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Abstract
The cationic, ortho Mn(III) N-alkylpyridylporphyrins (alkyl=ethyl, E, and n-hexyl, nHex)
MnTE-2-PyP5+ (AEOL10113, FBC-007) and MnTnHex-2-PyP5+ have proven efficacious in
numerous in vivo animal models of diseases having oxidative stress in common. The remarkable

therapeutic efficacy observed is due to their: (1) ability to catalytically remove  and ONOO−

and other reactive species; (2) ability to modulate redox-based signaling pathways; (3)
accumulation within critical cellular compartments, i.e., mitochondria; and (4) ability to cross the
blood–brain barrier. The similar redox activities of both compounds are related to the similar
electronic and electrostatic environments around the metal active sites, whereas their different
bioavailabilities are presumably influenced by the differences in lipophilicity, bulkiness, and
shape. Both porphyrins are water soluble, but MnTnHex-2-PyP5+ is approximately 4 orders of
magnitude more lipophilic than MnTE-2-PyP5+, which should positively affect its ability to pass
through biological membranes, making it more efficacious in vivo at lower doses. To gain insight
into the in vivo tissue distribution of Mn porphyrins and its impact upon their therapeutic efficacy
and mechanistic aspects of action, as well as to provide data that would ensure proper dosing
regimens, we conducted comprehensive pharmacokinetic (PK) studies for 24 h after single-dose
drug administration. The porphyrins were administered intravenously (iv), intraperitoneally (ip),
and via oral gavage at the following doses: 10 mg/kg MnTE-2-PyP5+ and 0.5 or 2 mg/kg
MnTnHex-2-PyP5+. Drug levels in plasma and various organs (liver, kidney, spleen, heart, lung,
brain) were determined and PK parameters calculated (Cmax, C24 h, tmax, and AUC). Regardless of
high water solubility and pentacationic charge of these Mn porphyrins, they are orally available.
The oral availability (based on plasma AUCoral/AUCiv) is 23% for MnTE-2-PyP5+ and 21% for
MnTnHex-2-PyP5+. Despite the fivefold lower dose administered, the AUC values for liver, heart,
and spleen are higher for MnTnHex-2-PyP5+ than for MnTE-2-PyP5+ (and comparable for other
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organs), clearly demonstrating the better tissue penetration and tissue retention of the more
lipophilic MnTnHex-2-PyP5+.
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Introduction
MnTE-2-PyP5+ (AEOL10113, FBC-007), MnTnHex-2-PyP5+, and MnTDE-2-ImP5+

(AEOL10150) have been the most frequently studied cationic metalloporphyrins in animal
models of diseases that have oxidative stress in common [1–5]. The structures, aqueous
physicochemical properties, and lipophilicity of MnTE-2-PyP5+ and MnTnHex-2-PyP5+ are
summarized in Table 1, whereas their biologic and therapeutic effects are detailed elsewhere
[1–4]. They were developed based on the structure–activity relationship between the metal-
centered reduction potential, E1/2, for the MnIIIP/MnIIP redox couple and the rate constant,

kcat, for the catalysis of  dismutation [1–3,6]. The  parallels the rate constant for
ONOO− reduction, kred [1–3,7–9]. Such relationship is due to the similar thermodynamic
and kinetic factors governing the reaction of electron-deficient cationic MnPs with electron-

donating anionic species, such as  and ONOO− [1–3,10]. The same is valid for their

reactivity toward , ClO−, and deprotonated, anionic cysteine sites of signaling proteins
[2,3,9,11,12]. These MnPs are able to oxidatively modify the cysteine of p50 and p65 of NF-
κB transcription factor, thereby preventing its activation [1,12,13].

The more lipophilic analogs with longer alkyl chains of up to 8 carbon atoms were
synthesized with the goal of enhancing the bioavailability of MnPs while retaining the ortho-
positioned pentacationic charge and in turn favorable redox properties[14,15]. MnTE-2-
PyP5+ (2-carbon-atom ethyl chains) and MnTnHex-2-PyP5+ (6-carbon-atom n-hexyl chains)
differ by ~4 orders of magnitude in lipophilicity (Table 1), which affects their mitochondrial
distribution, transport across the BBB, and in turn their therapeutic effects [1,2,4,16–18].
Bioeffects differ less in magnitude (few to 120 folds) than the difference in lipophilicity
would imply [16,19].

Pharmacokinetic studies provide invaluable information for researchers to understand the
organ and cellular/subcellular accumulation and clearance of a drug and its mechanism of
action. A limited rat PK study of MnTnHex-2-PyP5+ was performed recently [19], in a 90
min middle cerebral artery occlusion stroke model, in which rats were injected
subcutaneously with 0.225 mg/kg twice daily for a week, starting at either 5 min or 6 h after
reperfusion. The neurologic function was significantly improved and the total infarct size
decreased with both early and delayed treatment. Naïve male Wistar rats were
simultaneously given 75 μg/kg iv and 2.25 μg/kg sc of MnTnHex-2-PyP5+ every 24 h for 7
days. LC-MS/MS analysis of plasma and brain levels showed that the level of MnP in the
brain steadily increases and at day 7 approaches the plasma level (25 nM in the brain vs 50
nM in plasma) [19]. This data set is the first to correlate directly the in vivo levels of MnP
with its efficacy.

The common view is that hydrophilic drugs are not sufficiently orally available. The
preliminary plasma PK set of data showed, surprisingly, that a highly hydrophilic MnTE-2-
PyP5+ is orally available [20]. To increase our knowledge about the impact of charge and
lipophilicity on Mn porphyrin bioavailability, we report herein a comprehensive
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pharmacokinetic study of two pentacationic metal complexes of very different lipophilicities
(Table 1), MnTE-2-PyP5+ and MnTnHex-2-PyP5+, administered via intravenous (iv),
intraperitoneal (ip), and oral gavage (oral) routes.

Materials and methods
Porphyrins and other chemicals

MnTM-2-PyP5+ (λmax 453.4 nm, log ε=5.11), MnTE-2-PyP5+ (λmax 454.0 nm, log ε=5.14),
MnTnHex-2-PyP5+ (λmax 454.5 nm, log ε=5.21), and MnTnHep-2-PyP5+ (λmax 454.0 nm,
log ε=5.19) were synthesized and characterized as previously described [14,21]. Other
chemicals used were acetonitrile (MeCN) from Fisher Scientific, methanol (anhydrous,
absolute) from Mallinckrodt, glacial acetic acid from EM Science, heptafluorobutyric acid
(HFBA) from Aldrich, and phosphate-buffered saline (50 mM sodium phosphate, 0.9%
NaCl, pH 7.4) from Gibco.

Mice
The Duke University Medical Center Animal Facility has a program continuously accredited
by AAALAC International. All experiments using animals were performed according to the
approved protocol for humane care and use of animals. Ten-week-old C57BL/6 J female
mice weighing 17–25 g were used. The concentration of aqueous solutions (for oral gavage)
or saline solutions (for ip and iv injections) was adjusted so that the mice were injected with
volumes of ~0.2 ml per dose. Mice did not have access to food 12 h or to water 3 h before
oral gavage. In a dose-dependence study the mice were given orally 5 to 80 mg/kg MnTE-2-
PyP5+ and 0.1 to 40 mg/kg MnTnHex-2-PyP5+ (see Supplementary Fig. S5). Mice were
observed for 24 h and then euthanized and blood and organ samples were taken. In a time-
dependence study, mice were given a single dose of 10 mg/kg MnTE-2-PyP5+ or 0.5 or 2
mg/kg MnTnHex-2-PyP5+, via oral gavage or ip or iv, and were euthanized at various time
points (5 min to 24 h). For the ip and iv studies 3 mice per time point sufficed. For the oral
PK study there was a large variability at earlier time points. To increase accuracy, as many
as 10 mice were used per time point up to 2 h after dosing, whereas for later time points 3
mice were sufficient. To collect tissues, mice were anesthetized with isoflurane, arterial
blood was sampled, and the vasculature was briefly rinsed with 50 ml saline by transcardial
perfusion before excision of liver, kidney, spleen, lung, heart, and brain. Plasma and
hematocytes were separated immediately. Samples were kept at −80 °C.

Dosing of MnPs
In various efficacy studies performed thus far, MnPs have been administered as saline or
phosphate-buffered saline solutions at various doses and via various routes: subcutaneous
(sc), ip, iv, intramuscular, oral gavage, skin treatment, sc and iv osmotic pumps, and
inhalation. At 3 mg/kg/day given ip for 4 days, MnTE-2-PyP5+ was able to fully reverse
morphine tolerance in a mouse model [5]. In a rat lung pulmonary radioprotection study this
drug nearly fully reversed lung fibrosis. It was given sc at 6 mg/kg/day for 2 weeks, starting
at various time points after radiation, ranging from 2 h to 8 weeks [22,23]. MnTE-2-PyP5+

radiosensitized tumors when given ip at 6 mg/kg/day for 3 days [24]. At 15 mg/kg/day for 3
weeks (given in two daily increments), MnTE-2-PyP5+ exerted an anticancer effect in a 4T1
mouse mammary model [25]. In a rat diabetes model, 10 mg/kg given ip every second day
from the onset of disease until completion of the study prevented adaptive transfer of
autoimmune diabetes by a diabetogenic T cell clone [26]. Therapeutic doses of MnTnHex-2-
PyP5+ (established previously) for ranged from 0.05 to 3.2 mg/kg/day [1–3,27]. With twice
daily sc injections at 1.6 mg/kg for up to 6 weeks, MnTnHex-2-PyP5+ exerted a remarkable
brain tumor radio- and chemosensitizing effect in a D-245 MG sc xenograft Balb/c nu/nu
mouse model [27,28]. At 0.05–0.3 mg/kg given sc daily for 2 weeks, starting at 2 h after
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radiation, this drug exerted pulmonary radioprotection in a rat model [22,23]. A 0.05 mg/kg
single injection of MnTnHex-2-PyP5+ given iv 24 h before renal ischemia/reperfusion
protected rat kidney [29]. When 0.12 mg/kg was given iv 30 min before and 30 min after 40
min uterus ischemia of a rabbit dam, a remarkable suppression of symptoms of cerebral
palsy in pups was demonstrated [30].

In summary, the single doses of 10 mg/kg for MnTE-2-PyP5+ and 0.05 and 2 mg/kg for
MnTnHex-2-PyP5+ were selected based on: (1) a dose-dependence study conducted herein;
(2) doses frequently used after brief “pilot” acute toxicity tests for in vivo animal models of
oxidative stress injuries, ranging from 3 to 15 mg/kg/day for MnTE-2-PyP5+ and 0.05 to 3.2
mg/kg/day for MnTnHex-2-PyP5+; and (3) mouse heart mitochondria distribution studies in
which mice were injected ip with 10 mg/kg MnTE-2-PyP5+ and 2 mg/kg MnTnHex-2-PyP5+

[22].

MnP plasma/tissue extraction
Organs were cryopulverized in a Bessman tissue pulverizer (BioSpec Products, Bartlesville,
OK, USA) under liquid nitrogen and then homogenized in a rotary homogenizer (PTFE
pestle and glass tube) with 2 vol of deionized water. An aliquot of either plasma or tissue
homogenate was transferred into a 2-ml polypropylene screw-cap vial and a double volume
of 1% acetic acid in methanol was added and mixed by vortexing for 30 s (1:2=homogenate:
1% acetic acid in methanol). Samples were treated twice in the FastPrep apparatus
(Qbiogene, Carlsbad, CA, USA) at speed 6.5 for 20 s and subsequently centrifuged 10 min
at 13,000 g to separate proteins. An aliquot of the supernatant was pipetted into a 5-ml
polypropylene tube (10×50 mm) and the solvent was completely removed in a Savant
Speed-Vac evaporator at 40 °C within 1 h. The dry residue was dissolved in 20 μl of mobile
phase B (see below) and sonicated for 5 min, then 80 μl of mobile phase B was added, and
the mixture was sonicated again for 5 min and centrifuged for 5 min at 4500 g at 4 °C.
Finally, the tube content was transferred to the HPLC auto-sampler polypropylene vial
equipped with silicone/PTFE septum, followed by another cycle of centrifugation for 5 min
at 4500 g (4 °C), after which the sample was immediately analyzed by LC–MS/MS.

LC–MS/MS
Quantitative analysis was performed on a Shimadzu 20 A series HPLC–Applied Biosystems
MDS Sciex 3200 QTrap or 4000 QTrap tandem mass spectrometer at the pharmacology
laboratory (Shared Resource PK/PD and Small Molecule Analysis Core) of Duke Cancer
Center. The use of HFBA as an ion-pairing agent increases overall lipophilicity/volatility
and greatly improves retention and ionization efficiency of the analytes, affording an
abundance of [MnP5++2HFBA−]3+ and [MnP5++3HFBA−]2+ ions. Solvents employed were
A, 95:5 H2O:MeCN (0.1% HFBA), and B, MeCN (0.1% HFBA). MnTM-2-PyP5+ was used
as an internal standard for determination of MnTE-2-PyP5+, whereas MnTnHep-2-PyP5+

was used as an internal standard for determination of MnTnHex-2-PyP5+. With the chosen
solvent system all four atropoisomers of MnPs [31] collapsed into a single peak, enhancing
the sensitivity of the method to as low as 0.5 ng/ml. Analyses were performed using a
Phenomenex Luna C18 guard cartridge (i.d.×L, 2×4 mm) only. Specific mass transitions m/z
[MnP5++3HFBA−]2+ to m/z [MnP5+−alkyl+] fragmentation were followed: MnTE-2-PyP5+

(analyte) at m/z 713.3/363.6 and MnTM-2-PyP5+ (internal standard) at m/z 685.3/356.6;
MnTnHex-2-PyP5+ (analyte) at m/z 825.5/611.5 and MnTnHep-2-PyP5+ (internal standard)
at m/z 853.5/639.5. Calibration samples in the 1–300 nM or 0.1–30 μM range (depending on
the expected levels of MnP) were prepared by adding known amounts of serially diluted
pure standards into homogenates of the corresponding tissues and were analyzed along with
study samples. Response was calculated as the ratio between the standard peak area and the
internal standard peak area. The extraction of a lipophilic MnTnHex-2-PyP5+ and the
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preparation of the plasma and tissue samples for analysis were further improved in this
study. Relative to MnTE-2-PyP5+, the analysis of lipophilic MnPs is more difficult because
of their affinity for proteins and plastic and glass surfaces. Thus, each MnP needed specific
method adjustments as well as a different internal standard.

The excessive amounts of both drugs found in lung (the highest AUC values, Table 3) are
probably due to imperfect perfusion (remaining blood visually observed). This is an inherent
downside to our perfusion method in which the right atrium of the heart was cut for the
blood outflow, thus lowering the perfusion pressure and causing insufficient lung perfusion.
However, this perfusion method proved adequate for all other organs. On the other hand, the
brain levels are low, approaching LLQ (lower limit of quantitation) values at 3.6 and 1.7 nM
for MnTE-2-PyP5+ and MnTnHex-2-PyP5+, respectively. Because of limitations of blood
and tissue sample size and a need for high assay sensitivity, the PK studies were conducted
with a discrete sampling scheme in which multiple mice were used for each time point.

Results and discussion
The comprehensive PK studies were conducted via iv, ip, and oral routes for MnTE-2-PyP5+

and MnTnHex-2-PyP5+ employing an LC–MS/MS method. The data for the levels of
MnTE-2-PyP5+ in plasma and organs obtained with this high-throughput, less labor-
consuming, and more sensitive method are in excellent agreement with the ip PK study on
MnTE-2-PyP5+ reported previously that employed the HPLC/fluorescence assay developed
in our laboratories [20].

Up to 10 mice per time point were used in the oral PK study to enhance the accuracy of
analysis at earlier time points, at which the absorption of drug varied greatly among
individual animals. Several strategies and tests were applied to decrease the large variability
in the oral absorption among mice at earlier time points. They included: (1) a large number
of animals at early time points (up to 10), (2) nonfasted vs fasted animals, and (3) mouth
gavage by feeding needle vs gastric intubation with a polypropylene tubing inserted directly
into the stomach. Regardless of the strategy employed, there was still a large variability
observed between individual mice during the first couple of hours and it was reduced
significantly at later time points. Therefore the maximal observed concentration (Cmax), the
time point at which Cmax was achieved (tmax), and the half-life of MnP elimination obtained
from the terminal slope of the PK curve (where available) (t1/2-elimination) for oral
administration suffer mostly from the accuracy point of view (because of large variability),
whereas, on the other hand, the values of C24 h (concentration at 24-h time point) are very
low (except in the cases of liver and kidney). Thus, we found the AUC values (Table 2) to
be the most reliable parameters to describe the difference in body exposure to the two Mn
porphyrins. Additional PK parameters are listed in the supplementary material (Figs. S1–S7,
Table S1). Also shown herein are the plasma PK profiles (concentration vs time plots, Figs.
1 and 2), while the PK profiles of organs (liver, kidney, spleen, lung, heart, and brain) are
given in the supplementary material (Figs. S1–S4).

PK profiles
The PK profiles (Figs. 1 and 2, Supplementary Figs. S1–S4) are presented as semilog plots
to: (1) illustrate clearly the large data range—for instance, after oral gavage and over 24 h,
the MnTE-2-PyP5+ levels in plasma ranged from 2 nM to almost 20 μM—and (2)
demonstrate the complexity of the PK behavior—a simple single-exponential process should
have appeared as a linear semilog plot and a nonlinear profile suggests a complex
absorption/distribution/metabolism/elimination profile. Because of a limited number of time
points, no attempt was made to fit a multicompartmental model to the data. Instead, the
noncompartmental approach (WinNonlin; Pharsight, Inc.) was applied; the area under the
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24-h PK curve was calculated by numerical integration and the t1/2-elimination calculated
from the terminal slope of the PK curve (when accessible). Kinetic parameters for mice were
calculated by modeling group mean data (i.e., the calculated average MnP levels at each
time point). The standard deviations of the AUC values were estimated by the method of
Bailer [32].

The PK profiles of MnTnHex-2-PyP5+ are characterized by higher tmax values, similar Cmax
values, and higher C24 h relative to MnTE-2-PyP5+ (Supplementary Table S1), resulting in
larger 24-h AUC values in most organs (Table 3).

Oral bioavailability
To ensure drug availability after oral administration, the integrity of compounds, in
particular the metal site, must be preserved. Thus, no loss of metal center—where redox
reactions of interest occur—should happen in the pH range from 1.5 (stomach) to 7.8. In
very acidic, neutral, and moderately basic aqueous media, Mn(III) N-substituted
pyridylporphyrins are remarkably stable—no metal is lost even in concentrated hydrochloric
and sulfuric acids [14].

Bioavailability after oral administration (f, or F when expressed as %) is defined by Eq. (1)
as a ratio, AUCoral/AUCiv, normalized by dose:

(1)

This equation assumes linear pharmacokinetics (dose proportionality). The identical doseiv
and doseoral of 10 mg/kg and related AUC values from Table 2 were used for calculation of
oral availability of MnTE-2-PyP5+. In the case of MnTnHex-2-PyP5+, because of the
toxicity-based limitation caused by blood pressure drop when injected intravenously, doseiv
of 0.5 mg/kg and doseoral of 2 mg/kg were used to assess its oral availability, F. The data
demonstrate an oral availability of 23% for MnTE-2-PyP5+ and 21% for MnTnHex-2-PyP5+.

Organ distribution after oral and ip administration
Intravenous administration was used primarily to address the oral plasma bioavailability; yet
the usefulness of this route is limited in experiments with small rodent. Intraperitoneal
administration is more commonly used in efficacy studies as it closely resembles the iv
route. Indeed, the plasma AUCip was 83% of AUCiv for MnTE-2-PyP5+ and 84% for
MnTnHex-2-PyP5+ (Table 2, Fig. 2). Thus, we performed comprehensive plasma and vital
organ PK studies on both MnPs using ip and oral administration routes.

The oral availability of drugs to organs, calculated as AUCoral/AUCip (Table 3, Fig. 3),
ranges from 5 (kidney) to 46% (brain), for MnTE-2-PyP5+, and 12 (heart) to 37% (liver), for
MnTnHex-2-PyP5+, confirming significant oral availability of both drugs. The important
result here is that the delayed exposure of organs after oral administration does not follow
the same organ distribution pattern as after a rapid iv or ip plasma load. Pharmacokinetics
(affinity and retention of the drug) of individual organs play an important role in how the
drug will be distributed among individual organs after different administration routes.
Furthermore, the calculated AUC values in Table 3 indicate that, at a fivefold lower dose,
the exposure of organs to MnTnHex-2-PyP5+ is either higher than or comparable to
MnTE-2-PyP5. This clearly demonstrates the success in designing an analog with better
tissue penetration and tissue retention.
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At present, we cannot speculate much about the transport mechanism of these drugs. Both
the lipophilicity and their charge will affect their distribution into the tissues and transport
across the plasma membrane and BBB [33,34].

Dose dependence and acute toxicity
The dose-dependent distribution of MnPs in various organs after oral administration is
provided in Supplementary Fig. S5. A linear dose dependence was observed for MnTE-2-
PyP5+ levels in all organs. The liver and kidney are organs of high MnP accumulation,
where saturation levels were achieved at doses above 40 mg/kg [20]. A similar trend was
observed with MnTnHex-2-PyP5+. At 10 mg/kg MnTE-2-PyP5+ either no or transient
discomfort (subsiding within 15 min) was observed. At 20 and 40 mg/kg prolonged
discomfort was observed, but mice recovered after 24 h. However, with 80 mg/kg the mice
appeared very distressed and shivered immediately after drug delivery and were still
distressed even 24 h after drug administration; the harvested organs (kidney, liver, and
spleen) appeared abnormal. At ≥5 mg/kg of MnTnHex-2-PyP5+ mice appeared drowsy and
were curled up and quiet for a while. Dose dependently, they recovered within 24 h after
drug administration. At both 20 and 40 mg/kg MnTnHex-2-PyP5+ the mice exhibited strong
shivering and one mouse died in each group. At 40 mg/kg all C24 h values were lower than
at 20 mg/kg. At such a high concentration the membranes that the MnP must cross to reach
organs were probably compromised. The MnP thus entered the organs easily, but was as
easily washed out when the mouse was perfused to extract blood-free organs. In another
study, healthy mice were injected subcutaneously for a month at several doses of
MnTnHex-2-PyP5+ in the range 0.2–5 mg/kg/day; the observed modest toxic effects include
blood pressure drop, and brain, liver, kidney, and spleen toxicity which all disappeared
within a drug-free month [4].

Pharmacokinetic studies of redox-active metal-based drugs of relevance to Mn(III) N-
substituted pyridylporphyrins

Few studies have reported on the pharmacokinetics of synthetic redox-active drugs. Most
often only plasma levels [35–37], and in very rare cases drug accumulation in organs or
subcellular fragments have been reported [16,19,20,38–43]. Needless to say, the
comprehensive PK studies are essential for understanding of the drug therapeutic effects.
The failure of curcumin, a major curcuminoid of the popular Indian spice turmeric, in
clinical trials on Alzheimer disease is the most obvious example. The drug was supposed to
target brain, whereas it was not able to cross the BBB. Its poor bioavailability includes poor
absorption, rapid metabolism, and rapid systemic elimination whereby it loses it redox
potency. Such information should have been provided in preclinical studies [44,45].

PK plasma data are available for the MnSalen derivatives EUK-189 and EUK-207 when
given via the sc route [37]. EUK-207 metal/ligand stability is increased via crown ether
functionality [37], and its levels are higher in plasma than those of EUK-189. Thus, when
given sc at 50 and 62.5 mg/kg, the reported Cmax levels are ~4.6 and 1.4 μM for EUK-207
and EUK-189, respectively. Oral and ip PK studies and the in vitro efficacy of a lipophilic
porphyrin, Mn(III) 5,10,15,20-tetrakis-ethylporphyrin (EUK-425) (log POW=0.93) were
done, and PK profiles were provided, but not AUC values [35].

Limited data were reported in a cellular study of the distribution between cytosol and
mitochondria of anionic MnTBAP3− and cationic MnTE-2-PyP5+ [46]. In a rat study,
MnTDE-2-ImP5+ was injected intracerebroventricularly at 300 ng into a hemisphere. The
brain parenchymal levels were reported in the collateral hemisphere [47]. Plasma PK of
MnTDE-2-ImP5+ (AEOL10150) via HPLC/UV–Vis detection was reported when injected
sc at 5 mg/kg [36].
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MitoQ is a mitochondrially targeted redox-active compound and scavenger of a wide range
of reactive species. It bears one positive charge and a 10-carbon atom hydrophobic chain
and is vastly more lipophilic than either of the cationic MnPs studied herein (log POW=3.44
relative to log POW=−3.84 for MnTnHex-2-PyP5+ and −7.79 for MnTE-2-PyP5+) [48]. Its
oral availability is 10% [39]. The comparison of oral availability of very lipophilic MitoQ
and very hydrophilic MnPs suggests that caution should be exercised when drawing
conclusions on oral availability based upon drug hydrophilicity only.

Few other MnP-based scavengers of reactive species have been studied either for oral
availability or oral efficacy, with limited PK data available, and are summarized here.
Although they are not SOD mimics, they probably react with strong oxidants such as

ONOO−, ClO−,  and •NO2; limited data are available for such reactivities. Several
highly lipophilic Mn(III) meso-tetracyclohexenylporphyrin analogs were orally active
analgesics in a mouse model of carrageenan-induced thermal hyperalgesia. They were
administered at 100 mg/kg either by ip route or orally; the actual drug levels and PK
parameters have not been reported [49]. Although more lipophilic MnTnHex-2-PyP5+ might
have been a better choice, the authors compared one of the studied lipophilic analogs with
hydrophilic MnTE-2-PyP5+, the latter being found ineffective orally at 100 mg/kg. Yet, in
our hands, mice were seriously sick when MnTE-2-PyP5+ was given orally at 80 mg/kg
(Supplementary Fig. S5), as discussed in the previous section, and such health conditions
would preclude the evaluation of drug efficacy. A biscyclohexano-fused Mn(III) complex of
bis(hydroxyphenyl)dipyrromethene, which contains one-half of a porphyrin molecule, was
an orally active analgesic in a rat model of carrageenan-induced hyperalgesia [50]. At hour 2
after an injection of carrageenan, nearly 100% inhibition of thermal hyperalgesia was
observed with 100 mg/kg oral dosing. The effect subsides at longer time points.

Conclusions
Although critical in drug discovery, the comprehensive pharmacokinetic data of redox-
active drugs are scarce. Often only plasma and rarely a single organ accumulation are
reported. Herein, in a detailed study, we provide the first evidence that the potent
biocatalysts and redox regulators of cellular transcriptional activity, highly charged and
fairly hydrophilic MnTE-2-PyP5+ and MnTnHex-2-PyP5+, are orally available. The oral
availability (AUCoral/AUCiv) is 23 and 21% for MnTE-2-PyP5+ and MnTnHex-2-PyP5+,
respectively. The AUC values for liver, kidney, heart, and spleen are higher for
MnTnHex-2-PyP5+ than for MnTE-2-PyP5+ despite fivefold lower dose, clearly
demonstrating the better tissue penetration and tissue retention of a more lipophilic
MnTnHex-2-PyP5+.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
The authors acknowledge financial help from Duke University’s CTSA Grant 1 UL 1 RR024128-01 from NCRR/
NIH (A.T., I.B.H., I.S.); the W.H. Coulter Translational Partners Grant Program (I.B.H., I.S., A.T.); and NIH/NCI
Duke Comprehensive Cancer Center Core Grant (5-P30-CA14236-29; I.S.), NIH U19AI067798 and I.B.H. general
research funds (A.T.). I.B.H., D.S.W., and I.S. are consultants with BioMimetix Pharmaceutical, Inc.

Abbreviations

SOD superoxide dismutase

Weitner et al. Page 8

Free Radic Biol Med. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MnP Mn metalloporphyrin

MnTM-2-PyP5+ Mn(III) meso-tetrakis(N-methylpyridinium-2-yl)porphyrin

MnTE-2-PyP5+ Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin

AEOL10113 FBC-007

MnTnHex-2-PyP5+ Mn(III) meso-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin

MnTnHep-2-PyP5+ Mn(III) meso-tetrakis(N-n-heptylpyridinium-2-yl)porphyrin

MnTBAP3− Mn(III) meso-tetrakis(4-benzoic acid)porphyrin

MnTDE-2-ImP5+ AEOL10150 Mn(III) meso-tetrakis(N,N’-diethylimidazolium-2-
yl)porphyrin

LC–MS/MS liquid chromatography–tandem mass spectrometry

MeCN acetonitrile

PK pharmacokinetics

ip intraperitoneal

iv intravenous

sc subcutaneous

NF-kB nuclear factor kB

carbonate anion

superoxide ONOO−

peroxynitrite , carbonate anion radical

ClO− hypochlorite

BBB blood–brain barrier

AUC area under the curve up to the last measurement at 24 h
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Fig. 1.
Plasma pharmacokinetics of MnTE-2-PyP5+ (left) and MnTnHex-2-PyP5+ (right). Drug was
given to female C57BL/6J mice at a single dose of 10 (MnTE-2-PyP5+) or 2 mg/kg
(MnTnHex-2-PyP5+), either by oral or by ip route. Up to 10 mice were used for earlier time
points in the oral PK study and 3 mice for all other time points; open circles are individual
measurements. The PK curves for organs are given in the supplementary material.
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Fig. 2.
Plasma pharmacokinetics via iv and ip routes for MnTE-2-PyP5+ (left) and MnTnHex-2-
PyP5+ (right). For both compounds the AUCip is 83–84% of AUCiv. Individual data points
are given as open circles.
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Fig. 3.
The AUCoral values relative to AUCip values for plasma, liver, kidney, heart, brain, and
spleen of MnTE-2-PyP5+ and MnTnHex-2-PyP5+. AUCip was taken as 100% (1 unit).
Absolute values are given in Table 3.
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Table 1

Comparison of MnTE-2-PyP5+ and MnTnHex-2-PyP5+ with regard to their redox properties, reactivity toward
superoxide and peroxynitrite, and lipophilicity.

Ar

E1/2 (mV vs NHE) +228 +314

log kcat (O2
•−

) 7.76 7.48

log kred (ONOO−) 7.53 7.11

log kcat (CO3
•−

) 9.38 9.38

log Pow −7.79 −3.34

Redox property is expressed as the metal-centered reduction potential, E1/2, for the MnIIIP/MnIIP redox couple, reactivity toward superoxide as

log kcat( ) and peroxynitrite as log kred(ONOO−), and lipophilicity in terms of distribution between n-octanol and water, log POW. Data were

taken from [1–3,7–9].
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Table 2

The AUC values of MnTE-2-PyP5+ and MnTnHex-2-PyP5+ in plasma after intravenous, intraperitoneal, or
oral administration.

MnP Dose/ mg/kg Plasma AUC (μM h) Relative plasma AUC (%)

Iv Ip Oral Ip vs iv Oral vs ip Oral vs iv

MnTE-2-PyP5+ 10 16.31±0.1 13.46±0.3 3.74±0.6 83 28 23

MnTnHex-2-PyP5+ 2 – 5.69±0.2 0.95±0.1 – 17 –

MnTnHex-2-PyP5+ 0.5 1.12±0.03 0.94±0.01 0.085±0.002 84 9 8
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Table 3

The AUC values of MnTE-2-PyP5+ and MnTnHex-2-PyP5+ for plasma, liver, kidney, heart, lung, brain, and
spleen.

MnP Sample AUC±σ (μM h) AUCoral/AUCip (%)

Intraperitoneal Oral

MnTE-2-PyP5+ (10 mg/kg) Plasma 13.46±0.26 3.74±0.62 28

Liver 168.90±4.82 39.25±5.11 23

Kidney 259.44±8.32 12.25±1.51 5

Heart 4.30±0.23 0.77±0.07 18

Lunga 10.09±0.34 6.68±0.72 66

Brain 0.88±0.01 0.40±0.02 46

Spleen 41.29±2.44 6.78±0.93 16

MnTnHex-2-PyP5+ (2 mg/kg) Plasma 5.69±0.21 0.95±0.11 17

Liver 178.64±5.03 65.79±16.70 37

Kidney 58.98±5.86 16.91±5.97 29

Heart 8.81±0.30 1.04±0.31 12

Lunga 10.50±0.29 58.31±9.15 556

Brain 0.52±0.02 0.12±0.01 24

Spleen 49.46±1.33 13.86±3.71 28

The AUC values of MnTE-2-PyP5+ and MnTnHex-2-PyP5+ relate to the area under the curve up to the last measurement at 24 h (Fig. 1 and
Supplementary Figs. S1–S4) and indicate the exposure of individual organs to the drug. The data are given in μM h. The μM relates to micromoles

of MnP per 1000 ml of plasma or tissue homogenate. Using Mr of 965 or 1189 for MnTE-2-PyP5+ or MnTnHex-2-PyP5+ the values could be
recalculated to be 1 μM=0.97 μg/ml for the former or 1 μM=1.19 μg/ml plasma or tissue homogenate for the latter MnP.

a
The excessive amount found in the lungs is probably attributable to imperfect perfusion of this very vascular organ before its excision.
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