
Mn PORPHYRIN-BASED SOD MIMIC, MnTE-2-PyP5+, TARGETS
MOUSE HEART MITOCHONDRIA

Ivan Spasojevic1,*, Yumin Chen2, Teresa J. Noel2, Yiqun Yu1, Marsha P. Cole2, Lichun
Zhang1, Yunfeng Zhao2, Daret K. St Clair2, and Ines Batinic-Haberle3,*
1 Department of Medicine, Duke University Medical Center, Durham, NC 27710

3 Department of Radiation Oncology, Duke University Medical Center, Durham, NC 27710

2 Graduate Center for Toxicology, University of Kentucky, Lexington, KY, 40536

Abstract
The Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin, MnIIITE-2-PyP5+ (AEOL-10113) has
proven effective in treating oxidative stress-induced conditions including cancer, radiation damage,
diabetes, and central nervous system trauma. The ortho cationic pyridyl nitrogens of MnTE-2-
PyP5+ are essential for its high antioxidant potency. The exceptional ability of MnIIITE-2-PyP5+ to
dismute O2

.− parallels its ability to reduce ONOO− and CO3
−. Decreasing levels of all these reactive

species is considered its predominant mode of action, that may also involve redox-regulation of
signaling pathways. Recently, Ferrer-Sueta at al (Free Radic. Biol Med. 2006) showed, with
submitochondrial particles, that ≥ 3 μM MnIIITE-2-PyP5+ was able to protect components of the
mitochondrial electron transport chain from peroxynitrite-mediated damage. Our study complements
their data in showing, for the first time that μM mitochondrial concentrations of MnIIITE-2-PyP5+

are obtainable in vivo. For this study we have developed a new and sensitive method for MnIIITE-2-
PyP5+ determination in tissues. The method is based on the exchange of porphyrin Mn2+ with
Zn2+, followed by the HPLC/fluorescence detection of ZnIITE-2-PyP4+. At 4 and 7 hours after a
single 10 mg/kg intraperitoneal administration of MnIIITE-2-PyP5+, the mice (8 in total) were
anesthesized and perfused with saline. Mitochondria were then isolated by the method of Mela and
Seitz (Methods Enzymol. 1979). We found MnIIITE-2-PyP5+ localized in heart mitochondria to 2.95
ng/mg protein. Given the average value of 0.6 μL/mg protein, the calculated MnIIITE-2-PyP5+

concentration is 5.1 μM, which is sufficient to protect mitochondria from oxidative damage.

This study establishes for the first time, that MnIIITE-2-PyP5+, a highly-charged metalloporphyrin,
is capable of entering mitochondria in vivo at levels sufficient to exert there its antioxidant action;
such a result encourages its development as a prospective therapeutic agent.
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Introduction
Due to the key role of mitochondria in health and diseases, compounds able to enter the
mitochondria were actively sought [1–4]. Murphy’s group has been developing mitochondria-
targeted ubiquinones [1,2]. These compounds have a lipophilic triphenylphosphonium cation
attached to coenzyme Q by the way of an alkyl linker. Kalyanaraman’s group showed that
carboxyproxyl nitroxide linked to triphenylphosphonium ion can inhibit peroxide-induced
oxidative damage and apoptosis [3]. More recently Asayama et al [4] prepared a MnIIITM-4-
PyP5+ derivatized with mitochondrial targetting peptide.

Since it was designed [5], MnTE-2-PyP5+ has been extensively studied in vitro [5–18], and
successfully utilized in animal models of different diseases [19–29]. Its high efficacy arises
from its favorable, biologically compatible metal-centered redox potential (E1/2 = +228 mV
vs NHE). Such a potential, which is similar to the potential of superoxide dismutases, allows
it to perform both steps of the catalysis of O2

− dismutation at nearly identical, high rates [8].
This positive potential is predominantly due to the presence of the positively charged ortho
pyridyl nitrogens that exert a strong electron-withdrawing effect upon the Mn. In addition, the
ortho positive charges (forming a funnel) provide electrostatic facilitation for the reaction of
MnTE-2-PyP5+ with negatively charged reactive species such as O2

−, ONOO− and CO3
−

[11]. We have shown that a monocationic parent Mn(III) porphyrin, MnIIIBr8T-2-PyP+,
possessing identical E1/2 as MnIIITE-2-PyP5+, is more than 100-fold less potent a catalyst of
O2

− dismutation [11]. The ability of MnTE-2-PyP5+ to dismute O2
− parallels its ability to

scavenge ONOO− and CO3
− [10,15]. As a consequence of highly positive E1/2 for MnIIIP/

MnIIP redox couple, MnIIITE-2-PyP5+ is easily reducible by low-molecular weight cellular
reductants such as ascorbic acid, tetrahydrobiopterin and glutathione [5]. Thus scavenging of
reactive species by MnIIITE-2-PyP5+ is likely to be coupled to cellular reductants.

Although essential for its action, the multiply cationic nature of MnTE-2-PyP5+ may decrease
its distribution within the cell and its organelles. Recently, Ferrer-Sueta et al have elegantly
shown with submitochondrial particles that ≥ 3 μM MnIIITE-2-PyP5+ is preferable to other Mn
(III) porphyrins such as MnIIITM-4-PyP5+ and MnIIITBAP3−, due to its easy reducibility by
Complex I and Complex II of the mitochondrial electron transport chain, as well as by
flavoenzymes such as xanthine oxidase and glucose oxidase [14]. The reduced porphyrin,
MnIITE-2-PyP4+ in turn effectively reduces peroxynitrite, superoxide and carbonate radical
[14]. The catalytic cycle of MnIIITE-2-PyP5+ protects not only Complex II but also other
components of the mitochondrial electron transport chain [14]. Our study was intended to
complement the work of Ferrer-Sueta et al [14] by showing that mitochondrial micromolar
levels of MnIIITE-2-PyP5+ are attainable in vivo. Such a finding justifies further optimization
of these compounds as potential therapeutics.

Thus far no sensitive method for the in vivo detection of Mn porphyrins has been reported. The
HPLC/uv/vis method used for the in vivo determination of the anionic porphyrin,
MnIIITBAP3− (also known MnIIITCPP3−) is not sensitive enough [30,31]. We have previously
developed a HPLC/uv/vis method for the separation of atropoisomers of cationic porphyrins,
H2Talkyl-2-PyP4+ and its Zn and Mn complexes, (alkyl being methyl, ethyl butyl and hexyl)
from aqueous solutions [32]. Using 1H NMR and X-ray we were able to identify the individual
atropoisomers (αααα, αααβ, ααββ and αβαβ) separated by HPLC [32]. Yet, uv/vis detection is
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not sensitive enough for the low in vivo levels of porphyrins. For this study we have developed
a very sensitive HPLC/fluorescence method which is based on the exchange of the porphyrin
Mn2+ site with Zn2+, followed by the fluorescence detection of ZnIITE-2-PyP4+.

Experimental - General
Porphyrins

MnIIITE-2-PyP5+ (454 nm, log ε = 5.14) [5], and ZnTE-2-PyP5+ (425.5nm, log ε=5.46) [33]
were prepared as described previously.

ZnIITnBu-2-PyP4+ was used as an internal standard and was prepared as was its ethyl analogue,
ZnTE-2-PyP4+. Elemental analysis for ZnIITnBu-2-PyPCl4 × 12.5 H2O: Calculated: C, 52.65;
H, 6.70; N, 8.77; Cl, 11.10. Found: C, 52.65; C; H, 6.07; N, 8.76; Cl, 11.21. The log values of
molar absorptivities of ZnIITnBu-2-PyP5+, were 4.46 (263.5 nm); 4.52 (327.0 nm), 5.64 (426.0
nm), 4.43 (557.0 nm) and 3.88 (593.5 nm).

Sodium L-ascorbate, mannitol, bovine serum albumin (BSA), sucrose and ethyleneglycol-bis
(-aminoethylether)-N′, N, N′, N′-tetraacetic acid (EGTA) and ZnSO4 × 7 H2O were from Sigma
and Zn(CH3COO)2 × 2 H2O from J. T. Baker. Acetonitrile and trifluoroacetic acid (TFA) were
from Fisher Scientific and triethylamine from Pierce. Methanol (anhydrous, absolute) was from
Mallinckrodt. Glacial acetic acid was from EM Science. Phosphate-buffered saline (50 mM
Na phosphate, 0.9% NaCl, pH 7.4) (PBS) was from Gibco. Anti-MnSOD was from Upstate,
Lake Placid, NY, anti-Lamin A from Santa Cruz, CA, and anti-β-actin from Sigma, St. Louis,
MO.

Uv/vis spectroscopy
Uv/vis was done on a Shimadzu 2501 PC UV/Vis spectrophotometer.

HPLC—Equipment: Waters 2695 HPLC system (pump, autosampler, column oven) and a
Waters, model 2475 fluorescence detector set on Gain 100, λexc =425 nm and λabs = 656 nm
[34–36]. Column: YMC-Pack, ODS-AM, C18 column (3 μm particle size, 120 A pore size,
150 × 4.6 mm) at 45°C. Elution gradient at 1.5 mL/min: 0–15–20 min, 100% A - 80% A -
100% A, followed by 5 min column conditioning. Solvent A: 95% aqueous (deionized water,
20 mM triethylamine, pH 2.7 adjusted with concentrated TFA) and 5% acetonitrile. Solvent
B: acetonitrile. Autosampler temperature: 4°C. Injection volume: 80 μL.

Methods
Transformation of the MnIIITE-2-PyP5+ into its fluorescent form

Mn(III) porphyrins are non-fluorescent [37]. Yet when the Mn3+ is replaced by a redox inactive
metal, such as zinc, the metalloporphyrin becomes fluorescent [33]. This fact was used as a
basis in the development of a highly sensitive method for the detection of minute quantities of
MnTE-2-PyP5+ in the mice heart mitochondria homogenates.

Optimization of the Mn2+ to Zn2+ metal exchange
The MnIIITE-2-PyP5+ is a stable complex, and even in 98% sulfuric acid no observable loss
of Mn occured within 24 hours [16]. However, the reduced Mn(II) porphyrin is a labile
complex, and in the presence of excess zinc a metal exchange occurs leading to the formation
of ZnII TE-2-PyP4+ (Scheme I). The pH most favorable for this exchange was 6.2. Lower pH
causes the protonation of ascorbic acid (pKa = 4.04 [38]), and thus slows the reduction of
Mn3+ to Mn2+. It also causes the demetallation of the Zn porphyrin [39]. Higher pH causes the
precipitation of Zn hydroxo species (pKa=10.6 for the ZnII(H2O)2

2+⇒ZnII(H2O)(OH)+ +
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H+) [40]. Therefore, the fastest exchange and best chromatography were obtained in
acetonitrile-free HPLC solvent A whose acidity was adjusted with diluted trifluoroacetic acid
to pH 6.2. The exchange was significantly faster with Zn acetate than with Zn sulfate. Briefly,
the 6 μM MnIIITE-2-PyP5+ was reduced aerobically by 8.3 mM ascorbate to MnIITE-2-
PyP4+ in acetonitrile-free solvent A, pH 6.2, as followed by the Soret band shift from 454 nm
to 438 nm [41]. Subsequently, 0.16 M Zn acetate was added and the metal exchange was
followed on a Shimadzu 2501 PC UV/Vis spectrophotometer as the disappearance of
MnIITE-2-PyP4+ Soret band at 438 nm, and appearance of 425.5 nm ZnIITE-2-PyP4+ Soret
band [33] (Figure 1). The exchange was completed within either 14 hours at 25°C or 1 hr at
50°C.

MnIIITE-2-PyP5+- treatment/heart mitochondria isolation
The University of Kentucky Medical Center Research Animal Facility has a continuously
accredited program from AAALAC International. All experiments using animals were
performed according to the approved protocol for humane care and use of animals. Eleven
C57BL/6 mice were used for the study. Three animals were injected with saline only. Eight
mice were injected intraperitoneally with 10 mg/kg of MnTE-2-PyP5+ in saline. This dose was
chosen based on a number of in vivo experiments where this and similar doses were used
[21,22,25,26]. The mice weighted from 20 to 25 g; thus the volumes of porphyrin solution or
saline injected ranged accordingly from 200 to 250 μL. Two animals were euthanatized with
high-dose pentobarbital at 4 hours, and another nine animals at 7 hours after the injection of
either porphyrin or saline. Before harvesting tissue, the animals were perfused with saline to
avoid artifacts related to the retention of blood in the heart.

Heart mitochondria was isolated as described previously by Mela and Seitz [42,43]. Briefly,
the hearts were collected, rinsed in ice-cold isolation buffer (0.225 M manitol, 0.075 M sucrose,
1 mM EGTA, pH 7.4), and cut into small pieces. The heart tissue was washed three times with
the isolation buffer to remove any residual blood, and was homogenized at 500 rpm with a
chilled Teflon pestle in a glass cylinder with ten strokes. The homogenate was centrifuged at
480×g at 4°C for 5 min in a Sorval SS 34 rotor. The resulting supernatant was filtered through
a double-layered cheesecloth, and was centrifuged at 7700×g at 4°C for 10 min. Supernatant
was saved to check for leakage from mitochondria using MnSOD, a mitochondrial matrix
enzyme, as an indicator by Western blotting. The pellet was rinsed with 0.5 mL of the isolation
buffer with gentle shaking to remove the “fluffy layer” (damaged mitochondria) on top of the
pellet. The wall of the centrifuge tube was cleaned with cotton swabs to remove lipids. The
pellet was washed by gentle re-suspension in 3 mL isolation buffer using the smooth surface
of a glass rod, and centrifuged at 7700×g at 4°C for 10 min. The supernatant was saved to again
check for leakage from the mitochondria. The washing was repeated once more. The resulting
mitochondria were collected for further analysis. The purity of mitochondria was examined
using Lamin A (a nuclear protein) and β-actin (a cytoskeletal protein) as indicators by Western
blotting and is shown in Figure 2. The protein levels were determined by colorimetric assay
(Bio-Rad, Richmond, CA).

MnIIITE-2-PyP5+ extraction/analysis
Heart mitochondrial homogenate (100 μL) was transferred into a 2 mL polypropylene screw-
cap vial. Then, 200 μL of deionized water and 300 μL of 1% acetic acid in methanol were
added and mixed by vortexing for 30 sec. After incubation for 30 min and again vortexing for
30 s, the homogenate was centrifuged 5 min at 16,000 g to separate proteins. The 400 μL of
the supernatant was pipetted into a 5 mL polypropylene tube (10 × 50 mm). Solvent was
completely removed in a Savant Speed-Vac evaporator at 40°C within 1 h. The dry residue
was dissolved in a 100 μL of deionized water containing 20 mM triethylamine, the acidity of
which was adjusted with diluted TFA to pH 6.2, followed by two cycles of 30 sec vortexing
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and centrifugation for 2 min at 2000 g. 80 μL of the supernatant was transferred into a 2 mL
polypropylene screw-cap tube, and 30 μL of 1.0 M Zn acetate in water and 10 μL of freshly
prepared 0.11 M sodium ascorbate in water were added. The solution was left either overnight
at 25°C or for one hour at 50°C. Then 20 μL of 2.7 M TFA and 20 μL of 100 nM ZnIITnBu-2-
PyP4+ were added, followed by vortexing for 30 sec and centrifugation for 5 min at 16,000 g.
The supernatant (110 μL) was transferred to an HPLC autosampler polypropylene vial
equipped with a silicone/PTFE septum.

All four atropoisomers of ZnIITE-2-PyP5+ were present in the chromatogram at the abundance
ratio reported previously [32] (Figure 3). ZnIITnBu-2-PyP4+ was used as an internal standard,
and its atropisomers were also present in the chromatogram at the expected abundance ratio
(Figure 3) [32]. The assignment of the individual atropoisomers, αααα, αααβ, ααββ and
αβαβ, of both Zn porphyrins was done based on our previous HPLC/1H NMR/X-ray study
[32].

Calibration curve
A set of serially diluted standard samples of MnIIITE-2-PyP5+ from 1.25 ng/mL to100 ng/mL
in either mitochondrial homogenate that had 3 mg protein/mL (Figure 4), or in 3 mg BSA/mL
PBS (Figure 4, inset) was used to construct the calibration curve. With BSA/PBS the internal
standard, ZnTnBu-2-PyP4+ was added at 375 nM concentration, while with mitochondrial
homogenate 10-fold less ZnTnBu-2-PyP4+ (37.5 nM) was used, giving rise to a 10-fold
difference in response. Response was calculated as the ratio between standard peak area/
internal standard peak area.

We compared curves obtained when using either αααβ isomer (most abundant) peak area or
total area under peaks of all 4 isomers and obtained identical slopes. However, by using only
αααβ peak our lowest limit of quantification (LLD) is better because quantification of the least
abundant αβαβ isomer at those concentration values is not possible (LLD would be limited by
the area of the least abundant isomer). In our experience [32] we do not see changes in atropo-
isomer abundance distribution after administration/extraction of the compound to/from
animals.

Recovery of MnTE-2-PyP5+ (the overall efficacy of extraction from mitochondria plus Mn to
Zn exchange) was 98 %, and was determined in the following way. A known amount of
MnTE-2-PyP5+ was added to mitochondrial homogenate (3mg/mL protein), and the procedure
of extraction/metal exchange was followed. The response from this experiment was compared
to the response of the sample where corresponding amount of ZnTE-2-PyP4+ (equal to 100%
yield of MnTE-2-PyP5+) was diluted into mobile phase.

Results and Discussion
Mitochondria are thought to be the major source of intracellular reactive species under normal
and several pathological conditions. Thus injury to mitochondria contributes to a number of
human pathologies. Not surprisingly, therapeutics targeting mitochondria have been
intensively sought.

MnIIITE-2-PyP5+ and its mode of action/s
Based on structure-activity relationships between the catalytic rate constant for O2

−

dismutation and the E1/2 for the MIIIP/MIIP redox couple [5], we have developed several potent
catalytic Mn porphyrin-based antioxidants, MnIIITE-2-PyP5+ being the best characterized. We
have shown that MnIIITE-2-PyP5+ is remarkably effective both in vitro [5–18] and in vivo
[19–29] as a consequence of its several readily accessible oxidation states (+2, +3, +4 and +5)
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[5,15,17]. It catalytically dismutes superoxide with log kcat of 7.76 [5], whereas the log kcat
for SOD enzyme is between 9.3 and 8.84 [44–49]. Due to the ready reducibility of MnIIITE-2-
PyP5+, the elimination of superoxide is likely coupled to the reduction of MnIIITE-2-PyP5+

with cellular reductants [15,17]. Radi’s group studied the peroxynitrite-related chemistry of
MnIIITE-2-PyP5+ showing that it is among the fastest reductants for peroxynitrite and for
carbonate radical [10,14,15]. The elimination of peroxynitrite is coupled to the reduction of
both MnIIITE-2-PyP5+ and O=MnIVTE-2-PyP4+ by cellular reductants [15]. Given the rapid
reaction between nitric oxide and superoxide (k = 2 × 1010 M−1s−1) [50], it is highly likely that
elimination of peroxynitrite may be the predominant mode of action of MnIIITE-2-PyP5+

[14,15,51].

Since the observation that μM MnIIITE-2-PyP5+ fully protects SOD-deficient Escherichia
coli against aerobic inhibition of growth [5,19], the compound has been successfully used in
in vivo studies where oxidative stress is a putative factor [20–28). The most remarkable data
were obtained on cancer [20,21], radioprotection [25], and diabetes [22,26,52,53]. Recent data
suggest that MnIIITE-2-PyP5+ affects signaling pathways through inactivation of transcription
factors such as AP-1 [20], HIF-1 [21], and NF-κB [29,52,53]. Two different mechanisms seem
to be involved. The first relates to the ability of MnIIITE-2-PyP5+ to redox-modulate signaling
pathways through decreasing levels or reactive oxygen and nitrogen species involved in the
activation of transcription factors [20,21]. The second mechanism relates to the inhibition of
NF-κB, by oxidation of exposed cysteine thiol groups on its p50 subunit upon translocation
into the nucleus [52,53]. Based on the results of Ferrer-Sueta et al O=MnIVTE-2-PyP4+, formed
from the oxidation of MnIIITE-2-PyP5+ by peroxynitrite (or less efficiently by H2O2), can in
turn rapidly oxidize glutathione [15,17] and thus presumably protein cysteines as well. It is
likely that both mechanisms may occur in parallel.

Recently, Ferrer-Sueta et al have shown, with submitochondrial particles, that ≥ 3 μM
MnIIITE-2-PyP5+ protects peroxynitrite, superoxide, or carbonate radical-sensitive targets in
mitochondria, while utilizing complexes I and II of mitochondrial electron transport with
NADH or succinate as substrates [14]. This study is intended to complement their research by
showing that despite significant hydrophilicity as a result of its high positive charge, which is
essential for its antioxidant potency, MnIIITE-2-PyP5+ is indeed able to get into the mouse
heart mitochondria, following a single intraperitoneal administration, and at levels high enough
to protect mitochondrial respiration from oxidative damage.

In vivo detection of MnIIITE-2-PyP5+

Despite the efficacy of MnTE-2-PyP5+ in a number of animal studies, a sensitive method for
its in vivo determination has been lacking. Studies, indicating the inhibition of transcription
factors [20,21,29,52], the mimicking of MnSOD [20], and the oxidation of p50 subunit of NF-
κB [52], imply that MnIIITE-2-PyP5+ distributes within the cell interior, and presumably into
organelles as well. For the purpose of this work we have developed a new and sensitive method
based on the reduction of MnIIITE-2-PyP5+ by ascorbate, followed by the exchange of Mn2+

with Zn2+, followed by HPLC/fluorescence detection of ZnIITE-2-PyP4+ (Scheme I, Figure
1). Given the high fluorescence of ZnIITE-2-PyP4+, we were able to detect porphyrin levels as
low as 0.5 ng/mg of protein. Calibration curves obtained by either diluting MnTE-2-PyP5+ into
mitochondrial homogenate (Figure 4), or into BSA/PBS (Figure 4, inset) were linear in the
range from 1.25 (+/− 3%) to 100 (+/− 1%) ng/mL of homogenate. There was a 10-fold
difference in otherwise essentially identical slopes due to the 10-fold difference in the amount
of internal standard used (0.00186 with BSA/PBS and 0.0191 with mitochondrial homogenate)
(Figure 4). Thus BSA/PBS can be used instead of mitochondrial homogenate as a valid and
more convenient alternative calibration medium for Mn porphyrin determination.
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The ortho isomers of MnIIITE-2-PyP5+, ZnIITE-2-PyP4+ and their parent metal-free ligand,
H2TE-2-PyP4+ have atropoisomers, which we have previously characterized by HPLC/uv/vis/
NMR and X-ray methods [32]. We observed that the abundance ratio of four isomers of
ZnIITE-2-PyP4+ and their retention times on HPLC were the same in processed heart
homogenates or in aqueous solution [32], indicating the absence of strong interactions of any
of the four atropoisomers with cellular components (Figure 3 and ref 32). Our data also imply
that the Mn porphyrin does not undergo oxidative degradation or any other modification in
vivo. The method is suitable for the analysis of a variety of biological samples [54]. It may
further be useful for the studies of other cationic Mn(III) porphyrins that we have been
developing [8]. We are currently suing the method for the ongoing pharmacokinetic study of
MnTE-2-PyP5+ in mice.

MnIIITE-2-PyP5+ levels in mitochondria
Our data show that MnIIITE-2-PyP5+ localizes in mouse heart mitochondria after a single 10
mg/kg intraperitoneal dose. The (2.95 ± 0.56) ng/mg protein of MnIIITE-2-PyP5+ were found
(Table 1). The same levels were obtained at 4 or 7 hours after the administration. The
mitochondrial volume reported elsewhere varied greatly from essentially being non-existent
[55,56] to as much as 1.2 μL/mg protein [55–62]. (The upper limit of 1.2 μL/mg protein was
previously utilized by Radi et al [63] and Quijano et al [64] to calculate concentrations of
mitochondrial MnSOD and cytochrome c to be 20 μM and 400 μM, respectively). Based on
an average value of mitochondrial volume of 0.6 μL/mg protein, the calculated MnIIITE-2-
PyP5+ concentration in mitochondria is 5.1 μM. Ferrer-Sueta et al have shown that MnTE-2-
PyP5+ was able to divert peroxynitrite from inactivation of succinate dehydrogenase and
succinate oxidase equally efficiently at 3 μM (81%), 5 μM (85%) or 10 μM (83%), but not at
1 μM (28%) [14]. Thus based on their data and our findings, the 5.1 μM concentration of
MnTE-2-PyP5+, achieved in mitochondria after single administration is high enough to protect
mitochondrial respiration against peroxynitrite-mediated oxidative damage [5,10,14,15].
Additionally, at such levels MnTE-2-PyP5+ can compete for ONOO− with CO2, and can
additionally intercept a substantial amount of CO3

.−.

This work answers affirmatively an important question as to whether MnIIITE-2-PyP5+ and
similar, highly-charged metalloporphyrins are capable of entering mitochondrion at levels high
enough to exert there their presumed antioxidant action. Moreover it indicates that having been
taken into mitochondria in vivo the Mn porphyrin resists washing out during isolation of the
mitochondria.

Conclusions
The new and sensitive method developed herein enables us to show that, despite its
hydrophilicity, i.e. overall high positive charge, which is essential for its in vivo antioxidant
efficacy, MnIIITE-2-PyP5+ targets mitochondria after only single dose of 10 mg/kg, achieving
micromolar levels that are sufficient to exert protection of the mitochondrial respiration from
oxidative damage. Therefore, along with the report of Ferrer-Sueta et al [14] this study justifies
further improvement of Mn(III) porphyrins as therapeutics for protecting mitochondria from
oxidative damage.
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Abbreviations
SOD  

superoxide dismutase

NHE  
normal hydrogen electrode

MnP  
any Mn(III) porphyrin

para isomer  
MnIIITM-4-PyP5+, Mn(III) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin

ortho isomer 
MnIIITE-2-PyP5+, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
(AEOL-10113)

MnIIITBAP3−(also known as MnTCPP3−) 
Mn(III) meso-tetrakis(4-carboxylatophenyl)porphyrin

ZnIITE-2-PyP4+ 
Zn meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin

ZnIITnBu-2-PyP4+ 
Zn meso-tetrakis(N-n-butylpyridinium-2-yl)porphyrin

H2Talkyl-2-PyP4+meso-tetrakis(N-alkylpyridinium-2-yl)porphyrin 
alkyl being methyl (M), ethyl (E), n-butyl (nBu) and n-hexyl (nHex)

meso  
is indicating substitution in 5,10,15,20 positions on porphyrin core

HIF-1  
hypoxia inducible factor-1,

NF-κB  
nuclear factor -κB

AP-1  
activator protein-1

BSA  
bovine serum albumine

TFA  
trifluoroacetic acid

PBS  
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phosphate-buffered saline
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Figure 1.
The spectral change associated with MnIIIP reduction, followed by Zn2+ for Mn2+ exchange
at 6 μM total porphyrin concentration, 8.3 mM ascorbic acid, and 0.16 M Zn acetate in
acetonitrile-free HPLC solvent A, pH 6.2, 25°C.
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Figure 2.
Integrity and purity of isolated mitochondria. Mitochondria were purified by centrifuging heart
homogenate on a mannitol-sucrose gradient twice. Western blot probing for Lamin A (a nuclear
protein) and β-actin (a cytoskeletal protein) indicated minimum contamination from non-
mitochondrial fractions, and Western blot probing against MnSOD indicated there was no
leaking of the purified mitochondria. Lane 1. Supernatant from centrifugation of whole heart
homogenate; Lane 2. Supernatant from first washing; Lane 3. Supernatant from second
washing; Lane 4. Purified mitochondria.

Spasojevic et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2008 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The representative HPLC chromatogram of 33.3 nM ZnIITE-2-PyP4+. The 37.5 nM
ZnIITnBu-2-PyP4+ was the internal standard. The individual atropoisomers were assigned
based on our previous HPLC/1H NMR/X-ray study [32]. The “α”denotes an N-alkyl above the
porphyrin plane, and “β” below the plane [32].
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Figure 4.
Calibration curves for the determination of MnTE-2-PyP5+ levels in vivo. The curves were
prepared by diluting MnTE-2-PyP5+ into either mitochondrial homogenate or into BSA/PBS
(inset) whose protein concentration was 3mg/mL homogenate. With BSA/PBS the internal
standard was added at 375 nM concentration, while with mitochondrial homogenate 10-fold
less ZnTnBu-2-PyP4+ (37.5 nM) was used. Thus there is a 10-fold difference in otherwise
identical slopes (0.00186 and 0.0191). BSA/PBS can be therefore used instead of mitochondrial
homogenate, as a less costly alternative calibration medium for determination of Mn porphyrin
levels in vivo.
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Scheme I.
The exchange of porphyrin Mn2+ with Zn2+, under conditions shown below, was used as a
basis for the HPLC/fluorometric method for the determination of MnTE-2-PyP5+ levels in
vivo.
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Table 1
The levels of MnIIITE-2-PyP5+ in C57BL/6 mouse heart mitochondria. The mean value was calculated to be
(2.95 ± 0.56) ng/mg protein.

Mouse drug10 mg/kg i.p. total protein mg/mL
homogenate

MnIIITE-2-PyP5+ ng/
mL homogenate

MnIIITE-2-PyP5+ ng/
mg protein

Mice were sacrificed 7 hours after drug administration
1 MnIIITE-2-PyP5+ 2.820 6.55 2.32
2 MnIIITE-2-PyP5+ 2.543 6.75 2.65
3 MnIIITE-2-PyP5+ 2.682 7.82 2.91
4 MnIIITE-2-PyP5+ 2.833 8.15 2.88
5 MnIIITE-2-PyP5+ 1.794 3.83 2.13
6 MnIIITE-2-PyP5+ 1.824 7.17 3.93
Mice were sacrificed 4 hours after drug administration
7 MnIIITE-2-PyP5+ 1.223 4.28 3.50
8 MnIIITE-2-PyP5+ 1.909 6.29 3.29
Control mice
9 saline 3.147 0.00 0.00
10 saline 3.193 0.00 0.00
11 saline 2.940 0.00 0.00
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