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Significance: The fundamental science behind the “antioxidant therapy”, i.e., the importance of
eliminating oxidizing species that may damage vital biomolecules and induce biological malfunctions, is
well established. Nevertheless, quite disappointing results were reported in several recent meta-analyses
that addressed the effects of vitamins and other antioxidant supplements on the many diseases that are
associated with oxidative events. This emphasizes the importance of elucidating factors that might be
responsible for the large gap between the hypothesis and practice. Recent Advances: Classical
“antioxidant therapy” deals with stoichiometric antioxidants whose role is sacrificial, i.e., they are
consumed on a one-to-one basis by being oxidized instead of vital biomolecules. On the other hand,
catalytic antioxidants detoxify the reactive species without being permanently oxidized, and one molecule
may hence disarm numerous oxidants. The benefits of catalytic antioxidants in pure chemical systems and
in animal models of many diseases are quite established and have been summarized in several reviews.
Critical Issues: The main aim of this article is to provide a perspective on the utility of metal-based
catalytic antioxidants, with focus on those chelated by corroles, for disease prevention or treatment.
Particular emphasis is on the often-ignored fact that redox-based therapeutics is potentially harmful
because it may actually induce rather than decrease oxidative stress. Future Directions: Investigations
aimed at identifying the factors that increase the antioxidant versus pro-oxidant potency of synthetic
metal complexes are crucial for the optimal design of redox-based drug candidates that may be used for
combating the numerous diseases that are affected by oxidative stress.

[journal], [year], [vol], 00-00 | 1 This journal is © The Royal Society of Chemistry [year]



Journal Name

Cite this: DOI: 10.1039/c0xx00000x

WWW.ISC.Org/XXXXXX

ChemComm

ARTICLE TYPE

Oxidative stress and disease

Reactive oxygen/nitrogen species (ROS/RNS) are important
signalling molecules, that when kept at low levels are essential
for the survival of organisms and their health." These oxidant
molecules are involved in the defence mechanism of the body
against invaders as well as in the regulation of the proliferative
response.” Oxidative stress occurs when the amount of ROS/RNS
rises above a threshold level. This may result from their
overproduction (e.g., inflammation) or due to a deficiency in the
availability/activity of antioxidants. Regardless of the reason,
oxidative stress leads to damage to various cellular components
and induces many biological malfunctions and diseases.®

Antioxidant enzymes are major components of the body's
defence system against oxidative stress. However, the activity of
such enzymes decreases with age and under pathological
conditions,” and they may even display pro-oxidant activity under
certain circumstances.” An example of the latter is the superoxide
dismutases (SOD) enzyme family that catalyzes the
disproportionation of O,~ to O, and H,0,.° It has been shown
that when SODI (Cu/Zn SOD) undergoes oxidative
modifications it not only loses its desired potency, but also gains
significant pro-oxidative activity due to the formation of copper-
bound hydroxyl or peroxycarbonate radicals.” Oxidatively
modified SOD1 promotes the development of Alzheimer's and
Parkinson's diseases, as well as of amyotrophic lateral sclerosis
(ALS).® A potent reagent for the oxidation of SOD1 is H,0,, the
product of the SOD-catalyzed reaction.” The conclusion is that
when the action of SODI is not coupled with that of a H,0,
decomposition enzyme— catalases, glutathione peroxidase, or
peroxiredoxins (CAT, GPx, or Prx, respectively)— it may actually
induce damage rather than protect the cells against oxidative
stress.

Antioxidant-rich diet and appropriate food supplements are often
recommended for helping the body fight off oxidative stress.
Recent meta-analyses of human trials with vitamins and food
additives were however quite disappointing.'® Among the reasons
for these discouraging results are the limited bioavailability of
dietary antioxidants, the fact that they very often do not react
faster with ROS/RNS than the vital biomolecules they need to
protect,'' and that their reaction products may actually augment
rather than prevent oxidation.'? In addition, the mode of action of
the nutritional antioxidants is sacrificial, i.e., they are consumed
in a stoichiometric ratio and may hence not be available when
needed. We, for example, have shown that as much as 250 mol%
punicalagin— the most active ingredient of pomegranate juice— is
needed to reduce the half-life of protonated peroxynitrite
(HOONO) by 50%." 1t is hence clear that new antioxidant
approaches are needed for combating the many diseases
associated with oxidative stress.
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Catalytic antioxidants: benefits and classification

The above shortcomings of stoichiometric antioxidants (SAO)
may be overcome by using catalytic antioxidants. The latter term
is often used for all cases in which one single molecule of catalyst
induces the detoxification of numerous ROS/RNS molecules. ss
We, however, wish to emphasize that the catalytic antioxidants
should be further classified by how they perform their catalytic
action: independent catalytic antioxidants (ICA) and (cofactor)-
dependent catalytic antioxidants (DCA) (Fig. 1). The term ICA
implies that the decomposition of the ROS/RNS proceeds by the «0
catalyst without the need of any additional compounds. SOD and
CAT are representative members of the ICA class: the low-valent
metal ion present in these enzymes (Cu*' in SOD and Mn" in
SOD) reduces O, and H,0,, respectively, and the thus formed
high-valent metal ion oxidizes a second molecule of the toxin. 6s
Altogether, a catalytic cycle is completed without the
involvement of any co-reductant (Fig. 1a). On the other hand, the
term DCA refers to catalytic antioxidants that require the aid of
other cofactors for completing their full catalytic cycle. This class
includes antioxidant enzymes from the glutathione peroxidase 7
(GPx) and Peroxiredoxin (Prx) families: both reduce H,0, to
H,0, but require glutathione and thioredoxin, respectively, as
cofactors (Fig. 1b).'"* The latter are SAO’s that are oxidized
during the process and activity is regained by specific enzymes
that reduce their oxidized form.'"> One must however keep in s
mind that levels of glutathione and similar cofactors needed for
the proper action of DCA enzymes are largely depleted under
severe oxidative stress.'®

Therapies that rely on over-expression of antioxidant enzymes
in cell culture and in vivo have indeed provided protection against so
deleterious effects in some oxidative stress models.!” However,
external supply of these enzymes to animals had mixed success,
as the large size of proteins leads to low cell permeability, short
circulating half-life, and antigenicity."® To overcome many of
these limitations, an increasing number of (relatively) low ss
molecular-weight synthetic catalytic antioxidants has been
developed. Their beneficial effects have been demonstrated in
quite an impressively large number of in vivo model systems."’
Nevertheless, one aspect that is too often ignored is that these
catalytic antioxidants are transition-metal-containing complexes s
that have also the potential of acting as pro-oxidants. Special
attention must hence be devoted for achieving the desired balance
between these conflicting aspects (vide infra).
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Controlling pro- vs. antioxidant activity: taking
lessons from nature 9

The interactions between heme-containing enzymes and
ROS/RNS are of prime importance for a variety of different
purposes, including signal transduction, respiration, catalytic
oxidation reactions and toxin detoxification. The heme enzymes
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all have a common prosthetic group composed of iron chelated by
a porphyrin macrocycle that occupies the four equatorial
positions of the metal ion. The particular role that these enzymes
perform is dictated by delicate differences in the structure of their
active site: the oxidation state of the metal ion (+2 or +3), the
number of substitution-inert axial ligands (0, 1 or 2), the identity
of the axial ligand(s), the architecture of the active site, and the
involvement of co-factors.”’ Heme enzymes with either pro- or
antioxidant activity (activating or neutralizing small oxidant
molecules, respectively) share in common the first stage of the
catalytic cycle: they form reactive reaction intermediates that
feature metal-oxygen bonds. What defines the role of the
particular enzyme is how these intermediates react with other
molecules present in the medium.

In the case of pro-oxidant enzymes, such as cytochrome P450
(P450) and peroxidases, the high valent metal intermediates
formed by the reaction with ROS/RNS oxidize organic
molecules, an activity of prime importance for both biosynthesis
(of steroids and hormones, for example) and biodegradation
(metabolism of foreign compounds such as drugs).?' On the other
hand, the H,0,-oxidized reaction intermediate of CAT is reduced
by another equivalent of H,O,. The outcome is that CAT is a true
ICA: it catalytically decomposes toxic H,O, into harmless
oxygen and water without the need of any co-factor.?? In fact, all
peroxidases may catalyze the CAT-characteristic reaction in the
absence of their natural targets, and this is actually a mechanism
for protecting the enzymes from being harmed by excess H,0,.%
The main difference between CAT and the peroxidases is that the
very small binding pocket of CAT does not allow access of any
substrates other than H,0O,, which shuts down its pro-oxidative
capability and accentuates its anti-oxidative role. Phrased
differently, the heme enzymes that utilize H,O, for substrate
oxidation have also some anti-oxidative activity, but this is
usually just a "side effect" of the desired oxidation reaction.
Controlling the pro- vs. anti-oxidant activity of synthetic and
hence non protein-conjugated metal complexes is a very
demanding task in terms of proper design of desired action.

The development of synthetic metal-porphyrin
complexes with pro- and antioxidant activity

Great efforts have been invested over the years in understanding
the mechanism of action of heme enzymes. Based on the acquired
knowledge, inorganic chemists aimed to design synthetic
macrocylic complexes that will display either pro- or antioxidant
activity. The more than 30 years of research in this field have
been reviewed quite frequently [usually separately for pro- and
antioxidant activity’***], and only a small selection of important
milestones is provided here.

Pro-oxidant activity

The first successful model system for oxidation catalysis was
introduced by Groves et al. in 1979, in which a simple synthetic
metalloporphyrin was used together with iodosylbenzene for
catalyzing P450-like reactions.”® Largely improved catalytic
activity was later achieved by incorporating electron-withdrawing
groups on the B-pyrrole carbon atoms and the ortho-positions of
the meso-phenyl groups (Fig. 2).*** %" However the vast majority
of reported reactions still rely on primary oxidants that produce
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large amounts of waste (such as iodobenzene from
iodosylbenzene) and not on O, or H,O, where water is the sole
co-product. A similar reservation concerns the large

achievements in the utilization of synthetic heme enzyme models
for asymmetric catalysis, for which Groves et al. reported the first
case in 1983: a 50% enantiomeric excess in an epoxidation
reaction catalyzed by a chiral iron porphyrin.®® Numerous
porphyrin molecules have later been designed with particular
structural motifs in order to yield specific positioning of the
substrate relative to the active metal-oxo species.”” This approach
is reminiscent of P450 enzymes that employ particular protein
moieties within the binding pocket for placing the substrate in the
desired manner relative to the prosthetic group. The much more
elegant and nature-like approach of using proteins for inducing
chirality has been much less investigated.** We have described
one such case, by taking advantage of the exceptionally large
affinity of amphipolar metallocorroles to serum albumins. The
bioconjugated was used as catalyst for the asymmetric synthesis
of the chiral sulfoxide-containing drug, R-modafinil (Nuvigil),
with H,0, as oxidant.’!

SOD mimics

The first attempts to develop synthetic catalytic antioxidants have
focused on eliminating the primary oxidant in living systems,
0,”. Pasternack et al. the first to introduce
metalloporphyrins as SOD mimics in 1979, revealing them to be
ICA and to have a rate constant of 3:107 M's! for O,
dismutation by the iron(III) complex of a porphyrin substituted
with positively charged para-methylpyridinium groups on its
meso positions, FeTM-4-PyP.>* The SOD activity displayed by
analogous iron(III) and manganese(Ill) porphyrins were quite
similar.*> Contemporary research in the field, conducted mainly
by the group of Batinic-Haberle, is however dedicated to the
manganese complexes.”® This practice was adopted because the
iron complexes appeared to be cytotoxic under conditions that the
manganese porphyrins displayed cellular protection against
0,".** This phenomenon might be related to the tendency of iron
porphyrins to lose their metal ion at low pH, thus inducing
harmful pro-oxidative chemistry (Fenton chemistry). ™ *° The
structures of the most investigated catalytic antioxidants are
depicted in Fig. 2, and their mode of action and catalytic rates for
decomposition of the most important ROS/RNS are listed in
Table 1 and Table 2, respectively.

The application of the first manganese-based SOD mimic
MnTM-4-PyP in a cellular environment revealed two severe
limitations: its SOD activity was reduced relative to that
displayed in vitro and it turned out to be cytotoxic.*® Both aspects
were attributed to intercalation of that compound into DNA. This
problem was resolved by using the meta and ortho isomers,
MnTM-3-PyP and MnTM-2-PyP, respectively, wherein the aryl
groups form larger dihedral angles with the porphyrin plane and
thus prevent intercalation.’® While MnTM-3-PyP displayed SOD
activity comparable to that of MnTM-4-PyP, the rate constant
disclosed for MnTM-2-PyP was 10-fold higher (Table 2), a
phenomenon termed "the ortho effect".’® The increased activity
of MnTM-2-PyP was attributed to the close proximity of the
positive charges to the metal center, a feature that greatly affects
the M(III)/M(II) redox potential and also supplies electrostatic
facilitation for reaction with the negatively charged O,

were
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Table 1. The mode of action of enzymatic and synthetic catalytic antioxidants for decomposition of ROS/RNS.

0" ONOO™ H,0, comments references

SOD ICA - - Damaged by H,0, 0. 38

CAT - - ICA 2

GPx - - DCA 2

Prx - DCA DCA 2

Iron(III) porphyrins ICA ICA - Damaged by H,O, 3239

Manganese(I1T) porphyrins ICA DCA - Damaged by H,0, 36,40
Iron(III) corroles ICA ICA ICA 4
Manganese(I1I) corroles ICA ICA ICA 4

Table 2. Catalytic rate constants (M's™") for the decomposition of ROS/RNS by metalloporphyrins and metallocorroles. *

Charge* 0" ONOO™ H,0, references
Enzymes 2.310° 0.8-7-10’ 0.2-1.8-10° @
(SOD) (GPx, Prx) (CAT, GPx, Prx) .
. FeTM-4-PyP +4 3107 2.2:10° a a
Lo(QUL) L AL FeTPPS 4 6-10° 8.6-10° a 33,43
MnTM-4-PyP +4 3.8:10° 4.310° 20,b 3640
MnTM-3-PyP +4 4.1-10° 3.810° b 36.40a
Manganese(I1I) MnTM-2-PyP +4 6.0-10 1.9-107 b 36.40a
porphyrins* MnTE-2-PyP +4 5.7-107 34107 c .44
MnTnHex-2-PyP +4 3.0-10 1.3-107 a TS
MnTnBuOE-2-PyP +4 6.8:10 34107 ND 46
Iron(I1I) corroles 1-Fe -2 1.7-10° 3.1-10° 6400 4
1-Mn 2 4.8:10° 8.6:10* 5.6 4
Manganese(I1I) 2-Mn +3 8.7-10° ND ND 4a
corroles 3-Mn +2 2.2:10° ND ND 4a
4-Mn +2 1.810° 4.010° ND Ha. 47

* Note that for decomposition of peroxynitrite by manganese porphyrins the cited values are for the first half of the catalytic cycle, which is not completed s
in the absence of SAQ. It becomes k¢, for very reducing SAQ’s, such as ascorbate.

a = no data, extensively bleached

b = the half-life times for oxidative degradation are: 30, 28, and 105 s for MnTM-4-PyP, MnTM-3-PyP, and MnTM-2-PyP, respectively *.

¢ =a value of 2 min™ has been reported **.

d = The number of charges due to the water-solubilizing substituents. 10
ND = no data.

Nevertheless, MnTM-3-PyP turned out to be equally potent as a constants approaching that of native SOD: 4.7-10° M™'s™! for the
O, scavenger in cellular systems because of its 10-fold higher para isomer and 7.1-10° M™'s™" for the meta isomer, compared to
lipophilicity (and hence higher bioavailability) relative to MnTM- ~10° M''s™" for the enzyme.’* However, the increase in electron- 3o
2-PyP.* Increasing the lipophilicity by introducing longer alkyl 1s  deficiency of these brominated complexes led to the stabilization
chains on the pyridinium-moieties had minor effects on SOD of the manganese ion in its+2 oxidation state, which
activity,”® as may be exemplified by very similar rate constants of consequently reduced the metal/ligand stability to a level that was
MnTM-2-PyP and its ethyl and hexyl analogs, MnTE-2-PyP and deduced to be inappropriate for in vivo applications.
MnTnHex-2-PyP, respectively (Table 2). However, increased Porphyrins with negatively charged substituents were also 3s
lipophylicity had a major influence on their efficiency against 20  investigated, but they display lower SOD activities than the
oxidative-stress induced injuries,”’ emphasizing again the pyridinium-substituted derivatives.** *7® ** 33 The lower catalytic
importance of bioavailability for obtaining optimal biological rates (Table 2) disclosed for porphyrins such as FeTPPS may be
activity. attributed mainly to the absence of strong electron-withdrawing

The best performing SOD scavengers were disclosed by the groups, leading to a less positive M(III)/M(II) redox potential and 4o
group of Batinic-Haberle in 2008: analogs of MnTM-3-PyP and 25 lower thermodynamic driving force for the oxidation of O, ™. A
MnTM-4-PyP, but brominated at all eight B-pyrrole positions. recent investigation by us revealed another reason for not
These synthetic complexes displayed O, dismutation rate investing into such complexes: the cellular uptake of FeTPPS is

[iournal], [year], [vol], 00-00 | 4 This journal is © The Royal Society of Chemistry [year]
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extremely low and its pro-oxidant activity is very high (vide
infra).>*

Peroxynitrite decomposition catalysts

The reaction between O, and nitric oxide as to form
peroxynitrite is so fast (diffusion controlled) that it kinetically
competes with the normal pathways for elimination of the
reagents.”® This issue becomes more pronounced under oxidative
stress, since SOD activity declines and the concentration of O,
consequently increases. The deleterious effects of peroxynitrite
(in its protonated and/or CO,-trapped form) in living systems
were recognized at the beginning of the 1990's.°® The ability of
GPx and Prx to act as peroxynitrite reductases was identified
much later than their CAT-like activity.*™ ** The mechanisms of
action of these two enzymes towards H,O, and peroxynitrite are
practically identical. It is according to the DCA mechanism i
depicted in Fig. 1b, with only one difference: the first step
involves transformation of the enzyme to its oxidized state by
peroxynitrite instead of H,O,.

The first synthetic metalloporhyrin to display peroxynitrite
decomposition activity was FeTM-4-PyP, disclosed by M. K.
Stern and colleagues in 1996.3*® The group of J. T. Groves has
introduced the manganese(Ill) complex of the same porphyrin,
MnTM-4-PyP for the same purpose.”’” One important realization
was that while iron(IIl) porphyrins are ICA, their manganese
counterparts are DCA: the presence of co-reductants
mandatory for turning their action catalytic (vide infra). As such
co-reductants are naturally present in the body one may
understand why manganese(IIl) porphyrins attenuate damage
attributed to peroxynitrite much more in animal studies than
predicted by their non-catalytic in vitro activity.”® Like in the case
of SOD activity, an ortho effect was disclosed for the rate of
reaction by which peroxynitrite oxidizes Mn(IlI) porphyrins
(Table 2).*%

Limited CAT activity
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The discovery of metalloporphyrins as SOD mimics was
accompanied by an important observation — FeTM-4-PyP was
bleached during the reaction and it consequently lost most of its
0, scavenging activity.”? This phenomenon was prevented by
the addition of small amounts of CAT, but not by the addition of
SOD, indicating that the H,O, formed during the catalytic 4
decomposition of O,"” was responsible for the bleaching of the
catalyst. Later work from several groups has revealed that all
other investigated water soluble iron(III) porphyrins also undergo
extensive oxidative degradation in the presence of H,0,.*>>® The
manganese(II) porphyrins were shown to be more stable in this 4
respect,*® ** thus enabling the determination of a catalytic rate
constant for H,0, decomposition by MnTM-4-PyP: 20 M's™! 4%
This value is however based on initial rates, as the half-life for
oxidative degradation of this compound and its meta and ortho
analogs are 30, 28, and 105 s, respectively.*® The total catalytic
turnover number for MnTM-4-PyP is hence still below 30 and the
catalytic rate constant are much too low for being considered as a
true CAT analog.*”°

It is also worth mentioning that manganese salen complexes
have been introduced as ICA that display both SOD and CAT
activity, with the latter feature more pronounced than for
porphyrins. In a most recent publication, Higuchi and coworkers

35
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have connected an acid/base moiety onto manganese salens for
increasing their CAT activity.®® Consistent with their hypothesis,
significant changes in the relative CAT/SOD activities were
obtained upon the introduction of the acid/base moiety. The main
problems associated with metallosalens were however not
resolved. Each of the examined complexes was bleached within 2
min from the start of the reaction and oxygen evolution stopped
due to catalyst decomposition. The total turnover numbers hence
remained at the level of 1-15. Most important in the context of
this perspective article, the complexes with higher catalase-like
activity displayed also increased peroxidase-like activity.

Brief summary

A possible impression of the analysis provided so far is that pro-
oxidant activity is necessarily harmful and undesired for treating
diseases affected by oxidative stress. This conclusion is certainly
not true in the cases where the compounds act as DCA’s, a
process during which they oxidize SAO’s (Figure 1b). What is
more, recent research has uncovered cellular redox biology that
may actually benefit from metalloporphyrin catalyzed oxidations
such as that of protein-derived thiols. These and related aspects
are out of the scope of this focused perspective article, but the
interested reader is referred to a recently published excellent
assembly of reviews (Forum issue, Antioxidants & Redox
Signalling 2014, 20(15)). There are also many reviews that
summarize the beneficial effects of porphyrin-based catalytic
antioxidants in animal-based disease models.*® ®' The largest
advances are with the manganese(Ill) complex of the
imidazolium-substituted porphyrin compound (AEOL10150),
currently developed as a countermeasure to acute radiation
exposure.®> Administration of this compound to rats demonstrated
a significant protective effect to the lungs from injury caused due
to the cascade of events that follow irradiation, including the
production of ROS.

Corroles as ROS/RNS Decomposition Catalysts

Intensive investigations of corroles began only in 1999, when
simple and efficient methods for the synthesis of triarylcorroles
were gradually discovered and explored.®® Corrole-metal
complexes (metallocorroles) as ROS/RNS decomposition
catalysts were first disclosed in 2006,*"® coinciding with
publications on synthetically availability water-soluble corroles.**
Structures of corrole complexes that were investigated as
catalytic antioxidants are depicted in Fig. 2.

Corroles share the aromaticity of porphyrins, but possess one
carbon less in the basic skeleton. This causes some important
changes relative to porphyrins: a) lower symmetry of the
molecule; b) a tri-anionic (rather than di-anionic for porphyrins)
equatorial coordination plane; and c) a smaller core size. The first
aspect allowed for highly selective electrophilic substitution on
the skeleton and the design of water-soluble derivatives with
unique amphipolarity due to the presence of polar substituents on
only one pole of the otherwise lipophilic molecule (Fig. 3). The
resulting compounds are much more lipophilic than most
porphyrins utilized as catalytic antioxidants, with a logP,,, of
0.14 and 0.57 for the non-metallated bis-sulfonated corrole and
its iron(Ill) complex, respectively. The two latter features are
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responsible for several advantages of transition metal complexes
of corroles with regard to their utility as catalytic antioxidants in
biological systems: a) they do not undergo demetallation under
biologically relevant conditions; b) they are very powerful
reductants; ¢) oxo-metal complexes are surprisingly stable in the
corrole-provided coordination environment; and d) they are very
weak pro-oxidants toward substrates, as well as towards
themselves (less bleaching); and d) The relationship between the
chemical and structural phenomena is that the combination of a
tri-anionic and relatively small metal-coordination core makes
corroles very strong o donors.® Binding of the metal to the
corrole N atoms is hence more covalent and of higher affinity, so
that there is no release of the metal under neutral or low pH.
Moreover, the d orbitals of the metal are pushed to a much higher
energy level (> 1 V relative to porphyrins, Fig. 4), which
increases the reducing power of the metal(IIl) state and stabilizes
the higher metal oxidation states.®>°® Taken together, high valent
metal-oxo corrole intermediates are weaker oxidants and less
prone to oxidative degradation. Examples that illustrate the above
are the isolation of chromium and manganese corroles in +5 and
even +6 oxidation states, as well as the low reactivity of (O)Cr(V)
and (O)Mn(V) corroles towards organic substrates.’” Recent work
has shown that even the [(O)Fe(IV)]*" moiety may be isolated
for triazacorroles (corrolazines).®® The reducing power may be
appreciated by the activation of O, by trivalent iron and
manganese corroles [which are inert in almost all other
coordination environments],%” as well as the inaccessibility of
divalent oxidation states of these derivatives under biologically
relevant conditions.”

SOD activity

Considering the low oxidative power of SOD mimics as an
advantage is actually a conceptual change, since the work with
metalloporphyrins proved that is important to turn them into
stronger oxidants that would be able to oxidize O,”. The
fundamental chemistry behind this difference is the mechanism
by which metallocorroles detoxify superoxide.*'* Native SOD and
the metalloporphyrin-based SOD-mimics dismutate O, ™ by redox
cycling between the divalent and trivalent states of the metal
(Fig. 5). These compounds are ICA: the first O, ™ is oxidized by
the M™ state to form dioxygen, and then a second O, ™ molecule
is reduced by M*? to H,0, (without the support of a SAO). Since
the first step was elucidated to be rate limiting, electron-
withdrawing groups were introduced on the porphyrin
macrocycle for inducing a positive shift of the M"%/M" redox
potential and thereby increasing SOD activity.** 7
Metallocorroles can however not be reduced to form M™
complexes at reasonable potentials,”” and catalysis actually starts
by the reduction rather than oxidation of O,". The contrast with
metalloporphyrins and native SOD is quite remarkable: O, " is
reduced by Cu™' in Cu/Zn-SOD, by Mn' in Mn-SOD and
manganese porphyrin-based SOD mimics, but by Mn™ and Fe"
in metallocorroles.

Fast kinetics experiments have been used to deduce that this
step is rate limiting for iron(III) corroles, followed by much faster
oxidation of O, by the high valent metallocorrole (formally
Fe™).*!" This conclusion was later validated by introducing 5,15-
bis-pyridinium corroles with C10-aryl groups that differ in their
electron-donating power.”' The efficiency for eliminating
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superoxide by the corresponding manganese(IlI) complexes did
indeed increase when the C10-substituent was more electron-
donating, up to a limit in which oxidation of superoxide became
slower than its reduction. The earlier described ortho-effect found
for metalloporphyrins affected metallocorroles in two opposing
directions (Table 2): the favorable electrostatic facilitation is
diminished by the undesired shift in redox potential. The tris-
ortho-pyridinium isomer (2-Mn) displayed the smallest rate
constant for O, dismutation, because its M™/M™ redox
potential is more positive than that of the bis-pyridinium analogs
3-Mn and 4-Mn.*"* The two latter compounds display practically
identical rate constants because 3-Mn has a kinetic ortho effect
but 4-Mn has a less positive redox potential. It is important to
mention that the redox potentials and catalytic rates for
ROS/RNS decomposition by the iron(IIl) and manganese(III)
complexes of the negatively-charged bis-sulfonated corrole (1-
Mn and 1-Fe, respectively, Fig. 2) are of the same order of
magnitude as those for metal complexes of pyridinium-
substituted metallocorroles (Table 2).*'* "' So while negatively
charged porphyrins were greatly abandoned as catalytic
antioxidants (particularly so as SOD mimics), the bis-sulfonated
corroles with their two negative charges are actually the most
investigated within that family.

Peroxynitrite decomposition

In the case of peroxynitrite decomposition catalysis, the plausible
reaction schemes for both corroles and porphyrins involve
identical high valent reaction intermediates (Fig. 6). The iron(III)
complexes of both are ICA, i.e., they catalyze isomerization of
peroxynitrite to nitrate without "external" help. Investigations of
iron porphyrins revealed the formation of an (O)Fe(IV) species
and nitrogen dioxide (-NO,), which then rapidly combine as to
form iron(IIT) and nitrate (NO5).*> 72 Similar homolytic cleavage
of the O-O bond of peroxynitrite, with a very short-lived iron(IV)
corrole intermediate, has been identified as the most crucial step
in the catalytic cycle of the iron(Ill) corrole (83 and yet
unpublished work). The observable reaction intermediate in
catalysis by manganese(Ill) porphyrins is (O)Mn(IV), but the
reaction has shown to start by heterolytic cleavage of
peroxynitrite to form (O)Mn(V) and nitrite (NO, ). This is
followed by a superfast in-cage redox reaction between the two
that leads to (O)Mn(IV) and -NO,.”* Importantly, the (O)Mn(IV)
species is not recycled back to the initial +3 oxidation state fast
enough,’” and may cause oxidative damage to biomolecules, e.g.
DNA strand scission.”” Fast reduction of the (O)Mn(IV)
porphyrin back to the resting Mn(IIl) state occurs only when
catalysis is performed in the presence of co-reductants (artificial
or biological). The conclusions are that: a) manganese(IIl)
porphyrins act as a DCA (rather than ICA) of peroxynitrite; and
b) that their utility strongly depends on the availability of co-
reductants.”’ The naturally present non-catalytic antioxidants do
not react fast enough with peroxynitrite itself, e.g. 88 M's for
ascorbate and 580 M™'s™! for glutathione, and thus do not protect
vital biomolecules from this toxin. They do however come into
effect in combination with complexes such as MnTM-4-PyP. The
reaction of the corresponding (O)Mn(IV) species with ascorbate
has a rate constant of > 3-10” M''s!, which leads to the situation
where the initial reaction of Mn(IIl) with peroxynitrite becomes
rate limiting and k,, = k., (Fig. 7, top right).57 The rate constant
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for the reaction of glutathione with the (O)Mn(IV) species is
smaller than k,,, but formation of the (O)Mn(IV) may still be
expected to be the rate limiting step at the high concentrations (2
mM) that are typical of biological milieus.**

Despite of the similarity in the reaction mechanism of s
peroxynitrite with the manganese(Ill) complexes of porphyrins
and corroles, the latter act as ICA due to a unique
disproportionation mechanism (Fig. 7, bottom right).*> 7' These
conclusions were reached by observing that manganese(IIl)
corroles decompose peroxynitrite even without any reducing
additive (with up to 1900 catalytic turnovers) and that the
reaction product was nitrite and not nitrate (as for iron(IIl)
porphyrins and corroles). Other important observations are that
there is no change in the catalyst oxidation state during catalysis
at physiologically relevant pH, that the reaction of independently
prepared (O)Mn(V) corrole is extremely fast, and the
accumulation of an (O)Mn(V) intermediate in catalysis
performed at high pH. The catalytic cycle deduced from these
investigations consists of heterolytic cleavage of the
peroxynitrite’s O-O bond, which leads to formation of nitrite and 2
an (O)Mn(V) intermediate in the first and rate determining step.
In contrast with catalysis by manganese(Ill) porphyrin, the
(O)Mn(V) intermediate is much more long-lived and does not
undergo the fast redox reaction with nitrite. Instead, it reacts with
another peroxynitrite molecule as to form molecular oxygen and 2
another equivalent of nitrite.

The important consequences of the catalytic cycles depicted in
Figure 7, in particular the fact that only two-electron pathways
are involved in catalysis by manganese(Il) corroles, were first
demonstrated in purely chemical systems. The main results s
obtained regarding the reactions of peroxynitrite with different
substrates were that while both the iron(Ill) and the
manganese(IlI) corroles efficiently prevented oxidation, the
nitration of tyrosine and fluorescein were only prevented by the
manganese(I1I) corrole."* The latter result is fully consistent with s
the oxidative nitration mechanism by which phenols are nitrated
by peroxynitrite:’® its homolytic decomposition products
(produced by either spontaneous or metal-assisted pathways)
induce one electron oxidation of phenol, which is trapped by
NO,.*® The formation of powerful oxidants and -NO, is s
circumvented only in the catalytic cycle of the manganese(IlI)
corroles and that is the reason for their efficacy in preventing
nitration. The relevance of these findings were later confirmed in
cellular investigations, which revealed that manganese(IIl)
corroles are superior of the other corrole- and porphyrin-based 4
peroxynitrite decomposition catalysts for the prevention of
intracellular nitration and consequential death of the insulin-
producing beta-cells.” It is also important to point out that
of nitrotyrosine in patients are well-
established biomarkers for the involvement of peroxynitrite in the s
diseases under study.”®

@

excessive amounts

CAT activity

Literature review of synthetic metalloporphyrins reveals that they
are surprisingly poor catalysts for the decomposition of H,0,,
because most of them are extensively bleached.” One plausible s
reason is that they cleave the O-O bond of H,0, in a homolytic
fashion, leading to the formation of (O)M(IV) + -OH (M = Fe or
Mn) and oxidative degradation of the catalyst by the hydroxyl
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radical. Another possibility is heterolytic cleavage to [(O)M(V)]”
(Fig. 7, top) and decomposition of this hyperactive species via
self-oxidation as reported for many non-sterically hindered
derivatives.” Nevertheless, there are also reports that describe
isolation of the product from heterolytic cleavage of H,O, by
manganese(Ill) porphyrins.”® This and other [(O)Mn(V)]*
intermediates were found to be stable enough for spectroscopic
characterization at low temperatures and their reactivity profile
have been determined. These studies revealed a large reactivity
towards a range of organic and inorganic substrates, but not for
oxidation of H,0,” The necessary conclusion is that the
manganese porphyrins may be predicted to act as pro- rather than
antioxidants with regard to H,O,. According to this analysis,
metalloporphyrins could still display antioxidant performance of
the DCA type, if used in combination with SAO that recycle the
reactive intermediates. While we have not found in the literature
any study that looked into the combined effect of
metalloporphyrins and SAO on the decomposition of H,0,, there
are reports of using metalloporpyrins together with H,O, for
catalytic oxidation of hydrocarbons.”” In any case, the presence of
reducing agent in cells could well be the reason that synthetic
metalloporphyrins that perform poorly in pure chemical systems
still display some CAT-like activity in protecting against H,O,-
induced cellular damage.*” % An appreciation of how delicate
the predicted action of DCA may be deduced from a recent study
by Batinic-Haberle and coworkers, who concluded that "MnTE-
2-PyP*" may act both as an anti- and pro-oxidant; in the latter
case it can increase the levels of reactive oxygen species.”'

The main superiority of 1-Fe relative to other synthetic metal
complex is its excellent CAT-like activity. A study that looked
into H,O, decomposition by FeTPPS, 1-Fe, and 1-Mn showed
that FeTPPS was completely bleached, 1-Fe acted very fast and
efficiently (turnover frequency > 120 s), and that catalysis by 1-
Mn is very slow at neutral pH.*'® Another investigation has
disclosed that the reaction of (independently prepared) (O)Mn(V)
with H,O, is very fast,*> which suggests that its formation is the
rate determining step (Fig. 7, bottom). More in depth
examinations that were performed for 1-Fe revealed the
formation of the p-oxo compound 1-Fe-O-1-Fe, which is likely to
be a less active catalyst than 1-Fe.*'® Preventing the formation of
this species by supplying axial ligands was indeed advantageous
and may account for the very high potency of 1-Fe in preventing
H,0,-mediate damage in biological systems, where amino acid
residues that may be involved in axial ligation are present.
Consistent with that hypothesis, the efficiency of 1-Mn to
decompose H,0, was largely increased in the presence of
proteins.®? In the context of this perspective article it is crucial to
keep in mind that no matter how efficient an SOD (natural or
synthetic mimic) would be, it will still lead to the formation of
H,0, and other toxic species (such as HOCI and the hydroxyl
radical) if not coupled to CAT or a CAT-mimic. 1-Fe is highly
beneficial in this respect because it displays both SOD and CAT
activity. Using synthetic molecules that display SOD activity but
are devoid of any CAT activity was in fact reported to kill cells,
and used advantageously in the context of cancer treatment.®

Investigations that addressed the potential
therapeutic utility of metallocorroles
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In depth biological investigations of corroles commenced with
the aim of using the non-redox active but highly fluorescent
gallium(IIT) complex of the bis-sulfonated corrole (1-Ga) for
optical imaging of cancerous cells and tumors. The results
obtained with 1-Ga and a breast cancer-targeted cell penetration
protein (HerPBK10) revealed spontaneous formation of a very
tight conjugate. This bioconjugate (Her-Ga) exhibited excellent
targeting properties to heregulin-positive cancer cells. The
surprise was that Her-Ga also displayed dark toxicity towards the
cancerous cells, which raised the interest in checking its
applicability in tumor-implanted mice.** As little as 0.008 mg/kg
of Her-Ga was sufficient for complete inhibition of tumor growth
in vivo, and even some shrinkage of the tumor was displayed with
this dosage.®® What is more, the same 0.008 mg/kg dose reduced
tumor size by about 60% even when non-bioconjugated 1-Ga
was used. Mechanistic investigations have disclosed that Her-Ga
disrupts the mitochondrial potential, leading to the formation of
0,” and thus acting as a pro-oxidant*® A most recent
investigation revealed that the toxicity may further be enhanced
by the production of singlet oxygen when light irradiation is
added.’” Additional work revealed that 1-Ga displayed
cytotoxicity also in the absence of the specific carrier protein
towards breast, melanoma, and ovarian cancerous cells primarily
by arresting DNA replication.®® On the other hand and consistent
with its antioxidant activity, 1-Fe did not display any cytotoxicity
towards cancerous cells.

Most work in the field of corroles as catalytic antioxidants has
been dedicated to bis-sulfonated corrole-metal complexes, and
specifically to the iron complex 1-Fe, whose beneficial effects are
summarized in Figure 8. One reason for this practice is that the
redox potentials and catalytic rate constants for ROS/RNS
decomposition of this negatively-charged metallocorrole are of
the same magnitude as those of pyridinium-substituted analogs
(Table 2). Additionally, the synthetic up-scaling of the bis-
sulfonated compounds is very facile. A major concern regarding
these compounds was that they might not penetrate the cell
membrane due to their negative charge. To address this issue,
cells were incubated with 1-Ga (typically 20 uM in the medium
for 30 min) and examined by fluorescent confocal microscopy.
This disclosed that for SH-SY5Y human neuroblastoma cells,*
insulinoma RIN-m cells,”® and J774.A1 macrophage cells,” the
compound is internalized and accumulates in the cytoplasm but
remains excluded from the nucleus. The very strong non-covalent
binding of these amphipolar compounds to various serum
proteins is apparently responsible for the ability of these
negatively charged compounds to penetrate cell membranes, via
an endocytosis pathway.** This includes binding to HSA and
transferrin, for which the K values were determined to be < 1nM
and 10 nM, respectively.”’ The compounds were found to bind to
lipoproteins as well, with about 40 and 10 molecules remaining
bound to LDL and HDL, respectively, even after extensive
dialysis of the bioconjugates."

Large preference for binding to lipoproteins, and specifically
HDL, was deduced by HPLC separation of full human serum pre-
treated with various metal complexes of the bis-sulfonated
corrole. These inspections revealed that 60% eluted together with
the HDL fraction in the cases of 1-Mn and 1-Ga.”* For the lead
compound 1-Fe, the preference for HDL binding was 85%, with

o

the other 15% being associated with LDL. This finding is quite
important since these two lipoproteins are the main cholesterol
carriers [note that while there is more cholesterol in the LDL
fraction, the molarity of HDL is 7-times larger]. The general
selectivity of the three amphipolar corroles for binding to HDL
and LDL suggests strong interactions with the lipidic envelop of
the lipoproteins. Consistent with this hypothesis, FeTPPS with its
symmetrically distributed negative charges did not display that
phenomenon.’” The larger affinity (relative to 1-Ga and 1-Mn) of
1-Fe to HDL points towards some specific coordination
interaction as an additional mode of binding. The additional
binding mode for 1-Fe/HDL was identified by spectroscopy as
coordination of two proximal histidine moieties to the iron atom,
although the identity of the HDL-associated protein(s) that
contribute(s) these residues is still unknown. Nevertheless, it is
important to emphasize that the preference for HDL binding was
also evident in serum taken from mice to which 1-Fe was applied
by ip injection.”

Metallocorroles in models of neurodegenerative diseases

1-Fe and the pyridinium-substituted manganese(Ill) corroles 2-
Mn and 4-Mn were examined in cellular models of
neurodegenerative diseases.”® Human neuroblastoma cells (SH-
SY5Y) and mice motor neuron-neuroblastoma fusion cells (NSC-
34) were pre-incubated with 20 uM of the analyzed compound,
followed by the induction of oxidative stress. With 700 uM SIN-
1 (a compound that forms peroxynitrite in situ) as toxin, all
examined metallocorroles increased cell survival by a factor of 3
to 4 and they were also highly effective for preventing
intracellular nitration. 2-Mn and 4-Mn provided roughly the
same amount of protection also when used at a concentration of 5
uM, at which 1-Fe had no beneficial effect. The better
performance of the manganese corroles in this experimental
system, taken together with the evidence for the importance of
preventing nitration, is consistent with the earlier mentioned
mode of action on peroxynitrite. Only manganese corroles are
true ICA against nitration by it, since their catalytic cycle is
devoid of NO,. In parallel analysis of the porphyrin FeTPPS
revealed that this compound was much less potent than all three
corrole-metal complexes. Very different results were obtained
when oxidative stress was induced by the addition of H,0, (200
pM) for 24 h. 2-Mn and 4-Mn had practically no effect on
cellular viability even at a concentration of 20 uM, consistent
with their very slow mode of action against this toxin. On the
other hand, 1-Fe, the only catalytic antioxidant to date to display
significant CAT-like activity, significantly increased cell survival
at concentrations as low as 1 uM. For treatment with 20 uM of 1-
Fe, a 2-fold increase was observed for the SH-SY5Y cells and a
7-fold elevation for the NSC-34 cells. 1-Fe even displayed
neurorescue activity, as it provided the same level of cellular
protection even when added 30 min after the addition of H,0,.
Further examinations were conducted by treatment of the cells for
24 h with 6-hydroxydopamine (6-OHDA, 40 pM), a
parkinsonism-related neurotoxin that induces the formation of a
variety of ROS/RNS by the cells. All three metallocorroles
significantly increased cell survival, but the pyridinium-
substituted complexes were more efficient. The three compounds
also displayed neurorescue, but in this case 1-Fe was more
efficient providing significant cellular protection even when
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added as much as 3 h after the addition of the toxin. This shift in
the relative potencies of the compounds implies the involvement
of different ROS/RNS at different times after the addition of the
indirect toxin, 6-OHDA.

The bis-sulfonated metallocorroles 1-Fe, 1-Mn and 1-Ga were
further investigated in neuronal precursor retinal ganglion cells
(RGC-5), both in their undifferentiated immature state and as
differentiated cells that display characteristics similar to mature
neurons.” Possible neuroprotective activity was examined in
cells that were deprived of serum for 48 h, a treatment that
greatly reduces cell viability and involves the production of O,™".
Incubation of 1-Fe or 1-Mn at concentrations of 10 or 100 nM
during the serum deprivation (but in the presence of 1% BSA)
resulted in 30-50% cell rescue, whereas the non-redox active 1-
Ga had no effect. In addition, the transition metal complexes
were shown to completely suppress O, production in
undifferentiated and partially in differentiated RGC-5 cells. The
lower efficiency in the latter case may be attributed to the fact
that the drug used for differentiation (staurosporine) causes some
cellular apoptosis. The results obtained with 1-Fe and 1-Mn were
comparable to those obtained with polyethylene glycol-
conjugated SOD (30 U/mL), which was also less efficient in the
differentiated cells.

In vivo real-time confocal imaging was used to examine the
effect of 1-Fe, 1-Mn and 1-Ga on O,"~ production in individual
rat retinal ganglion cells following optic nerve transection. The
corroles were applied by intravitreal (to the eye) injection at a
concentration of 100 nM three days after nerve transection and
were analyzed the following day. 1-Fe and 1-Mn, but not 1-Ga,
significantly reduced the number of O, "-positive cells in the
retina.”’ In a follow up study, where 1-Fe was administered one
day after nerve transection and the analysis performed four days
later, the treatment was much less effective.”* It has been shown
that the O, burst in RGC occurs 3 - 5 days after the axonal
damage. It is reasonable to speculate that the levels of 1-Fe in the
RGC decreased over time, accounting for the low activity
displayed when the compound was applied on the first day
following transection.

Metallocorroles in models of diabetes

The cytoprotective activity of 1-Fe, 1-Mn and 4-Mn has been
explored in a cellular model of diabetes using insulinoma RIN-m
cells.”® Cellular protection was observed when the RIN-m cells
were pre-incubated with the metallocorroles and then exposed to
SIN-1 (800 uM). 4-Mn was the most potent, increasing cell

survival 6-fold at a concentration of 5 uM and higher. 20 uM of 45

1-Fe were needed to achieve the same level of protection, while
1-Mn at this concentration increased cell viability only by a
factor of 3. The three compounds also attenuated SIN-1 induced
intracellular protein nitration with the same relative efficiencies:
90% for 4-Mn, 50% for 1-Fe, and 25% for 1-Mn for treatment
with 20 uM of each. The superiority of 4-Mn points towards
larger cellular uptake of the positively charged derivative, and
probably also to a preferred decomposition mode of peroxynitrite
(Fig. 6). Supporting evidence for the latter hypothesis has been
obtained by the comparison between 4-Mn and a porphyrin-based
structural analog that is also substituted by two para-pyridinium
groups at the 5,15 meso-positions. The latter reduced nitration by
only 35%.

oy

In vivo investigations were only performed with 1-Fe, which
was examined for its efficacy against the development of diabetes ¢
complications.” Rats received a single ip injection of
streptozotocin (STZ, 50 mg/kg), which turned them diabetic
within 3 days. Oral treatment with 20 mg/kg/day of 1-Fe for a
period of 7 weeks began only 2 week after the induction of
diabetes, at which the fasting glucose levels were already very s
high (> 500 mg/dL). Treatment with 1-Fe significantly attenuated
the development of cataract, decreasing both the severity of the
condition and its occurrences; and the negative effect of diabetes
on the kidneys was almost completely cancelled out. In addition,
serum cholesterol and triglyceride levels were lower in the 1-Fe- 7
treated group relative to the control. A positive control was also
applied in these studies (o-lipoic acid. 50 mg/kg/day), which
further emphasized the superior effects of 1-Fe. The positive
control displayed comparable advantages regarding kidney
function, but much lower benefits on cataract incidents and 7s
severity. It also had no positive impact on body weight and lipid
profile, and highly elevated the serum level of the hepatic enzyme
alkaline phosphatase.

a5

Metallocorroles in cellular and animal models of
atherosclerosis 80

The cholesterol carrying lipoproteins LDL (“bad cholesterol”)
and HDL (“good cholesterol”) play major roles in cholesterol
homeostasis and the development of atherosclerosis, which
eventually lead to cardiovascular diseases.”® Oxidized LDL
(oxLDL) is well and long known to be highly atherogenic,”” ss
while it has much more recently been discovered that the
intrinsically antiatherogenic HDL becomes dysfunctional and
proinflammatory upon its oxidation.”® The selective binding of
sulfonated metallocorroles to HDL and LDL, together with the
catalytic potency of the manganese and iron complexes, s
suggested that the latter might be of significant value in the
ongoing search for therapies that may prevent cardiovascular
diseases. The first relevant examinations focused on the effects
on lipoproteins under induced oxidative stress.'® Investigations on
the ability of the metallocorroles to prevent CuSO,—induced os
oxidative damage to LDL revealed the following: 1-Ga had no
effect, consistent with it being non-redox active; 1-Fe completely
prevented LDL oxidation; and 1-Mn acted as a pro-oxidant. The
conflicting behaviour of 1-Mn, which displayed antioxidant
activity in purely chemical systems and in cell cultures, may be 0o
explained by the different environments: only toxin present in the
chemical system (ICA activity), the presence of recyclable SAO
within the cells (DCA activity), and encapsulation by a target-
rich lipoprotein (pro-oxidant activity). Later research focused on
the ability of 1-Fe to protect HDL; and in that case not just from 1o
oxidation but also from consequential deleterious effects.”
Oxidative damage to HDL was induced by a variety of methods,
which included CuSO,4 and the peroxynitrite-releasing SIN-1
molecule. The results revealed protection against these toxins by
1-Fe and preservation of the following anti-atherogenic activities 1
of HDL that are impaired due to oxidation: cholesterol efflux,
anti-apoptotic capability, and antioxidant activity. The 1-Fe/HDL
conjugates were even more potent antioxidants than native HDL,
indicating that 1-Fe boosts the natural antioxidant activity of
HDL. Interestingly 1-Fe also reduced the pro-atherogenicity of 1
already oxidized LDL (oxLDL), as revealed by decreased
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oxidative damage caused to macrophages by 1-Fe/oxLDL
conjugates relative to oxLDL alone.

Cellular penetration of 1-Fe into macrophages and its possible
cytoprotective effects were the focus of a separate investigation
that also included three different iron porphyrins: the pyridinum-
substituted FeTM-4-PyP, FeTPPS with its four symmetrically
distributed sulfonate moieties, and the amphipolar hemin with
two carboxylate head groups.”* The methodology for determining
cellular uptake relied on the pro-oxidative effects of the iron
complexes, i.e., their ability to catalyze oxidation of luminol by
H,0,. One outcome of this study was that much lower
concentrations of FeTPPS relative to 1-Fe could be identified by
this method. This shows that the peroxidase-like activity of
FeTPPS is much larger than that of 1-Fe, and vice versa, that the
potency of 1-Fe as ICA of H,0, is much larger than that of
FeTPPS. Both FeTM-4-PyP and hemin were found to accumulate
in the cells to high levels, but this was shown to be associated
with pronounced cytotoxicity induced by these complexes.
Regarding the other two complexes, the intracellular levels of 1-
Fe were found to be 5-fold higher than those determined for
FeTPPS, a phenomenon attributed to the amphipolar nature of the
former. This structural characteristic enables very strong binding
to lipoproteins,”” which apparently serve as shuttles for
transporting the negatively charged molecule into the cells. The
uptake of 1-Fe by the macrophages was quantified (2.4-10°
molecules/cell) and shown to be 2 to 3 orders of magnitude larger
than intracellular concentrations of native SOD reported in the
literature. The conclusion was that out of the four examined
iron(IIl) complexes, only 1-Fe displayed reasonable cellular
uptake together with no cytotoxicity.™ What is more, basal cell
viability even increased due to treatment by 1-Fe, which served
to indicate that it rescued against the high oxidative stress that is
characteristic of macrophages.

Examination of the cytoprotective potential against several
toxins added to the macrophages was performed for the two non-
toxic compounds, FeTPPS and 1-Fe. The identical results
obtained with and without FeTPPS clearly indicated that its
intracellular concentration is too small to come into effect. On the
other hand, 1-Fe was found to provide protection against
externally applied oxidative stress: doubling the amount of cells
that survived treatment with H,O, or SIN-1. The quite small
intracellular fraction of 1-Fe also saved the cells from damage
induced by compounds that are not ROS/RNS themselves, but
rather induce cellular production of such toxins. This includes a
two times elevation in cell survival of cells exposed to oxLDL for
24 h or to a combination of lipopolysaccharides and interferon-y
(INFy) for 48 h. These features were shared by the manganese
analog, 1-Mn, despite of its pro-oxidant activity in non-cellular
lipoprotein oxidation studies.”® This again highlights the mode of
action dependence of metal complexes on reaction conditions: 1-
Mn may display both pro- and anti-oxidant activity, which
depends on the amounts of SAQ present in the system.

The in vivo efficacy of 1-Fe, 1-Mn, and 1-Ga has been
addressed in apolipoprotein E deficient mice, a most established
murine model for the development of atherosclerosis.'* 12 weeks
old mice were orally treated for 10 weeks with 10 mg/kg/day of
the various compounds, and the following results were disclosed:
1-Ga displayed no beneficial effects on atherosclerosis
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development, 1-Mn displayed moderate efficiency, while 1-Fe
was highly potent. The higher efficiency of 1-Fe relative to 1-Mn
is consistent with the significantly larger catalytic rates disclosed
for the former regarding the decomposition of all major
biologically relevant ROS/RNS (Table 2). The 60% attenuation
of atherosclerosis by 1-Fe exceeded the best results obtained in
the same animal model by the most potent dietary antioxidants, ¢
such as red wine and pomegranate juice. An additional
phenomenon identified in that study, which is of relevance not
only to atherosclerosis, is the reduction of total blood cholesterol
levels in mice treated with 1-Fe relative to control mice. This
beneficial outcome was also displayed in 1-Fe treated diabetic 7
rats.”

In a follow up publication the cholesterol reduction effect was
shown to be unrelated to the antioxidant properties of 1-Fe.” It
turned out that both 1-Fe and its non-redox active analog 1-Ga
act as allosteric inhibitors of the enzyme that catalyzes the rate »
determining step of cholesterol biosynthesis, HMG-CoA
reductase (HMGCR). 1-Mn was much less effective in this
respect, indicating the importance of the identity of the chelated
ion for binding to the enzyme. The symmetrical porphyrin analog
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FeTPPS had no effect on HMGCR activity, pointing again at the so

amphipolarity of the corrole compounds as a pivotal factor.
Indeed this new and exciting property of 1-Fe opens new
horizons and requires further investigation.

Safety, toxicity and cell/organ accumulation aspects of 1-Fe

Any efforts of proceeding from drug discovery to drug ss

development must address toxicity issues. The concern of
potential cytotoxicity of the transition metal complexes was
addressed by 48 h incubation of macrophage cells (J774.A1) with
the sulfonated metallocorroles. Cellular viability decreased only
slightly with as much as 100 pM of 1-Fe or 1-Mn, while for the
same incubation time 1-Ga displayed an ICsy of 10 pM.”
Incubation of the cells with a more reasonable 20 uM
concentration of 1-Fe for 24 h increased rather than decreased
cellular viability by up to 150% relative to control cells,

indicating that this compound actually protects the cells from the s

basal oxidative stress present in the cultured macrophages >*. The
luminol-based detection method was used for revealing the time
course for internalization pattern of 1-Fe into the cells. It was
found that 1-Fe continues to enter the cells during a 24 h
incubation period, and also that the process is reversible for cells
incubated in corrole-free medium.”® For 2 h incubation, saturation
was achieved with 100 pM of the compound in the culture media,
at which the amount of intracellular 1-Fe reached 6-10°
molecules/cell.>* This method could not be applied on 1-Mn
since this compound did not effectively catalyze the luminol .
oxidation reaction, and its cellular uptake could thus not be
followed. Using fluorescence microscopy, the analogous
compound 1-Ga was found to accumulate in the cytoplasm and to
be excluded from the nucleus.”® One may assume this holds for 1-
Fe as well, but this hypothesis has not been proved yet. 1
A much more focused safety and toxicity study was recently
reported for 1-Fe,” which started by examining potential hERG
inhibition by the compound. The hERG potassium channel is
involved in coordinating the hearts beating, and is considered the
main target for adverse drug-induced cardiac effects. Inhibition of
the activity of this channel may lead to sudden death, and thus
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drugs that inhibit the hERG channel will never reach the clinic.
Drug candidates that display ICs¢>10 puM are generally
considered not to be cardiotoxic; and 1-Fe passed this test as it
displayed an ICsy of 22.7 uM. 1-Fe was also evaluated regarding
potential mutagenicity by the AMES test, and has shown to have
no mutagenic potential in both its "native form" and its
"metabolized form" (i.e. following its treatment with liver
extract). General toxicology examinations in rats revealed that 1-
Fe was overall well tolerated at 30 and 100 mg/kg/day (oral
gavage for 7 days), while mild adverse effects were observed
only for treatment with 300 mg/kg/day and specifically in one rat.
This dose is more than 10-fold higher than the doses of 1-Fe that
were used for therapeutic purposes.

Regulatory examinations that focus on pharmacokinetic and
bio-distribution were not yet reported, so we are left to speculate
that the strong interactions of 1-Fe with serum lipoproteins will
most likely affect the distribution of the compound between
various tissues and organs in vivo. Progress for following organ
distribution was reported for 1-Ga, the fluorescent analog of 1-
Fe, by collecting specific organ from mice ip injected with 10
mg/kg 1-Ga.* Fluoresce imaging revealed that the compound
accumulated in the kidneys, liver, lungs, heart, and pancreas. It
also reached the brain blood vessels, but apparently did not cross
the blood brain barrier. This kind of information is of prime
importance for deciding on which of the numerous diseases that
are affected by oxidative stress the metallocorroles could display
an optimal effect. Such an approach has been used for the
anticancer effect of 1-Ga, which has displayed preferred
accumulation in breast cancer tumors when conjugated to a
specific target-delivering protein.®

Conclusions and Future outlook

There may be no doubt about the large potential of metal-based
catalytic oxidants as drug candidates for the numerous diseases
where oxidative stress is heavily involved. It is hence quite
surprising to realize that only one compound has apparently
proceeded beyond pre-clinical trials so far.!” Of the many
possible reasons that come into account, we have emphasized the
concern that the most commonly used iron and manganese
complexes display both pro-oxidant and anti-oxidant properties.
This may be illustrated by MnTM-4-PyP and MnTM-2-PyP by
analyzing data from independent publications.” '*' MnTM-2-PyP
reacts about 10 times faster than MnTM-4-PyP with
peroxynitrite, but an investigation of the corresponding oxo-metal
complexes revealed that (O)MnTM-2-PyP reacts 3 orders of
magnitudes slower than (O)MnTM-4-PyP with a variety of
organic and inorganic substrates. This clearly shows that the anti-
vs. pro-oxidant activity of MnTM-2-PyP, but not of MnTM-4-
PyP, is favourable for utilization as a catalytic antioxidant.
Unfortunately, there are almost no reports that focused on the
anti- vs. pro-oxidant potency of particular complexes in the same
publication. We also note that despite of the large advances with
imidazolium-substituted metalloporphyrins,'® they still perform
as poor as other porphyrins and salen complexes for
the catalytic decomposition of H,0,.* On the other hand, there
are recent reports where such complexes were used as pro-
oxidant catalysts for oxidation of organic substrates by H,0,.!%
Even for the only complexes that decompose H,O, without
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suffering from extensive bleaching, i.e., the iron corroles and
manganese corrolazines,*'® ' detailed information about the
selectivity towards H,0, relative to other substrates is still
incomplete. Gaining control about these two opposing features
requires a great knowledge of their chemistry and realization that
their dominancy might differ significantly in pure chemical
environment relative to biological media (e.g., as displayed for 1-
Mn). This strongly depends on factors like association to proteins
and the local concentration of naturally present reducing agents.
Furthermore, broad range activity against the various ROS is
needed for effectively avoiding oxidative damage. Compounds
that display excellent O,” dismutation activity, but are
ineffective for decomposing the thus produced H,0,, are actually
pro-oxidants. They promote the transformation of the mild O,
toxin to the more damage-inducing H,O,. One recent report has
in fact disclosed that the potent SOD mimics MnTE-2-PyP and
MnTnHex-2-PyP actually reduce cellular viability under high
0, concentrations, in cancer cells where such an effect is
beneficial**® An in depth analysis of the results obtained for
MnTnHex-2-PyP and its iron analog in purely chemical, cellular,
and in vivo investigations serves as an excellent demonstration of
how the factors discussed in this assay come into play.* o

Despite of the fact that porphyrins are the most effective
agents for both catalytic antioxidant therapy and photodynamic
therapy (PDT),*® ¢ '™ issues of cellular uptake, modes of
intracellular penetration, and the distribution within cells are
much less studied for catalytic antioxidants than for PDT agents.
The reason is that the main tool for those purposes is optical
imaging, for which the photophysical properties of most PDT-
relevant porphyrins (metal-free or chelates with Zn, Al or Pd) are
ideal. On the contrary, these techniques cannot be utilized for the
non-emitting manganese and iron complexes of neither
porphyrins nor corroles. Method development efforts for cellular,
ex vivo and in vivo determination of these complexes are hence
highly desired and intensively explored.®® ** 1% Toxicity studies,
which are often considered as of low scientific interest, are of
prime importance for drug development efforts. Fortunately, such
information has started to appear for some of the discussed
metalloporphyrins and the first animal trials that addressed
potential toxicity issues of 1-Fe were recently published.” '%% 106
We look forward reading more about those issues for many other
catalytic antioxidants.

Another aspect that is emphasized in this article is the
distinction between SAQO, DCA, and ICA, and how these
different antioxidant classes act to neutralize ROS. It is important
to realize that some SAO might be almost as damaging as ROS,
and that the efficacy of DCA strongly depends on how reducing
the environment is. Examples that testify for the limitations of
SAOQ are the failure and even damage of antioxidant therapies by
dietary supplements. One must also keep in mind quite a few
variables that affect the performance of DCA in both
advantageous and unfavourable fashions that were outlined in
earlier paragraphs. We conclude by expressing our trust that the
issues highlighted in this perspective article will raise the
attention to both the practical and the scientific aspects that are
required for advancing catalytic antioxidants towards clinical
trials.

This journal is © The Royal Society of Chemistry [year]
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2H"+0; SoD 0, H202 CAT H,0
b) Dependent Catalytic Antioxidant (DCA) enzymes
NADP* GSR oxidized GPx H,0,
X X Glutathione
oxidized . oxidized
NADPH GSR Glutathione GPx H,0
FAD TrxR oxidized Prx H,0,
X X Thioredoxin
FADH oxidized . . oxidized
3 TrxR Thioredoxin PRx H,0

Fig. 1 The mechanism of: (a) ICA enzymes exemplified by the catalytic cycles of CAT and SOD, whereby the corresponding ROS are

catalytically decomposed without the involvement of any other cofactor; and (b) DCA enzymes, exemplified by the catalytic cycles of

GPx and Prx, that require the aid of a SAO, glutathione and thioredoxin, respectively. The SAO are then recycled by the
corresponding enzymes, glutathione reductase (GSR) and thioredoxin reductase (TrxR), which are themselves recycled by other SAO.
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Fig. 2 Chemical structures of the most investigated porphyrin- and corrole-based catalytic antioxidants. The B-pyrrole and meso

positions are marked.
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CgFs CeFs CeFs
1: CISO;H FeCl, H'/H,0 .
CeFs CeFs m’ CeFs CeFs —_— CgFs CeFs — > No demetallation
- Hyf
El Gl
SO; SO
S] <]
SO, S04

1-Fe
Fig. 3 Facile synthesis of amphipolar metallocorroles. The corrole is non-symmetrical, allowing for selective substitution to produce
amphipolar derivatives such as the bis-sulfonated corrole. The iron ion is tightly bound within this strong tri-anionic ligand, thus
iron(III) corroles are not demetallated under acidic conditions.

dey2 dey2
dey2 dy2.y2
1 d2 dp
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dy, 4 dy, d ! dy
dyy d,
Metal d orbitals in Mn(111) complexes of': Metal d orbitals in (O)YMn(V) complexes of':
Porphyrins Corroles Porphyrins Corroles

Fig. 4 The relative energy of metal d-orbitals in metalloporphyrins and metallocorroles. The corrole is a very strong ¢ donor, elevating
the metal d orbitals of metallocorroles by more than 1 V relative to those of metalloporphyrins. The consequences are demonstrated
for: a) Mn(III) (high spin d*, left panel), as to show that metallocorroles are much stronger reducing agents because their electrons are
in very high energy d orbitals; and b) (O)Mn(V) (low spin d right panel), for illustrating that corrole chelation stabilizes this high
oxidation state with regard to reduction by easily oxidized substrates.

+ .o
H20 ld"g Oz
Porphyrins: s.

Corroles:

[

Fig. 5 Mechanisms for superoxide radical decomposition by porphyrin and corrole metal complexes, with M = Mn or Fe. The net
reaction outcome is identical (formation of H,O, and O,) and the resting state is +3 in both cases. Differences are that: a) the rate-
limiting step is O, oxidation for metalloporphyrins and O, reduction for metallocorroles; and b) during catalysis, the
metalloporphyrins shuttle between +2/+3 and the metallocorroles between +3/+4 oxidation states.
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Fig. 6 Catalytic cycles for peroxynitrite decomposition by porphyrin and corrole metal complexes: The iron(Ill) porphyrins and
corroles share the same mechanism of peroxynitrite isomerization. Both manganese(Ill) complexes form a (O)Mn(V) intermediate,
which in the case of porphyrins reacts immediately with co-formed nitrite as to lead to NO, and a long-lived (O)Mn(IV) species that is
inert to peroxynitrite. A full catalytic cycle is completed only in the presence of SAO. The (O)Mn(V) corrole intermediates are not
reduced by nitrite, are much more long-lived, do react with another peroxynitrite molecule, and complete a full catalytic cycle even in
the absence of any co-reductant. The net outcome is disproportionation of peroxynitrite to oxygen and nitrite. Note that the Mn-
oxygen bond order is 3 for Mn(V) and 2.5 for Mn(IV).

H,O + O, '“ H,0,
Porphyrins: X k
H,0,
k4
bIeachlng
H,O + O, '” H,0,
Corroles: X k r d s
H,0,
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Fig. 7 Plausible mechanism for catalytic hydrogen peroxide decomposition by porphyrin and corrole manganese(Ill) complexes. The
first step is similar and leads to the formation of a (O)Mn(V) intermediate in both cases. Bleaching and/or oxidation of a substrate are
the main routes of reaction for the porphyrin-chelated intermediate, whereas (O)Mn(V) corroles react preferably with a second H,O,
molecule and are not bleached. S = substrate and SO = oxidized substrate, where S could be either a non-catalytic antioxidant (leading
to antioxidant activity) or a vital biomolecule (resulting in pro-oxidative activity). Note that the Mn-oxygen bond order is 3 for Mn(V),
as indicated in the drawing.
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Figure 8. The beneficial effects of 1-Fe, the most investigated metallocorrole regarding medicinal applications.



