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Abstract

In the cell Min porphyrins (MnPs) likely couple with cellular reductants which results in a drop of total charge from 5+ to 4+
and dramatically increases their lipophilicity by up to three orders of magnitude depending upon the length of alkylpyridyl
chains and type of isomer. The effects result from the interplay of solvation, lipophilicity and stericity. Impact of ascorbate on
accumulation of MnPs was measured in E. coli and in Balb/C mouse tumours and muscle; for the latter measurements, the
LC/ESI-MS/MS method was developed. Accumulation was significantly enhanced when MnPs were co-administered with
ascorbate in both prokaryotic and eukaryotic systems. Further, MnTnHex-2-PyP>" accumulates 5-fold more in the tumour
than in a muscle. Such data increase our understanding of MnPs cellular and sub-cellular accumulation and remarkable iz
vivo effects. The work is in progress to understand how coupling of MnPs with ascorbate affects their mechanism of action,
in particular with respect to cancer therapy.

Keywords: SOD mimics, peroxynitrite scavengers, Mn(1LI) N-alkylpyridyl porphyrins

Abbreviations: Asc,sodium ascorbate; CO,™, carbonate radical; E, ., half-wave reduction potential; HFBA, heptafluorobutyric
acid; H,0,, hydrogen peroxide; HCIO, hypochlorous acid; ip, intraperitoneal; R, rate constant for O, dismutation; meso,
5,10,15,20 positions on porphyrin ving; MunB Mn porphyrin; Herein, oxidized MnP relates to complexes (Mn™P) where Mn is
in + 3 oxidation state, relative to complexes (Mn'P) where Mn is in + 2 oxidation state; MnTalkyl-2 (or 3 or 4)-PyP5*, Mn (11
meso-tetrakis (N-alkylyridinium-2 (or 3 or 4)-yl) porphyrin, alkyl being methyl (M), ethyl (E), n-propyl (nPr, also Pr), n-butyl
(nBu, also Bu), n-hexyl (nHex, also Hex), n-heptyl (nHep, also Hep), n-octyl (nOct, also Oct); 2, 3 and 4 relate to ortho,
meta and para isomers, respectively; MnTM-2-PyP* (AEOL10112), MnTE-2-PyP5* (AEOL10113, FBC-007), MnTDE-
2-ImP5*, Mn(I1I) meso-tetrakis (N,N’=diethylimidazolium-2-yl) porphyrin, AEOL10150; H LTM-2(or 3 or 4) -PyP>* | meso-
tetrakis (N-methylpyridinium-2 (or 3 or 4)-yl)porphyrin; MS, mass spectroscopy; LC/ESI-MSIMS, liquid chromatography/
electrospray ionization-tandem mass spectrometry; MRI, magnetic resonance imaging; NHE, normal hydrogen electrode; "N O,
mtric oxide; O,", superoxide; ONOO, peroxymitrite, ONOO™ + ONOOH, given its pK, = 6.6 at pH 7.8 peroxynitrite exists
predominantly as ONOO™; P, partition coefficient between n-octanol and water; Rf, thin-layer chromatographic retention
factor; sc, subcutaneous; SOD, superoxide dismutase; TLC, thin-layer chromatography; ZnB Zn porphyrin; ZnTE-2-PyP**,
Zn(1l) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin; bFGE basic fibroblast growth factor; DUOX, dual oxidase; NOX,
NADPH oxidase; PDGE platelet-derived growth factor; VEGE vascular endothelial growth factor.
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Introduction

Mn(III) N-alkylpyridylporphyrins are among the
most potent scavengers of superoxide (Table I) and
peroxynitrite [1,2]. Besides, they are able to remove
other reactive species such as CO,7, lipid peroxyl
radicals, react with ‘NO and judged by the activity of
similar Mn porphyrins are likely able to efficiently
remove HCIO also [1,2].

Reactive oxygen species (ROS) have been tradition-
ally viewed as by-products of aerobic metabolism or a
response to toxic stimuli. Often, superoxide is formed
first, followed by a plethora of reactive species: hydro-
gen peroxide, hydroxyl radical, peroxynitrite, hypochlo-
rus acid and singlet oxygen [3]. In order to cope with
excess ROS, cells have a variety of redundant antioxi-
dant defence systems: several superoxide dismutases,
gluthatione peroxidases, glutathione reductases, cata-
lase, a family of thioredoxins, peroxiredoxins, a family
of glutathione S-transferases, glutaredoxins and others
[4]. However, deliberate ROS production by a family
of NADPH oxidases (NOX) plays an important role
in the signalling pathways under both physiological
and pathological conditions [5-8]. There are seven
members of the NOX family: NOX1 through NOX5,
which are generally considered to produce superoxide,
and two hydrogen peroxide releasing DUOX1 and
DUOX2 [5]. The first described, phagocytic NOX2,
is activated during phagocytosis and produces high
levels of superoxide [5]. In contrast, as a response to
different stimuli, NOX 1, 3, 4 and 5 in non-phagocytic
cells produce only small amounts of ROS, which act
as second messengers in a wide variety of cells and
under various conditions. NOX1 is expressed in colon
epithelial and vascular smooth muscle cells, NOX3 in
the inner ear, NOX4 in the kidney and NOX 5 in the
testes and spleen [5]. Some of the known stimuli of
the non-phagocytic NOX are angiotensin-II, throm-
bin, receptor tyrosine kinases, insulin, PDGF, bFGF,

Table I. Metal-centred redox potential for Mn/Mn! redox
couple, E,, and log k, for O,  dismutation for Mn(III)
N-alkylpyridylporphyrins.

Porphyrin E,,/mV vs NHE? log k_, °
MnTM-2-PyP>* +220 7.79
MnTE-2-PyP>* +228 7.76
MnTnPr-2-PyP>* +238 7.38
MnTnBu-2-PyP>* +254 7.25
MnTnHex-2-PyP>* +314 7.48
MnTnHep-2-PyP>* +342 7.65
MnTnOct-2-PyP>* +367 7.71
MnTM-3-PyP>* +52 6.61
MnTE-3-PyP>* +54 6.65
MnTnPr-3-PyP>* +62 6.69
MnTnBu-3-PyP>* +64 6.69
MnTnHex-3-PyP>* +66 6.64

®The k. was determined by cyt ¢ assay in 0.05 M phosphate
buffer, pH 7.8 at 25 + 1°C [1,2].
bThe E,, was determined in 0.05 M phosphate buffer, 0.1 M

NaCl, pH 7.8 at 25 + 1°C.
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VEGTF, angiopoietin and tumour necrosis factor recep-
tor family [7]. In order to avoid collateral damage to
biologically important molecules and cellular com-
partments, NOX mediated production of superoxide
and subsequally ROS are regulated by mechanisms
which control site, amount, duration and type of the
ROS produced [6].

During tumour development, ROS not only cause
genomic instability, which leads to tumour initiation
and progression [9], but also activate cellular signal-
ling pathways that, in turn, upregulate tumour prolif-
eration, angiogenesis and metastasis [10]. Tumours
can endure higher ROS levels, which would have trig-
gered senescence and apoptosis in normal cells.
Moreover, a tumour can utilize excessive oxidative
burden to its advantage, i.e. for its progression [8].
Yet, at exceedingly high levels of ROS, tumour growth
is suppressed or disabled [8]. Therefore, both anti-
oxidants (that deplete tumour from signalling mole-
cules) and pro-oxidants (that impose excessive
oxidative burden upon the tumour) are being explored
for the therapeutic potential as anti-cancer agents in
the clinics [11].

By removing reactive species, Mn porphyrins
decrease the consequences of primary oxidative stress
by protecting biological molecules, but also finely
tune redox-based cellular transcriptional activity and
thus suppress excessive inflammatory and immune
responses [12]. Consequently, they proved efficacious
in reducing injuries of the central nervous system,
radiation damage, diabetes-related disorders, as anti-
cancer agents, etc. [1] and are therefore considered
for clinical development. Most perspective candidates
havebeen MnTE-2-PyP>" (AEOL10113), MnTnHex-
2-PyP>" and MnTDE-2-ImP>* (AEOL10150) [1].
The most lipophilic among them, MnTnHex-2-
PyP>", appears up to 120-fold more efficacious than
either of the other compounds (Figure 1) [1,2,12].

Although excessively hydrophilic, those pentaca-
tionic porphyrins are found in all tissues, cells and
cellular compartments such as mitochondria [13] and
nucleus [12].

Antioxidant potency

The ability to catalyze O,~ dismutation (log k_, in
Table I) best describes the antioxidant potency of the
cationic Mn(III) N-alkylpyridylporphyrins [1,2]. The
reason lies in the fact that the SOD-like activity par-
allels the ONOO™ scavenging ability and, in turn, the
ability of MnPs to finely tune cellular redox-based
transcriptional activity [1,2,12,14]. We extensively
addressed the antioxidant potency and accumulated
a sufficient knowledge on the structure—activity rela-
tionship which allows us to accurately identify a drug
candidate [1,12]. Due to the ability to easily donate
and accept electrons from redox-able biological mol-
ecules, MnPs can also produce a therapeutic effect
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Ortho isomers

MnTM-2-PyP*" = M-2: R=Methyl
MnTE-2-PyP®" = E-2: R=Ethyl
MnTnPr-2-PyP* = nPr-2: R=n-Propyl
MnTnBu-2-PyP%"= nBu-2: R=n-Butyl
MnTnHex-2-PyP5+ =nHex-2: R=n-Hexyl
MnTnHep-2-PyP>* = nHep-2: R=n-Heptyl
MnTnOct-2-PyP>" = nOct-2:  R=n-Octyl

Meta isomers

MnTM-3-PyP*" = M-3: R=Methyl
MnTE-3-PyP®" = E-3: R=Ethyl
MnTnPr-3-PyP> = nPr-3: R=n-Propy!
MnTnBu-3-PyP®'= nBu-3: R=n-Butyl
MnTnHex-3-PyP5+ =nHex-3: R=n-Hexyl

Figure 1. Structures of ortho and meta Mn(I111) N-alkylpyridylporphyrins.

via pro-oxidative mechanism [12,15,16]. Research is
in progress to further understand such seemingly
‘opposing’ modes of action/s. In a two-step O, dismu-
tation process, MnP acts both as pro- and anti-oxidant,
oxidizing and reducing O,~. With efficacious MnP-
based SOD mimics that dismute O, at around the
potential of SOD enzymes, both processes occur with
similar rate constants. Such data clearly suggest that
Mn porphyrins may be equally good in acting as anti-
and pro-oxidants in other i vivo systems also. These
considerations are also reminiscent of anti- and pro-
oxidative actions of MnSOD, which have been recently
widely contemplated (see Discussion) [11,17].

Indeed, with high endogenous ascorbate levels,
MnP may become oxidant and catalyze the oxygen
consumption by ascorbate leading to excessive pro-
duction of peroxide until ascorbate and/or oxygen is
consumed [1,2,16,18-21]. We have already reported
in a number of our publications the chemical evi-
dence for the formation of peroxide in the presence
of MnP and ascorbate [1,2,20,22] (see also in Discus-
sion under Mechanism of action).

Bioavailibility of Mn porphyrins

The in vivo efficacy of MnPs is governed not only by
their antioxidant potency, but also by their bioavail-
ability. Recently, we have aimed at understanding
which factors affect the bioavailability of Mn porphy-
rins and, in turn, their efficacy. The bioavailability is
governed by lipophilicity, bulkiness, shape, charge,
substituents and overall geometry of MnPs. MnP
lipophilicity by itself is a fair measure of porphyrin
bioavailability [23-25] and has been characterized by
either chromatographic retention factor R; [1,2] or
partition of Mn porphyrin between n-octanol and

water, log Py, [26]. R, and log P, for Mn(III)
N-alkylpyridylporphyrins are linearly related. The
determination of R; is much simpler relative to log
P in some cases log Py, can not be even deter-
mined due to excessive hydrophilic character of some
MnPs. The log Py, can be accurately obtained from
R; vs log Py, linear dependence [26]. Few studies
showed that Mn porphyrin must possess both fair
antioxidant potency and appropriate lipophilicity to
be efficacious i vivo [23-26].The recent comprehen-
sive E. coli study [25] most clearly showed the vast
impact of MnP lipophilicity on its efficacy. The series
of isomeric ortho and mera isomers (Figure 1) was
studied with respect to their cellular accumulation
and ability to allow SOD-deficient E. coli to grow
aerobically as the wild type. The meta MnTE-3-PyP>*
is ~10-fold less SOD-active, but is 10 fold more lipo-
philic and accumulated 10-fold more in E. coli than
ortho MnTE-2-PyP>". Its higher accumulation fully
compensates for inferior SOD-like activity. Conse-
quently, under the same conditions, MnTE-2-PyP>*
and MnTE-3-PyP>" were equally able to compensate
for the lack of cytosolic superoxide dismutases.

The present study explores the effect of charges on
Mn porphyrins lipophilicity and, consequently, on
their cellular accumulation. Due to favourable, highly
positive E;, (Table I), the cationic ortho Mn(III)
N-alkylpyridylporphyrins are readily reduced by
ascorbate, glutathione, tetrahydrobiopterin and fla-
voenzymes [2,12,17,27-30]. As the cellular levels of
ascorbate and glutathione are high [4], those MnDPs
would likely be reduced inside the cell. Evidence that
this is indeed true was already reported with E. coli
[25,31]. Upon reduction, the total charge drops from
5+ to 4+, whereby the single charge at the Mn cen-
tre is lost. Since the peripheral charges remain the
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same, no major impact of charge reduction on lipophi-
licity has been anticipated. Surprisingly, upon reduc-
tion, the MnP lipophilicity increased as much as
850-fold, which has a significant impact on the por-
phyrin accumulation both in prokaryotic E. colz cell and
in eukaryotic mouse tumour and muscle. For com-
parison, the analogous meta isomer, MnTM-3-PyP>*
was also explored. Such data further our insight into
the remarkable i vivo efficacy of ortho isomeric Mn
porphyrins, their accumulation in mitochondria and
in central nervous system (which is rich in ascorbate)
and support their clinical development.

Materials and methods
Materials

Mn porphyrins were synthesized as previously
described [2,22,25,26,32]. Acetonitrile was from
Fisher Scientific. Plastic-backed silica gel TLC plates
(Z122777-25EA), sodium ascorbate and KNO, were
purchased from Sigma-Aldrich. Sodium dithionite
was from J. T. Baker.

Thin-layer chromatography

Thin-layer chromatography of Mn porhyrins was per-
formed on silica gel TLC plates (plastic-backed) with
KNO,-saturated H,0:H,O:acetonitrile = 1:1:8 mix-
ture as a mobile phase. Typically, 1 uL. of ~1 mM
samples was applied at ~1 cm of the strip border and
the solvent front was allowed to run ~8 cm. The 1
mM ortho porphyrins were reduced with 20 mM
ascorbate; ~5 min were allowed for complete reduc-
tion. Less reducible MnPs of meta series (see E,,
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values in Table I) were reduced with a much stronger
reducing reagent, sodium dithionite. Aerobically,
ascorbate reduces MnTM-3-PyP>* slowly and incom-
pletely. Upon addition of sodium dithionite the MnP
was immediately placed on a silica plate. Longer
exposure to such strong reductant leads to the reduc-
tion of porphyrin ring with its subsequent decompo-
sition observed as the decolouration of solution. The
R; values are sensitive to the degree of the saturation
of vapour phase in the TLC chamber and may differ
slightly from one to another experiment. Thus, the
internal standardization of TLC, using MnTE-2-
PyP>", is required for comparison purposes [33]*.
Experimental determination of log P,y for the
reduced porphyrins is not possible, as ascorbate is
hydrophilic and can not be extracted into n-octanol
with porphyrin. Without ascorbate Mn!'Ps are not
stable and can not be isolated. Therefore, log Py, of
the reduced MnPs was calculated from experimen-
tally determined R, according to equations:
log Pyy = 12.18 - R; — 7.43 (ortho porphyrins)
and log P,y = 8.78 + R, — 7.12 (meta porphyrins)
(Table II) [26]. Calculation of log Py, from the equa-
tion log Py, vs nC in the case of the reduced MnPs
is not possible, because that equation takes into
account only the number of carbon atoms regardless
of the Mn centre redox state. In the series of oxidized
MnPs, differences in calculated log Py, values by
both equations are negligible, except for Mn'TM-
2-PyP>" and Mn!"TE-3-PyP>".

In order to gain further insight into the lipophilicity
of 4+-carrying ions, we performed TLC under
identical conditions for Mn'TE-2-PyP>* and for tet-
racationic species: MnI'TE-2-PyP**, metal-free
ligand, H2TE—2—PyP5+ [22] and its Zn complex,

Table II. Lipophilicity of the series of ortho and mera isomeric Mn(III)- and reduced Mn(II) N-alkylpyridylporphyrins, measured by
chromatographic retention factor (R;) and by their partition between n-octanol and water, log P

log Py (Mn'P) —
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Porphyrin R, (Mn"P)  log Py, (Mn''P) Porphyrin R; (Mn""P)  log Pyy(Mn"P)  log Py (Mn'P)
Mn'TE-2-PyP>* 0.060 —6.702 MnlI'TE-2-PyP** 0.225 —4.692 2.01
Mn"'TnPr-2-PyP>* 0.110 —6.092 Mn'TnPr-2-PyP** 0.340 —3.292 2.80
Mn'TnBu-2-PyP>* 0.190 —5.11° Mn"TnBu-2-PyP** 0.431 —2.182 2.93
Mn"TnHex-2-PyP>* 0.380 —2.76° Mn'TnHex-2-PyP** 0.550 —0.732 2.03
Mn"'TnHep-2-PyP>* 0.460 —2.10° Mn'TnHep-2-PyP** 0.578 —0.392 1.71
Mn'TnOct-2-PyP>+ 0.490 —1.24° Mn"TnOct-2-PyP** 0.583 —0.33? 0.91
Mn'TM-3-PyP>* 0.050 —6.68¢ Mn'TM-3-PyP** 0.125 —6.02¢ 0.66
Mn'TE-3-PyP>* 0.100 —6.24¢ Mnl'TE-3-PyP4*" 0.214 —5.24¢ 1.00
Mn'TnPr-3-PyP>* 0.220 —5.00° MnTnPr-3-PyP** 0.381 —3.77¢ 1.23
Mn"'TnBu-3-PyP>* 0.400 —4.03b Mn!'"TnBu-3-PyP** 0.548 —2.31¢ 1.72
Mn'TnHex-3-PyP>* 0.550 —2.06° Mn'"TnHex-3-PyP** 0.613 —1.74¢ 0.32

R, values were obtained by TL.C on plastic-backed silica gel plates in KNO,-saturated H,0:H,O:acetonitrile = 1:1:8.

#Calculated according to equation: log Py, = 12.18 - Rf— 7.43 [26]. The values are similar to those calculated from log Py, vs nC [25];
the deviations are higher with methyl and ethyl analogues.

bDetermined in water/n-butanol system and converted to water/n-octanol system using equation: log Py = 1.55 (log Pgy) — 0.54 [45].
¢Calculated according to equation: log Pqy, = 8.78 - Rf— 7.12.

“The best approach would be to run in parallel TLC of all compounds of interest.
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ZnTE-2-PyP*". ZnP was synthesized as previously
described [2]. Mn'TE-2-PyP>" was reduced with
ascorbate; thus TLC of MnI'TE-2-PyP*" is the only
one out of compounds tested to have excess ascorbate
in solution. Ascorbate may also act as counterion
replacing chloride and/or nitrate ions (the latter com-
ing from excess KNO, in TLC solvent mixture) and
affect R; value. To account for the effect of ascorbate,
the TLC was done with HZTE—Z—PyP‘H and ZnTE-
2-PyP*" solutions prepared with and without ascor-
bate. There was no effect of ascorbate on R;.

Accumulation of Mn porphyrins in E. coli

A wild type Escherichia coli strain AB1157 was used
in this study (F-thr-1; leuB6; proA2; his-4; thi-1; argE2;
lacYl; galR2; rpsL; supE44; ara-145 xyl-15; mtl-1;
tsx-33) [34].The experiments were carried out in trip-
licate, as described in detail in Batini¢-Haberle et al.
[35]. The accumulation experiment was performed
with wild type AB1157 since it grows faster. Deion-
ized water was used throughout the study. The E. coli
was grown in flasks in 10 mL of casamino M9CA
medium to a density corresponding to A,;, ~0.6.
Then 5 UM Mn porphyrins alone were added in one
experiment and together with 0.5 or 1 mM sodium
ascorbate in another one. The cells were kept on a
shaker for an additional 60 min. Cells were then rap-
idly washed with ice-cold PBS, resuspended to a total
volume of 1.0 mL and disrupted by sonication. Cyto-
solic and cell wall fractions were separated by cen-
trifugation. Cell walls are minor fraction of the cell.
Due to insufficient material, the quantification of Mn
porphyrins is less reliable in cell walls than in cytosols.
Spectra were recorded and the absorbances of MnPs
measured at their Soret bands [2]. Protein levels were
measured by Lowry method [36]. In the growing
medium, under aerobic conditions and in the absence
of reductants, MnDPs are stabilized with Mn being in
+3 oxidation state. Due to the reductive cellular envi-
ronment and particularly when E. coli was growing in
the presence of ascorbate, inside the respiring cell
MnPs exist predominantly as Mn'Ps. However, it is
close to impossible to prevent the oxidation of Mn!TP
to Mn"P during manipulation of the cells and thus
to assess unambiguously the oxidation state of Mn
within intact cells. Even after cell disruption, the spec-
tra of processed cytosolic fractions still showed sig-
nificant levels of reduced Mnl'P, which suggests
extensive reduction of MnP within the respiring cell.
Two maxima were seen, one related to oxidized
Mn!P at ~454 nm for ortho and at 460 nm for meta
isomers, the other related to reduced Mn!P at shorter
wavelengths of ~440 nm. Upon centrifuging the casa-
mino M9CA medium containing cells and before any
manipulation, the cellular pellet was greenish, which
is a clear sign of the presence of porphyrin in a reduced
state, Mn"P (oxidized MnP is brown-reddish).

Two approaches were adopted to calculate the levels
of MnPs in cytosolic fractions: (a) using the molar
absorptivities and (b) using area below the Soret band.
For the latter, the calibration curve was constructed
where the area below the Soret band was plotted vs
concentration of either ortho or meta porphyrins [25].
Both approaches offered the same conclusions, but the
latter appeared to be a more correct strategy as it
accounted for both oxidized and reduced porphyrin.

Tumour and muscle levels of MnTnHex-2-PyP>"

The tumours and muscle, provided from a 4T1 breast
cancer mouse study (publication in preparation, few
data available in refs [1] and [16]) were used to deter-
mine the levels of Mn porphyrins. All # vivo proce-
dures were conducted in accordance with a protocol
approved by the Duke University Institutional Animal
Care and Use Committee. Four groups of Balb/C
female mice weighing on average 20 g with 15 mice
per group were studied: (1) 400 uL of PBS ip; (2)
sodium ascorbate 2 g/kg twice daily ip; (3) MnTnHex-
2-PyP>" 1 mg/kg twice daily sc; (4) MnTnHex-2-
PyP>* 1 mg/kg twice daily sc and sodium ascorbate
2 g/kg twice daily ip. In the 4™ group, sodium ascor-
bate was delivered 1 h after the injection of MnTnHex-
2-PyP>*. Tumours were established from a 100 pL
single cell suspension of 1 X 10° cells/mL injected
subcutaneously into the right flank of mice. The doses
of MnP and ascorbate chosen were based on i vivo
experiments [37,38]. Mice were sacrificed 12 h after
the last drug injection and tumours and the normal
muscle from the non-tumour bearing leg were excised
for MnP analysis. Given the data from pharmacoki-
netic studies [39], 12 h after the injection of the drug,
no significant levels are supposed to be in the blood.
Thus, blood content did not affect MnP tumour and
muscle levels.

LC/ESI-MS/MS analysis

Tumours and muscles were homogenized (1/3 g tis-
sue/mL water), proteins removed from tissue with 1%
acetic acid in methanol (1/2 homogenate/methanol),
solvent evaporated and residue reconstituted in mobile
phase A (see below). Analyses were performed at
Duke Comprehensive Cancer Center, Clinical
Pharmacology Laboratory.

LC conditions. Shimadzu 20A series HPLC; column:
Phenomenex 4 X 3 mm, C,; guard cartridge only;
column temperature: 35 °C; mobile phase A: 95:5
H,O:acetonitrile (0.1% heptafluorobutyric acid,
HFBA); mobile phase B: acetonitrile (0.1%, HFBA);
elution gradient: 0-0.2 min, 0-90% B, 0.2-0.7 min,
90% B, 0.7-0.75 min, 90-0% B; run time: 4 min;
injection volume: 10 uL.
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MS/MS conditions. Applied Biosystems MDS Sciex
3200 QTrap or 4000 Q Trap ESI-MS/MS; MRM tran-
sitions: MnTnHex-2-PyP>™ at m/z 825.5/611.5 (parent
ion [MnP>* + 3HFBA ]?%/2) and MnTnHep-2-PyP>*
(internal standard) at m/z 853.5/639.5. Calibration
samples in 0.1-30 UM range were prepared by adding
known amounts of MnTnHex-2-PyP>" into homoge-
nates of tumours and muscles of untreated mice and
were run along with study samples. Linear response was
observed in the concentration range measured.

Results and discussion
Ascorbic acid

Along with glutathione, ascorbate is our main endog-
enous low molecular-weight antioxidant. Its major
role is to assure the action of a-tocopherol in prevent-
ing lipid peroxidation (via reduction of c-tocopherol
radical back to a-tocopherol) and, thus, in turn,
maintains the cell membrane integrity. After intestinal
apsorption, ascorbate reaches plasma concentrations
0of 40—-60 uM. The highest levels are found in the brain
(2-4 mM) and adrenal gland (10 mM), where there
is an abundance of lipids and o-tocopherol protection
is critical. Concentration of ascorbate in the liver is
0.8-1 mM and in the muscle 0.4 mM [40-42]. Ascor-
bate cellular concentrations are up to two orders of
magnitude higher than plasma levels.

Mmn porphyrins

In vivo, due to easy reducibility of ortho isomeric Mn
porphyrins (Table I), and significantly higher cellular
levels of small molecular-weight endogenous antioxi-
dants (mM levels [4]) than of the reactive species
(nM to uM [4]), MnPs would readily couple with
cellular reductants while removing O, and peroxyni-
trite. Upon reduction from MnP to Mn!P, they
would reduce O, or ONOO" in a subsequent step.
Such removal of O, is reminiscent of the action of
superoxide reductase, such as rubredoxin oxi-
doreductase (desulphoferrodoxin) [43]. The reduc-
tion of ONOO" with Mn"P may happen one- or
two-electronically, leading to the production of 'NO,
radical or benign nitrite, NO,, respectively [44].

Mn porphyrins + ascorbate

Reduction of ortho Mn porphyrins is involved not only
in the elimination of reactive species, but may seemingly
affect their cellular accumulation. Upon reduction of
MnP with ascorbate, its charge drops for only one unit,
from 5+ to 4+. The single charge gets lost from the
Mn centre. Since peripheral charges remain unchanged,
we expected no major impact of such charge reduction
on lipophilicity. Surprisingly, the lipophilicity increased
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as much as 850-fold, depending upon the length of the
alkyl chain and the type of the isomer (Table II).

The reduction of less reducible mera MnTM-3-
PyP>" (more negative E, ,, Table I) was performed
with sodium dithionite.

The log Py, vs R ’

We previously showed that log Py of the oxidized
Mn!"P is linearly related to the chromatographic R;
value [26]. Log Py, of the reduced Mn!P can not be
experimentally assessed (see under Experimental).
Thus, it was calculated from the R; using reported
equations and tabulated (Table II) [26]. R; is much
easier to determine and thus we use it to conveniently
and routinely characterize the lipophilicity of Mn por-
phyrins [26].

The Rf vs alkyl chain length

We previously showed that lipophilicity of ortho and
meta Mn'Ps increases as the N-alkylpyridyl chains
lengthen from methyl to octyl in a linear fashion [26].
Herein we showed that this relationship is valid for
both oxidized MnP and reduced Mn!'P porphyrins
and for both ortho and meta isomers (Figure 2). Figure 2,
however, shows that as the alkyl chains lengthen beyond
hexyl, the effect of the Mn site solvation (degree of
which determines porphyrin hydrophilicity/lipophilic-
ity) becomes increasingly suppressed and the porphy-
rin may eventually cease to sense whether the single
charge resides on Mn or not. With short methyl chains
the difference in lipophilicity between MnWP and
Mn!'P is also smaller. There is seemingly an optimal
length of alkyl chains that is critical for the creation of
cavity which can support substantial MnP solvation.
Data in Figure 2 further show that the mera isomers
are less sensitive to the loss of a single charge than ortho
porphyrins (see discussion in next paragraph).To note,
small differences in R, values in Figure 2 correspond
to large differences in log Py, values (Table II) [26].

MmnP reduction-based gain in lipophilicity as a
function of alkyl chain length and type of isomer

We have further observed that the change in the lipo-
philicity upon MnP reduction is related to the length
of alkyl chains and the type of the isomer. This rela-
tionship has a bell shape (Figure 3). Upon reduction,
the change in lipophilicity of MnPs first increases as
the alkyl chain lengthens up to butyl, but then
decreases as the alkyl chain grows further (Figure 3).
The effect is the consequence of the interplay of MnP
lipophilicity, solvation and steric effects. As the chains
lengthen from methyl to butyl, the cavity they form
around the metal site gets larger and facilitates the
Mn site solvation. When the chain lengthens beyond
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Figure 2. Relationship between the chromatographic retention
factor (Rp) and the number of carbon atoms (nC) in alkyl chains
for the series of ortho (A) and meta (B) oxidized (MnM'P5*) and
reduced (Mn"P**) Mn N-alkylpyridylporphyrins. Filled circles
represent Mn!'Ps, while empty circles represent Mn!Ps,
respectively.

butyl, the impact of long lipophilic alkyl chains pre-
vails, shielding the solvation effects arising from the
single charge residing on a Mn site. A 17-fold stronger
effect was observed with ortho than with meta isomers:
with meta isomers the lipophilicity changes upon
reduction by up to ~50-fold and with ortho by up to
~850-fold (Table II). The largest change in lipophilic-
ity was observed with ortho and meta butyl compounds,
MnTnBu-2(or 3)-PyP>". The difference between the
gain in lipophilicity of ortho and meta isomers fades
away as the chains become shorter. Small substituents,
such as methyl groups, hardly create any cavity that
would have enhanced metal centre solvation differ-
ently with ortho than with mera isomers.

Due to sterical crowding between alkyl chains and
B-pyrrolic hydrogens of ortho porphyrin, the alkyl
chains are fixed above and below the porphyrin plane
and they define the cavity within which counterion
and/or solvent molecules reside in a first and second
Mn co-ordination sphere. With the mera isomer, there
is no sterical hindrance; consequently, the alkyl chains
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Figure 3. The effect of Mn"P>* to Mn"P** reduction on
lipophilicity (described as log P,) as influenced by the length of
N-alkylpyridyl chains (described as the number of carbon atoms
in the chains, nC).

freely rotate around pyridyl groups. Further, as the
electron-withdrawing cationic pyridyl nitrogens are
placed further away from the porphyrin core, the meta
Mn(II) centre is more electron rich than the ortho
Mn(III) site (see E,, in Table I) and thus does not
favour axial ligation and solvation as much as does the
ortho analogue. The differences in electron richness/defi-
ciency of isomers, which defines the solvation of the Mn
site, are clearly seen in their mass spectra (MS) [46].
The major ions in the MS of ortho MnTHM-2-PyP5*
have one or two chlorides axially bound to oxidized or
reduced Mn site, while insignificant contribution of ions
bearing two chlorides was found in the MS of meta,
MnTIM-3-PyP>*. For such reasons: (1) the oxidized
ortho Mn(IIl) N-alkylpyridylporphyrins are 10-fold
more hydrophilic than are the mera species; (2) the ortho
isomers on average sense 10-fold more the loss of single
charge than do the mera analogues.

Lipophilicity of pentactionic Mn'' TE-2-PyP>*
vs different tetracationic species: Mn'TE-2-PyP**,
ZnTE-2-PyP**, H,TE-2-PyP**

The effect of the metal site or the lack of it on MnP lipo-
philicity was clearly seen when pentacationic Mn''TE-2-
PyP>" was compared to tetracationic Mn'TE-2-PyP**,
H,TE-2-PyP** and ZnTE-2-PyP**. During redox
cycling Mn"TE-2-PyP*" is formed, which is much less
stable than Mn"TE-2-PyP>" and may lose metal to
some extent whereby metal-free ligand would emerge.
All tetracationic porphyrins, as expected, were more
lipophilic than pentacationic, Mn™TE-2-PyP>*. The
most lipophilic is the reduced Mn"TE-2-PyP**, fol-
lowed by Zn"TE-2-PyP*". Out of tetracationic species,
the metal-free ligand, HZTE-Z-PyP‘H appears the most
solvated compound (Figure 4).

To further the insight into the effect of lipophilicity
upon cellular accumulation we studied two i vivo
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models: prokaryotic E. coli and eukaryotic mouse. In
plasma and in E. coli growing medium, MnPs presum-
ably exist predominantly in their oxidized Mn(III)
form. The concentration of ascorbate in the plasma
of mammals is lower than in the cell and there is none
in the cellular medium where prokaryotic E. coli
grows. We aimed here to see if co-administration of
ascorbate with porphyrins would enhance their iz vivo
accumulation, due to the gain in lipophilicity upon
MnP to Mn! P reduction.

E. coli study

We were able to significantly enhance the accumu-
lation of ortho MnPs within E. coli, when ascorbate
was present in the growing medium. Yet, with the less
reducible meta isomer MnTM-3-PyP>", no effect was
observed (Figure 5). This is consistent with the data
on equally reducible para isomer, MnTM-4-PyP>*,
TheE,,, of MnTM-4-PyP°" is +60 mV vs NHE while
of MnTM-3-PyP>" is +52 mV vs NHE. In a study
on submitochondrial particles, MnTM-4-PyP>" was
not readily reduced with components of mitochon-
drial respiration [27]. A 130% enhancement of MnP
accumulation by ascorbate was observed with ortho
ethyl porphyrin, MnTE-2-PyP>" (Figure 5, Inset).

Mouse study

In addition to E. coli, we also analysed the distribution
of MnTnHex-2-PyP>" in a mouse tumour and a
muscle after 2 weeks of daily administration of MnP
alone and along with ascorbate (Figure 6 and Table
III). Two sets of observations were made: (1)
MnTnHex-2-PyP>* accumulates ~5-fold more in
tumour than in muscle when administered either
alone or with ascorbate; (2) Regardless of the type of
tissue, ascorbate enhances MnP accumulation and

0.25
1 - Mn"TE-2-PyP* —
4+
0.20 || 2 - H,TE-2-PyP -
3 - Mn"TE-2-PyP*
4 - Zn"TE-2-PyP*
0.15 A
'3
0.10 A
0.05 A
0.00 : ; . '
1 2 3 4
Porphyrins

Figure 4. The effect of the type of porphyrin bearing the same
tetracationic charge on its lipophilicity. All tetracationic compounds
are more lipophilic than pentacationic Mn'"TE-2-PyP>*. The most
lipophilic was reduced Mn'TE-2-PyP*".
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does so to a similar extent: ~33% [(2.20-1.65)/1.65]
in tumour and 54% [(0.48-0.31)/0.31] in muscle
(Table IIT and Figure 6). Higher tumour accumula-
tion of MnP may be due to leaky tumour vasculature
[47] and to other effects discussed under Accumula-
tion of MnPs in tumour.

A new LC/ESI-MS/MS method was developed for
the determination of MnTnHex-2-PyP>" in tumours
and muscle tissue. It is less time- and labour-consum-
ing than the HPLC/fluorescence method that we pre-
viously employed [13,38,39].The HPLC/fluorescence
method involves the MnP reduction with ascorbate,
followed by Mn to Zn exchange and ZnP fluores-
cence detection. With longer alkyl chain analogues,
such as hexyl, it is nearly impossible to fully reduce
MnP in order to exchange Mn for Zn. Thus, the
LC/ESI-MS/MS method has wider applicability
and, importantly, higher sensitivity where as low as
1 nM levels of MnPs in tissue homogenates may be
measured.

The 1n vivo implications of MnP reduction-based
enhancement in lipophilicity

It appears that the same factors that provide ortho
isomers with high antioxidant potency and determine
their mechanism/s of action—electron-deficiency,
cationic charge next to the metal site—also provide
them with high gain in lipophilicity upon their reduc-
tion (the step that is a part of their catalytic antioxi-
dant-based action) and thus favourably affect their
tissue and sub-cellular accumulation.

Transport across the plasma membrane. We are assuming
that in plasma at physiological concentrations of
endogenous ascorbate, the Mn porphyrins are in (oxi-
dized) +3 Mn oxidation state. The following calcula-
tion supports such speculation. If the blood volume
of a 20 g mouse is 1.6 mL [48], then plasma concen-
tration of MnTnHex-2-PyP>" (given in a dose of
2 mg/kg daily) would be in the range of 10-62.5 uM.
The first number is based on the mouse pharmacoki-
netic study of MnTE-2-PyP>" [39] where 16% of
the injected amount of 1 mg/kg reaches plasma. The
second number (of 100% resorption) was based on
13500-fold higher lipophilicity of Mn TnHex-2-PyP>*
which in turn suggests much higher blood levels.
Ascorbate mouse plasma concentration of 42 uM
(0.83 mg/100 mL) [49] is similar to a human plasma
level of 40-60 uM [40,41]) and similar to MnP
plasma concentration. Qur previous data show that
1:1 ratio of ascorbate:MnP is insufficient to reduce
MnP aerobically [22]; routinely we need 20-fold
excess of ascorbate over MnP [22]. With a dose of 2
g/kg, ascorbate mouse plasma concentration reaches
126 mM; > 2000-fold excess of ascorbate, which
ensures the reduction of Mn3* to Mn?" and, in turn,
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Figure 5. Cytosolic accumulation of Mn N-alkylpyridylporphyrins. E. coli (AB1157) grew in casamino M9CA medium for 1 h in the
presence of 5 UM MnPs and in the presence or absence of 0.5 and 1 mM sodium ascorbate. Inset: The effect of the reduction of MnP
on E. coli cytosolic accumulation. The effect depends upon MnP/ascorbate ratio.

increases the MnP lipophilicity and facilitates the
transport across the plasma membrane.

Accumulation of MnPs within mitochondria. Within
the cell, regardless of the exogenous ascorbate, the
abundance of endogenous ascorbate and other cellular
reductants stabilize MnP in its reduced state. It is well
accepted now that positive charge and lipophilicity
drive compounds to the mitochondria [13,50]. A skin
carcinogenesis study [51] indicated that MnTE-2-
PyP>* mimics MnSOD and suggests its likely accumu-
lation in the mitochondrial matrix. The following study
on submitochondrial particles indicated that MnTE-
2-PyP>* gets reduced by components of the mitochon-
drial respiratory chain to MnTE-2-PyP*" which in
turn scavenges ONOO- [27]. Thus, MnTE-2-PyP**
binds ONOOQOr in a first step and reduces it to innocent
NO,™ in a subsequent step [18]. The mouse study,
which followed, showed that indeed MnTE-2-PyP>"
accumulates in mouse heart mitochondria and at levels
enough to protect it against ONOO™-mediated damage
[1,2,13,27]. The accumulation is greatly affected by
MnP lipophilicity and is correlated with the alkyl-chain
length; MnTnHex-2-PyP>* accumulates significantly
more in mitochondria relative to cytosol than MnTE-
2-PyP>* (Spasojevic, St Clair et al. unpublished). Such
data correlate well with yeast mitochondria study on

Mn(II) N-alkylpyridylporphyrins of different alkyl
chain length [52]. The yeast study offers additional
insight into why otherwise excessively hydrophilic

Ratio of [MnTnHex-2-PyP°"]
in mouse tissue
w

Tumor/tumor(asc) :I
Tumor/muscle

Muscle/muscle(asc) :I

Tumor(asc)/muscle(asc)

Figure 6. The ratios of the levels of MnTnHex-2-PyP>" in muscle
and tumour when administered with and without ascorbate. The
first two bars indicate the enhancement in MnP accumulation as
influenced by ascorbate. The last two bars show the preferred
accumulation of MnP in tumour compared to muscle regardless
of the presence of ascorbate in plasma.
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Table III. Levels of MnTnHex-2-PyP>" in mouse tumour and
muscle expressed in UM in tissue determined by LC/ESI-MS/MS
method. Tumours and muscle tissues were collected in a 4T1
mouse breast tumour study. Tumours were grown in Balb/c mice
(n = 15). Mice were injected twice daily with MnP and ascorbate
for 2 weeks from the moment the tumour size reached ~100-200
mm?, until its volume increased ~5-fold.

MnTnHex-2-PyP>"/

PyP>* UM in tissue (mean) SD Range
Tumor (MnP) 1.65 1.29  0.735-5.89
Muscle (MnP) 0.31 0.07 0.166-0.417
Tumour (MnP+asc) 2.20 0.84 1.01-3.81
Muscle (MnP+asc) 0.48 0.16 0.231-0.849

MnTE-2-PyP>* and to a much higher extent lipophilic
MnTnHex-2-PyP>" accumulate in the mitochondria:
the cytosolic-based reduction, accompanied by a
remarkable gain in lipophilicity, may be at least in part
a driving force for their mitochondrial accumulation.

Accumulation of MnPs i tumours. Along with MRI
imaging data [53], this set of data clearly show
preferred accumulation of MnPs in tumour than in a
normal tissue.

Higher tumour accumulation of cationic MnPs may
be due to several reasons. In general, and as already
stated, the tumour leaky vasculature facilitates higher
accumulation of any administered drug [47]. Further,
cancer cells have a higher surface area than the normal
cell, because of the higher number of microvilli and
more chances to interact with a drug [54,55]. Finally,
in contrast to the normal cell, which expresses mostly
neutral zwitterionic phospholipids and sterols on its
surface [56], cancer cells have a net negative surface
charge, due to the higher expression of anionic mol-
ecules, such as phosphatidylserine, O-glycosylated
mucins, sialilated gangliosides and heparin sulphates
[57]. These negatively charged molecules facilitate
interaction and penetration of the cationic species
through the membrane [55-59]. It has been shown
that some cationic porphyrins bind to anionic regions
of proteins, such as human serum albumin, which
transports them into the tumour [60-62]. Porphyrins
studied were para isomers, MnTM-4-PyP>" and
Mn(II) meso-tetrakis (4-N,N,N-trimethylanilinium)
porphyrin. Datta-Gupta et al. [61] showed that metal-
free analogues of N-alkylpyridylporphyrins we studied
herein (the isomeric metal-free N-methylpyridylpor-
phyrins ortho, meta and para H,TM-(2 or 3 or
4)-PyP*") bind on the surface of albumin, at a site
near to tryptophan residue, rather than sliding in a
crevise of human serum albumin.

Mechanism of action. Most cells have abundant levels
of ascorbate. In the presence of ascorbate, redox-able
MnPs may act as pro-oxidants and catalyse oxygen
consumption of ascorbate resulting in the production
of O,7/H,0, [22], which in turn may cause cancer

Bioavailabiliry of metalloporphyrins 197

cell death [16,19,21]. Under physiological conditions
with an abundance of peroxide-removal systems, such
redox cycling of ascorbate (which should have other-
wise been catalysed by endogenous Fe porphyrins
[19]) may not be damaging. In general, integrity of
tumour is compromised; it is under constant oxidative
stress and deficient in endogenous antioxidant
defenses relative to normal cells [4]. Tumour employs
such deficiency to its advantage to support its aggres-
sive proliferation [4]. We have already shown that
MnTE-2-PyP>* closely mimics MnSOD in skin car-
cinogenesis; the anti-oxidative action was suggested
[51]. The same action was proposed for the role of
MnTE-2-PyP>" in a mouse 4T1 breast cancer study
[38]. While MnP itself is not toxic to tumour cells
[16], the data suggest that it suppresses tumour
growth via anti-angiogenic mode of action [38]. Such
anti-oxidative action was explained to result fom the
removal of signaling reactive species and suppression
of HIF-1a activation and VEGF expression, which in
turn results in suppression of tumour vasculature
growth [38]. When coupling with endogenous or
exogenous ascorbate, MnP could increase cellular
oxidative burden and eventually suppress tumour
growth via pro-oxidative action in a way already sug-
gested and fairly justified for the enzyme MnSOD
itself [11,63-68]. Kim et al. [17] provided convincing
evidence that overexpression of MnSOD in liver cells
(or by the analogy the administration of MnTE-2-
PyP>") increases oxidative burden. Yet, the cells seem-
ingly counterfight with adaptive response, i.e.
subsequent upregulation of endogenous antioxidant
defenses. In turn, the signs of suppressed oxidative
stress may be observed and ascribed to the anti-oxi-
dative action of MnSOD. By analogy, the mimic of
MnSOD may be operating in similar ways. Future
work on mechanistic aspects of SOD mimics is in
progress.

The most obvious case of the pro-oxidative action
of MnDP, under biologically relevant reducing condi-
tions, was observed in a very simple and straightfor-
ward system, the aerobic growth of SOD-deficient E.
coli. The E. coli growth assay is superoxide-specific
[1]. It has been shown in numerous studies that the
SOD-deficient E. coli, which lacks cytosolic SODs,
grows very poorly aerobically. However, it grows as
well as wild type when the medium is supplied with
efficacious SOD mimic. Yet, if the medium contains
both MnTE-2-PyP>" and ascorbate, the growth of
SOD-deficient E. coli was fully suppressed; the same
has been observed with wild type. Another obvi-
ous case is the growth of different cancer cells in
the presence of MnP/ascorbate [16]. Neither MnP
nor ascorbate were toxic under concentrations where
the combined treatment killed four different cancer
cells ([16], Fels et al. unpublished). The pro-oxidative
mode of action was also seen in our  vivo 4T1 breast
cancer mouse study when MnTnHex-2-PyP>" was
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co-administerd with ascorbate ([16], Fels et al. unpub-
lished); our data are in agreement with the Levine
et al. [19] study where ascorbate administration killed
different tumours via peroxide formation catalyzed by
endogenous antioxidants. The combined use of MnP/
ascorbate may have dual benefit in cancer therapy:
(1) the gain in lipophilicity upon reduction would
facilitate MnP transport into the cell and critical sub-
cellular compartments (mitochondria, nucleus etc),
whereas (2) MnP-driven catalysis of oxygen reduction
by ascorbate would enhance tumour growth suppres-
sion via excessive pro-oxidative damage.

The mere fact that MnP can easily attain four oxi-
dation states i vivo (+2, +3, +4 and +5), each of
them with its own protonation/deprotonation equilib-
ria (detailed in [69] and [70]), suggests a complex
biology of Mn porphyrins. Further studies are needed
to comprehend the role of endogenous and exogenous
antioxidants in cancer therapy.

Ortho vs meta MnTE-2-PyP5*

When given ip at 10 mg/kg to mouse, within 30 min
MnTE-2-PyP>" reaches ~20 uM plasma levels (6-fold
less than injected) [39]; i.e. similar to the levels of
ascorbate. Under the same conditions, meta Mn'TE-
3-PyP>* would cross the plasma membrane more
readily than ortho, as it is more lipophilic (Table II)
[25]. In the cell, where ortho and meta are equally
reducible, their lipophilicity would have increased 100-
and 10-fold, respectively, and they would have had the
same probability to reach mitochondria. However,
Ferrer-Sueta et al. [27] showed that MnTM-4-PyP> "
analogue of similar reducibility as MnTE-3-PyP>*
(Table I) [1,2,12,27] can not be as readily reduced
vivo as ortho MnTE-2-PyP>". Further, antioxidant
capacity, conveniently expressed as k_,_ (O,7), is 10-fold
lower for meta than for ortho. Based on this evidence,
once both isomers cross the plasma membrane,
ortho analogue may have a higher chance to reach
mitochondria and scavenge ROS/RNS. Unless lipo-
philicity of meta Mn"TE-3-PyP>" is a critical factor
that controls the extent to which the MnP crosses
plasma membrane and reaches cell interior and there-
fore presides over its destiny within the cell.

Conclusions
Endogenous reductants + MnP

Within the cell, the ortho Mn porphyrins get easily
reduced with cellular reductants. Such reduction is
likely coupled to a catalytic scavenging of reactive
oxygen and nitrogen species. Upon reduction, they
lose a single charge from Mn site, whereby they
become up to three orders more lipophilic. Such gain
in lipophilicity facilitates their cellular and sub-cellular
accumulation. The increase in lipophilicity upon

reduction was observed with both ortho and meta iso-
mers. Its magnitude is related to the length of alkyl
chain and the type of isomer in a bell shape fashion
as a consequence of the interplay between the solva-
tion, steric and lipophilicity effects. All effects are more
pronounced with ortho than with meta isomers.

Exogenous reductants + MnP

The ascorbate levels in plasma and extracellular fluids
are significantly lower than within the cell and may
not be enough to stabilize MnPs in the reduced state.
Thus, their administration with ascorbate would facil-
itate their reduction in plasma, whereby lipophlicity
and, in turn, transport across the plasma membrane
gets enhanced.

Relevance to anti-cancer therapy

Our data further show that MnP accumulates 5-fold
more in tumour than in surrounding muscle, which
was enhanced with exogenously added ascorbate and
strengthens their development as anti-cancer drugs
and tumour imaging agents. Future studies will
address (1) if MnPs anti-cancer efficacy could be
enhanced when they are co-administered with reduc-
tants; (2) whether co-administration with ascorbate
affects the MnP mechanism of action and if this is
dependent upon the cancer cell oxidative burden
(relative to normal cell) and (3) which are better drug
candidates: ortho or meta isomers.
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