region. Archambeau 
 [150]  has shown that MnTE-2-PyP 5+  decreases the severity of 
both acute and chronic proctitis in rats irradiated with 20- to 
30-Gy protons delivered to a 2.5-cm segment of the rectum. 
MnP was given at 5 mg/kg s.c. either 1 h before or 1 h after ir-
radiation with additional drug administered at weekly inter-
vals thereafter  [150] . The study indicates that MnPs may be 
useful as adjunctive agents for radiotherapy of pelvic tumors.

   Pulmonary Radioprotection 
  In several  rat  studies both MnTE-2-PyP 5+  (1–6 mg/kg/day) 

and MnTnHex-2-PyP 5+  (0.05–1 mg/kg/day) protected lungs 
from radiation when given daily for a 2-week period before or 
as late as 8 weeks after irradiation  [73, 151, 152] . In a prelimi-
nary nonhuman primate study, MnTnHex-2-PyP 5+  protected 
lungs from radiation at a dose as low as 0.05 mg/kg/day, given 
for 3 months starting 2 h after radiation  [153] . The treatment 
with MnTnHex-2-PyP 5+  delayed the onset of radiation-in-
duced CT abnormalities and decreased lung weight, inflam-
mation, edema and epithelial hyperplasia  [153] . In a proteomic 
study, treatment with MnTE-2-PyP 5+  partially prevented the 
apparent degradation of filamin and talin, reduced the level of 
cleaved caspases 3 and 9, and promoted Akt phosphorylation 
as well as  � -catenin expression after a single dose of 28 Gy ir-
radiation of the rat right hemithorax  [154] . The imidazolium 
analog MnTDE-2-ImP 5+  was efficacious in a lung radioprotec-
tion model also  [63, 138] .

  Whole-Body Radioprotection 
 Mouse survival was increased by 80% when MnTM-2-

PyP 5+  was delivered intraperitoneally for 2 weeks at 5 mg/kg 
prior to 8-Gy whole-body radiation  [155, 156] .

  Hematopoietic Stem Cell Radioprotection 
 Treatment after whole-body radiation (WBR) with MnTE-2-

PyP 5+  significantly inhibited the increase in reactive oxygen 
species production and DNA damage in hematopoietic stem 
cells (HSCs) and the reduction in HSC frequency and clono-
genic function induced by WBR. It appears also that MnTE-2-
PyP 5+  inhibited the induction of HSC senescence by WBR, 
which was shown to occur via the p16 senescence pathway: MnP 
suppressed the expression of p16Ink4a (p16) mRNA in HSCs 
induced by WBR and improved the long-term and multilineage 

engraftment of irradiated HSCs after transplantation  [157] . In 
another mouse study, Zhou’s group showed that reactive species 
produced by NADPH oxidase play a causal role in the induction 
of hematopoietic genomic instability by ionizing radiation  [158] .

  Eye Radioprotection 
 Protection of photoreceptors and retinal capillaries by 

2.5  �  M  MnTE-2-PyP 5+  administered into the vitreous humor 
was observed when the rat eye was exposed to 8- and 28-Gy 
proton radiation  [136] .

  Therapeutic effects of Mn porphyrins on cancer- and radi-
ation-related injuries are briefly summarized in  table 2 .

  Central Nervous System Diseases 

The therapeutic effects of porphyrins on central nervous 
system-related disorders/injuries are briefly summarized in 
table 3.

 Stroke 
 There is essentially no efficacious therapy available for 

the treatment of stroke. The efficacy of 3 cationic Mn pyridyl 
and imidazolyl porphyrins (MnTE-2-PyP 5+ , MnTnHex-2-
PyP 5+ , MnTDE-2-ImP 5+ ) in several studies of a rodent model of 
middle cerebral artery occlusion (MCAO) suggests the remark-
able potential of these compounds  [85, 106, 159, 160] . In such 
models, ischemia/reperfusion was produced via 90-min MCAO. 
Reoxygenation at reperfusion leads to the increased levels of 
superoxide and its progeny, and in turn increases  oxidative 
stress. Increased levels of reactive species subsequently upregu-
late inflammatory pathways via upregulation of NADPH oxi-
dases, NO synthase and cytokines, which perpetuate oxidative 
stress, which in turn results in irreversible damage and/or cell 
death. In MCAO studies we have shown that Mn porphyrins 
are efficacious if given as a single bolus injection 60 min before 
ischemia, and either 5 min or 90 min or 6 h (but not at 12 h) 
after MCAO. The compounds were given to rats either intra-
cerebroventricularly, intravenously or subcutaneously. When 
given intracerebroventricularly at 5 min or 90 min after MCAO, 
MnTE-2-PyP 5+  decreased infarct size by 70–77%. The infarct 
size was decreased by 54% if given 6 h after MCAO  [160] . Neu-
rological effects were measured on day 7 after MCAO and oxi-
dative stress markers 4 h after MCAO. Protection was observed 
in both cortex and caudoputamen, with no effect on body tem-
perature. The imidazolium analog MnTDE-2-ImP 5+  was also 
efficacious  [160] . For a single injection of Mn porphyrin, the 
protective effects were primarily related to the initial oxidative 
damage, but not to the secondary/continuous oxidative stress. 
No reduction of infarct volume was detected several weeks after 
MCAO. However, when MnTDE-2-ImP 5+  was given to rats in-
tracerebroventricularly at 900 ng bolus dose and 56 ng/h for a 
week (via intravenous pumps) – starting at 90 min after 90-min 
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MCAO, the efficacy was still present at 8 weeks after MCAO 
 [160] . Suppression of NF- � B activation was observed, indicat-
ing an effect of MnP on signaling pathways (fig. 7). Recently, 
the more lipophilic analog MnTnHex-2-PyP 5+  was tested. It was 
given to rats intravenously at 5 min or 6 h after MCAO at 225 
 � g/kg bolus dose and continued with 225  � g/kg s.c. twice dai-
ly. Neurological function, measured on day 7, was improved 
and total infarct size ( fig. 10 ) was decreased with either treat-
ment. The NF- � B activity (6 h after MCAO) and the expression 
of TNF- �  and IL-6 (24 h after MCAO) were attenuated  [85] . 
After bolus injection of 75  � g/kg i.v. followed by 7 days of twice 
injections of 225  � g/kg s.c., MnTnHex-2-PyP 5+  accumulated in 
the brain to approximately 30 ng/mg tissue which level corre-
lates with a remarkable drug efficacy. Given Mr = 1,189, the 30 
ng/mg tissue relates to approximately 25 nM in fig. 10. At that 
time point, levels in plasma are only twice as high, about 59 ng/
ml (approx. 50 n M  on the plot in  fig. 10 )  [85] .

  Subarachnoid Hemorrhage 
 MnTnHex-2-PyP 5+  proved efficacious in a mouse sub-

arachnoid hemorrhage model. Mice underwent perforation of 
an anterior cerebral artery and were treated with MnTnHex-2-

PyP 5+  for 4 days at 225  � g/kg i.p. twice daily. Treatment im-
proved their neurological score and increased diameters of in-
ternal carotid, middle and anterior cerebral arteries ipsilateral 
to the anterior cerebral artery perforation  [85] . No differences 
in basilar artery diameter indicated similar perfusion condi-
tions between groups during vessel casting. There was no ef-
fect of MnP on mean arterial pressure.

  Cerebral Palsy 
 In a rabbit model, MnTE-2-PyP 5+  (12 mg/kg) and MnTn-

Hex-2-PyP 5+  (at 0.12 and 1.2 mg/kg) were given to a dam at 
30 min before and 30 min after 40-min ischemia ( fig. 11 ). The 
hydrophilic MnTE-2-PyP 5+ , although given at up to 100-fold 
higher doses, was ineffective, while approximately 4 orders 
of magnitude more lipophilic compound, MnTnHex-2-PyP 5+ , 
was effective at both doses in decreasing significantly postnatal 
motor deficits. However, when the MnP was given after isch-
emia, and during perfusion only, it did not reach the brain fast 
enough (its t max  determined by MRI was 2 h), and the beneficial 
effect was negligible  [161] . Under the same conditions, a com-
bination of ascorbate and trolox (100 mg/kg trolox – a deriva-
tive of vitamin E and 1,600 mg/kg ascorbate) was protective. 

Table 2. T herapeutic effects of Mn porphyrins in cancer- and radiation-related injuries

Disease Therapy Treatment type Porphyrins Animal/cells References

Cancer monotherapy skin MnTE-2-PyP5+ mice 105
breast MnTE-2-PyP5+ mice 103

combinatorial
therapy

chemotherapy MnTE-2-PyP5+ cells 27, 130, 127, 128, 131
MnTnHex-2-PyP5+

MnTnBuOE-2-PyP5+
mice
cells

MnTnHex-2-PyP5+ cells
radiation MnTE-2-PyP5+ mice 82, 102, 127, 128,

132, 133chemotherapy + radiation MnTnHex-2-PyP5+

MnTnBuOE-2-PyP5+

hyperthermia MnTE-2-PyP5+ 195

Radiation injury whole-body radioprotection MnTE-2-PyP5+

MnTM-2-PyP5+
zebrafish
mice

155–158, 196

hematopoietic stem
cell radioprotection

MnTE-2-PyP5+

lung radioprotection MnTE-2-PyP5+

MnTDE-2-ImP5+

MnTnHex-2-PyP5+

rats

nonhuman primates

63, 73, 138, 151, 152

153
eye radioprotection MnTE-2-PyP5+ rats 136
GI tract – rectum MnTE-2-PyP5+ rats 150
brain radioprotection MnTDE-2-ImP5+ rats 137
cell radioprotection EUK-451

MnTnHex-2-PyP5+
cells 43, 110

Listed are the formulas of Mn porphyrin, the diseases where the beneficial effects were observed, the type of animal tested and the re-
lated references. GI = Gastrointestinal.
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  Spinal Cord Injury 
 The generation of reactive oxygen/nitrogen species is an 

early event following acute mechanical injury; hence the de-
velopment of antioxidant therapeutic strategies has been 
considered a promising neuroprotective approach in a com-
binatorial treatment regimen  [162–164] . Sheng et al.  [165]  
have studied the effect of a catalytic antioxidant, MnTDE-2-
ImP 5+ , in a mouse spinal cord injury model. The compound 
offered protection when given intrathecally at a single 2.5 
and 5 �g/kg dose at 60 min after the spinal cord compression 
 [165] . The total damage score and rotarod performance were 
improved on days 3, 7, 14 and 21 after spinal cord compres-
sion. However, the effect did not reach statistical significance 
when the compound was given intravenously, suggesting 
that bioavailability is critical in defining efficacy. With sin-
gle intravenous dosing at 4 and 8 mg/kg 15 min after injury, 
MnTE-2-PyP 5+  was marginally efficacious and thus shows 
promise at continuous multiple dosing. Indeed, the most re-
cent data show remarkable efficacy of MnTE-2-PyP 5+  given 
for a week at 1 mg/kg s.c. Floyd et al., unpubl.. Given the 
remarkable efficacy of a more lipophilic analog MnTnHex-2-
PyP 5+  in a stroke model, its application in spinal cord injury 
is promising.
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  Fig. 10.  The effect of MnTnHex-2-PyP                   5+  in a rodent MCAO model of 
stroke on day 7 after injury. Rats were subjected to 90 min of MCAO. 
Six hours after reperfusion onset, they were treated with bolus intra-
arterial 0.3 ml phosphate-buffered saline (vehicle) or 225                                                                                                                                              � g/kg 
MnTnHex-2-PyP 5+ . The same dose was then given subcutaneously 
and continued twice daily as subcutaneous injections for 7 days, after 
which neurological function was assessed. Open circles indicate in-
dividual animal values. Horizontal lines indicate group median val-
ues. 0 = No neurological deficit. The neurological score was  improved 

in the MnTnHex-2-PyP 5+  treatment group (p = 0.04). MnTnHex-2-
PyP 5+  decreased infarct volume in the cortex (p = 0.01), which was 
reflected in a 37% reduction in total infarct volume (p = 0.03). Infarct 
size was not changed in the subcortex (p = 0.58). Both TNF-                           �  and 
IL-6 concentrations were decreased by MnTnHex-2-PyP 5+  (                       *   p  !  
0.05). Pharmacokinetic studies were performed in order to assess the 
concentration of MnTnHex-2-PyP 5+ , both in plasma and brain, that 
corresponds to the beneficial therapeutic outcome. Adapted from 
Sheng et al.    [85] .   
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  Fig. 11.  The rabbit cerebral palsy model. MnTnHex-2-PyP                   5+  was used 
at 2 doses, 0.12 and 1.2 mg/kg. The higher dose indicated slight toxic-
ity and suggested that it outbalanced somewhat the benefit of drug. 
Drug was given intravenously 30 min before and 30 min after 40-min 
ischemia in two 30-ml volumes (total 60 ml per rabbit dam). The abil-
ity of MnTnHex-2-PyP 5+  to cross several membranes (uterus, pla-
centa, fetus and fetal brain) and enter mitochondria likely contrib-
uted to its efficacy. Adapted from Drobyshevsky et al.        [161] . 
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  The WW-85 [Fe(III) meso-tetrakis(N-[carboxylato benzyl]
pyridyl)porphyrin] given at 0.43 mg/kg i.p. at 1 h after trauma 
decreased inflammation, nitrotyrosine formation, proinflam-
matory cytokines (TNF- � , IL-1 � , poly-ADP-ribose polymerase 
activation, NF- � B activation) and apoptosis and significantly 
ameliorated recovery of limb function  [166] . Genovese et al. 
 [167]  studied the effect of iron porphyrin, FeTSPP 3–  [Fe(III) me-
so-tetrakis(4-sulfonatophenyl)porphyrin] in a mouse spinal 
cord injury model. FeTSPP 3–  treatment (10–100 mg/kg, i.p.) de-
creased the spinal cord inflammation and tissue injury, neu-
trophil infiltration, nitrotyrosine formation, poly-ADP-ribose 
polymerase activation, proinflammatory cytokine expression, 
NF- � B activation and apoptosis in a dose-dependent manner 
at 1 and 4 h after the spinal cord injury. Furthermore, FeTSPP 3–  
ameliorated recovery of limb function (evaluated by motor re-
covery score)  [167] .

  The metalloporphyrin MnTBAP 3–  [Mn(III) meso-tetrakis
(4-carboxyphenyl)porphyrin] has also been tested in a rat 
spinal cord injury model by Hachmeister et al.  [168] . Intra-
thecal pretreatment 30 min before spinal cord injury with 1 
mg/kg  MnTBAP 3–  or 4-hour treatment after spinal cord in-
jury with 2.5 mg/kg MnTBAP 3–  decreased membrane lipid 
peroxidation and protein nitration, and increased the num-
ber of surviving neurons compared to vehicle controls  [168] . 
In another study, MnTBAP 3–  was able to partially prevent 
neuronal loss and apoptosis  [169] . When given at 10 and 50 
mg/kg i.p., it significantly reduced neuronal death in the sec-
tions 1–2.5 mm rostral and 1 mm caudal from the epicenter 
compared with that in the vehicle-treated group  [169] . The 
therapeutic impact of neural stem cells was studied by Yu et 
al.  [170] . During spinal cord injury, the inflammation caused 
a loss of donor human neural stem cell (hNSC) graft and 
killed host neurons. The authors studied the protective effect 
of polylactic coglycolic acid film embedded with MnTBAP 3–  
on the hNSCs  [170] . The film was inserted into either T 7–8  or 
L 2–3  to cover the ventral side of the implanted porous polylac-
tic coglycolic acid scaffold seeded with hNSCs. The authors 
showed that ONOO – -triggered protein nitration and the ac-
tivation of p38 mitogen-activated protein kinase, cytochrome 
c release, and caspases are involved  in the elimination of NSC 
grafts and killing host neurons. MnTBAP 3–  markedly pro-
tected hNSCs. Caution needs to be exercised regarding the 
identity and mechanism of action of MnTBAP 3–  (see under 
‘Purity and identity and assignment of type of action of Mn 
porphyrins’).

  Chronic Morphine Tolerance 
 Chronic morphine use eventually ceases to provide an an-

algesic effect. This is known as chronic morphine tolerance 
and is ascribed to the oxidative damage of MnSOD and of crit-
ical proteins involved in neurotransmission: glutamate trans-
ferase and glutamine synthase  [171] . The effects of MnPs have 
been studied in a mouse model of morphine tolerance  [172] . At 

the doses studied, MnTE-2-PyP 5+  and MnTnHex-2-PyP 5+  did 
not exert independent analgesic effects; neither drug was ef-
ficacious in acutely reversing the established morphine toler-
ance. However, if given chronically with morphine, both MnPs 
inhibited the development of morphine tolerance and expres-
sion of inflammatory cytokines in the spinal cord dorsal horn 
 [172] . Morphine tolerance was also associated with the inacti-
vation of the critical endogenous enzyme MnSOD (via   protein 
tyrosine nitration), but not Cu,ZnSOD and increased poly-
ADP-ribose polymerase activity and 8-oxo-2 � -deoxyguanosine 
formation in both brain and spinal cord  [171] . Mn porphy-
rins suppressed these responses  [172] . MnTnHex-2-PyP 5+  was 
30-fold more potent (0.1 mg/kg) than MnTE-2-PyP 5+  (3 mg/
kg), consistent with its greater lipophilicity.

  Neuropathic Pain 
 Anticancer drugs such as vincristine, paclitaxel, oxaliplat-

in, cisplatin and bortezomib exert direct and indirect effects 
on sensory nerves to induce pain, which results in suffering 
and limits treatment. Different mechanisms are involved in 
the development of neuropathic pain and involve inflamma-
tion and oxidative stress  [173] . Most recently Patti et al.  [174] 
 pointed to the N,N-dimethylsphingosine as a key cause of neu-
ropathic pain arising from the sphingomyelin/ceramide path-
way. Reactive species have been implicated in the ceramide 
pathway  [175, 176] . Inhibitors of methyltransferase or cerami-
dase have been suggested as possible therapeutic strategies. 
The mediation of the redox-based pathways may be a valid ap-
proach also  [174–176] . Rats with an experimental painful pe-
ripheral neuropathy (the chronic constriction injury of the sci-
atic nerve model) display heat-evoked hyperalgesia  [120] . 
Chronic constriction injury is a standard model used to screen 
novel nonnarcotic agents in chronic neuropathic pain. The ef-
fect of the nitroxide tempol, a scavenger of a wide range of re-
active species  [8] , on the attenuation of neuropathic pain was 
reported  [120, 177] . Rausaria et al.  [44]  tested Mn(III) tetracy-
clohexenylporphyrin (MnTCHP + , SR16) and MnTE-2-PyP 5+  
in a neuropathic pain model, where these compounds dose-
dependently reversed mechanoallodynia.

  Amyotrophic Lateral Sclerosis 
 Crow’s group has successfully tested anionic Fe porphyrin, 

FeTBAP3- in a G93A amyotrophic lateral sclerosis mouse mod-
el  [178] . When given at 1 mg/kg/day, either starting at 40 days 
of age or at the onset of symptoms (with 2 mg/kg on the first 
day), FeTBAP3- extended the survival interval by 1.55-fold. In 
a subsequent study, a more potent Mn porphyrin SOD mimic 
and redox modulator, MnTDE-2-ImP 5+ , was tested at 2.5 mg/
kg delivered from onset of neurological deficit to death; the 
survival interval was increased 3-fold relative to FeTBAP3-.

  Equally potent but more lipophilic MnTnHex-2-PyP 5+  (giv-
en at 0.1–0.3 mg/kg i.p., fig. 12) was 5- to 10-fold more effica-
cious than MnTDE-2-ImP 5+  and displayed a similar efficacy 
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to gadolinium texaphyrin. With the Gd complex, production 
of reactive species was proposed as a major mode of action 
 [179] . At present, an antioxidant action has been predominant-
ly assigned to MnTnHex-2-PyP 5+ ; however, our most recent 
data suggest that this MnP may also produce reactive species 
in vivo (see under ‘Mechanism of action’).

  Parkinson’s Disease 
 Golden and Patel  [180]  have successfully employed Mn por-

phyrins in cellular and animal models of Parkinson’s disease.

  Epilepsy 
 Patel’s group studied the role of oxidative stress in epilepsy 

resulting from mitochondrial dysfunction using cross-bred 
mutant mice lacking MnSOD and employed the metallopor-
phyrin antioxidant AEOL11207 ( fig. 1 ). At 5 mg/kg s.c. given 
daily (starting at 5 days of age for the duration of the study) 
AEOL11207-treated  Sod2  –/–  mice showed a significant de-
crease in both the frequency and duration of spontaneous sei-
zures, although seizure severity was not affected. Notably, the 
average lifespan of AEOL11207-treated  Sod2  –/–  mice was in-
creased compared to vehicle-treated  Sod2  –/–  mice  [181] .

  Alzheimer’s Disease 
 St. Clair’s group has shown that MnTE-2-PyP 5+  at 0.1 and 

1 ng/ml protected developing neurons against  � -amyloid-in-
duced neuronal death and improved mitochondrial respira-
tion  [182] . Neurons were obtained from a homozygous mouse 
that incorporates the humanized Alzheimer’s disease (AD) 
mutation  (APP  NLh/NLh   ! PS-1  P264L/P2641 ), and therefore stimu-
lates natural progression of  � -amyloid pathology observed in 
AD patients  [182] .

  Oxygen and Glucose Deprivation of Mixed Neuronal/Glial 
Cortical Cells and Organotypic Hippocampal Slices 
 In a cellular study, MnTnHex-2-PyP 5+  and MnTnOct-2-

PyP 5+  were able to protect neurons from oxygen/glucose depri-

vation more than hydrophilic compounds; MnTnOct-2-PyP 5+  
was effective at a  1 3 orders of magnitude lower concentration 
(0.01  �  M ) than MnTE-2-PyP 5+   [183] .  

  Diabetes 
 MnTE-2-PyP 5+  and MnTDE-2-ImP 5+  are prospective 

agents in diabetes-related disorders. MnTE-2-PyP 5+  signifi-
cantly delayed or prevented the death of young nonobese dia-
betic-severe combined immunodeficient mice when a rapid 
onset of diabetes was induced with a diabetogenic T-cell clone 
(BDC-2.5)  [184] . Soaking of islet cells in 34  �  M  solution of 
MnTE-2-PyP 5+  increased their survival upon isolation: levels 
of proinflammatory cytokines IL-6 and IL-8 and monocyte 
chemoattractant protein 1 were greatly suppressed and islets 
gained the capacity to normalize diabetic recipient mice  [185] . 
In strep tozotocin-diabetic rats, MnTM-2-PyP 5+  suppressed 
oxidative stress, decreased mortality and extended lifespan. 
In part such data are explained by the ability of MnP to protect 
isocitrate dehydrogenase, a source for NADPH-driven regen-
eration of endogenous antioxidative defenses  [99, 186] . The 
data on diabetes are summarized in Batinic-Haberle et al. 
 [7, 8] . 

  Toxicity 

 While allowing for a wide therapeutic window, Mn por-
phyrins exert toxicity at higher doses. A limiting acute toxic-
ity is related to blood pressure drop, if administered via the 
intraperitoneal or intravenous route  [187] . Our preliminary 
data showed that shorter alkyl chain analogs, such as MnTM-
2-PyP 5+  and MnTE-2-PyP 5+ , exert a much smaller blood pres-
sure drop than longer alkyl chain analogs. The more lipophil-
ic analogs seem to be more toxic, which have been so far re-
lated to increased lipophilicity and thus increased cellular 
accumulation. Some other effects may possibly be involved. 
We have done a detailed mouse toxicity study of MnTnHex-2-
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PyP 5+ . Observations, weight measurements and morpho-
pathological studies were performed on the following organs: 
salivary glands, skin, skeletal muscles, larynx, lymph nodes; 
lungs, heart, trachea, esophagus, bone marrow, bones; liver, 
spleen; pancreas, small intestine, stomach; colon, cecum, 
small intestine, kidneys, urinary bladder, adrenal, uterus, co-
lon, oviduct, ovary; brain; eye and adnexae. MnP was deliv-
ered for a month twice daily subcutaneously at a total daily 
dose of 0.2–5 mg/kg. The drug caused skin (mild inflamma-
tion) and brain (acute degeneration of hippocampal neurons) 
toxicity at 1, 3 and 5 mg/kg/day. A coloration of liver Kupfer 
cells was also observed. No toxicity was observed when the 
MnP was given at 0.2 and 0.5 mg/kg/day doses. Preliminary 
data showed that when the mice were left without the drug for 
another month after a month of 0.2–5 mg/kg/day injections, 
these toxic effects disappeared.

  Conclusions and Future Directions 

 Cationic, water-soluble Mn porphyrins are potential thera-
peutics for the treatment of different diseases that have oxida-
tive stress in common as a mechanism of injury. Herein we 
summarized their effects in cancer (in particular in combina-
tion with radiation and chemotherapy) and in central nervous 
system injuries, because these are conditions where drugs are 
needed. Both cancer and stroke are prevalent pathological con-
ditions and will become even more prevalent as the world pop-
ulation ages. The efficacy of those compounds, reported from 
several independent groups, is obvious and substantial and is 
in part related to their ability to accumulate in critical cellular 
compartments (mitochondria and nucleus), cross the blood-
brain barrier, effectively scavenge reactive species, and couple 
with cellular reductants and cellular signaling proteins. Many 
factors involved in the actions of Mn porphyrins in vivo com-
plicate the understanding of the mechanistic aspects of thera-
peutic effects: (1) numerous reactive species involved; (2) sig-

Table 3.  Therapeutic effects of porphyrins in central nervous system (CNS)-related disorders/injuries

CNS-related disorders/injuries Porphyrins Animal/cells References

Stroke MnTE-2-PyP5+

MnTDE-2-ImP5+

MnTnHex-2-PyP5+

rodents 85, 106, 159, 160

Spinal cord injury MnTE-2-PyP5+

MnTDE-2-ImP5+

FeTSPP3–

WW-85
MnTBAP3–

mice 6, 165–170

Subarachnoid hemorrhage MnTnHex-2-PyP5+ mice 85
Cerebral palsy MnTnHex-2-PyP5+ rabbit dams 161
Amyotrophic lateral sclerosis MnTnHex-2-PyP5+

MnTDE-2-ImP5+, FeTBAP3-
mice 87, 178, 179, 197

Parkinson’s disease MnTBAP3– cells 180
AEOL11207 mice

Alzheimer’s disease MnTE-2-PyP5+ cells 182
Epilepsy AEOL 11207 mice 181
Oxygen and glucose deprivation MnTE-2-PyP5+

MnTDE-2-ImP5+

MnTnHex-2-PyP5+

MnTnOct-2-PyP5+

cells 183

Staurosporine-induced neurotoxicity MnTM-4-PyP5+, H2TM-4-PyP4+, ZnTM-4-PyP4+,
MnTM-2-PyP5+, MnTE-2-PyP5+, MnTBAP3–, ZnTBAP4–

cells 198

Neuropathic pain MnTCHP+ (SR16), MnTE-2-PyP5+ mice 44, 211
Chronic morphine tolerance MnTnHex-2-PyP5+

MnTE-2-PyP5+
mice 172

Listed are the diseases where beneficial effects were observed, the Mn porphyrin name, the animal tested and the related references.
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naling proteins whose redox-active amino acids, such as cyste-
ine, couple with MnPs; (3) reductants involved in the redox 
coupling with MnPs such as ascorbate, glutathione, tetrahy-
drobiopterin and uric acid; (4) multiple oxidation states of 
MnPs involved, and (5) different subcellular compartmental-
ization. Thus, more work is needed to fully comprehend the 
nature of the beneficial effects of Mn porphyrins which we rou-
tinely observe. For that purpose additional analogs have been 
synthesized, including Fe porphyrins. Also, future work will 
concentrate on the development of less toxic analogs. The good 
manufacturing practice campaign is in progress to obtain in-
vestigational new drug approval from the Food and Drug Ad-
ministration and initialize clinical trials for several MnPs.
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  Appendix 

 Charges of porphyrins are omitted in the figures for simplic-
ity; ONOO –  + ONOOH = peroxynitrite; given its pK a  = 6.6 at pH 
7.8, peroxynitrite exists predominantly as ONOO – ;  O2

–�  = superox-
ide;  � NO = nitric oxide; CO3

–� = carbonate radical; MnP = Mn por-
phyrin; 5,10,15,20 = meso position on porphyrin ring ( fig.  1 ). 
When cationic porphyrins bear a 5+ charge, they have Mn in the 

+3 oxidation state (Mn III P 5+ ), and with a 4+ total charge Mn is in 
+2 (Mn II P 4+ ) or +4 oxidation states (O = Mn IV P 4+ ); MnTAlkyl-2-
PyP 5+  = Mn(III) meso-tetrakis(N-alkylpyridinium-2-yl)porphy-
rin, the alkyl being methyl (M, AEOL10112), ethyl (E, AEOL10113, 
FBC007), n-hexyl (nHex), n-heptyl (nHep), n-octyl (nOct); 
MnTDE-2-ImP 5+  = Mn(III) meso-tetrakis(N,N�-diethylimidazo-
lium-2-yl)porphyrin, AEOL10150; Mn II Br 8 TM-4-PyP 4+  = Mn(II) 
 � -octabromo-meso - tetrakis(N-methylpyridinium-4-yl)porphy-
rin; MnBr 8 TM-3-PyP 4+  = Mn(II)  � -octabromo-meso - tetrakis 
(N-methylpyridinium-3-yl)porphyrin; Mn III TCPP 3–  = Mn(III) 
meso-tetrakis(4-carboxyphenyl)porphyrin (also Mn III TBAP 3– , 
also abbreviated as MnTBAP); MnTTEG-2-PyP 5+  = Mn (III) me-
so-tetrakis[N-(1-[2-(2[-2-methoxy]ethoxy)ethoxy]ethyl)pyridin-
ium-2-yl]porphyrin; AEOL11207 = Mn(III) 5,15-bis(methyl-
carboxylato)-10,20-bis(trifluoromethyl)porphyrin; FeTSPP 3–  = 
Fe(III) meso-tetrakis(4-sulfonatophenyl)porphyrin; FeT(2,4,6-
Me 3- 3,5-(SO 3 ) 2 -P)P 7–  = Fe(III) meso-tetrakis(2,4,6-trimethyl-
3,5-disulfonatophenyl)porphyrin; FeTTEG-2-PyP 5+  = Fe(III) me-
so-tetrakis[N-(1-[2-(2[-2-methoxy]ethoxy)ethoxy]ethyl)pyridin-
ium-2-yl] porphyrin, FP15; WW-85 = Fe(III) meso- tetrakis 
(N-carboxylatobenzylpyridyl)porphyrin; INO-4885 = Fe(III) 
meso-tetrakis[N-(4-carboxylatobenzyl)pyridinium-2-yl]porphy-
rin; [MnBVDME] 2  = Mn(II) biliverdin IX dimethylester; Mn-
TrM-2-corrole 3+  = Mn(III) meso-tris(N-methylpyridinium-2-yl)
corrole; MnTrF 5 P- � (SO 3 ) 2 -corrole 2–  = Mn(III) meso-tris
(pentafluorophenyl)- � -bis(sulfonato)corrole; salen = N,N’-bis-
(salicylideneamino)ethane; tempo = 2,2,6,6,-tetramethylpiperi-
dine-1-oxyl; tempol = 4-OH-2,2,6,6,-tetramethylpiperidine-1-
oxyl; P OW  = coefficient which describes the partition between n-
octanol and water; R f  = thin-layer chromatographic retention 
factor that presents the ratio between the solvent and compound 
path in 1:   1:8 = satKNO 3 (aq):H 2 O:acetonitrile; E 1  /  2  = half-wave re-
duction potential; NHE = normal hydrogen electrode; SOD = su-
peroxide dismutase; HIF-1 �  = hypoxia-inducible factor-1,  � -sub-
unit; NF- � B = nuclear factor  � B; AP-1 = activator protein-1; 
MCAO = middle cerebral artery occlusion. VEGF = vascular en-
dothelial growth factor; i.v. = intravenous; i.p. = intraperitoneal; 
s.c. = subcutaneous. 
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