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ABSTRACT: Manganese porphyrin-based drugs are
potent mimics of the enzyme superoxide dismutase.
They exert remarkable efficacy in disease models and are
entering clinical trials. Two lead compounds, MnTE-2-
PyP5+ and MnTnHex-2-PyP5+, have similar catalytic rates,
but differ in their alkyl chain substituents (ethyl vs n-
hexyl). Herein we demonstrate that these changes in ring
substitution impact upon drug intracellular distribution
and pharmacological mechanism, with MnTnHex-2-PyP5+

superior in augmenting menadione toxicity. These findings
establish that both catalytic activity and intracellular
distribution determine drug action.

Cellular oxidation as a result of the formation of reactive
oxygen species (ROS) is observed in a wide range of

diseases including cancer, dementia, cardiovascular disorders,
and diabetes.1−3 A principal ROS is the one-electron reduction
product of dioxygen, superoxide. To protect against cellular
damage, superoxide levels within cells are normally regulated at
nM levels by the superoxide dismutase family of enzymes
(SOD), which convert superoxide to hydrogen peroxide (2O2

•−

+ 2H+→H2O2 andO2). The resulting hydrogen peroxide is then
scavenged by the cell’s antioxidant defense network.
While superoxide is not a highly damaging ROS,4 it is

necessary to regulate its cellular concentration as it can disrupt
metalloproteins. This is followed by the release of reducedmetals
such as Fe2+, which can damage the cell via the Fenton reaction.
Furthermore superoxide can act at the diffusion-limited rate with
another radical, •NO, to form the potent oxidizing agent
peroxynitrite (ONOO−).5 Therefore, by out-competing alter-
native superoxide reactions, in situ SOD can protect the cell from
oxidation. This protective action of SOD is dependent upon the
concentrations of all of the species involved, and a bell shaped
concentration curve is often observed. As SOD levels increase
they reach a protective maximum, beyond which SOD becomes a
pro-oxidant due to excessive peroxide formation.6

Therapeutics that mimic SOD could therefore assist disease
treatment, and several such drugs are approaching clinical trials.

Among the most promising are Mn-containing porphyrin
catalysts, of which MnTDE-2-ImP5+ has successfully completed
a phase I clinical trial for amyotrophic lateral sclerosis.2,3 As well
as their SOD activity, these drugs also reduce other negatively
charged ROS, e.g., ONOO− and CO3

•−. For the SOD reaction,
the value of kcat is proportional to the redox potential of the Mn
center, and if this is poised around +300 mV, the drugs possess
SOD activity similar to that of the native enzyme.
However, kcat does not always correlate with observed in vivo

activity.2,3 Therefore, we hypothesized that additional factors
that contribute to drug potency were (a) the extent of
intracellular uptake or (b) the partitioning of the drugs into
intracellular organelles. To investigate these cellular pharmaco-
kinetics, synchrotron-radiation-induced X-ray emission (SRIXE)
was used as a highly sensitive technique for quantitative
elemental mapping.7 SRIXE data were compared for the two
structurally related Mn porphyrins, MnTE-2-PyP5+ and
MnTnHex-2-PyP5+ (Figure 1).8 These drugs have very similar

reactivity profiles toward superoxide, ONOO− and CO3
•−2,8,9

but differ in the length of the alkyl chain substituents (ethyl vs n-
hexyl), possess different solubilities (log POW), and display
different biological activities.
Using A549 lung carcinoma cells, the drugs were dosed over

the known in vivo pharmacokinetic range (1, 10, and 100 μM)
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Figure 1. Structures of Mn Porphyrin-based SOD mimics.
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for 24 h.10 As cultured A549 cells only contain low levels ofMn,11

SRIXE was able to directly quantify the uptake and cellular
distribution of both drugs. Analysis of the integrated fluorescence
intensity demonstrated significant (p < 0.05) increases in the Mn
signal post-drug treatment (Figure 2). These increases were

dose-dependent; however, over the full concentration range the
∼4-fold Mn increases inside the cell were comparatively small
when compared to the 100-fold variation in the extracellular
drug. At each dose, similar Mn levels were detected for both
drugs (Figure 2), which indicated that, by 24 h, the large
difference in solubility between the two analogues did not affect
overall cellular uptake.
As A549 cells have a radius of ≈7 μm,12 elemental densities

were used to estimate cellular drug concentrations. Using 5 ng/
cm2 as the mean increase in Mn (for 100 μM drug), this
corresponded to an intracellular concentration ≈ 190 μM. This
remarkably high drug accumulation exceeded drug levels in the
extracellular medium and explained the small increases in drug
uptake over the concentration range, as intracellular levels may
have approached saturation. Such a phenomenon has previously
been reported for otherMn-based drugs,13 with enhanced uptake
being ascribed to the negative cell membrane potential (typically
−50 mV), which drives the cellular uptake of cations.14

In contrast to the overall cellular concentration, analysis of the
SRIXE elemental maps revealed major differences in intracellular
distribution between the two analogues. For these studies the P
map was used to delineate the nuclear region of the cell, due to
the high concentration of P in DNA within this organelle.
Comparison of the Mn to P maps indicated that, for MnTE-2-
PyP5+, the majority of the Mn signal directly overlapped with the
nuclear region (Figure 3). However, MnTnHex-2-PyP5+ did not
show substantial nuclear overlap, and the Mn signal was
dispersed throughout the extranuclear space. Here the punctate

distribution of MnTnHex-2-PyP5+ may indicate its accumulation
into mitochondria, which has been previously implicated in its
protective mechanism.15

To quantify drug distribution, the nucleus and the extranuclear
space were analyzed as two discrete regions, which revealed that,
for a 100-μMdrug addition, there was no significant difference (p
> 0.05) in intracellular concentration (Figure 4). However, for

MnTE-2-PyP5+, the nuclear drug concentration was significantly
increased 2.1-fold (p < 0.05), while for MnTnHex-2-PyP5+ levels
were constant throughout the cell and the SRIXE maps indicated
low nuclear localization (Figure 3). Therefore, once the drug had
entered the cell, the ring substituents rather than the overall
charge determined intracellular distribution. The substantial
coincidence of the P and Mn maps indicated that the ethyl chain
directed MnTE-2-PyP5+ to the nucleus, while the n-hexyl
analogue was extranuclear and potentially associated with the
mitochondria.
The molecular basis for this differential drug targeting has yet

to be fully ascertained. The partitioning of a drug among
intracellular organelles is dependent upon a complex array of
factors including electrostatics, membrane transport, and drug
binding interactions. Penta-cationic species are not well-
described, but our data indicate that electrostatics are not the
only determinant of drug localization; otherwise, both analogues
would localize to the mitochondria, as has been reported for
some monocations.14 Membrane transport is described by a
three-stage model that requires the molecule to initially adsorb
onto the membrane, then translocate through the lipid bilayer,
and finally desorb from the inner side of the membrane.16 As the
lipid boundaries of intracellular organelles vary markedly in
composition, it is possible that localization is a function of the
interactions between the Mn porphyrins and cellular mem-
branes. Another possibility is that drug binding to intracellular
targets determines cellular location. For MnTE-2-PyP5+ one
potential target is DNA; however, the nonplanar ortho porphyrin
isomers are weak DNA intercalators,17 and the overlap between
the P and Mn maps (Figure 3) is only partially coincident, data
which do not support a strong DNA binding interaction but may
indicate a weaker binding equilibrium.
To probe the implications of drug partitioning, we then

examined the effects of drug distribution upon pharmacological
activity. For these experiments, the cells were challenged with
high concentrations of superoxide, generated via the agent
menadione.18 As menadione redox cycles in the mitochondria,18

we hypothesized that if MnTnHex-2-PyP5+ was mitochondrial
based, it would prove efficacious in converting the superoxide

Figure 2.Cellular uptake of Mn porphyrin-based SODmimics. Data are
corrected for a background Mn level of 0.9 ng/cm2.

Figure 3. Representative SRIXE elemental maps of A549 cells treated
with either MnTnHex-2-PyP5+ (left panel) or MnTE-2-PyP5+ (right
panel) for 24 h (100 μM drug). The maps show drug localization (Mn
map) in relation to the nucleus (region of highest intensity on the P
map).

Figure 4. Quantification of drug partitioning within the cell.
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flux into hydrogen peroxide, a more damaging ROS.19 Hence,
under these conditions, MnTnHex-2-PyP5+ should act as a
superior pro-oxidant to MnTE-2-PyP5+ and augment mena-
dione’s toxicity.19 This hypothesis was tested by poising the
menadione concentration at the maximum noncytotoxic level
and examining the combination effect (Figure 5). Both drugs

caused a significant enhancement of menadione’s toxicity, and in
accord with our hypothesis, pretreating with MnTnHex-2-PyP5+

decreased cell survival 5-fold when compared to MnTE-2-PyP5+.
Intracellular localization therefore has a significant effect upon

drug action. This may explain the differences in both pro- and
anti- oxidant efficacies when the two drugs are compared in
disease models.20 In particular, the nuclear localization of MnTE-
2-PyP5+ may explain why this analogue, and not MnTnHex-2-
PyP5+, is able to prevent the formation of 8-OHdG, a biomarker
of DNA damage.21 Conversely our data shows that MnTnHex-2-
PyP5+ is more effective at enhancing the pro-oxidant activity of
mitocondrial ROS. Differences in localization may also
contribute toward other drug properties. For example, the
nuclear targeting of MnTE-2-PyP5+ may enhance its ability to
oxidize transcription factors such as NF-κB, an event which is
known to inhibit gene transcription.22,23 Drug localization
should therefore be included as a design criteria when developing
this drug class, an advance which promises to provide more
effective and selective therapeutics.
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Figure 5. Intracellular drug distribution determines pharmacological
activity. A549 cells were pretreated with drug (100 μM) for 24 h and
then exposed to a nontoxic dose of menadione (10 μM) for a further 24
h.
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