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Abstract

In vivo investigations have confirmed the beneficial effects of hydrophilic, cationic Mn(III) porphyrin-based catalytic
antioxidants in different models of oxidative stress. Using a cell culture model of rat mixed neuronal/glial cells, this study
investigated the effect of MnTnOct-2-PyP> ™ on oxygen and glucose deprivation (OGD)-induced cell death as compared to
the effects of widely studied hydrophilic analogues MnTE-2-PyP> " and MnTDE-2-ImP°> " and a standard compound,
dizocilpine (MK-801). It was hypothesized that the octylpyridylporphyrin, MnTnOct-2-PyP> ", a lipophilic but equally
potent antioxidant as the other two porphyrins, would be more efficacious in reducing OGD-induced cell death due to its
higher bioavailability. Cell death was evaluated at 24 h using lactate dehydrogenase (LDH) release and propidium iodide
staining. At concentrations from 3-100 pm, all three porphyrins reduced cell death as compared to cultures exposed to OGD
alone, the effects depending upon the concentrations and type of treatment. To assess the effect of lipophilicity the additional
experiments were performed using submicromolar concentrations of MnTnOct-2-PyP’ " in an organotypic hippocampal
slice model of OGD with propidium iodide and Sytox staining. When compared to oxygen and glucose deprivation alone,
concentrations of MnTnOct-2-PyP>* as low as 0.01 pum significantly (p < 0.001; power 1.0) reduced neuronal cells similar
to control. This is the first i vitro study on the mammalian cells which indicates that MnTnOct-2-PyP>* is up to 3000-fold
more efficacious than equally potent hydrophilic analogues, due entirely to its increased bioavailability. Such remarkable
increase in efficacy parallels 5.7-orders of magnitude increase in lipophilicity of MnTnOct-2-PyP> " (log P= — 0.77) when
compared to MnTE—Z—PyPSJr (log Pow = — 6.43), Pow being partition coefficient between n-octanol and water.

Keywords: MnTE-2-PyP>" (AEOL10113), MnTnOct-2-PyP>* , MuTDE-2-ImP°" (AEOL10150), neuronal/glial cell
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Abbreviations: MnTE-2-PyP> ", Mn(IIl) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin (AEOL10113); MnTDE-
2-ImP>*, Mn(III) meso-tetrakis (N, N’ -diethylimidazolium-2-yl) porphyrin (AEOL10150); MnTnOct—Z—PyPS *, MndII)
meso-tetrakis (N-n-octylpyridinium-2-yl) porphyring MnTnHex-2-PyP>", Mun(IIl) meso-tetrakis (N-n-hexylpyridinium-2-
yl) porphyrin; LDH, lactate dehydrogenase; SOD, superoxide dismutase; OGD, oxygen glucose deprivation; OHS, organic
hippocampal slice

Introduction pharmacological advances have allowed for the design

Oxidative stress is a key intracellular pathological of different superoxide dismutase (SOD) mimics such
condition that mediates neuronal death in the presence as Mn salen derivatives [2], Mn cyclic polyamines [3],
of oxygen and glucose deprivation (OGD) [1]. Recent nitroxide [4], MitoQ series of compounds [5,6] and
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MnTDE-2-ImP**

MnTnOct-2-PyP*

Figure 1. Mn porphyrins studied. Schematic drawings of cationic Mn(III) ortho N-alkylpyridyl- and diortho N, N’-diethyl-
imidazolylporphyrin-based catalytic antioxidants MnTE-2-PyP>" (AEOL10113) and MnTDE-2-ImP>* (AEOL 10150) in addition to
more lipophilic but equally potent antioxidant, the octyl porphyrin, MnTnOct-2-PyP> *.

Mn porphyrins (Figure 1) [7-10]. Most of them
scavenge peroxynitrite also, though with different
efficacy, Mn porphyrins being the most efficacious
log kpeq=>7.5 [7-12]. We have developed the most
potent Mn porphyrins based on structure-activity
relationships [7-12]. Those are Mn (III) ortho iso-
meric positively charged N-alkylpyridyl- or N, N’-
dialkylimidazolylporphyrins (MnTalkyl-2-PyP° ",
MnTDalkyl-2-ImP> ). They bear electron-deficient
Mn centre that affords thermodynamic facilitation of
the O, dismutation. Their efficacy to remove super-
oxide parallels the efficacy to reduce peroxynitrite
[11,12]. Further, they bear positive charges close to
the Mn site that is needed for the electrostatic
facilitation for the approach of negatively charged
O, and ONOO™ [8]. MnTE-2-PyP, MnTDE-2-
ImP> " (Figure 1) and MnTnHex-2-PyP> " offer
remarkable protection in diseases that have oxidative
stress in common such as cancer, diabetes, radiation
injury, Alzheimer’s [13-17]. They are also effective in
central nervous system injuries; MnTE-2-PyP> " and
MnTDE-2-ImP°* [18-20] have proven beneficial in
middle cerebral artery occlusion models when given as
late as 6h after the insult [21].

We have recently reported that if catalytic potency
in scavenging superoxide and peroxynitrite is main-
tained, but lipophilicity increased, the efficacy i vivo
increases tremendously (Table I) [9,13,22-24]. We
increased lipophilicity up to 9-fold by increasing the
length of the N-alkylpyridyl chains from 1 to 8 carbon
atoms while maintaining identical antioxidant capa-
city (Table I) [9]. We initially measured lipophilicity
by thin-layer chromatographic R, value. R, is the
ratio of the compound path over solvent path on
slica gel using solvent KNOsjsaturated H,0O:H,O:
acetonitrile = 1:1:8. Using R, values, the hexyl analo-
gue, MnTnHex-2-PyP°> " is 4.3-fold more lipophilic
than MnTE-2-PyP’*. Such difference in Ry values
lead to a 120-fold gain in efficacy in vivo; MnTnHex-
2-PyP> " is efficacious in several models of oxidative

stress (E. coli, rat kidney ischemia/reperfusion, cere-
bral palsy, rat radioprotection, mice reversal of
chronic morphine tolerance) at a lower dose
(0.05-0.1 mg/kg) when compared to other synthetic
antioxidants [9,13,22-24]. MnTnOct-2-PyP>*
(Figure 1) is ~ 6-fold more lipophilic than MnTE-2-
PyP’ " based on thin-layer chromatographic Ryvalues
(see Discussion) (Table I). Except in SOD-deficient
Escherichia coli model [23], it has not been used in any
other bacterial or mammalian model.

The enhanced bioavailability of MnTnOct-2-
PyP°> " should promote improved neuronal survival
as compared to hydrophilic compounds with fewer
carbon atoms in the alkylpyridyl or dialkylimidazolyl
chains [9,22-24]. We tested this hypothesis initially in
mixed neuronal/glial cortical cell cultures exposed to
OGD. Based on the findings in the preliminary
investigation, we expanded our hypothesis using
lower submicromolar concentrations (down to
0.01 pm) of MnTnOct-2-PyP’ " in an organotypic
hippocampal slice (OHS) model of OGD. Unlike
neuronal/glial cell cultures, OHS offers a model of
intact neural circuits and avoid some of the variables
inherent in i vivo investigations.

Methods

All animal procedures were approved by the Duke
University (Durham, NC) Animal Care and Use
Committees.

Experiment 1: Comparison of Mn (III) porphyrins to
metal-free porphyrins in mixed neuronal-ghal cell cultures

The experiment was performed to study MnTnOct-
2-PyP° " at doses previously used in similar studies
with MnTE-2-PyP’*; evaluate the effect of Mn site;
and compare all three compounds at similar doses.
This investigation was used as a foundation to
determine the appropriate measure of cell death
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Table I. The properties of Mn porphyhrins: the ability to catalyse dismutation of O~ (k) and reduce ONOO ~ (k..q), the redox ability,
i.e. the metal-centred redox potential (E;;) and the lipophilicity as given by (1) Ry values which represents the ratio of the compound and
solvent path on TLC silica plates (solvent system, KNOssat H,O:H,O:acetonitrile =1:1:8) and (2) by P,~values which describes the

partition of the Mn porphyrin between n-octanol and water.

Compound Log ke (057) log kreq (ONOO ™) Ei/, mV vs NHE Ry log Pow"®
MnTE-2-PyP>+* 7.76 7.53 +228 0.13 —6.25
MnTDE-2-ImP>*¢ 7.83 7.00 +346 0.17 —6.08¢
MnTnHex-2-PyP>+ 7.48 7.11 +314 0.57 —2.29
MnTnOct-2-PyP°> +¢ 7.71 7.15 +367 0.80 —0.77

9[37]; °[9] for key (05 ) and 12 for keq(ONOO ~); °[10] and Ferrer-Sueta and Batinic-Haberle (unpublished) for k.q(ONOO ~) of
MnTDE-2-ImP® *; “predicted based on the comparison of Ry values for this compound and MnTE-2-PyP° .

when using the compounds in an OGD model of
neuronal cell death. MK-801 [18,25] was used as a
negative control.

Preparation of mixed neuronal-ghal cell cultures. Mixed
neuronal/glial cultures were prepared from foetal
Sprague-Daley (Harlan Sprague Daley, Inc. Indiana-
polis, IN) rat brains at 18 days of gestation as
previously described [18,25]. Brains were harvested
from 10-15 pups and dissected to separate cortex
from meninges and subcortical structures using ana-
tomical landmarks. Cortices were pooled and minced
into 2 mm® pieces in a buffered salt solution (BSS;
Hanks Balanced Salt Solution (Life Technologies,
Gaithersburg, MD) supplemented with 20 mm
HEPES buffer (pH 7.4, containing 0.25% trypsin
(Life Technologies)). The tissue was incubated
for 20 min at 37°C in a 5% CO,/95% room air
atmosphere, then washed twice with ice-cold, gluta-
mine-free minimum essential medium (MEM; Life
Technologies) containing 15 mMm glucose, 5% foetal
bovine serum (Gibco Diagnostics, Inc., Madison,
WI), 5% horse serum (GIBCO) and 1% DNase-I
(Sigma Chemical Co., St. Louis, MO). Tissue pieces
were dissociated by trituration through a fire-polished
9” Pasteur pipette. The resultant suspension was
centrifuged at 50 g for 10 min, the supernatant dis-
carded and the pellet resuspended in growth medium
(MEM supplemented with 15 mm glucose, 5% foetal
bovine serum and 5% horse serum). The dissociated
cells were plated to achieve a confluent monolayer
(4 x 10° cells per well for neuronal/glial cultures) on
poly-D-lysine coated, 24-well culture plates (Falcon
3047; Becton Dickinson Co., Lincoln Park, NJ).
Cultures were maintained undisturbed at 37°C in a
humidified 5% CO,/balance room air atmosphere for
10-14 days prior to use. Previous studies performed
under identical culture conditions demonstrated cell
types in 10 day old cultures to be 54 + 4% neurons
and 46+ 7% glia as determined by immunohisto-
chemical staining for cell-specific cytoskeletal fila-
ments (neurofilament-160 for neurons and glial
fibrillary acidic protein for astrocytes) [18-21,25-29].

Preparation of Mn (III) porphyrins and their related
metal-free ligands. All compounds studied were

synthesized as previously reported in detail
[7,9,10,30]. Particular attention was paid to the
purification of Mn porphyrins bearing longer alkyl
chains. MnTnOct-2-PyP> " was purified using ultra-
filter 500-cut-off to eliminate excess of free Mn [30].

Effect of Mn porphyrins as compared to metal-free
ligands. Based on previous studies, including our
neuronal cell culture model work [25,27,29], 5 and
25 pM Mn porphyrins and their respective metal-free
ligands were tested on the toxicity for 2.5h as
measured by LDH release in the absence of OGD.
We aimed to compare the possible inherent toxicity of
the metal-free compounds in our model in case some
Mn is released from metal complexes during redox
cycling. From our previous investigation in mixed
neuronal-glial cell cultures, 100 um of MnTDE-2-
ImP>" was toxic and 10 pm was most beneficial
[18,25].

Oxygen and glucose deprivatrion. The original glucose
containing media was removed from all treatment
groups and replaced with a glucose-free BSS (7.65 g
NaCl, 0.724 g Na3zPO, and 0.21 g K;POy, pH 7.4).
All media changes were followed by a wash with BSS.
No serum was included in the glucose-free BSS. In
the OGD phase, the media was washed with BSS and
changed to hypoxic, glucose-free BSS. The glucose
free/hypoxic BSS was prepared by passing the BSS
through a microbubbler apparatus containing the
hypoxic (94% N,/6% CO, pH 7.37+0.4) gas
mixture. The 94% N,/6% CO, gas mixture was
used to maintain the previous incubating conditions
without oxygen and with minimal change in pH. The
hypoxic, glucose-free BSS was then applied in a thin
layer (enough to cover the cells) to the cell culture
dishes. Dishes exposed to hypoxia were then placed in
a small, 3-litre, airtight experimental hypoxia cham-
ber (Billups-Rothenberg; San Diego, CA) with inflow
and outflow connectors. The experiments were con-
ducted in a constant 37°C environment by placing
the chambers in a water-jacketed incubator. The
gaseous environment was controlled by the deli-
very of all gas via a heater humidifier (Fisher-Paykel;
Laguna Hills, CA) servo-controlled to 37°C via the
inflow adapter of the chamber. Delivered and
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end-tidal concentrations of oxygen were monitored
using a gas analyser (Datex Instruments Corporation,
Tewksbury, MA) and maintained at <0.2% [27].

As performed previously [18], cultures were ex-
posed to conditions of oxygen and glucose depriva-
tion for 2 h. The 3, 10, 30 and 100 um concentrations
for all three compounds were used for the first
experiment in mixed neuronal cultures. Two experi-
mental conditions were examined: (1) pre-treatment
(30 min) prior to OGD and (2) pre-treatment
(30 min) and continued treatment (2 h). All com-
pounds were diluted in glucose-free BSS to provide
the desired concentrations and immediately used for
experimentation.

The exposure was terminated by removing the
BSS, adding the original media for 24 h and then
analysing for cell death as described below. Control
cells were incubated in BSS in a normoxic incubator
for the same time period as the experimental group.

Lactate dehydrogenase (LDH) release. Cellular injury
was assessed 24 h after OGD by measuring the
amount of LDH released by damaged cells into
overlying medium. In brief, a 200-pl sample of
culture medium was added to a polystyrene cuvette
containing 10 mm lactate and 5 pumol of NAD™
(B-nicotinamide adenine dinucleotide; Sigma, St.
Louis, MO) in 2.75 ml of 50 mm glycine buffer pH
9.2 at 24°C. LDH activity was determined from the
initial rate of reduction of NAD T as calculated using
a linear least square curve fit of the temporal changes
in fluorescence signal from the cuvette (340 nm
excitation, 450 nm emission) and expressed in units
of enzymatic activity (nmol of lactate converted to
pyruvate per min). Analysis was performed on a
fluorescence spectrophotometer (Perkin Elmer
Model LS50B; Bodenseewerk GmbH, Uberlinger,
Germany) [25].

Propidium iodide assay. The possible overlap of the
absorbance of Mn porphyrin and LDH could have
compromised our results. Thus, we used non-
spectrophotometric analysis, propidium iodide fluo-
rescence imaging as a measure of cell death.
Propidium iodide is a highly fluorescent dye that
penetrates damaged plasma membranes and binds to
DNA [25]. Cells were exposed to a final concentra-
tion of 40 pg/ml of propidium iodide dissolved in BSS
for 10 min. All staining procedures were done at
room temperature. The cultures were then viewed
under an inverted fluorescent microscope at 20 X
magnification with the observer blinded to treatment
condition. Three fields were chosen in each separate
well (10 wells for each experimental condition) for
cell count determination per experiment. Dead cells
were defined as those visibly stained by propidium
iodide, which signals membrane disruption [25].

Experiment 2: Comparison of submicromolar MnTnOct-
2-PyP°™" in an organotypic hippocampal slice model

Organorypic hippocampal slice (OHS) preparation. All
studies were approved by the University of Colorado
Health Sciences Center (Aurora, CO) Institutional
Animal Care and Use Committee. OHS cultures
were prepared according to the methods described by
Stoppini et al. [28,29] with some modification. PND
9-11 Sprague Dawley rat pups (Zivic Laboratories,
Pittsburgh, PA) were anaesthetized using an intraper-
itoneal injection of ketamine (10 mg/kg) and diaze-
pam (0.2 mg/kg). The pups were decapitated and the
hippocampi were removed and placed in 4°C Gey’s
Balanced Solution (Sigma-Aldrich, St. Louis, MO)
with 100 pm adenosine. Using a MX-TS brain slicer
(Siskiyou Design Instruments, Grants Pass, OR), the
hippocampi were cut transversely (400 pum thickness)
and transferred to 30-mm diameter membrane in-
serts (Millicell-CM, Millipore, Bedford, MA). Ap-
proximately 35 slices were placed within each well of
a 6-well culture tray with media for 7 days before
study. The culture media consisted of 50% Minimal
Essential Media (Invitrogen, Carlsbad, CA), 25%
Earle’s Balanced Salt Solution (Invitrogen, Carlsbad,
CA) and 25% Hyclone Heat Inactivated Horse
Serum (Perbio, Cell Culture Division, South Logan,
UT) with 6.5 mg/ml glucose and 5 mmMm KCI. The
media was exchanged after the 2nd day in culture and
3—4 days later. OHS were cultivated in a humidified
atmosphere at 37°C and 5% CO,. No antibiotics or
antimitotics were used.

Dose response. A dose response curve was determined
using 0.01, 0.03, 0.1, 0.3, 1, 3 and 10 pum of
MnTnOct-2-PyP’ *. MnTnOct-2-PyP’ * was diluted
in glucose-free BSS to provide the desired concentra-
tions and immediately used for experimentation.

Oxygen glucose deprivation. OHS with inserts were
removed from the culture wells containing media and
rinsed in BSS. One millilitre of hypoxic, glucose-free
BSS was then placed in each well of the OHS culture
dishes and the OHS with inserts were returned to
their respective wells. Dishes exposed to hypoxia were
then placed in a small, 3-1, airtight experimental
hypoxia chamber (Billups-Rothenberg; San Diego,
CA) with inflow and outflow connectors for 45 min.

Propidium iodide assay. Twenty-four hours after ex-
posure to OGD and before imaging, the OHS media
was replaced with media containing 2.3 pum of
propidium iodide (Molecular Probes, OR) for 1 h.
The OHS were then viewed under an inverted
fluorescent microscope at 20 x magnification, using
an Leica inverted microscope (2.5 x) (Wetzlar,
Germany) and fluorescent digital images were taken
using a CoolSnap digital camera (Image Processing
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Solutions, North Reading, MA), excitation wave-
length 520 nm and emission 640 nm.

Both light and fluorescent microscopic images were
made simultaneously for each slice and stored for
later analysis. Three hippocampal regions were ana-
lysed: CA1l, CA3 and dentate gyrus. Manual outlines
of CAl, CA2, CA3 and dentate gyrus, on the images
obtained by light microscopy, were superimposed on
the fluorescent images using MCID software (Ima-
ging Research, Inc. St. Catherines, Ontario, Canada).
The mean optical density (fluorescence intensity) was
then measured for each hippocampal region. Slices
with intense fluorescence in hippocampal CA2 were
excluded from analysis. These represented non-viable
slices, which constituted ~ 5-10% of the OHS popu-
lation. Analysis of the images was performed by an
investigator blinded to group assignment and after
completion of each experiment for consistency in
measurement.

Sytox staining. Sytox (Molecular Probes, Eugene,
OR) is a high affinity nucleic acid stain specific for
cells with compromised plasma membranes and does
not penetrate live cells [29,31,32]. Twenty-four
hours after exposure to OGD and/or Mn-porphyrin,
the media was exchanged with media containing 5 pm
Sytox and was left unchanged for the remainder
of the experiment. Three slices were imaged using
a Leica inverted microscope (2.5x) (Wetzlar,
Germany) and fluorescent digital images were taken
using a CoolSnap digital camera (Image Processing
Solutions, North Reading, MA), excitation wave-
length 490 nm and emission 590 nm. The parameters
for imaging were standardized for all slices. These
images were compared to the bright field image of
each individual slice. Hippocampal regions CAl,
CA3 and dentate gyrus were outlined on the bright-
field image. These outlines were transposed to the
corresponding fluorescent image of the individual
slice and the mean optical density (fluorescent
intensity) was measured.

Statistical analysis. Data were compared by one-way
analysis of variance. When indicated by a significant
F-ratio and power, post-hoc testing was performed
by use of Scheffe’s test. Values are reported as
mean+ SD. A p-value < 0.05 was considered sig-
nificant. Statistical analysis was performed using
StatView 5.0 (SAS; Cary, NC).

Results

Experiment 1: Comparison of Mn (III) porphyrins to
metal-free porphyrins in mixed neuronal-glial cell cultures

Dose response and LDH analysis. Concentrations of
5 umand 25 pm of MnTDE-2-ImP° * and MnTnOct-
2-PyP°> " were analysed in mixed neuronal/glial cell

Effect of lipophilicity of Mn (III) ortho 333

Table II. Dose response for 5 pm and 25 pm MnTDE-2-ImP°*
and MnTnOct-2-PyP®> © and their parent, metal-free porphyrins
H,TDE-2-ImP** and H,TnOct-2-PyP** as measured by lactate
dehydrogenase assay (LDH). Mixed neuronal/glial cell cultures
were exposed to 5 pm and 25 um of porphyrins for 2.5 h and LDH
was determined 24 h later.

LDH (nmol of lactate converted

Condition to pyruvate per min), M+SD
Control 1.27+0.132
25 pm H,TDE-2-ImP** 1.968+0.164
5 um H,TDE-2-ImP** 1.936+0.104

25 um MnTDE-2-ImP’ "
5 um MnTDE-2-ImP’*

2.784+0.472*%
2.912+40.541*

25 um MnTnOct-2-PyP>* 2.696+0.138
5 uM MnTnOct-2-PyP° + 3.11840.260
25 um H,TnOct-2-PyP* 2.51240.359
5 um H,TnOct-2-PyP* 2.64+0.248

*p <0.05 as compared to non-Mn containing parent compound.

cultures in the absence of OGD. The analysis demon-
strated an elevation in cell death as compared to
control cultures for all conditions (Table II). Further-
more, Mn complexes demonstrated more cell death
than metal-free porphyrin compounds without Mn.
Mn complexes might have stronger micellar character
and are thus more toxic than the more hydrophobic [9]
metal-free porphyrins. In both cases the toxicity of 5
uM and 25 pM concentrations was similar with all
porphyrins and their metal-free ligands.

Two arms of the first experiment were used to
determine neuronal/glial cell death using LDH ana-
lysis. These experiments are the following: (1) 30 min
pre-treatment with the Mn porphyrins prior to OGD
(Figure 2A) and (2) 30 min pre-treatment with
continuation of the treatment during the 2h of
oxygen and glucose deprivation (Figure 2B). In
both experiments, the conditions provided by 2 h of
oxygen and glucose deprivation were stati-
stically different than control and 10 pm MKS801
(p < 0.001; P=1.0). Six wells were used for all
conditions in both experiments.

Despite the toxicity of Mn porphyrins at 5 and
25 uMm levels in the absence of OGD, the protection
against OGD was observed in both arms of experi-
ment 1 (Figure 2A and B). The toxicity is presumably
outbalanced by the protectiveness, with concentra-
tions as high as 100 um Mn porphyrins. In the first
arm of experiment 1, all compounds at all concentra-
tions statistically decreased oxygen and glucose de-
privation-induced LDH release (p<0.001), except
for 3 um MnTDE-2-ImP> " and 10 and 30 pm of the
MnTnOct-2-PyP° . The best protection was exerted
with 100 um MnTE-2-PyP° *.

In the second arm of experiment 1, when com-
pared to control conditions, 30 pM MnTE-2-PyP>*
(p=0.296) exerted best protection; it demonstrated
similar LDH release as control. When compared to
cells stressed by oxygen and glucose deprivation,
statistical significance was achieved with 3, 10 and
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30 puM MnTnOct-2-PyP>*, MnTE-2-PyP’>* and
MnTDE-2-ImP° " (Figure 2B).

Propidium iodide staining. As demonstrated by our
previous investigation, 10 pm MnTDE-2-ImP° ™ was
most efficacious in reducing neuronal cell death as
compared to OGD (p<0.001; P=1.0). The reduc-
tion in cell death was similar to that provided by
control conditions (Figure 3).

Experiment 2: Comparison of submicromolar
concentrations of MnTnOct-2-PyP°> ™ in an organotypic
hippocampal slice model

Six cell culture wells, ~18-24 slices, were used
for each experimental condition (Figure 4). When
compared to control, the number of dead neurons in
the OGD group was statistically different (p < 0.001;
P=1.0). Compared to OGD alone, all concentra-

tions of MnTnOct-2-PyP> " afforded significant
protection against neuronal death (p<0.001). All
concentrations provided levels of neuronal death
similar to control except for 10 um due to the
prevailing toxic effects; 10 pm was statistically differ-
ent (p<0.001) than all other concentrations. At
concentrations >0.01 pm full protection was ob-
served. MnTE-2-PyP°"™ and MnTDE-2-ImP’*,
though, exert best efficacy in OGD model in the
range of 10-100 pm concentrations (Figures 2 and 3).
In comparison, the efficacy of MnTnOct-2-PyP> "
appeared to be up to 3000-fold higher (Figure 4).

Sytox. Similar to propidium iodide staining, ~ 18-24
slices were used for each experimental condition. All
concentrations of MnTnOct-2-PyP> were able to
significantly reduce neuronal death (p<0.001;
10 pm (0.032); P=1.0). OGD-induced neuronal death
was different than control (p < 0.001) (Figure 5). The
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Figure 2. LDH (nmol of lactate converted to pyruvate per min) dose response curve: 30 min pre-treatment (A) prior to exposure to oxygen
and glucose deprivation (OGD) and (B) with continued exposure during 2 h of oxygen and glucose deprivation (OGD). A dose response
curve was determined at 24 h after (A) oxygen and glucose deprivation and (B) exposure to OGD, using previously in vivo/in vitro dosing (3,
10, 30 and 100 pm) of MnTE-2-PyP®> " and MnTDE-2-ImP>*. The same doses were used for the MnTnOct-2-PyP> ¥ compound. These
conditions were compared to (A) control and OGD and (B) control, OGD and 10 um MKS801. *Statistical difference (p <0.005) from

OGD; t statistically equal (p >0.999) to control.
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Figure 3.

Figure 4.

Cell death/propidium iodide assay in mixed neuronal/glial cell cultures: 30 min pre-treatment prior to exposure to oxygen and
glucose deprivation with continued exposure during 2 h of oxygen and glucose deprivation. The number of dead cells was counted in three
fields in each well and expressed as number of dead cells +SD. Ten wells were examined for each experimental condition. *Statistical
difference (p <0.005) from oxygen and glucose deprivation (OGD); fstatistically equal (p >0.999) to control.
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Cell death/propidium iodide staining of organotypic hippocampal slices (OHS): 30 min pre-treatment prior to exposure to

oxygen and glucose deprivation with continued exposure during 45 min of oxygen and glucose deprivation—effects of submicromolar
concentrations of MnTnOct-Z—PyP5+; 18-24 slices were examined for each condition. Relative fluorescence units +SD are reported for
each condition (p <0.05). Areas CAl (A) and CA3 (B) were evaluated. Regardless of region examined the data represents a statistical
reduction in cell death with all concentrations of MnTnOct-2-PyP>" as compared to OGD. All concentrations, except for 10 pm
MnTnOct-2-PyP>, reduced neuronal cell death similar to control. There was no statistical significance amongst the six other
concentrations; except for 10 pm MnTnOct-2PyP? . *Statistical difference (p <0.005) from oxygen and glucose deprivation (OGD);
T statistically equal (p >0.999) to control.
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Figure 5. Cell death/Sytox staining of organotypic hippocampal slices (OHS): 30 min pre-treatment prior to exposure to oxygen and
glucose deprivation with continued exposure during 45 min of oxygen and glucose deprivation—effects of submicromolar concentrations of
MnTnOct-Z-PyP5+; 1824 slices were examined for each condition. Relative fluorescence units +SD are reported for each condition
(p <0.05). Areas CAl (A) and CA3 (B) were evaluated. Regardless of region examined the data represents a statistical reduction in cell
death with all concentrations of MnTnOct-2-PyP’* as compared to OGD. All concentrations, except for 3 um and 10 pm MnTnOct-2-
PyP>*, reduced neuronal cell death similar to control. There was no statistical difference among the concentrations studied except for 3 pm
and 10 pm MnTnOct-2-PyP® . *Statistical difference (p <0.005) from oxygen and glucose deprivation (OGD); fstatistically equal

(p>0.999) to control.

full benefit of MnTnOct-2-PyP° " was observed
again at concentrations as low as 0.01 pm.

Discussion

Using our organotypic hippocampal slices model, we
were able to clarify the efficacy of submicromolar
concentrations of MnTnOct-2-PyP> " under oxygen
and glucose deprivation using fluorescent as opposed
to spectrophotometric analysis. Both means of fluor-
escent imaging, propidium iodide and Sytox, pro-
vided similar data (Figures 4 and 5). Concentrations
in the range of 0.01-3 pm of MnTnOct-2-PyP> "
exert remarkable neuronal protection in the presence
of OGD which is up to 1000-fold higher than
afforded by its hydrophilic analogues, MnTE-2-
PyP°" and MnTDE-2-ImP’*.

Superoxide dismutases are first lines of defense,
maintaining steady state levels of superoxide, and

thus of all other reactive species formed downstream
including peroxynitrite. MnSOD (SOD2) is one of
the four major superoxide dismutases and is distrib-
uted in the mitochondrial matrix [33,34] and abun-
dant in neural tissue. Under pathological conditions,
endogenous SOD may not be able to offer sufficient
protection. Thus, exogenous antioxidants may be
beneficial. Several different classes have been studied,
metalloporhyrins being among the most effective ones
[7-24,34-36] . Our most potent compounds showed
efficacy in nearly any model of oxidative stress tested,
including central nervous system injuries [13-24].
MnTE-2-PyP’ " and MnTDE-2-ImP>* (Figure 1)
have demonstrated neuroprotection in a stroke model
which is associated with a decrease in aconitase
inactivation, 8-hydroxyguanine formation and cyto-
kine expression [18,21].

Herein, for the first time we tested the octyl
analogue, MnTnOct-2-PyP>" (Figure 1) on the
efficacy and toxicity. It is 1.4-fold more lipophilic
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than hexyl porphyrin, MnTnHex-2-PyP°* and ~ 6-
fold more lipophilic than MnTE-2-PyP>" and
MnTDE-2-ImP>" (as measured by thin layer chro-
matography Ryvalues, Table I); all four of them are of
nearly identical SOD-like and ONOO ~ -reducing
activity (Table I) [7-12]. We have already shown
that lipophilic MnTnHex-2-PyP> " [9] is up to 120-
fold more active in vitro and n vivo [13,22-24] in
bacterial and mammalian models of oxidative stress
(see Introduction). MnTnOct-2-PyP> " was as effec-
tive as hexyl compound in protecting SOD-deficient
E. coli [23]. Both hexyl and octyl porphyrins have
partial micellar character and are thus toxic at higher
doses, as observed here (Figures 4 and 5) and in
E. coli study [23]. Yet the TD5, determined for mice
to be 12.5mg/kg (subcutaneously) is 250-times
higher than its effective dose of 0.05 mg/kg, while
the ratio is 15 with MnTE-2-PyP° ", thus allowing a
wider therapeutic window with MnTnHex-2-PyP>*
(Panni et al. 2008, unpublished). Similar is expected
for octyl compound based on the effects observed in
E. coli model [23].

The efficacy observed herein in protecting mixed
neuronal/glial cells from oxygen and glucose depriva-
tion with higher concentrations of MnTnOct-2-
PyP° " is comparable to or less than that of other
two Mn porphyrins with fewer carbon atoms in the
alkyl chains (Figures 2 and 3). The effects observed at
concentration >3 uM were less than expected, as
judged by propidium iodide (Figure 3) and LDH
assay (Figure 2A and B) (where pre-treatment and
treatment during deprivation was performed), and
are hkely resulting from the interplay of efficacy and
toxiciry. The remarkably protective effect of
MnTnOct-2-PyP°" in OHS against OGD at
0.01 um concentration (Figures 4 and 5) suggests
MnTnOct-2-PyP> " might be a perspective antiox-
idant for therapeutic purposes. While MnTE-2-
PyP°" and MnTnOct-2-PyP’> " are equally potent
antioxidants as measured by k. (O ) and kpeq
(ONOO ") (Table I), the higher efficacy in protecting
cells against OGD is likely due to the increased
bioavailability of octyl compound. Recently we were
able to determine the partition coefficient of Mn
alkylpyridylporphyrins between n-octanol and water,
which is a common measure of drug lipophili-
city. MnTE-2-PyP°" has log P,,= — 6.43, while
MnTnOct-2-PyP> " has log P,, = — 0.77 (Table I)
[37]. The 5.7 orders of magnitude increase in
lipophilicty going from ethyl to octyl porphyrin
parallels >3 orders of magnitude increase in effi-
cacy found herein between ethyl and octyl porphy-
rin. The therapeutics that are widely used in clinics
have log P,, values varying from~ —3 to~ +5
[38,39]. Based on such values and on the data al-
ready obtained herein and elsewhere, MnTnOct-2-
PyP°" (log Pow= —0.77) and MnTnHex-2-PyP> "
(log P,, = — 2.29) may be more promising drugs for

Effect of ipophilicity of Mn (III) ortho 337

clinical development than is MnTE-2-PyP° ", parti-
cularly for central nervous system disorders.

In all four assays, MnTE-2-PyP®> © and MnTDE-2-
ImP>" were of comparable efficacy at concen-
trations >3 uMm. Judged by LDH assay the former
was a better performer, while based upon the propi-
dium iodide assay the latter was performing better. All
compounds show signs of toxicity at higher doses,
which is consistent with toxicity found in the absence
of OGD (Table II). Our findings are consistent with
those obtained previously by Sheng et al. [18] on the
effect of MnTDE-2-ImP’>" in mixed neuronal/glial
cell cultures exposed to 2 h of oxygen and glucose
deprivation. Given the very sensitive nature of neu-
rons, the toxic effects, if any, are significantly lower
than we expected. That is a motivating obser-
vation with respect to the future studies on
the evaluation of the utility of MnTnOct-2-PyP> "
as a neuroprotective agent.

In conclusion, submicromolar concentrations of
MnTnOct-2-PyP> " in an in vitro rodent model of
OGD are neuroprotective. The benefit of MnTnOct-
2-PyP° " in in vivo animal models needs to be further
evaluated. The efficacy in therapeutic models of
human injury remains to be defined.
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