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Foreword

Free Radical and Redox Biology in Disease States:  
The Era of Redox-Active Therapeutics

Free radicals and oxidant species have been associated with the initiation and pro-
gression of several disease states for the last three decades. Disruption of cell and 
tissue redox homeostasis occurs by a variety of molecular mechanisms including 
the alteration of mitochondrial function, overactivation of membrane-bound 
NAD(P)H oxidases, induction or uncoupling of nitric oxide synthases, redox cycling 
of xenobiotics, mobilization of iron pools, and enhanced activity of xanthine oxi-
dase, myeloperoxidase, and other “redox” enzymes in specific cell types and tissue 
regions. These sources of reactive species have been identified as culprits of creat-
ing pro-oxidant environments that facilitate oxidative molecular damage. 
Additionally, oxidants, at controlled levels, have been more recently shown to par-
ticipate in redox signaling pathways. Overall, significant changes in steady-state 
concentrations of reactive species can have a profound impact on the control of 
metabolism and gene expression. Two major challenges in the field have been to (a) 
dissect and prove the relevance of different oxidative processes in the pathophysiol-
ogy of disease (in spite of its association) and (b) develop rational and effective 
redox-active therapeutics that can neutralize molecular events of disease. In one 
way, a + b are intertwined because current evidence is indicating that effective 
redox-active therapeutics should be targeted towards the main participating routes/
reactive species and/or cell/tissue compartments. Additionally, a successful redox-
based intervention serves as a “proof of concept” to connect oxidative processes to 
pathology. In the last decade a great deal of progress has been made on the sound 
development of such redox-active therapeutics. For example, in the case of transi-
tion metal-based synthetic compounds, modulation of the redox potential, structure, 
and hydrophobicity have largely improved the pharmacological action of these 
compounds by means of the efficient elimination of reactive species due to opti-
mized kinetic capacity and biodistribution, together with a decrease of undesired 
interactions with biomolecules. Important findings through the years have been that 
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many of the developed redox-active compounds are multifunctional in terms of both 
coping with a group of reactive species and catalytically participating in redox 
detoxification pathways at the expense of reducing equivalents obtained from 
endogenous reductants (such as uric acid, ascorbate, or glutathione) or even from 
redox enzymes or the mitochondrial electron transport chain. The high kinetic effi-
ciency of some of the compounds together with catalytic character of these reac-
tions makes it possible to have potent actions in the presence of micromolar or 
submicromolar amounts, with little or negligible associated toxicity.

Another important aspect, successfully developed lately to increase pharmaco-
logical actions, relates to the improved subcellular distribution. Indeed, targeting of 
redox-active compounds to specific cell compartments such as mitochondria by a 
variety of chemical modifications to the parent moiety has revealed to be a key 
breakthrough. Indeed, targeted compounds have been shown to increase their con-
centrations in specific intra- or extracellular compartment several hundreds of time, 
which has resulted in higher specificity and effectiveness.

Additionally, other important related conceptual demands (and challenges) have 
emerged lately in the development and testing of redox-active therapeutics. Firstly, 
many times the observed protective biological effects exceed what can be expected 
from carefully contrasting the actual concentrations of redox-active compound 
achieved intracellularly with the known rate constants of reaction with reactive spe-
cies (important to say that the latter have been typically obtained in homogenous 
solutions, not in the crowded and compartmentalized cellular environment); indeed, 
it is not always obvious to visualize how some of the utilized compounds may 
largely outcompete the many parallel reactions of reactive species with critical 
intracellular targets or significantly augment pre-existing antioxidant capacities 
(e.g., how much could an “SOD mimic” increase SOD activity in vivo, when 
10–20 μM SOD is present in different cellular compartments and react at near dif-
fusion-controlled rates with superoxide radicals!). Part of the answer seems to rely 
on the capacity of these compounds to eliminate a variety of species, but also in 
their capacity to induce antioxidant responses at the transcriptional level (presum-
ably via oxidation reactions involving protein thiols or maybe even iron-sulfur clus-
ters) that ultimately results in the upregulation of endogenous antioxidant systems. 
Indeed, it is increasingly recognized that redox-active compounds may activate 
redox-sensitive transcription factors that, in turn, trigger cytoprotective gene 
responses. Thus, direct detoxification reactions may run simultaneously with more 
subtle and permanent changes in cell/tissue antioxidant capacities.

In the past, studies on different human pathologies administering both natural 
and synthetic compounds have been executed, suggesting positive pharmacological 
actions. Unfortunately, some of the promising studies carried out on small and con-
trolled human populations were not confirmed later in studies with more demanding 
standards and/or on larger populations, which signified a large delay for the field of 
redox-active therapeutics and medical practice, and challenged the view on the role 
of disruption of redox processes on the basis of human disease conditions. But fur-
ther scientific progress was made over the last decade both on the understanding of 
free radical/redox processes participating in molecular basis of disease and the 
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design of synthetic redox-active compounds with improved chemical reactivity, 
selectivity, and biodistribution. Indeed, I firmly think that after the initial enthusi-
asm followed by a drawback experienced with redox-active therapeutics in humans, 
the field is now on a new and wide avenue of solid development, which is likely to 
become clinically successful. With the more profound understanding of the subtle 
redox reactions, mediators, and processes underlying the development of patholo-
gies and the rationale design of more suitable synthetic compounds with enhanced 
selectivity, reactivity, and compartmentalization, the application of redox-active 
therapeutics to the clinical arena is getting very close. These new therapeutics are 
expected to be useful in inflammatory, cardiovascular, and neurodegenerative con-
ditions and in radioprotection, among several other disease states. In addition to the 
large amount of existing preclinical data, some of the newer compounds are or will 
be promptly tested in clinical trials. Obviously, a positive pharmacological outcome 
will be of great impact to the field and to medical therapeutics.

All the key aspects of the field of redox-active therapeutics are nicely covered in 
this book edited by Drs. Batinić-Haberle, Rebouças, and Spasojević. A nice pro-
gression from very basic concepts and observations (starting with chapters from the 
discoverers of superoxide dismutase, Irwin Fridovich and Joe Mc Cord) to the 
application of redox-active therapeutics in large range of disease conditions is pre-
sented in a fully updated and coherent manner. With their vast experience in the 
field, the editors have been able to assemble an outstanding group of chapters writ-
ten by leading investigators. This book represents a large and most welcome effort 
to bring together, and with a profound and solid view, the current developments and 
potential applications of redox-active therapeutics for the treatment of human 
pathologies. The work also leaves open the possibility for further research in the 
area including a deeper understanding of the pharmacological mechanism of redox-
active drugs in vivo, identification of novel molecular targets and salutary media-
tors, development of tailored drugs for enhanced selectivity, and application of the 
more promising compounds for acute and chronic disease conditions in humans. I 
warmly congratulate the editors and authors for the outstanding work and I am posi-
tive this book, a very first dedicated to stress the key role of redox-active therapeu-
tics in medicine, will constitute a reference material both for the free radical/redox 
biomedical community and for any biomedical and chemical researchers interested 
in the role of free radicals, oxidants, and antioxidant systems in human health and 
pathology.

 Rafael Radi, MD, PhD
 President, Society for Free Radical  
 Research International
 Fellow, Society for Redox  
 Biology and Medicine
 Foreign Associate, US National  
 Academy of Sciences

Universidad de la República 
Montevideo, Uruguay
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Preface

The inauguration of this book marks ~ half a century since the inception of the 
field of Free Radicals in Biology and Medicine with the seminal discovery of 
the major endogenous antioxidative defense, Cu,Zn superoxide dismutase enzyme 
(Cu,ZnSOD), by Irwin Fridovich and Joe McCord in 1969 [1].

The discovery of Cu,ZnSOD was followed by discoveries of mitochondrial 
(MnSOD) and extracellular (Cu,ZnSOD) isoforms. The subsequent studies of 
Babior et al. [2] supported the biological relevance of superoxide (O2

•–) demonstrat-
ing that this radical is formed, as a part of antibacterial strategy, by the action of 
NADPH oxidases in white blood cells. Over years it has been demonstrated that a 
number of enzymatic systems, oxidases, oxygenases, nitric oxide synthases, com-
plexes I and III of mitochondrial respiration, and others produce O2

•– (intentionally 
or not) and subsequently and rapidly H2O2 (enzymatically or not) under physiologi-
cal and pathological conditions. Throughout half a century of research, immense 
knowledge has been collected on free radicals and other reactive species demon-
strating their critical roles in redox biology of healthy, metabolically stressed and 
neoplastic cells. This in turn has inspired numerous studies that explore therapeutic 
approaches, many of which are covered in this book, to normalize physiological 
redox status in normal but diseased cells and induce apoptosis of cancer cells.

Ten years after the discovery of the SOD enzyme, the first study on an SOD 
mimic was reported by Pasternack and Halliwell [3]. The authors demonstrated the 
SOD-like activity of an Fe porphyrin. In the early 1980s Archibald and Fridovich 
[4] showed that Mn salts, such as Mn(II) lactate, possess high SOD-like activity 
thereby justifying the existence of organisms that accumulate mM levels of Mn to 
overcome their lack of an SOD enzyme. The first report on the Mn salen class of 
SOD mimics (EUK-8) appeared in 1993 [5]. One of those, EUK-134, is in use as an 
active ingredient in sunscreen products. Meanwhile Irwin Fridovich’s group 
embarked on decades-long development of porphyrin-based SOD mimics. A highly 
efficacious Mn porphyrin-based SOD mimic was reported in 1997 by Ines Batinić-
Haberle [6], setting the stage for the design of multiple redox-active metalloporphy-
rins on the basis of structure-activity relationships. In parallel with Mn 
porphyrin-based SOD mimics, works by Dennis Riley’s group [7] gave rise to the 
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Mn(II) cyclic polyamine (aza-crown ethers) class of potent SOD mimics. Compound 
leads from both porphyrin and polyamine classes of SOD mimics are presently in 
clinical trials as radioprotectors of normal tissue. While not SOD mimics, in the 
early 1990s the redox-active (non-metal based) nitrones and nitroxides have been 
developed as therapeutics [8]. The OKN-007 nitrone (also known as NXY-059) 
went through clinical trials for stroke and is presently in a clinical trial as an anti-
cancer therapeutic for recurrent malignant glioma. The redox-active quinone-based 
compound, MitoQ, has been in clinical trials for Parkinson’s disease and for chronic 
hepatitis C and is presently used for skin care. In the late 2000s “shrinked” porphy-
rins, metallocorroles, emerged as prospective SOD mimics and therapeutics [9]. 
Numerous other redox-active metal complexes and SOD mimics were developed as 
therapeutics by different groups, some of which are addressed in this book. The 
wealth of data collected thus far demonstrates that structure-activity relationships, 
initially developed for Mn porphyrins, are valid for different classes of SOD mim-
ics. The photosensitizing porphyrin ligand, H2TM-4-PyP4+, is being incorporated 
into nano-scaffolds to form nano-phototheranostics for diagnosis and treatment of 
various cancers. As alternatives to such photosensitizers, quantum dots made of 
semiconductor metal-containing materials (such as CdSe, CdTe, and InAs) conju-
gated or not to Zn(II) porphyrins have been explored [10].

Since the discovery of SOD enzymes, tremendous progress has been made on the 
chemistry of small endogenous reactive species and enzymes which maintain the 
balanced redox environment of a normal cell; the perturbed balance results in a 
pathological condition known as oxidative stress. Different classes of SOD mimics 
were initially developed and anticipated to be specific to O2

•–. It might have been 
obvious from the very beginning that such small molecules (relative to a protein-
structured enzyme), with biologically compatible reduction potentials, would react 
with numerous reactive species. Yet, the wealth of knowledge on the chemistry of 
those species was not available to allow for such “free” thinking. Moreover the 
biological importance of numerous species such as nitric oxide, peroxynitrite, 
nitroxyl, carbon monoxide, reactive sulfur, and selenium species and their cross-
talk has not yet fully emerged. In turn, not until the end of the 1990s and early 2000s 
did the rich reactivity of SOD mimics and other redox-active therapeutics towards 
species other than O2

•– surfaced.
Researchers have often incorrectly assigned the effects of redox-active drugs to 

particular reactive species. The unselective chemistry of such compounds, the mul-
titude of reactive species involved, and the biological milieu are too complex to 
define the mechanism of action with certainty. The use of genetically modified ani-
mals or microorganisms has allowed progress. While insight into the redox biology 
of a cell and redox-active compounds is expanding, the actions of compounds are 
still often incorrectly singularly attributed to the dismutation of either O2

− or/and 
H2O2, when neither a true SOD mimic nor a functional catalase mimic is used. A 
recent comprehensive study pointed out that the majority of metal complexes (vari-
ous Mn or Fe porphyrins, Mn salen EUK-8 or Mn(II) cyclic polyamines such as 
M40403) are not catalase mimics [11]. Only Fe(III) corroles have modest cata-
lase-like activity, and its biological relevance awaits further exploration. Another 
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important issue with any drug is its purity. Caution needs to be exercised, as com-
mercial suppliers have frequently sold impure compounds, which in turn have hin-
dered correct discussions of the effects observed.

It was not until the mid-2000s that evidence was provided to demonstrate the 
interaction between redox-active therapeutics and transcription factors, such as 
HIF-1α, AP-1, SP-1, and NF-κB. Effects on transcription factors have been found 
with different classes of therapeutics, both synthetic and natural, such as Mn porphy-
rins, nitroxides, Mn salen derivatives, sulforaphane, flavonoids, and polyphenols. 
Initially, it was speculated that the effects were due to the ability of Mn porphyrins 
to rapidly remove reactive species, produced upon oxidative stress, which would 
have otherwise activated one or more transcription factors and in turn transcription 
of a group of genes. It took nearly a decade before it became clearer that at least one 
of the major mechanisms involves protein thiols. This learning process required joint 
efforts of chemists, biochemists, pharmacologists, and biologists.

For years, an obvious fact was overlooked. Catalysis of O2
•– dismutation is effica-

cious ONLY if a mimic (or SOD enzyme) is an equally good oxidant and antioxidant, 
i.e., it equally well oxidizes O2

•– to oxygen and reduces it to H2O2. Thus an SOD 
mimic and/or SOD enzyme can act in vivo both as an antioxidant and (pro)oxidant. 
Moreover, the reduction of O2

•– by an SOD mimic gives rise to an oxidant—H2O2. 
At that point it was a common understanding that H2O2 cannot accumulate in the cell 
as it is eliminated by numerous (redundant) enzymatic systems such as catalase, 
glutathione peroxidases (GPx), and peroxiredoxins. Only recently has it emerged 
that those systems may be downregulated and/or inactivated during disease, which 
would in turn lead to H2O2 accumulation—a frequent scenario in cancer. While the 
SOD enzyme is a tumor suppressor in healthy cells, under disease conditions, the 
SOD enzyme may become a tumor promoter. Such reports coincide with the conclu-
sion that indeed an SOD mimic, with redox properties similar to SOD enzyme, can 
function as either a pro- or antioxidant depending upon the local environment.

Jon Piganelli was the first to suggest that, in diabetes models, Mn porphyrin can 
act as an oxidant, possibly oxidizing the p50 subunit of NF-κB in nucleus [12]. The 
notion was supported by a pharmacokinetic study on macrophages which showed 
that Mn porphyrin accumulates threefold more in the nucleus than in cytosol. A 
crucial study on lymphoma cells by Margaret Tome and her colleagues [13] fur-
thered Piganelli’s notion in helping understand which reactions are likely involved 
in the suppression of NF-κB transcriptional activity. Tome showed that H2O2 and 
GSH are indispensable in the actions of a redox-active Mn porphyrin in oxidatively 
modifying—S-glutathionylating—p65 and p50 subunits of NF-κB. Once glutathio-
nylated, NF-κB cannot bind to DNA to initiate gene transcription. S-glutathionylation 
was then demonstrated by Tome’s group to occur with other thiol-bearing proteins 
including mitochondrial complexes I, III, and IV. The inactivation of complexes I 
and III resulted in the suppression of ATP production. An effect of Mn porphyrin on 
glycolysis was also seen, possibly involving S-glutathionylation reactions. 
Importantly, no toxicity was observed with normal lymphocytes. Mitochondrial 
accumulation of Mn porphyrins and comprehensive aqueous chemistry on cysteine 
oxidase and/or GPx-like activity of Mn porphyrins by Batinić-Haberle and her 
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 colleagues supported such observations. Studies point to a major role of H2O2 in the 
actions of Mn porphyrins and agree well with a growing recognition of the critical 
role of this species in cell biology. A similar mechanism of action for other redox-
active drugs is highly likely as several other compounds such as Mn salens, nitrox-
ides, and polyphenols also inhibit NF-κB.

Studies as such have challenged how small molecule redox-active SOD mimics, 
originally considered as selective antioxidants, are viewed. Current data point to the 
activation of Nrf2 by different redox-active drugs including curcumin, sulfora-
phane, nitroxides, and Mn porphyrins, presumably via oxidation (or 
S-glutathionylation) of the cysteines of its Keap1 unit, reminiscent of the NF-κB 
story described above. Such action would result in upregulation of endogenous anti-
oxidative defenses. The data provided by Thambi Dorai et al. [14] on rat kidney 
ischemia/reperfusion injury showed that Mn porphyrin, rather than acting as SOD 
mimic in its own right, may activate Nrf2. Activation of Nrf2 would upregulate 
numerous endogenous antioxidative defenses including mitochondrial and extracel-
lular SOD enzymes. Recent preliminary data from Daret St. Clair’s group suggest 
that the activation of Nrf2 by Mn porphyrin may, though, not occur in cancer. Indeed 
the activation of Nrf2 by Mn porphyrin was not seen with malignant hematopoietic 
stem cells derived from patients with myelodysplastic syndrome, but Nrf2 was acti-
vated in normal hematopoietic stem cells.

In addition to favorable redox properties, redox-active therapeutics MUST reach 
a site of action in the body without imposing significant toxicity. Significant efforts 
have been invested towards understanding how structural properties of Mn porphy-
rins affect their toxicity and biodistribution in organs, cells, and subcellular organ-
elles. Similar studies on other redox-active drugs are needed.

This book provides a comprehensive, up-to-date source of information on the 
molecular design and mechanistic, pharmacological, and medicinal aspects of 
redox-active therapeutics. The first two sections of the book discuss the role of SOD 
enzymes under physiological and pathological conditions and address multiple 
classes of redox-active drugs. The basic aspects of the chemistry and biology of 
redox-active drugs and the brief overview of the redox-based pathways involved in 
cancer and the medical aspects of redox-active drugs are provided assuming little in 
the way of prior knowledge. The third and fourth sections of the book deal with the 
therapeutic approaches towards different diseases. Among therapeutic effects 
obtained with redox-active drugs, the radioprotection of normal tissues is of par-
ticular interest as there is no efficacious and nontoxic radioprotector of normal tis-
sue available for human use. Such effects gave rise to ongoing clinical trials on the 
radioprotective effects of two efficacious SOD mimics (Mn porphyrin-based BMX-
001 and Mn cyclic polyamine-based GC4419)—a critical step forward in the devel-
opment of a redox-active SOD mimic as a human therapeutic. Up to 50 % of all 
cancer patients undergo some type of radiotherapy; thus there is a substantial need 
to protect normal tissue during tumor irradiation. While protecting normal tissue, it 
is essential that the radioprotector does not protect tumor tissue. Multiple studies 
now show that an SOD mimic can simultaneously function as a radioprotectant for 
normal tissue and as a radiosensitizer for tumor tissue. Only recently has a possible 
explanation for such apparent dichotomy emerged. It relies on differential redox 
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environments of normal vs. cancer tissue and differential accumulation of Mn por-
phyrin in those tissues. This drives vast suppression of antiapoptotic NF-κB in the 
cancer cell while there is only moderate suppression in normal cells; in turn, tumor 
cells undergo apoptosis while survival pathways are upregulated in normal cell.

In recent years there has been a rapid advance in developing and exploiting 
redox-active therapeutics towards a wide range of diseases and pathophysiological 
states other than cancer, such as inflammation, diabetes, cardiovascular, and neuro-
degenerative diseases. Contrary to classical therapeutic approaches that target 
directly specific proteins, enzymes, or macromolecules, redox-active therapeutics 
constitute a novel strategy whose target is the organism redox network, the so-called 
Redoxome. Mimics of redox enzymes and compounds that are able to reestablish 
the physiological levels of reactive species in normal tissues (demonstrated as a 
suppression of oxidative stress-dependent immune responses and secondary inflam-
matory processes), or selectively increase the oxidative burden in some targeted 
cells and tissues (such as tumor), are being heavily sought as experimental thera-
peutics. The adventure into fully understanding the effects obtained with metal-
based therapeutics in inducing subtle changes, which would be observed as the 
“healing” of a diseased or death of a cancerous tissue, is still in its infancy; yet 
remarkable therapeutic effects are driving research in this relatively new interdisci-
plinary area linking chemistry, biochemistry, biology, and medicine.

The abundance of new information and the paradigm shift in our understanding 
of the mechanism of how the redox-active drugs work in a wide variety of diseases 
impose a need for a book to synthesize the current state of knowledge regarding the 
role of redox-active compounds in healthy and diseased tissue. Thus, this appears to 
be the first book fully dedicated to addressing the critical role that redox processes 
play in the development of different classes of therapeutics from the bench to the 
clinic and stressing awareness of these concepts for the treatment of disease. The 
chapters in this book describe the progresses in defining the central role of redox 
biology in many disease processes including inflammation, immunology, and neo-
plasia. This sets the foundation for the development of new classes of small redox-
active molecules with unique effects in control of redox biology through modulation 
of key transcription factors at the core of inflammation, immunity, and neoplasia. 
The next decade shows a promise for the translation of this body of knowledge into 
new, transformative human therapeutics.

Durham, NC, USA Ines Batinić-Haberle
João Pessoa, PB, Brazil Júlio S. Rebouças
Durham, NC, USA Ivan Spasojević
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2- PyP5+, BMX-001) see the light of day. Artak Tovmasyan has been with me for 
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7 years. With his dedication, passion for science, and hard work, Artak has made a 
tremendous impact on the development of redox-active therapeutics and under-
standing of their mechanism(s) of action(s). While organic chemist by basic train-
ing, he excelled also in in vitro and in vivo experiments in support of our aqueous 
chemistry. With his exquisite artistic skills, the brilliant figures in bright colors 
became a growing part of our manuscripts.

I am also grateful to numerous colleagues who helped us on our way toward 
clinical trials, many of whom coauthored chapters in this book. We are most obliged 
to Irwin Fridovich (Duke University School of Medicine); Peter Hambright (Howard 
University); Ludmil Benov (Kuwait University School of Medicine); Kam Leong 
(Duke University School of Engineering, presently at Columbia University); Daret 
St. Clair (University of Kentucky at Lexington); Margaret Tome (University of 
Arizona at Tucson); Jon Piganelli (University of Pittsburgh School of Medicine); 
Christopher Lascola, Darell Bigner, Mark Cline, Huaxin Sheng, Bridget Koontz, 
and David Warner (Duke University School of Medicine); Željko Vujašković 
(University of Maryland School of Medicine, Baltimore); John Archambeau (Loma 
Linda University); and Ting-Ting Huang (Stanford University School of Medicine 
and Geriatric Research Education and Clinical Center, Veterans Affairs Palo Alto 
Health Care System). Shortly after I joined Irwin Fridovich’s Lab, I was fortunate to 
get acquainted with Peter Hambright. While Irwin Fridovich is the father of free 
radicals in biology and medicine, Peter Hambright may be regarded as the father of 
water-soluble porphyrins. I could not have imagined my career in water-soluble 
porphyrins, whose structural modifications resulted in powerful SOD mimics and 
redox-active therapeutics, without the inputs of Peter Hambright. In 1995, when I 
joined Irwin Fridovich’s Lab, I essentially knew nothing about superoxide and por-
phyrins. While Irwin Fridovich taught me the basics of free radical biology and 
medicine, Peter Hambright, a fascinating character in his own right, was the one 
who guided me through my first steps in porphyrin chemistry. Unfortunately he 
passed away 5 years afterwards. Ludmil Benov has been in charge of all experiments 
related to the bioavailability of different redox-active drugs in simple unicellular 
models of oxidative stress, Escherichia coli and Saccharomyces cerevisiae. Most 
recently his studies on cancer and normal mammalian cells helped in identifying the 
best Mn porphyrin candidates for clinical development. Also, Benov’s experiments 
increased our insight into the bioavailability of Mn porphyrins and mechanisms of 
their in vitro and in vivo actions. Margaret Tome, a biochemist whose experiments 
are nothing short of art, contributed vastly to understanding the in vivo pro- oxidative 
mechanism of action of Mn porphyrins. Kam Leong occupies a very special place in 
my career, a role model of a scholar and mentor and a man of immense kindness and 
generosity, who, while on faculty at Duke University School of Engineering, sup-
ported my Lab with his own funds in times of great need. With Bridget Koontz, we 
recently launched our journey toward radioprotection of male sexuality during 
radiotherapy of prostate cancer patients. With Željko Vujašković, we performed the 
very first mice studies on the pulmonary radioprotective effects of Mn porphyrins at 
Duke University, which were followed by monkey studies in  collaboration with 
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Mark Cline (Wake Forest School of Medicine). Christopher Lascola pioneered the 
use of Mn porphyrins for differential tumor vs. normal tissue MR imaging. Darell 
Bigner (co-leader of The Preston Robert Tisch Brain Tumor Center at Duke) was 
instrumental in supporting the initial mouse studies on the anticancer therapeutic 
potential of MnTnBuOE- 2- PyP5+ in glioma, facilitating its progress toward clinical 
trials as a radioprotector of normal brain while radiosensitizer of brain tumor. David 
Warner and Huaxin Sheng were the first to point out the therapeutic potential of Mn 
porphyrins in central nervous system injuries. The unsurpassable expert surgical 
skills and the compassionate nature of Huaxin Sheng have been invaluable with 
CNS injuries and pharmacokinetic studies. Daret St. Clair pioneered the role of Mn 
porphyrins in mitochondrial actions thereby mimicking MnSOD; in collaboration 
with her, we showed that cationic Mn porphyrins favor mitochondrial over cytosolic 
accumulation. Our over-decade-long joint work has developed into gentle and highly 
supportive friendship. Jon Piganelli, spirited, enthusiastic, and a very dear colleague 
of mine, has always trusted the therapeutic potential of Mn porphyrins. He was the 
first to suggest they act at the level of NF-κB cysteines, supposedly as pro-oxidants 
challenging our views on Mn porphyrins as antioxidants. While provocative in the 
early 2000s, viewing the actions of so-called SOD mimics as pro-oxidative has been 
increasingly accepted by researchers nowadays. Importantly, Jon Piganelli was 
instrumental in getting MnTE-2-PyP5+ into clinical trials on islet transplants in 
Canada. A fine clinician, scientist, and a colleague, John Archambeau performed 
critical studies on proton radiation of rat rectum indicating the potential of Mn por-
phyrins as radioprotectants of the rectum and setting the stage for their development 
toward the clinic; related studies are in progress at Duke University. Christian 
Beausejour and Ting-Ting Huang conducted critical studies showing the therapeutic 
potential of Mn porphyrin in protecting hippocampal neurogenesis during irradia-
tion, and substantiated similar studies conducted by Mark Dewhirst at Duke 
University. In collaboration with my Lab, Paula Lam, Emily Roberts/Xiaodong 
Ye/Kam Leong, Ludmil Benov and Margaret Tome showed that Mn porphyrins 
when combined with sources of reactive species (such as radio- and chemotherapy 
and ascorbate) induce differential effects in restoring the physiological environment 
of normal cells while killing cancer cells. We have just launched studies with Angeles 
Secord and Shara Reihani (Duke University School of Medicine) on the use of Mn 
porphyrins as single agents or combined with chemotherapy, radiotherapy, and 
ascorbate in ovarian and cervical cancer. The collaborations with Stephen Weber, 
University of Pittsburgh, and Robert Levy and Giovanni Ferrari, University of 
Pennsylvania School of Medicine, have just had an excellent start. An important 
place in addressing the therapeutic and mechanistic aspects of Mn porphyrins is 
occupied by the Uruguay group at Universidad de la República led by Rafael Radi 
and Gerardo Ferrer-Sueta; many of their students and colleagues have been involved 
in studies on Mn porphyrins during almost 20 years of collaboration, such as Homero 
Rubbo, Andres Trostchansky, and Madia Trujillo; they addressed peroxynitrite- 
related aspects of Mn porphyrins and are in a process of showing that Mn porphyrins 
also reduce hypochlorite. All of those studies paved the way toward clinical trials.
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A special place in the development of electron-deficient metalloporphyrins occu-
pies the information made available by Gordon M. Miskelly’s group in Richards et al., 
Inorg Chem 1996 (vol 35, 1940–1944). The manuscript described the complex of Li 
with octabrominated para N-methylpyridylporphyrin. The enclosed pKa values of the 
inner pyrrolic nitrogens indicated the exceptional acidity of the porphyrin, suggesting 
in turn the exceptional electron-withdrawing power of eight pyrrolic bromines. This 
report guided us towards the synthesis of the first powerful SOD mimic, MnBr8TM-4-
PyP4+. That compound was unfortunately of insufficient metal/ligand stability (Batinić-
Haberle et al., Arch Biochem Biophys 1997). In addition, the information from that 
manuscript helped us with isolation and purification of different Mn porphyrins.

Many other researchers in the USA and abroad contributed also to the develop-
ment of Mn porphyrins such as Dean Jones and Judith Fridovich (Emory University); 
Joan Valentine and Edith Gralla (University of California at Los Angeles); Lee-Ann 
MacMillan-Crow and John Crow (University of Arkansas for Medical Sciences at 
Little Rock); Daniela Salvemini (St. Louis University School of Medicine); 
Jeannette Vasquez-Vivar (University of Wisconsin); Bruce Freeman (University of 
Pittsburgh Medical Center); Thambi Dorai (New York Medical College); Sidhartha 
Tan (University of Chicago); Rebecca Oberley-Deegan (University of Nebraska 
Medical Center); Christian Beausejour (University of Montreal); Fabio Doctorovich 
(University of Buenos Aires); Candace Floyd (University of Alabama at 
Birmingham); Paula Lam (Duke-National University of Singapore Graduate 
Medical School, Singapore); Daohong Zhou (Winthrop P. Rockefeller Cancer 
Institute, University of Arkansas for Medical Sciences); Miloš Filipović, Jan 
Miljković, and Ivana Ivanović-Burmazović (Friedrich- Alexander University, 
Erlangen-Nürnberg, Germany); Won Park (Sungkyunkwan University School of 
Medicine, South Korea); Nuno Oliveira and Ana Fernandes (Faculty of Pharmacy, 
Universidade de Lisboa and Universidade Lusófona, Portugal); João Laranjinha 
(Universidade de Coimbra, Portugal); Peter Humphries (Trinity College of Dublin, 
Ireland); Ana Budimir and Mladen Biruš (University of Zagreb, School of Pharmacy 
and Biochemistry, Croatia); Dragica Bobinac (University of Rijeka School of 
Medicine, Croatia); and Mutay Aslan (Akdeniz University Medical School, Antalya, 
Turkey).

Upon return from my Lab to the Universidade Federal da Paraíba, at João Pessoa, 
Brazil, Júlio S. Rebouças has established collaborations with his computational col-
leagues (Silmar do Monte, Elizete Ventura and Otávio de Santana) who have since 
addressed different aspects of the development of Mn porphyrins. We are enjoying 
the spirit and enthusiasm with which many students at Universidade Federal da 
Paraíba, though with limited resources, are conducting porphyrin research. While 
relishing the tropical paradise of the Brazilian Atlantic coast during the 5th 
SILQCOM Latin American Symposium on Coordination and Organometallic 
Chemistry hosted by Eduardo N. dos Santos, I had the opportunity to meet many 
other passionate scientists in Brazil working on different aspects of drug develop-
ment, some of whom coauthored chapters in this book. Insightful chatting with 
Henry Forman has been always greatly appreciated. The work on chapter “SOD 
Mimetics and Related Redox-Active Molecules” in the fifth edition of the Free 
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Radicals in Biology and Medicine book gave us the opportunity to offer our modest 
contribution to the epic efforts of Barry Halliwell and John Gutteridge to make such 
encyclopedia-style book an essential reading for all of us.

The story on SOD mimics started in the late 1970s with the seminal discovery of 
Irwin Fridovich and Joe McCord of the function of copper protein as superoxide 
dismutase enzyme. The very first steps toward commercialization were implemented 
by James Crapo. We are indebted to James Crapo (CEO, BioMimetix JVLLC), Mark 
Dewhirst, Katy Peters and David Brizel (Duke University School of Medicine) for 
invaluable efforts in enabling the Mn porphyrin lead candidate, BMX-001, to enter 
the two clinical trials at Duke University and University of Colorado. I am also much 
obliged to James Crapo, for continuous support of my and Ivan Spasojević’s Labs. 
We have been very fortunate for having our administrator Dianne Young around; her 
smiling face has been there when different issues needed immediate attention; she 
exceeded her work duties in making the working environment cheerful and comfort-
ing, especially at stressful times of shortage in funding. The kind support and encour-
agement of Christopher Willett, the chair of the Department of Radiation Oncology, 
Duke University School of Medicine, has been always greatly appreciated.

I am also grateful to those supervisors of mine whose patience, kindness, and 
generosity were critical in early steps of my career: Blaženka Sebečić, Dubravka 
Barišin-Kahlina, Ranko Babić, and Mladen Biruš. The invaluable support of Ivan 
Spasojević in my career and life has always been more than collaborative: his inge-
nuity and creativity made everything happen smoothly. Together we went through 
numerous scientific ups and downs; not only did Ivan contribute his technical 
expertise to our joint research efforts, but his wonderful sense of humor made our 
work fun. We started our research endeavors with inorganic magnesium-containing 
mixtures in the early and mid 1980s and continued with iron and vanadium chemis-
try and biology in the late 1980s. By good fortune, Alvin Crumbliss, then the chair 
of the Department of Chemistry, Duke University, had an opening to work on an 
NSF project; in times of civil war in my country, Yugoslavia, such an opportunity 
was nothing short of a miracle. Two and a half years of my and Ivan’s joint work on 
host–guest recognition chemistry of iron siderophores and crown ethers resulted in 
eight manuscripts, out of which one was published in JACS. In January 1995, we 
embarked on over a 2-decade long SOD epic journey, eventually succeeding in our 
major goal—seeing our compounds reach first-in-human clinical trial in 2016. Our 
son, Siniša Haberle, who joined our research while at Duke University as a radiol-
ogy resident, has been our lifelong inspiration and joy; his newborn son, Luka, will 
continue to be a source of immense happiness beautifying the routine of our days. 
Last, but not the least, the free and adventurous spirit of my mother, Paula Sertić-
Batinić, had nourished my curiosity. Supported by enormous kindness and generos-
ity of my father, Branko Batinić, she directed me through my early childhood toward 
passionately exploring the knowledge and the world pushing me toward learning 
several languages that “would open my doors to the world” as if knowing where I 
would eventually find my place on this beautiful planet Earth.

Ines Batinić-Haberle
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Chapter 1
Superoxide and the Superoxide Dismutases: 
An Introduction by Irwin Fridovich

Irwin Fridovich

There is a family of enzymes devoted to catalyzing the conversion of univalently 
reduced molecular oxygen, called superoxide, into molecular oxygen plus hydrogen 
peroxide. A reaction that converts two identical substrates into two different prod-
ucts is called a dismutation reaction. Hence, these enzymes are called the superox-
ide dismutases (SODs).

At the time of their discovery, there was no thought that superoxide radical had 
any relevance to biology; much less that there could exist enzymes devoted to the 
elimination of this unstable free radical.

Finding an unsuspected enzyme that acts on an unsuspected substrate cannot be 
achieved by design. Nondirected research, in which the investigator follows one exper-
imental lead after another, can lead to unsuspected discovery. That is how the enzy-
matic production of superoxide and the existence of the superoxide dismutases were 
discovered. The story of the trail that led to these discoveries has been told by myself 
and my former student and co-investigator, Joe McCord. I will, in the space allotted to 
me, try to explain why the formation of superoxide occurs so easily and how the dis-
mutases speed a reaction that occurs rapidly even in the absence of catalysis.

Why is the univalent reduction of molecular oxygen to superoxide favored over 
its divalent reduction to hydrogen peroxide or its tetravalent reduction to two mol-
ecules of water? The short answer is the spin restriction. But that requires some 
elaboration.

Electrons can exist in two spin states and a spinning charge creates a magnetic 
field. The favored situation is for two electrons having opposite spin states to reside 
in the same orbital. In that way, their magnetic fields are oppositely oriented and 
mutually cancelling. Molecules or atoms in which all electrons are so arranged do 
not respond to magnetic fields and are said to be diamagnetic. Molecular oxygen 
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does respond to a magnetic field. It is paramagnetic and that property is exploited in 
designing oximeters that measure the level of oxygen in a mixture of gases.

The magnitude of the paramagnetism of oxygen indicates that it contains two 
parallel spinning electrons. These must reside in separate orbitals to avoid the 
impossibly high energy situation of two parallel spins in the same orbital, which is 
a statement of the Pauli exclusion principle.

Now imagine trying to add a spin-opposed pair of electrons, from some diamag-
netic reductant, to molecular oxygen. One member of the spin-opposed pair would 
have a spin opposed to one of the parallel spins in the oxygen and so could join it in 
its orbital The other would have a spin that was parallel to the remaining unpaired 
electron in oxygen and could not join it. What we have described explains why 
molecular oxygen is less reactive than we might have expected and that hindrance 
to reaction is called the spin restriction. Were that not the case, organic matter would 
spontaneously combust in air.

There is a way around the spin restriction. Thus, electronic spin states can be 
inverted by interacting with nuclear spins. However, that is a relatively slow pro-
cess. Indeed, it is many orders of magnitude slower than the lifetime of collisional 
complexes and so would be very unlikely to occur while the reacting oxygen and the 
reductant were in contact. However, it could occur during the longer times between 
collisions.

The foregoing explains why it is easier to add electrons to molecular oxygen one 
at a time, the so-called univalent pathway. Since it takes four electrons to reduce 
oxygen all the way to two molecules of water, there must be intermediates and these 
are, in the order of their formation, superoxide, hydrogen peroxide, and hydroxyl 
radical, all of which are capable of damaging certain classes of biomolecules.

Hence, defenses against these intermediates of oxygen reduction are essential to 
allow aerobic life. The first of these defenses is avoidance. Thus, there are enzymes 
that catalyze the divalent and even the tetravalent reduction of oxygen without 
releasing any of these intermediates. These enzymes accomplish such polyvalent 
reduction by binding the oxygen and keeping it bound while the electron transfers 
occur.

Additional defenses include the superoxide dismutases to eliminate superoxide; 
the catalases to dismute H2O2 onto oxygen plus water; the peroxidases to reduce 
H2O2 to water at the expense of some reductants; plus a plethora of enzymes to pre-
vent and repair the oxidative damage that occurs in spite of these defensive enzymes.

Superoxide can engender the other intermediates of oxygen reduction by partici-
pating in reactions that will be described. Hence, its elimination is paramount.

Superoxide spontaneously dismutes to H2O2 plus O2 in protic solvents, such as 
water. Since O2

•− is the conjugate base of HO2
• which has a pKa of 4.8, we need to 

consider three dismutation reactions and they are: HO2
• with HO2

•; HO2
• with O2

•−; 
and O2

•− with O2
•−.

The existence of O2
•− was first proposed by Linus Pauling, and it was then found 

as the agent responsible for the transient oxygen-dependent conductivity of irradi-
ated water. Radiolysis of water produces hydrogen atoms (H•), hydroxyl radicals 
(OH•), and hydrated electrons (e−aq). In the presence of O2, the hydrogen atoms yield 
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HO2
• which can ionize to O2

•− and the hydrated electrons will add to O2 yielding 
O2

•−. Radiation chemists then used pulse radiolysis to produce superoxide at will 
and to explore the dismutation reactions, the absorption spectra, and other proper-
ties of superoxide. When using this technique, they add formate to scavenge the 
hydroxyl radical that otherwise rapidly reform water by reacting with the hydrogen 
atoms and eliminate hydrated electrons by forming hydroxide. The formate also 
increases the yield of superoxide through the formation of the CO2

•− anion radical 
that reduces O2 to O2

•−.

 HO HO H O O M s2 2 2 2 2
5 1 11 10• •− − − −+ ↔ + = ×k  

 HO O H H O O M s2 2 2 2 2
8 1 11 10• •+ + ↔ + = ×− + − −k  

 O O O O2 2 2
2

2 0• •− − −+ ↔ + ≈k  

The O2
•− plus O2

•− dismutation reaction is so slow that it can hardly be measured 
because of the electrostatic repulsion of like changes, and this is the reaction that is 
catalyzed by the superoxide dismutases. We can be sure of this because the catalytic 
activity of SODs is maintained at pH values well above the pKa of HO2

•.
The SODs avoid the electrostatic repulsion facing the close approach of one O2

•− 
to another by taking one electron from one O2

•− and then donating it to another O2
•−. 

The active sites of the SODs contain metals that mediate this electron transfer.
There are SODs based on copper plus zinc, manganese, iron, manganese or iron, 

and nickel. All of these SODs react with O2
•− with rate constants that somewhat 

exceed 1 × 109 M−1 s−1. When one considers that the spontaneous dismutation 
 proceeds at neutrality with a rate constant of close to 1 × 105 M−1 s−1, the advantage 
provided by the SOD seems less than impressive. Yet the SOD in Escherichia coli 
manages to intercept 95 % of the flux of O2

•−, and this is in competition with the sum 
of all the molecular targets for O2

•− that exist in those cells.
The great advantage of the SOD catalyzed over the spontaneous dismutation is 

due to several factors. First, the rate constant of the enzyme-catalyzed reaction 
exceeds that of the spontaneous reaction, secondly the steady-state concentration of 
the O2

•− is much less than the average concentration of the SOD; hence, an O2
•− is far 

more likely to collide with SOD than it is to collide with another O2
•− or HO2

•, and 
thirdly the spontaneous reaction is second order in O2

•−/HO2
•, while the catalyzed 

reaction is first order with respect to O2
•−. When reasonable numbers are assumed, 

we can calculate that the catalyzed reaction would exceed the spontaneous one by 
at least ten orders of magnitude.

Members of the SOD family of enzymes are found in different compartments. 
Thus, in mammals we find one Cu,ZnSOD (aka SOD1) in the cytosols, nuclei, and 
in the intermembrane space of mitochondria and a different one (SOD3) in the 
extracellular spaces while there is an MnSOD (SOD2) in the matrix of mitochon-
dria. This is an indication that O2

•− is produced in all of these compartments, that 
vital targets occur in all of them and that O2

•− needs to be eliminated to the  maximum 
degree possible, and that O2

•− does not rapidly cross the membranes that separate 
these compartments.

1 Superoxide and the Superoxide Dismutases: An Introduction by Irwin Fridovich
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This is the place to point out that since SODs compete with the sum of all targets 
for O2

•−, it follows that SODs need to be abundant in order to compete favorably, and 
also that 100 % protection cannot be achieved.

So what are the known targets susceptible to reaction with O2
•−? The first on this 

list should be the iron sulfur containing dehydratases, such as the aconitases and 
fumarases a and b of E coli. The (4Fe–4S) clusters are rapidly oxidized by O2

•−, and 
the oxidized cubane cluster is unstable and loses a ferrous ion. The ferrous ion can 
then react with H2O2, in what is called the Fenton reaction, yielding hydroxide plus 
hydroxyl radical. In this way, O2

•− can engender hydroxyl radical, which is an 
extremely powerful oxidant, capable of attacking any biological molecule. Of course, 
oxidizing the cubane iron/sulfur cluster of dehydratases, such as aconitase, causes 
inactivation of that enzyme and thus inhibition of the citric acid cycle.

Another target for O2
•− is the signaling molecule nitric oxide (NO•). Radical–

radical reactions are usually rapid, and it is no surprise that the O2
•− plus NO• reac-

tion proceeds with a rate constant of 1 × 1010 M−1 s−1. That is the rate constant to be 
expected when every collision results in reaction. The product of the O2

•− plus NO• 
reaction is peroxynitrite (ONOO−), which is the conjugate base of ONOOH, which 
can homolyze to HO• plus NO2, and that constitutes a potent nitrating mixture.

There are undoubtedly additional targets for O2
•− such as sulfite, tetrahydrofolate, 

and other strong reductants. The special feature of the reaction of O2
•− with a bio-

logical reductant is that the O2
•− takes one electron from the reductant leaving a free 

radical of the reductant that can then initiate free radical chain reactions, thus ampli-
fying the damage.

In summary, all aerobes all the time and anaerobes sometimes face the formation 
of O2

•−; that O2
•− is a damaging species that can moreover engender other toxic spe-

cies; that defenses are needed to minimize the damage and to repair that damage 
which nevertheless occurs; and that the superoxide dismutases, catalases, peroxi-
dases, and the plethora of enzymes dedicated to repair or replacement of oxidatively 
damaged macromolecules are evolution’s answer to this problem.

I. Fridovich
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Chapter 2
The Discovery of Superoxide Dismutase 
and Its Role in Redox Biology

Joe M. McCord

2.1  The Discovery of Superoxide Dismutase

When I began as a graduate student under the direction of Irwin Fridovich, I was 
assigned a “back burner” project regarding the mechanism of cytochrome c reduc-
tion by xanthine oxidase and xanthine. This reaction required the presence of oxy-
gen, but little oxygen was consumed by the reaction. Fridovich and Handler had 
proposed that a bound oxygen molecule might serve as an “electron bridge” to 
facilitate the transfer of an electron from a reduced active site (e.g., Fe+2) on xan-
thine oxidase to the heme of the cytochrome [1]. Fridovich had also observed that 
certain preparations of myoglobin [2] or carbonic anhydrase [3] could inhibit the 
transfer of this electron to cytochrome c, presumably by competing with the cyto-
chrome for a common binding site on xanthine oxidase. It was a logical hypothesis 
supported by classical adherence to Michaelis–Menten kinetic behavior, but lacking 
physical evidence. My job was to demonstrate the physical binding of these compet-
ing proteins to xanthine oxidase. To make a long story short, no such evidence could 
be acquired using a variety of techniques. I began to rethink the hypothesis. Was 
there any other way that these players could interact that would produce kinetic 
behavior that was so seemingly consistent with Michaelis–Menten enzyme kinetics 
of saturation and competitive inhibition? An alternative possibility occurred to me 
in what can only be described as a “eureka” moment. If the proposed bridging oxy-
gen and its single extra electron were released from xanthine oxidase as a superox-
ide radical (O2

•−), an unstable entity already known to and studied by radiation 
chemists, it seemed to me that all could be explained via a competition between two 
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reactions, the first being the spontaneous dismutation reaction which would occur in 
the absence of cytochrome c:

 HO O H H O O2 2 2 2 2
• •+ + ® +- +

 

and the second being the reduction of cytochrome c by the superoxide radical, if the 
cytochrome were present:

 
cytochrome -Fe O cytochrome -Fe Oc c3

2
2

2
+ - ++ ® +•

 

The second reaction would obviously compete with the first, and would show satu-
ration (i.e., the rate of cytochrome reduction would approach the rate of superoxide 
production) at very high concentrations of the cytochrome. If these reactions were 
taking place instead of the classical Michaelis–Menten enzyme-binding-substrate 
scenario, however, a very important distinction could be made. The Michaelis con-
stant, Km, reflects the binding constant between enzyme and substrate, and under 
conditions where the substrate concentration greatly exceeds the enzyme concentra-
tion, it is essentially constant. If, however, no binding were occurring then the con-
centration of cytochrome required to achieve half-maximal rate would be a function 
of enzyme concentration and steady-state concentration of superoxide achieved 
under those particular conditions–it would certainly not be a constant. The next day, 
I determined half-maximal rates of cytochrome reduction by xanthine oxidase over 
a 24-fold range of enzyme concentration, finding that the apparent Km varied about 
4.8 fold over this range. In fact, the half-maximal rates varied rather precisely with 
the square root of xanthine oxidase concentration, exactly as might have been pre-
dicted, given that the steady-state concentration of O2

•− is determined by the sponta-
neous dismutation of the radical, a reaction that is second order in superoxide [4]. 
We concluded that superoxide was not an enzyme-bound intermediate but rather an 
actual product of the action of xanthine oxidase on xanthine, and was released into 
free solution where it could undergo spontaneous dismutation to produce hydrogen 
peroxide and oxygen, or where it could react with ferricytochrome c, reducing it to 
ferrocytochrome c. This realization required an immediate rethinking of how the 
inhibitory proteins (misidentified at this point as myoglobin and carbonic anhy-
drase) could be producing their effects. The most likely possibility was that they 
were eliminating superoxide by catalyzing the dismutation reaction–i.e., they were 
superoxide dismutases.

A subsequent study clarified things even more [5]. Superoxide dismutase (SOD) 
activity did not belong to carbonic anhydrase nor to myoglobin, but rather belonged 
to a minor impurity present in those preparations at a fraction of a percent. When 
isolated based on its activity from bovine erythrocytes, SOD was quickly identified 
as a previously studied copper-containing protein of unknown function that had 
been variously named hemocuprein, hepatocuprein, cerebrocuprein, erythrocu-
prein, and cytocuprein. We were able to demonstrate the activity of SOD in systems 
that involved neither xanthine oxidase nor cytochrome c, definitively ruling out pro-
tein–protein interactions of any kind. We also showed that hydrogen peroxide was 
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the product of the SOD-catalyzed reaction, establishing that it was indeed a 
 dismutation rather than something more complex, such as a four-electron reduction 
of oxygen to form water as the product, analogous to the reaction catalyzed by cyto-
chrome oxidase.

2.2  The Existence of SOD Raised a Number of Questions

The discovery of SOD, a free radical-scavenging enzyme, was viewed by some as a 
biochemical curiosity—perhaps as “a solution in search of a problem.” Why did this 
enzyme exist? Free radicals were known to be a generally reactive class of mole-
cules, but superoxide seemed able to take care of its own destruction with a sponta-
neous dismutation rate of around 106 M−1 s−1 at cytosolic pH. Is spontaneous 
dismutation not fast enough? Is superoxide toxic in biological systems? What are 
the biological targets of superoxide? Do all organisms living in oxygen require 
SOD? Are there pathological consequences to unscavenged superoxide?

2.3  SOD Was Everywhere

How widely was SOD distributed? It was the summer of 1968 and fellow graduate 
student Chuck Beauchamp had a vegetable garden, so every day it seemed there 
was a new vegetable in the lab blender. They all contained SOD. When microbiolo-
gist Bernie Keele joined the lab as a postdoc, he acquired microorganisms from the 
collections of all of his colleagues. They all had SOD—all except the strict aner-
obes. Unlike the facultative organisms that can live with or without oxygen, unlike 
the microaerophiles that require oxygen (just not too much), and unlike the aerotol-
erant anaerobes that can’t utilize oxygen but can tolerate it, the strict anaerobes 
quickly die in oxygen, and are the ones without SOD [6]. Not only was SOD activ-
ity universally present in oxygen-metabolizing organisms, its concentration was 
found in a remarkably narrow range, whether in human brain or a tomato or 
Escherichia coli. This implied two things: that the metabolism of oxygen inevitably 
leads to superoxide production, and that the free radical, if left unscavenged, must 
be seriously toxic. It also quickly became apparent that not all SODs were the same. 
When we isolated the enzyme from E. coli it was pink, rather than the blue color of 
the Cu/Zn-SOD from bovine erythrocytes. While the native pink enzyme gave no 
EPR signal, the boiled enzyme showed the very characteristic signal of manganese 
[7]. This Mn-SOD was found to be structurally and genetically related to the avian 
and mammalian mitochondrial Mn-SODs [8], as well as to the iron-containing 
SODs isolated from bacteria such as E. coli [9] and from spinach [10]. The last 
genetically distinct family of SOD to be described in certain bacteria contains nickel 
at the active site [11].

2 The Discovery of Superoxide Dismutase and Its Role in Redox Biology
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2.4  Biological Toxicity and Chemical Reactivity Are Not 
Necessarily Related

While O2
•− certainly meets the chemical definition of a free radical, it is rather mild 

mannered as free radicals go—a fact that chemists understood quite well. A few 
chemists offered the opinion that superoxide is so unreactive that it should not pose 
a problem [12], and that “superoxide dismutase” might be an incidental property of 
these metalloproteins whose real functions remained to be discovered [13]. At the 
same time, many biologists were struck by the novelty that biological systems could 
generate these dangerous-sounding “free radicals,” and assumed them to be indis-
criminately reactive and damaging to biological systems. Neither view proved to be 
correct because biological toxicity is not always related to broad chemical reac-
tivity. Many lethal biological toxins act with surgical precision, sometimes reacting 
with a single specific target. Cyanide toxicity, e.g., is due to its ability to block 
mitochondrial electron transport by inhibition of the cytochrome c oxidase. Ricin 
catalytically depurinates ribosomes, halting protein synthesis. A number of specific 
biological targets have been shown to be inactivated by superoxide including the 
citric acid cycle enzyme aconitase, certain dehydratases in E. coli such as the α,β- 
dihydroxyisovalerate dehydratase and 6-phosphogluconate dehydratase, and many 
other important enzymes including catalase, glyceraldehyde-3-phosphate dehydro-
genase, ornithine decarboxylase, glutathione peroxidase, myofibrillar ATPase, ade-
nylate cyclase, creatine phosphokinase, and glutamine synthase.

The biological targets that lead to significant increases in lipid peroxidation 
deserve special mention due to the self-propagating nature of lipid peroxidation, 
once initiated, to the widespread nature of the damage that results when membrane 
integrity is breached, and to the large number of pathological states characterized 
by increased lipid peroxidation. Among the major classes of biological molecules 
(proteins, polysaccharides, nucleic acids, and lipids), the polyunsaturated fatty 
acid moieties of lipids are perhaps the most easily oxidized, and superoxide has 
been shown capable of initiating and promoting the propagation of the process. 
The perhydroxyl radical (HO2

•) is the conjugate acid of superoxide (O2
•−) and is 

present at lower concentrations whenever superoxide is generated in biological 
systems. Furthermore, it is uncharged and quite lipid soluble. It can initiate lipid 
peroxidation by abstraction of a bis-allyic hydrogen atom from a polyunsaturated 
fatty acid [14]. A second mechanism has been described wherein the perhydroxyl 
radical can also abstract a hydrogen atom from a lipid peroxide molecule (LOOH) 
to create a lipid peroxyl radical (LOO•), effectively creating a branch point in the 
otherwise linear propagation sequence [15]. Thus, it appears that unscavenged 
superoxide production does indeed pose a serious toxic threat to virtually all 
organisms.

J.M. McCord
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2.5  It’s Not All Bad: The Importance of Redox Balance 
and Bell-Shaped Curves

One of the characteristics of evolution is the ability to make the best of a bad situa-
tion, to make a silk purse from the proverbial sow’s ear. Thus, there are clear exam-
ples of how superoxide can actually be put to constructive uses. A good example is 
the evolution of our phagocytic NADPH oxidase. When first recognized as a 
 biologic metabolite, it appeared that the superoxide radical was simply a noxious 
cytotoxic by-product that served no good purpose. That view changed when Bernard 
Babior and colleagues [16] realized that superoxide plays a crucial role in our 
defense against invading microbes. Precisely because superoxide is cytotoxic, this 
NADPH oxidase of phagocytes has evolved to purposefully generate superoxide 
radical on the membrane surface lining the contained microenvironment of the pha-
golysosome, providing chemical destruction for the ingested microbes. In effect, 
superoxide acts as an extremely broad spectrum antibiotic. The neutrophil is also 
sacrificed in the process, in a kind of Kamikaze mission. Surrounding healthy host 
cells may be injured or even killed through collateral damage in this system that errs 
on the side of vigilance. This ability to fend off microbial invaders as injured tissues 
are repaired is what links superoxide production to the inflammatory/immune 
system.

Ironically, one of the “good deeds” that can be attributed to the superoxide radi-
cal goes back to its roles in lipid peroxidation, a free radical chain reaction process 
that requires a free radical to initiate the process, and another free radical to termi-
nate the chain. It appears that O2

•− (or its conjugate acid HO2
•) can do both [17].  

At high concentrations of O2
•− (little SOD) initiation events would be maximal, but 

so would termination events, resulting in a large number of short chains. At low 
concentrations of the radical (high SOD) initiation events would be far fewer but the 
chain length would be quite long (limited only by other terminators such as vitamin 
E, or by the mutual annihilation of propagating radicals). Somewhere in the middle 
is a “sweet spot” at which net lipid peroxidation is minimal at one optimal concen-
tration of SOD. This behavior can be observed experimentally and can be predicted 
by mathematic modeling [17].

Considerable evidence suggests that our bodies regulate redox balance, just as 
we regulate pH, body temperature, rates of respiration and oxygen delivery, 
blood glucose levels, and numerous other factors to achieve homeostasis. SOD is 
by no means the sole determinant of physiological redox balance; rather, it results 
from a network of interactive antioxidant enzymes, regulatory kinases, and cas-
cading transcription factors. The balance is readily upset by injury, disease, and 
by aging itself. The future of redox biology will, no doubt, have much more  
to tell us.

2 The Discovery of Superoxide Dismutase and Its Role in Redox Biology
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    Chapter 3   
 Manganese Superoxide Dismutase (MnSOD) 
and Its Importance in Mitochondrial Function 
and Cancer                     

     Aaron     K.     Holley      and     Daret     K.     St. Clair    

3.1           Introduction 

 Mitochondria are important centers of cellular metabolism, containing many 
 components of myriad metabolic pathways. While mitochondria are best known for 
oxidative phosphorylation for ATP production [ 171 ], many other important 
 metabolic pathways are found in mitochondria [ 126 ], including β-oxidation of fatty 
acids [ 128 ], amino acid metabolism [ 113 ,  134 ], Krebs cycle [ 30 ], heme synthesis 
[ 9 ], and the urea cycle [ 346 ]. Aberrant  function   of mitochondria is a cause and/or 
consequence of a number of diseases [ 145 ,  214 ], such as cardiovascular disease [ 1 , 
 73 ,  83 ,  173 ,  179 ,  260 ,  315 ,  353 ], diabetes [ 145 ,  189 ,  302 ] and diabetes-associated 
pathologies [ 83 ,  98 ,  154 ,  255 ], and neurological disorders like Parkinson’s disease 
[ 44 ,  52 ,  151 ,  311 ] and Alzheimer’s disease [ 94 ,  213 ,  263 ,  366 ]. Altered mitochon-
drial function are also linked with cancer [ 27 ], with changes in the electron trans-
port chain [ 331 ], mitochondrial DNA [ 130 ,  167 ], and mitochondria-associated 
metabolism [ 103 ,  348 ] all associated with development and progression of cancer. 

 Mitochondria are the primary oxygen-metabolizing organelles of cells because 
of oxidative phosphorylation. As a consequence, mitochondria are also the chief 
source of reactive oxygen species (ROS), by-products of oxygen metabolism, in 
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cells [ 91 ].  Superoxide radicals   are the initial ROS produced in mitochondria [ 4 ,  129 ] 
and participate in the production of other radical and non-radical species, such as 
hydroxyl radical [ 277 ,  278 ] and the reactive nitrogen species (RNS) peroxynitrite 
[ 133 ]. ROS  affect   cellular homeostasis by altering the activity of numerous proteins, 
including transcription factors like p53 [ 84 ,  115 ,  328 ], HIF-1 [ 96 ], AP-1 [ 2 ], and 
NF-κB [ 144 ], as well as serine/threonine kinases [ 266 ], mitogen-activated protein 
kinases [ 297 ,  347 ], and tyrosine and serine/threonine phosphatases [ 360 ]. Proteins 
can undergo numerous oxidative modifi cations [ 36 ], either by direct reaction with 
ROS/RNS or by reaction with other oxidative products in cells, such as lipid peroxi-
dation products [ 175 ]. Numerous amino acids are susceptible to oxidative modifi ca-
tion, including histidine, tyrosine, tryptophan, and lysine [ 175 ], and these 
modifi cations can either be reversible or irreversible [ 36 ]. Of particular interest is 
modifi cation of cysteine, which can undergo intra- and intermolecular disulfi de 
bond formation, glutathionylation, S-nitrosation, and oxidation to sulfenic, sulfi nic, 
or sulfonic acid [ 257 ]. These oxidative modifi cations can lead to changes in protein 
conformation, resulting in reduced enzyme activity and/or proteasomal degradation 
[ 175 ]. Metabolic enzymes found in mitochondria are especially susceptible to ROS-
mediated damage due to their proximity to ROS-generating sites in mitochondria. 
Changes in metabolic enzyme activity due to ROS can have serious consequences 
on cell homeostasis and may contribute to cancer development and progression. 
This chapter will focus on the effects of ROS on these crucial metabolic pathways. 

 While believed to have only injurious effects on cells (damage to lipids, proteins, 
and DNA), careful work has revealed important effects of ROS in normal cellular 
function, such as cell growth and differentiation [ 28 ], cell adhesion, apoptosis, and 
the immune response [ 76 ]. ROS also act as vital second messengers in cellular sig-
naling [ 87 ,  283 ]. A careful balance exists between ROS production and annihila-
tion, with disturbances of this proportionality resulting in deviant ROS accrual that 
can contribute to the development of multiple diseases, such as myriad neurological 
disorders [ 349 ] and cancer [ 20 ,  107 ,  365 ]. Changes in basal ROS concentrations can 
occur by a number of mechanisms, including exogenous ROS-generating agents, 
increased production of ROS from endogenous sources, diminished antioxidant 
capacity, or a combination of the three. 

 Because of the  injurious and signaling effects   of ROS, the cell is equipped with 
numerous enzyme and non-enzyme systems to detoxify ROS [ 14 ,  160 ].  Superoxide 
radicals   are particularly hazardous because they participate in the production of 
other damaging ROS. Superoxide dismutases (SODs) are the major ROS-eradicating 
enzymes of the cell [ 92 ], with manganese superoxide dismutase (MnSOD) being 
especially important because of its mitochondrial localization (the major site of 
ROS production). Changes in the expression or function of MnSOD can have sig-
nifi cant consequences on mitochondrial function and cellular homeostasis due to 
oxidative damage to different mitochondria-localized proteins, resulting in disease 
development [ 205 ,  232 ]. This chapter will focus on different sources of mitochon-
drial ROS production and the importance of MnSOD in scavenging these reactive 
molecules, as well as the protective effects of MnSOD on mitochondrial function 
and the role of MnSOD in cancer development and progression.  
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3.2     Mitochondrial Production of ROS 

3.2.1     Mitochondria Are a Major Source of ROS 

  Mitochondria are  the   primary source of ROS (especially superoxide radicals) due to 
oxygen metabolism [ 172 ,  219 ]. Several complexes in the electron transport chain 
produce superoxide, with complexes I (NADH-ubiquinone oxidoreductase) [ 112 , 
 330 ] and III (ubiquinol-cytochrome  c  oxidoreductase) [ 340 ] as the major sites of 
production. The site of superoxide production in complex I is between the ferricya-
nide and ubiquinone reduction sites [ 122 ] and was pinpointed to iron-sulfur centers 
N1a [ 162 ] and N2 [ 104 ]. Another important source of superoxide is the proton- 
pumping activity of complex I. EIPA, a proton pump inhibitor, increases complex I 
superoxide production and enhances rotenone-mediated superoxide production 
[ 72 ]. Complex III superoxide production relies on the ubisemiquinone intermediate 
of the Q-cycle [ 340 ]. Superoxide from complex III can be released on both the 
matrix [ 218 ] and intermembrane space [ 47 ] sides of the inner mitochondrial mem-
brane. Complex II also contributes to mitochondrial superoxide production, with 
the distal site of succinate oxidation [ 202 ], and later, either the reduced cytochrome 
 b   566   or ubisemiquinone of the Q 0  site of the cytochrome  bc   1  , identifi ed as sites of 
superoxide production [ 372 ]. 

 Other mitochondrial enzymes not directly involved in electron transport also 
contribute to mitochondrial ROS production. For example, α-ketoglutarate dehy-
drogenase (α-KGDH), a component of the citric acid cycle, generates ROS depend-
ing on the NADH/NAD +  ratio [ 339 ], with the dihydrolipoyl dehydrogenase activity 
of α-KGDH generating ROS [ 323 ]. Dihydroorotic dehydrogenase (an important 
enzyme in pyrimidine synthesis) produces superoxide as a by-product of converting 
dihydroorotate to orotate [ 88 ,  89 ]. Cytochrome P450s [ 117 ,  118 ] and glycerophos-
phate dehydrogenase [ 75 ,  210 ] also contribute to mitochondrial ROS production. 

 Superoxide radicals participate in the production of other ROS that further dam-
age mitochondria. Many iron-sulfur center-containing proteins are found in mito-
chondria, and these proteins are vulnerable to superoxide-induced damage, resulting 
in the release of free iron. The quintessential example of superoxide-induced iron 
release and deactivation is aconitase (discussed in more detail in Sect.  3.5.2 ). 
Aconitase is susceptible to superoxide-induced deactivation because it contains 
numerous FeS centers [ 37 ,  100 ,  120 ], with subsequent release of Fe(II) from the 
enzyme (reviewed in [ 99 ]). Iron cations participate in the Haber–Weiss reaction of 
hydroxyl radical production [ 31 ,  86 ,  277 ,  278 ]. Superoxide also reacts with nitric 
oxide to produce the reactive nitrogen species (RNS) peroxynitrite [ 319 ]. 
Peroxynitrite modifi es numerous amino acids, including nitration of tyrosine [ 3 ] 
and oxidation of sulfhydryl groups on proteins [ 273 ]. Mitochondrial proteins are 
also susceptible to attack by peroxynitrite [ 274 ], with DNA polymerase gamma, 
MnSOD [ 187 ,  188 ,  333 ,  335 ], glutathione peroxidase [ 242 ], aconitase [ 42 ,  120 ], 
and complexes I [ 41 ,  220 ,  275 ,  287 ], II [ 41 ,  275 ], and V [ 275 ] of the electron trans-
port chain as targets .  

3 Manganese Superoxide Dismutase (MnSOD) and Its Importance…
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3.2.2     Ways to Scavenge Mitochondrial ROS 

  Cells contain  several   enzyme systems that detoxify ROS generated throughout the cell 
[ 14 ,  160 ]. Superoxide dismutases (SODs) are the primary ROS annihilating enzymes 
of the cell [ 92 ], and these enzymes catalyze the dismutation of superoxide one-elec-
tronically to hydrogen peroxide and molecular oxygen [ 93 ]. Catalase [ 228 ] catalyzes 
the dismutation (disproportionation) of H 2 O 2  by reducing it two- electronically to 
water, H 2 O, and oxidizing it to molecular oxygen, O 2 . The peroxiredoxins [ 233 ], and 
glutathione peroxidases [ 81 ,  190 ], reduce hydrogen peroxide to water. Three forms of 
SOD are found in cells, each encoded by separate genes (reviewed in [ 371 ]). Copper- 
and zinc-containing SOD (CuZnSOD, SOD1) is a homodimer found mainly in the 
cytoplasm [ 312 ], although small amounts have also been found in the intermembrane 
space of mitochondria [ 240 ,  351 ]. Extracellular SOD (ECSOD, SOD3) has 40–60 % 
amino acid homology with CuZnSOD, has copper and zinc in its active site, but con-
trary to CuZnSOD, ECSOD is found in the extracellular region of the cell [ 85 ,  124 ]. 
MnSOD (SOD2) is a homotetramer found exclusively in the matrix of mitochondria. 
Expression of MnSOD is highly conserved, with reports of MnSOD being identifi ed 
in prokaryotes [ 150 ], as well as lower [ 209 ,  280 ] and higher-order eukaryotes [ 351 ]. 

  Hydrogen peroxide   is another ROS that must be detoxifi ed by cells, and there are 
several enzyme systems that remove this species either through catalysis of its H 2 O 2  
dismutation to H 2 O and O 2  or through its reduction to water [ 14 ].  Glutathione peroxi-
dase (GPX)   is an important enzyme for the removal of hydrogen peroxide. Two 
forms of GPX are found in mitochondria: GPX1 [ 81 ] and phospholipid- hydroperoxide 
GPX (PHGPX) [ 190 ], with GPX1 in the matrix and PHGPX embedded in the inner 
membrane [ 244 ]. GPX uses glutathione (GSH) during hydrogen peroxide reduction 
to water, generating oxidized glutathione (GSSG). Glutathione reductase regenerates 
GSH by reducing GSSG [ 153 ]. Catalase is another enzyme that reduces hydrogen 
peroxide levels [ 46 ,  370 ], but there is some controversy concerning the mitochon-
drial localization of catalase. While some labs demonstrate localization of catalase in 
the nucleus, peroxisomes, and the sarcoplasm (but not in mitochondria) in mice 
 overexpressing catalase [ 379 ], other laboratories report catalase in the mitochondria 
[ 293 ] and localization to the matrix [ 276 ]. Another important hydrogen peroxide-
detoxifying enzyme is peroxiredoxin (PRX), with two forms discovered in mito-
chondria [ 233 ]: PRX III [ 45 ,  304 ] and PRX V [ 300 ]. PRX uses thioredoxin to reduce 
hydrogen peroxide to water and oxidized thioredoxin. Thioredoxin (Trx) is another 
important cellular antioxidant protein [ 182 ]. Two forms of thioredoxin (Trx) exist in 
cells, with Trx1 found in the cytoplasm and Trx2 found in mitochondria [ 318 ]. 
Thioredoxin reductase is used to regenerate reduced thioredoxin  [ 53 ,  169 ].   

3.3     MnSOD Is Essential for Aerobic Life 

  Myriad studies   in model systems ranging from bacteria [ 110 ] to eukaryotes [ 111 ] have 
demonstrated the essential role for MnSOD in protecting aerobic life from the deleteri-
ous effects of oxygen. Studies in higher organisms have further validated the 
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importance of MnSOD. Complete knockout of MnSOD results in death shortly after 
birth in mouse [ 178 ] and  Drosophila  [ 77 ] models due, in part, to decreased activity of 
numerous mitochondrial proteins [ 178 ,  256 ]. In MnSOD heterozygous knockout mice 
(with a 50 % reduction in MnSOD enzyme activity in all tissues) [ 343 ], there was an 
age-dependent, signifi cant increase in oxidative DNA damage (8- oxodeoxyguanidine) 
in both nuclear and mitochondrial DNA compared to wild- type mice, but there were no 
increases in other markers of aging (immune response, cataract formation, etc.). 
Interestingly, there was no signifi cant difference in the life span between wild-type and 
MnSOD heterozygous knockout mice, but there was a 100 % increase in the incidence 
of cancer in the MnSOD heterozygous knockout mice. 

 Interestingly, complete  knockout   of MnSOD does not affect embryonic develop-
ment. Using a  Drosophila  model, Mukherjee et al. discovered that a lack of MnSOD 
does not affect embryogenesis and later development and differentiation [ 217 ], but 
only affects the viability of adult fl ies, which is consistent with mouse models demon-
strating that some homozygous knockout of MnSOD are small size at birth but have 
no gross deformities at birth [ 178 ]. The increased death rate in MnSOD homozygous 
knockout neonates may be due to the failure of these animals to compensate for the 
higher oxygen levels in the atmosphere compared to oxygen levels in utero. Anatomical 
abnormalities contributing to early death in MnSOD homozygous knockout mice 
include several cardiovascular abnormalities, such as dilated left ventricular cavity 
and reduced left ventricular wall thickness, as well as myocardial hypertrophy leading 
to dilated cardiomyopathy [ 178 ]. Using a strain of MnSOD knockout mice with dele-
tions of exon 1 and 2 in the  SOD2  gene, Lebovitz et al. found that these mice lived up 
to 3 weeks after birth, but suffered from anemia resulting from low levels of all hema-
topoietic cells, leading to hypocellular bone marrow. Approximately 10 % of the ani-
mals also had cardiac injury, demonstrated by balloon-like cardiac dilation and 
ventricular wall thinning [ 166 ]. Copin et al. found that simultaneous overexpression 
of CuZnSOD and knockout of MnSOD did not counteract the neonatal lethality 
resulting from decreased MnSOD expression, indicating that localization of antioxi-
dant activity is imperative to oxidative stress- related cellular damage [ 60 ]. 

 Conditional knockout  of   MnSOD using Cre-Lox technology is a valuable tool in 
ascertaining tissue-specifi c effects of diminished MnSOD, with several 
 tissue- specifi c knockout models developed (recently reviewed in [ 196 ]). The fi rst 
MnSOD fl oxed mouse was developed by Ikegami et al. [ 135 ] and used to develop a 
liver- specifi c MnSOD knockout model. Interestingly, liver-specifi c knockout of 
MnSOD did not affect morphology and there was no increase in oxidative damage, 
as measured by lipid peroxidation, indicating that the liver is either not susceptible 
to  systemic oxidative stress or there are compensatory mechanisms to protect from 
oxidative stress. Kidney-specifi c knockout of MnSOD resulted in a decrease in 
body weight, altered kidney morphology, and increased kidney protein nitration, but 
with no change in overall renal function compared to Cre control mice [ 252 ]. In 
C57/BL6 mice with type IIB skeletal muscle-specifi c MnSOD knockout, there was 
a signifi cant increase in mitochondrial superoxide production and oxidative  damage, 
resulting in reduced aerobic exercise capacity of the gastrocnemius and extensor 
digitorum longus muscles to produce force over time [ 185 ]. However, muscle- 
specifi c knockout of MnSOD had no effect on age-dependent muscle atrophy [ 186 ]. 

3 Manganese Superoxide Dismutase (MnSOD) and Its Importance…
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In postnatal neurons, conditional knockout of MnSOD did not increase oxidative 
stress, but did lead to increased disorganization of distal nerve axons after injury 
[ 208 ]. In an attempt to study the effects of MnSOD knockout on diabetic neuropa-
thy, Oh et al. endeavored to generate a nervous system-specifi c MnSOD knockout 
and crossing with the BKS.db/db mouse model of diabetes. Interestingly, the 
MnSOD knockout mice survived up to 3 weeks after birth. Since diabetes onset in 
BKS.db/db mice does not occur until 4 weeks after birth, the researchers revised 
their study to characterize the effects of nervous system-specifi c MnSOD knockout. 
These mice had an abnormal gait and seizures, had diffi culty righting themselves 
between postnatal days 10–14 and became moribund between postnatal days 15–20. 
There was a complete knockout of MnSOD in the brain and substantial decrease in 
MnSOD in the lumbar and cervical spinal cord, a slight decrease of MnSOD in the 
sciatic nerve, and virtually no loss of MnSOD in the dorsal root ganglia. Further 
examination of the cortex revealed substantial extracellular vacuole and disruption 
of mitochondrial structure with MnSOD knockout [ 234 ]. 

 If decreased MnSOD has harmful effects, then it is natural to deduce that 
increased MnSOD may be benefi cial. While overexpression of MnSOD did not 
signifi cantly affect life span or age-related pathologies compared to wild-type mice, 
there was an increase in aconitase activity, decreased lipid peroxidation, and a 
decrease in age-related decline in mitochondrial ATP production [ 140 ]. 
Overexpression of CuZnSOD, catalase, or a combination of CuZnSOD with 
MnSOD or catalase did not affect life span in mice [ 259 ], but MnSOD overexpres-
sion did increase life span in  Drosophila melanogaster  [ 326 ]. These studies suggest 
species-specifi c effects of MnSOD on longevity. MnSOD can have a dramatic 
impact on age-associated decline in cardiac function. Age-associated increases in 
oxidative stress markers in cardiac tissue (hydroperoxides, 8-isoprostanes, and 
4-hydroxynonenal) were all reduced in mice overexpressing MnSOD compared to 
wild-type controls. MnSOD overexpression also signifi cantly reduced age- 
associated cardiac remodeling compared to controls [ 163 ]. 

 Several studies have demonstrated the  importance   of MnSOD in mitigating 
ischemia- mediated damage. Keller et al. studied the effects of MnSOD overexpres-
sion on ischemia-induced brain injury. In MnSOD-overexpressing mice, cortical 
infarct volume and levels of TBARS (thiobarbituric acid reactive substances) and 
nitrotyrosine immunoreactivity in brain sections were all signifi cantly reduced com-
pared to wild-type mice [ 152 ]. Comparable effects of MnSOD overexpression on 
ischemia/reperfusion-induced heart injury have been observed. There was a 
 signifi cant reduction in infarct size and lactate dehydrogenase release, as well as a 
signifi cant improvement in post-ischemia recovery of cardiac function, in MnSOD-
overexpressing transgenic mice compared to wild-type controls [ 51 ]. 

 Overexpression of  MnSOD   can also ameliorate complications associated with 
diabetes. Kowluru et al., using a streptozotocin model of diabetes, discovered that 
MnSOD overexpression signifi cantly reduced diabetes-induced oxidative DNA 
damage and signifi cantly increased reduced glutathione and antioxidant capacity 
compared to non-transgenic diabetic mouse controls [ 161 ]. In a study on the effects 
of MnSOD on diabetic cardiomyopathy, Shen et al. generated cardiac-specifi c 
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MnSOD-overexpressing mice and crossed these mice with the OVE26 model of type 
1 diabetes. Overexpression of MnSOD completely nullifi ed the diabetes- induced 
changes in cardiac tissue morphology observed in OVE26 mice and increased the 
contractility of isolated cardiomyocytes. MnSOD/OVE26 mice also had improved 
mitochondrial function (increased respiratory control ratio and state 3 respiration) 
and prevented diabetes-induced increases in mitochondrial number, area, and protein 
and DNA content. MnSOD overexpression also increased the antioxidant capacity of 
cardiac tissue by increasing catalase enzyme activity and mitochondrial reduced glu-
tathione content compared to OVE26 mice [ 303 ]. The benefi cial effect in a strepto-
zotocin model of diabetes was found with (Mn)SOD mimic, MnTM-2-PyP 5+  [ 23 ]. 
Further, MnTE-2-PyP 5+ , an (Mn)SOD mimic, also prevented adoptive transfer of 
autoimmune diabetes by diabetogenic T-cell clone when given Mn porphyrin at 
10 mg/kg every second day starting 1 day before the adoptive transfer [ 264 ]. 

 MnSOD can also dramatically impact cellular response to environmental insults 
and other toxins. Several studies have demonstrated neuroprotection by MnSOD 
overexpression. Klivenyi et al. found that overexpression of MnSOD protected mice 
from MPTP (1-  methyl    -4-  phenyl    -1,2,3,6-tetrahydro  pyridine    )-induced neurotoxicity, 
in part, by attenuating MPTP-induced dopamine and dihydroxyphenylacetic acid 
(DOPAC) depletion and decreased 3-nitrotyrosine formation [ 159 ].  Overexpression 
  of MnSOD suppressed paraquat-induced toxicity in C3H10 mouse embryonic fi bro-
blasts [ 321 ]. This laboratory demonstrated that overexpression of MnSOD in 
C3H10T mouse embryonic fi broblasts protected the cells from death induced by the 
herbicide paraquat [ 321 ]. Mansouri et al. studied the effects of MnSOD overexpres-
sion on alcohol-induced liver injury. Damage to mitochondrial DNA and decreased 
mitochondrial function induced by acute alcohol exposure, but not chronic alcohol 
exposure, was suppressed by overexpression of MnSOD, with peroxynitrite mediat-
ing damage with acute alcohol exposure and iron contributing to damage with 
chronic alcohol exposure [ 195 ]. This laboratory was the fi rst to demonstrate that 
MnSOD was important for protecting cardiac tissue from adriamycin-induced injury 
[ 369 ], in part, through protecting complex I from inactivation by adriamycin [ 368 ].  

3.4     MnSOD and Mitochondrial Integrity/Function 

3.4.1     Electron Transport Chain 

   Electron transport  chain   complexes I, II, and III are important  sources   of superoxide 
in mitochondria and potential targets of the superoxide they produce. This suscepti-
bility to superoxide-induced damage is due to iron-sulfur centers present in major 
subunits in all three complexes [ 10 ,  11 ,  235 ,  236 ,  288 ,  337 ]. Oxidative modifi cation 
of amino acids in these complexes can also affect their activity. Chen et al. identifi ed 
the 51 kDa fl avin mononucleotide-binding subunit of complex I (NADH dehydro-
genase, NDH) as an important site of susceptibility to superoxide. Using the 
 immunospin trapping technique, involving polyclonal antibodies raised against the 
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nitrone adduct of the spin trap DMPO [ 50 ,  200 ], the researchers successfully identi-
fi ed superoxide-mediated oxidative modifi cations of NDH. This oxidative modifi ca-
tion was signifi cantly inhibited by the addition of SOD, but not catalase, confi rming 
the importance of superoxide in this oxidative modifi cation. Pretreatment of NDH 
with the thiol blocking agent  N -ethyl maleimide (NEM) signifi cantly inhibited the 
formation of the DMPO-nitrone adduct, suggesting the importance of thiyl radical 
formation in oxidative damage to NDH. Mass spectrometry identifi ed Cys206 and 
Tyr177 of the 51 kDa subunit as the two amino acids vulnerable to oxidative dam-
age. This oxidative modifi cation of NDH results in reduced electron transport activ-
ity without affecting superoxide-generating activity [ 49 ]. This autooxidation of 
complex I by superoxide is thought to be involved in Parkinson’s disease [ 151 ]. 
Peroxynitrite is another ROS that can affect the activities of complex I [ 32 ,  52 ,  258 , 
 363 ] and complex III [ 258 ]. 

 MnSOD is vital for scavenging superoxide radicals generated during oxidative 
phosphorylation and may inhibit ROS-induced inactivation of these complexes. 
MnSOD knockdown results in altered activities of complexes I, II, and III in 
numerous model systems. Homozygous knockout of MnSOD in mice results in a 
signifi cant reduction in complex II levels in heart tissue [ 178 ], and mitochondria 
isolated from heterozygous MnSOD knockout mice have a reduced respiratory 
control ratio (RCR) compared to wild-type mice. Reduced RCR was greatest for 
complex I substrates glutamate/malate and complex III substrate duroquinol and 
was linked to decreased state III respiration. Complex I activity was reduced in 
heterozygous MnSOD knockout mice compared to wild-type mice due to oxida-
tion of the FeS center of complex I [ 354 ]. Martin et al., using erythroblasts isolated 
from wild-type and MnSOD homozygous knockout mice, found that several 
nuclear gene-encoded subunits of all fi ve complexes of oxidative phosphorylation 
were downregulated in MnSOD homozygous knockout cells compared to wild-
type cells [ 197 ]. Upon exposure to ethanol, wild-type and MnSOD heterozygous 
knockout mice had a signifi cant reduction in complex I and V activity, while these 
effects were blocked in MnSOD overexpressing mice. This decrease in activity 
was linked to an increase in iNOS expression and increased nitration of complexes 
I and V in the MnSOD heterozygous knockout mice, demonstrating the importance 
of MnSOD in modulating peroxynitrite formation and protecting mitochondrial 
proteins from nitration through the removal of excess superoxide contributing to 
peroxynitrite formation [ 165 ]. 

 Work by this laboratory has focused on the off-target effects of cancer chemo-
therapeutic drugs, particularly adriamycin and its cardiac and neurological toxici-
ties.  Anthracycline chemotherapy   can cause a dose-dependent cardiotoxicity in 
cancer patients [ 310 ], leading to dilated cardiomyopathy and congestive heart fail-
ure [ 206 ]. Mitochondria are important targets of adriamycin [ 295 ], and changes in 
ROS-scavenging capacity of cells can have a signifi cant impact on the effects of 
excessive ROS production catalyzed by adriamycin in cardiac tissue [ 146 ,  306 , 
 327 ]. This laboratory was the fi rst to show mitochondrial ROS is vital for adriamycin- 
induced cardiac injury [ 369 ]. Adriamycin treatment resulted in a substantial reduc-
tion in RCR and state III respiration at complexes I and II in wild-type mice, but 
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overexpression of MnSOD had a protective effect on complex I, with only complex 
II being affected by adriamycin treatment [ 368 ]. 

 Another important side effect of cancer  chemotherapy   is a cognitive decline 
often referred to by patients as chemobrain [ 226 ,  350 ]. Characteristics of this 
chemotherapy- induced cognitive decline include decreased reaction time, dimin-
ished concentration, and memory loss [ 7 ,  336 ]. Adriamycin treatment can result in 
changes in the structure [ 33 ,  136 ] and activity [ 309 ] of different brain regions, with 
oxidative stress as a potential mechanism for this cognitive decline [ 143 ,  333 ]. This 
laboratory was the fi rst to demonstrate a unique mechanism for adriamycin-induced 
neurotoxicity. Adriamycin does not cross the blood brain barrier [ 237 ], but is able 
to stimulate TNF-α levels in serum, whole brain, and the hippocampus and cortex 
of mouse brain. Increased TNF-α correlated with decreased state III respiration due 
to decreased complex I activity [ 334 ]. Changes in MnSOD enzyme activity is 
another important mechanism of adriamycin-induced neurotoxicity. MnSOD pro-
tein nitration increased with adriamycin treatment, correlating with decreased 
enzyme activity, and was not observed in iNOS knock-out mice, suggesting a role 
for iNOS in adriamycin-induced neurotoxicity and the importance of MnSOD in 
preventing chemotherapy-induced injury   [ 333 ].  

3.4.2     Krebs Cycle 

   The Krebs  cycle   is a vital metabolic pathway found in mitochondria. The  Krebs 
cycle   provides reducing equivalents that are used in oxidative phosphorylation for 
ATP production and generates substrates used in numerous cellular processes. 
Changes in the activity of different enzymes in the Krebs cycle have been tied to 
many neurological diseases and cancer [ 30 ,  289 ]. 

 Aconitase catalyzes the conversion of aconitate to isocitrate [ 30 ] and is vulnera-
ble to deactivation by superoxide because it contains FeS centers [ 37 ,  100 ,  120 ], 
resulting in release of Fe(II) from the enzyme (reviewed in [ 99 ]). Aconitase is also 
susceptible to deactivation by  S -nitrosoglutathione [ 338 ] and peroxynitrite [ 42 ,  116 , 
 338 ]. Peroxynitrite attacks two sites in aconitase in a concentration-dependent man-
ner. Low levels of peroxynitrite inhibit aconitase activity, in the absence of citrate, 
by attacking the FeS center, converting the [4Fe-4S] center to a [3Fe-4S] center with 
a corresponding loss of Fe. Higher concentrations of peroxynitrite are needed to 
inactivate aconitase in the presence of citrate through oxidation of Cys385 (in the 
FeS center) to sulfonic acid, as well as nitration of important tyrosines and oxida-
tion of cysteine residues near the active site of the enzyme [ 116 ]. 

 Numerous studies in many model systems have established the importance of 
MnSOD in maintaining aconitase activity [ 77 ,  181 ,  215 ,  354 ]. In MnSOD homozy-
gous knockout mouse erythroids, there is a signifi cant decrease in the expression of 
nearly all proteins involved in the Krebs cycle compared to wild-type erythroids 
[ 197 ]. Liver mitochondria isolated from MnSOD heterozygous knockout mice have 
reduced aconitase activity, which was rescued by the addition of iron and dithioth-
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reitol, suggesting that aconitase inactivation may be due to superoxide-mediated 
oxidation [ 354 ]. On the contrary, overexpression of MnSOD prevented hypoxia- 
reoxygenation- induced aconitase inactivation in A549 human lung adenocarcinoma 
cells [ 268 ], as well as electron transport chain inhibitors and the redox-cycling 
agent phenazine   [ 100 ].  

3.4.3     Iron Metabolism 

   Mitochondria are  essential   for proper iron utilization in cells and are the sites of two 
iron- consuming   processes [ 174 ]: the synthesis of FeS centers [ 290 ] and heme [ 9 ]. 
Iron storage is another important task of mitochondria (reviewed in [ 284 ]). Improper 
iron handling can results in iron-induced oxidative damage [ 78 ] and has been linked 
with multiple disorders, such as hereditary myopathy, Friedreich ataxia, and 
X-linked sideroblastic anemia [ 225 ,  367 ]. 

 Mutations in MnSOD, or altered expression of MnSOD, can have substantial 
effects on iron handling. Srinivasan et al. showed that knockdown of MnSOD, 
CuZnSOD, or both in yeast led to a marked increase in the amount of EPR-detectable 
iron compared to wild-type yeast [ 320 ]. The Ala16Val polymorphism of the  Sod2  
gene (rs4880) was linked to changes in iron handling, with the Ala-MnSOD variant 
associated with increased intracellular iron in patients with alcohol-induced cirrho-
sis and an increased risk of hepatocellular carcinoma. In Huh7 human hepatoma 
cells, transfection with the Ala-MnSOD variant increased the expression of differ-
ent iron-handling genes (frataxin, hepcidin, cytosolic ferritin, and transferrin recep-
tors- 1 and -2) [ 222 ], and complete knockout of MnSOD in mouse erythroblasts 
resulted in a signifi cant increase in the expression of transferrin [ 197 ]. 

 ABCb7 (ATP binding cassette subfamily B member-7) is also affected by 
MnSOD.  ABCb7   is a transporter protein in the inner mitochondrial membrane 
[ 305 ], and is key for exporting FeS centers from mitochondria to the cytosol and the 
formation of cytosolic FeS-containing proteins [ 22 ,  267 ]. Changes in ABCb7 
expression and mutations are associated with the mitochondrial accumulation of 
iron [ 43 ,  211 ,  296 ] and sideroblastic anemia with ataxia [ 12 ,  22 ,  296 ]. In erythroid 
cells, loss of MnSOD led to decreased expression of ABCb7 [ 197 ]. The studies 
imply a role for MnSOD in the regulation of iron levels in cells, particularly in 
mitochondria. Increased MnSOD expression or activity may be important for the 
treatment of iron toxicity associated with different diseases. 

 While MnSOD affects iron metabolism, the converse (iron metabolism affecting 
MnSOD expression) is also observed. Pinkham et al. found  Sod2  is a heme- 
responsive gene, with three  cis  elements that are bound by the heme-binding tran-
scription factor Hap1p [ 265 ]. Heme oxygenase-1 (HO-1) is an enzyme that catalyzes 
the rate-limiting step in heme degradation. HO-1 is found in mitochondria, where it 
regulates mitochondrial heme content and the expression of multiple genes, such as 
mitochondrial nitric oxide synthase and cytochrome  c  oxidase subunit I [ 59 ]. 
Transfection of HO-1 in cultured rat astroglial cells results in increased MnSOD 
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expression, which was abrogated by antioxidant treatment, indicating a role for 
HO-1-stimulated oxidative stress in the expression of MnSOD [ 90 ]. In fi broblasts 
isolated from Friedreich ataxia patients, iron-induced MnSOD expression is dimin-
ished compared to fi broblasts from healthy patients, and only high concentrations of 
iron were able to induce MnSOD expression in a NF-κb-dependent manner [ 142 ]. 
All together, these studies demonstrate a carefully regulated relationship between 
iron metabolism and MnSOD expression, with disease development resulting from 
a disruption of this balance  .  

3.4.4     Apoptosis 

    Apoptosis is a   highly regulated type of cell death targeting single cells or small 
 groups   of cells and is characterized by cytoplasmic and nuclear condensation, the 
formation of apoptotic bodies (small membrane-bound fragments containing cellu-
lar components), and the absorption of these apoptotic bodies by surrounding 
healthy cells [ 6 ,  191 ]. Apoptosis occurs through either extrinsic (initiated by exter-
nal stimuli) [ 281 ] or intrinsic (initiated by internal cellular stress) pathways [ 17 , 
 291 ]. Apoptosis is vital for a number of cellular processes, such as embryonic devel-
opment and the immune response [ 299 ]. 

 Mitochondria are involved in the initiation and progression of apoptosis [ 114 , 
 317 ]. Mitochondria-centered apoptosis can be triggered by ROS generation, per-
meabilization of the mitochondrial membrane, and changes in the mitochondrial 
membrane potential [ 109 ]. When mitochondria dysfunction, molecules such as 
apoptosis-inducing factor (AIF) and endonuclease G are released and translocate to 
the nucleus to participate in DNA degradation. Omi/Htr2 and Smac/DIABLO 
inhibit the activity of various members of the inhibitor of apoptosis (IAP) family. 
Cytochrome  c  is released into the cytoplasm and interacts with apoptotic protease 
activating factor-1 (Apaf-1) to form apoptosomes, protein complexes that partici-
pate in the cleavage and activation of caspase 9 [ 5 ]. 

 Many mechanisms have been proposed for the protective effects of MnSOD 
from apoptosis. Overexpression of MnSOD protects mitochondria against loss of 
function and membrane potential caused by different apoptosis-inducing agents, 
such as ionizing radiation [ 79 ], tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) [ 212 ], NO-generating agents, amyloid β-peptide, and Fe(II) [ 152 ], 
as well as numerous anticancer agents [ 123 ]. MnSOD also inhibits the release of 
inducers of apoptosis from mitochondria, like Smac/DIABLO [ 212 ] and cyto-
chrome  c  [ 79 ]. 

 Another important mechanism of apoptosis modulation by MnSOD is scaveng-
ing of ROS and suppression of ROS-mediated cellular damage. In FSa-II murine 
fi brosarcoma cells, MnSOD overexpression protected the cells from antimycin- and 
rotenone-induced apoptosis by inhibiting poly(ADP-ribose) polymerase cleavage 
and caspase-3 activation, in part, by changing mitochondrial ROS levels [ 157 ]. 
Overexpression of MnSOD in PC6 pheochromocytoma cells protected from Fe(II), 
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amyloid β-peptide, and NO-generating agent-induced apoptosis by suppressing per-
oxynitrite production and lipid peroxidation, as well as preventing mitochondrial 
membrane potential collapse [ 152 ]. 

 MnSOD also suppresses the apoptotic effects of infl ammatory cytokines. 
Overexpression of MnSOD protected A375 human melanoma cells and Chinese 
hamster ovarian cells from infl ammatory cytokine-induced toxicity [ 123 ]. Tumor 
necrosis factor (TNF) induces mitochondrial ROS production as part of its apopto-
sis stimulating effects [ 106 ]. TNF stimulates MnSOD expression, which may act as 
an adaptive response to further exposure to TNF [ 359 ], with overexpression of 
MnSOD conferring protection to multiple cell lines from TNF-stimulated apoptosis 
[ 358 ]. This adaptive response to TNF may be protective against other apoptosis- 
inducing agents, and is thought to occur through an increase in steady-state levels of 
hydrogen peroxide [ 65 ]. For example, hippocampal cells pretreated with TNF-α 
were protected from apoptosis induced by Fe(II) and amyloid β-peptide by stimulat-
ing MnSOD expression [ 201 ]. This laboratory found the antiestrogen tamoxifen 
enhanced TNF-α-induced MnSOD expression [ 64 ], and that this increase in MnSOD 
is an important part of tamoxifen-mediated protection from adriamycin-induced 
apoptosis in cardiac tissue [ 63 ]. MnSOD degradation is an important mechanism of 
Fas receptor-mediated apoptosis in human Jurkat T-cells, leading to increased 
superoxide production and apoptosis   [ 253 ].  

3.4.5     Mitochondrial Control of Innate and Adaptive Immunity 

   Innate immunity   is the fi rst line of protection for cells against attack by foreign 
microbes or cellular damage. Pattern recognition receptors (PRRs) carry out innate 
immunity by recognizing key components of microbial invaders (pathogen- associated 
molecular patterns (PAMPS)) or endogenous cellular components from damaged 
cells (danger-associated molecular patterns (DAMPS)). PRRs can be both membrane 
bound or cytosolic [ 56 ,  148 ,  199 ], and activation of PRRs results in activation of 
numerous transcription factors like interferon-regulator factor (IRF), NF-κB, and 
AP-1 [ 199 ]. PRR activation can also lead to the formation of infl ammasomes, multi-
protein complexes composed of a caspase (caspase-1), a sensing protein (NLR), and 
an adaptor protein (apoptosis-associated speck-like protein containing an CARD 
(ASC)) [ 308 ]. Infl ammasomes activate numerous infl ammatory cytokines, such as 
interleukin-1β, in response to PAMPs or DAMPS [ 199 ]. 

 Mitochondria play a vital role for the initiation of immune response. In response 
to viral infection, mitochondrial antiviral signaling (MAVS) protein is important for 
interferon-β (IFN-β) expression regulated by NF-κB and IRF-3. Suppressing MAVS 
expression abolished IFN-β expression, while overexpression of MAVS stimulated 
IFN-β expression. Mitochondrial localization is essential for MAVS function, with 
endoplasmic reticulum or plasma membrane targeting of MAVS greatly reducing 
IFN-β expression [ 301 ]. Injury-induced release of mitochondrial DNA or formyl 
peptides activates polymorphonuclear neutrophils, leading to neutrophil-mediated 
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organ injury [ 373 ]. Mitochondrial DNA is also important for innate immunity. 
Treatment of J774A.1 macrophages with ethidium bromide to deplete cells of mito-
chondrial DNA (ρ 0  cells) resulted in inhibition of LPS- and ATP-induced caspase-1 
activation and IL-1β secretion. Cytosolic release of mitochondrial DNA is a key 
activator of infl ammasomes. Treatment with DNase I inhibited LPS- and ATP- 
induced infl ammasome formation due to digestion of mitochondrial DNA, while 
transfection with mitochondrial DNA enhanced infl ammasome formation in bone 
marrow-derived macrophages [ 224 ]. 

 ROS are another activator of infl ammasome formation (reviewed in [ 198 ]). In 
human macrophages, NADPH oxidase (Nox)-generated ROS are involved in 
asbestos- induced infl ammasome formation and IL-1β secretion. Asbestos-induced 
IL-1β production was hindered by inhibiting Nox activity by diphenylene iodonium 
chloride or apocynin, as well as scavenging ROS using  N -acetylcysteine or (2 R , 
4 R )-4-aminopyrrolidine-2,4-dicarboxylate (APDC) [ 74 ]. Sources of ROS other 
than Nox may also be involved in infl ammasome activation, as Meissner et al. dis-
covered that caspase-1 activation and IL-1β production can occur in mononuclear 
phagocytes that lack Nox [ 204 ]. 

 Mitochondria are a major source of ROS involved in infl ammasome formation. 
In THP1 macrophages, Zhou et al. discovered that chemical inhibition of different 
electron transport chain complexes increased mitochondrial ROS formation and 
correlated with increased IL-1β activation. NLRP3 and ASC localized to both the 
endoplasmic reticulum and mitochondria after treatment with infl ammasome- 
stimulating agents MSU, nigericin, and alum. VDAC is vital for mitochondrial 
ROS-dependent infl ammasome formation, with overexpression of Bcl-2 (which 
inhibits VDAC activity) or knockdown of VDAC1 or VDAC 2 inhibiting caspase-1 
activation or the formation of mature IL-1β [ 71 ]. Rotenone treatment enhanced 
LPS- and ATP-stimulated caspase-1 activation and IL-1β secretion in macrophages, 
which was inhibited by treating with the antioxidant Mito-TEMPO [ 224 ]. 

 Proinfl ammatory cytokines can also be activated by mitochondrial ROS indepen-
dent of infl ammasome formation. Bulua et al., using mouse embryonic fi broblasts 
expressing different mutants of type 1 TNF receptor (TNFR1), discovered that cells 
expressing mutant TNFR1 had increased basal levels of mitochondrial ROS. This 
mitochondrial ROS is important for lipopolysaccharide- (LPS-) stimulated produc-
tion of proinfl ammatory cytokines TNF and IL-6, but not IL-1β, in the absence of 
infl ammasome formation, and scavenging mitochondrial ROS suppressed LPS- 
induced cytokine production [ 35 ]. 

  Autophagy   has also been linked to infl ammasome formation. Zhou et al. [ 71 ] and 
Nakahira et al. [ 224 ] found that inhibition of autophagy by 3-methyladenine (3-MA) 
treatment [ 71 ] or knockdown of autophagy proteins LC3 [ 224 ] or beclin-1 [ 71 ,  224 ] 
resulted in increased mitochondrial ROS and activation of infl ammasomes, as evi-
denced by increased caspase-1 activation and IL-1β secretion. Autophagy inhibition 
prevented LPS- and ATP-stimulated mitochondrial DNA release and caspase-1 acti-
vation [ 224 ]. These studies imply a role for autophagy-mediated removal of mito-
chondria to prevent activation of innate immunity by infl ammasome formation. 
Inhibition of autophagy leads to accumulation of damaged mitochondria, resulting 
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in increased mitochondrial ROS and infl ammasome formation. These studies sug-
gest a potential role for mitochondrial antioxidant enzymes, especially MnSOD, in 
the regulation of innate immunity and infl ammatory diseases through both 
infl ammasome- dependent and -independent mechanisms. 

 ROS are also important for adaptive immunity, in part, by altering T-cell function. 
ROS play an important role in T-cell activation by stimulating lipid raft formation 
needed for T-cell activation complex assembly [ 184 ]. Decreased glutathione levels is 
a mechanism for 3-hydroxyanthranilic acid- (a tryptophan metabolite) mediated acti-
vated T-cell death [ 168 ]. ROS are also involved in hematopoietic progenitor cell 
differentiation in  Drosophila  [ 241 ]. Peroxynitrite formation in the thymus has been 
linked to thymocyte apoptosis [ 216 ]. Changes in the expression of MnSOD also 
appear to have an effect on adaptive immunity. Case et al. [ 40 ] found that increased 
superoxide levels have a negative impact on T-cell development, leading to altera-
tions in adaptive immune system function due to increased apoptosis and develop-
mental defects in T-cells. In thymus-specifi c MnSOD knockout mice, there is an 
increase in immunodefi ciency and increased susceptibility to infl uenza A H1N1 
infection compared to wild-type mice. Treatment with the superoxide scavengers 
Tempol or CTPO was able to rescue the thymus-specifi c MnSOD knockout mice, 
indicating the importance of MnSOD in adaptive immunity and identifying targets 
for potential therapies to treat T-cell dysfunction-related immunological disorders .  

3.4.6     Mitochondrial DNA Stability 

    Mitochondrial DNA (mtDNA)   comprises 16,569 base pairs encoding  37   genes for 
22 transfer RNAs, 2 ribosomal RNAs, and important components of different com-
plexes of the electron transport chain [ 13 ]. All other proteins found in mitochondria 
are encoded by nuclear DNA, synthesized in the cytoplasm, and imported into mito-
chondria by numerous mechanisms. mtDNA is organized into structures called 
nucleoids that contain 6–10 individual mtDNA molecules, as well as numerous pro-
teins involved in the synthesis and transcription of mtDNA, such as mitochondrial 
single-stranded binding protein (mtSSB), mitochondrial DNA polymerase gamma 
(Polγ), and mitochondrial transcription factor A (mTFA) [ 48 ,  102 ,  170 ]. 
Mitochondrial function declines with age [ 26 ] and is linked to both decreased 
mtDNA content and increased oxidative damage [ 307 ]. mtDNA damage has been 
associated with a multitude of age-related disorders [ 332 ], such as Parkinson’s dis-
ease, diabetes [ 145 ], and cancer [ 29 ,  183 ]. 

 mtDNA is vulnerable to damage caused by myriad agents, such as ionizing [ 285 ] 
and ultraviolet radiation [ 329 ], as well as ROS [ 285 ,  329 ,  354 ], with the D-loop 
region of mtDNA as a particularly susceptible region to oxidative damage [ 194 ]. 
mtDNA sequences encoding different Complex I subunits are highly prone to dam-
age, which may contribute to elevated superoxide production and age-related dis-
eases [ 61 ]. Cells lacking mtDNA (ρ 0  cells) or cells expressing mtDNA containing a 
common 4977 bp deletion have signifi cantly higher levels of ROS production com-
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pared to parental cells or cells which express wild-type mtDNA [ 137 ]. MnSOD 
expression increases as an adaptive response to mtDNA depletion [ 254 ]. A mali-
cious cycle can occur in which mtDNA damage leads to altered mitochondrial func-
tion, which increases ROS production, resulting in more mtDNA damage [ 25 ]. In 
the GM00637E human fi broblast cell line, Yakes and van Houten discovered that 
mtDNA is more sensitive than nuclear DNA to hydrogen peroxide-induced damage. 
The mtDNA damage occurred more rapidly, and mtDNA damage is not repaired 
after prolonged hydrogen peroxide exposure. This mtDNA damage correlated with 
diminished mitochondrial function [ 362 ]. 

 Polγ can undergo oxidative stress-mediated inactivation, which may affect 
mtDNA repair and replication. Graziewicz et al. discovered that treatment of the 
catalytic subunit of Polγ with hydrogen peroxide resulted in a 50 % reduction in 
polymerase activity, as well as diminished DNA binding activity. The researchers 
also found that Polγ was more sensitive to oxidative inactivation than Polβ or Polα, 
the two nuclear DNA polymerases [ 108 ]. 

  MnSOD   is vital for protecting mtDNA from ROS-induced damage. In  Escherichia 
coli  K-12 cells, MnSOD associates with DNA [ 324 ]. mtDNA oxidative damage is 
much greater in the livers of MnSOD heterozygous knockout mice than wild-type 
controls [ 343 ]. In type 2 diabetic patients, MnSOD expression in peripheral blood 
mononuclear cells is increased as an adaptive response to higher levels of oxidative 
mtDNA damage [ 98 ]. In bovine retina endothelial cells, MnSOD overexpression or 
treatment with MnSOD mimetics inhibited oxidative mtDNA damage induced by 
high glucose, leading to increased expression of different electron transport chain 
components compared to glucose alone [ 189 ]. MnSOD overexpression also pro-
tects mtDNA from UV-induced oxidative damage [ 329 ] and acute ethanol exposure 
[ 165 ,  195 ]. MnSOD is also part of the nucleoid complex in the mitochondrial 
matrix, interacting with mtDNA, Polγ, and glutathione peroxidase, and this nucle-
oid localization may be important in protecting mtDNA from oxidative stress- 
induced damage [ 156 ]. This laboratory has confi rmed an interaction between 
MnSOD, Polγ, and mtDNA, and further demonstrated that MnSOD is vital for pro-
tecting mtDNA from UV-induced damage by preventing Polγ inactivation [ 16 ]. 
These studies imply a role for MnSOD in preventing or treating diseases associated 
with mtDNA damage  .  

3.4.7     Cellular Lipid Integrity 

  Lipids,  particularly   polyunsaturated lipids, are vulnerable to ROS-induced damage, 
leading to the production of different lipid peroxidation products like 4- hydroxynonenal 
(4HNE) and malondialdehyde and oxidative products of cholesterol, cholesterol 
esters, and sphingolipids [ 316 ]. RNS react with lipids to form both oxidation and 
nitration products [ 15 ,  230 ,  272 ,  292 ], and these RNS-derived lipid products may play 
an important role in functions as varied as ischemia/reperfusion injury [ 221 ] and 
infl ammation [ 15 ]. 
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 Changes in MnSOD expression or activity can impact total cellular, and mito-
chondrial, lipid integrity. In heterozygous MnSOD knockout mice, there is a signifi -
cant increase in lipid peroxidation (as measured by 8-isoprostane levels) at postnatal 
day 10 compared to wild-type littermates [ 325 ]. In PC6 pheochromocytoma cells, 
MnSOD overexpression diminished lipid peroxidation and 4HNE protein adduct 
formation caused by treatment with amyloid β-peptide, sodium nitroprusside, and 
Fe(II) [ 152 ]. In vivo, administration of MnSOD plasmid/liposome complexes intra-
esophageally or intraorally suppressed ionizing radiation-induced lipid peroxida-
tion [ 80 ]. Ohtsuki et al. [ 238 ] found an age-related increase in lipid peroxidation of 
mitochondrial fractions of brain tissue in spontaneously hypertensive and deoxycor-
ticosterone acetate (DOCA)-induced hypertensive rats compared to normotensive 
and vehicle-treated rats, respectively. MnSOD expression increased with age only 
in the brain tissue of normotensive rats, suggesting that altered superoxide metabo-
lism may be a contributing factor of hypertension-associated neurological disorders 
[ 238 ]. 

 Because MnSOD contains manganese in its active site [ 150 ], manganese avail-
ability may have a dramatic effect on lipid peroxidation. Manganese defi ciency sig-
nifi cantly reduced age-related increases in MnSOD activity compared to rats 
receiving adequate levels of manganese, correlating with a fi vefold increase in liver 
lipid peroxidation in manganese-defi cient rats [ 380 ]. In a study by Malecki and 
Greger, lipid peroxidation was increased in rat heart mitochondria of Mn-defi cient 
rats compared to control rats, associating with a decrease in MnSOD enzyme activ-
ity [ 193 ]. Manganese defi ciency is linked to myriad maladies, such as diabetes mel-
litus [ 149 ] and epilepsy [ 39 ]. 

  Cardiolipin   is another important lipid susceptible to oxidative damage. 
Cardiolipin is found almost exclusively in the inner mitochondrial membrane [ 57 ] 
and is a tetra-acylated glycerophospholipid made up of two phosphatidyl groups 
linked by glycerol, giving a lipid containing three chiral centers and four hydrocar-
bon chains [ 101 ]. Changes in the composition and levels of cardiolipin are  associated 
with different mitochondria-linked diseases, such as aging [ 173 ,  247 ], heart failure, 
diabetes, ischemia/reperfusion injury [ 246 ,  315 ], Barth syndrome [ 119 ], and cancer 
[ 38 ,  139 ,  282 ]. 

  Cardiolipin   is essential for proper mitochondrial function. Cardiolipin is impor-
tant for the initiation of apoptosis [ 82 ,  105 ,  203 ,  223 ,  260 ,  298 ,  314 ], with cardio-
lipin peroxidation resulting in cytochrome  c  release [ 223 ,  261 ] and deactivation of 
the adenine nucleotide translocator leading to opening of the mitochondrial perme-
ability transition pore [ 223 ]. The activities of individual components of the electron 
transport chain [ 95 ], and the assembly of these components into supramolecular 
complexes [ 262 ,  357 ], are dependent on cardiolipin. Cardiolipin is susceptible to 
ROS-mediated damage [ 173 ,  342 ,  355 ], and oxidative damage of cardiolipin cor-
relates with ROS-mediated inactivation of electron transport chain components. 
Different combinations of SOD and catalase, or supplementation with exogenous 
cardiolipin, inhibit the effects of ROS on the electron transport chain and cardiolipin 
peroxidation [ 155 ,  248 – 251 ]. In HaCaT human keratinocytes, UVB radiation sup-
presses electron transport chain activity concomitant with a decrease in cardiolipin 
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content. MnSOD protein levels increase as an adaptive response to UVB exposure 
[ 356 ]. These studies suggest a potential mechanism for MnSOD in protecting mito-
chondria from ROS-induced damage by inhibiting peroxidation of cardiolipin .   

3.5     The Role of MnSOD in Cancer Development 

 MnSOD is important in  the   development of cancer because of its ability to scavenge 
ROS. Many studies have shown that MnSOD expression is reduced in many types 
of cancer [ 54 ,  62 ,  132 ,  232 ,  313 ], while other studies show that MnSOD expression 
is greater in cancer compared to normal tissue [ 125 ,  131 ,  138 ,  141 ,  192 ,  239 ,  341 ]. 
These studies suggest that MnSOD may play a dual role in cancer development 
(reviewed in [ 121 ]) and has led to crucial studies to clarify the role of MnSOD in 
cancer development and progression. 

3.5.1     MnSOD Accelerates Tumor Progression 

 Many studies  have   shown that an increase in MnSOD expression  enhances   cancer 
survival, growth, and aggressiveness. In HeLa cells, MnSOD overexpression pro-
tected the cells from serum starvation-induced cell death and growth inhibition. 
Serum starvation alone did not affect MnSOD expression in HeLa cells, but did 
stimulate MnSOD expression in HT29 colon carcinoma cells and was associated 
with resistance to serum starvation [ 243 ]. Overexpression of MnSOD protected 
HCT116 colon carcinoma cells from tumor necrosis factor-related apoptosis- 
inducing ligand (TRAIL)-induced apoptosis by suppressing the release of Smac/
DIABLO and cytochrome  c  from mitochondria [ 212 ]. 

 Metastasis is another behavior of cancer cells that is affected by MnSOD. In head 
and neck squamous cell carcinoma, Salzman et al. discovered that MnSOD enzyme 
activity was increased in patients with higher stages of cancer and patients with 
locoregional metastases [ 294 ]. In gastric cancer [ 192 ], as well as colorectal cancer 
[ 229 ], MnSOD expression was signifi cantly higher in cancers that had lymph node 
metastases compared to cancers without metastasis. MnSOD expression is also 
linked to the metastatic behavior of the estrogen-independent MDA-MB-231 human 
breast cancer cell line [ 147 ]. In T47D human breast cancer cells, progestin treat-
ment stimulated MnSOD expression, and MnSOD expression was linked to proges-
tin stimulation of invasion, suggesting a possible mechanism by which progestins 
increase breast cancer aggressiveness [ 127 ]. One potential mechanism of increased 
metastasis by MnSOD expression may be an increase in hydrogen peroxide- 
dependent matrix metalloproteinase expression [ 227 ,  279 ]. 

 In contrast to the numerous reports that MnSOD expression increases differen-
tiation of cancer cells, others report that MnSOD expression actually leads to a 
less- differentiated state. Ladriscina et al. found an inverse correlation between 
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MnSOD expression and degree of differentiation in brain tumors of neuroepithelial 
origin, with the greatest amount of MnSOD in the most undifferentiated tumors 
[ 164 ]. In prostate cancer, neuroendocrine differentiation is a major step in the 
androgen-dependent to -independent progression of prostate cancer [ 344 ], with 
MnSOD being associated with neuroendocrine differentiation [ 271 ]. In LNCaP 
human prostate cancer cells, MnSOD overexpression led to androgen independence 
and neuroendocrine differentiation, as well as increased survival against TNF, 
docetaxel, and etoposide [ 270 ].  

3.5.2      MnSOD Suppresses Tumorigenesis 

    While   several studies have demonstrated a tumor-supporting role for MnSOD, other 
studies  have   revealed a tumor-suppressing function for MnSOD, with overexpres-
sion of MnSOD inhibiting many of the hallmarks of cancer such as invasiveness and 
anchorage-independent cell growth [ 21 ,  54 ,  180 ,  345 ,  352 ]. In the early 1990s, there 
was little known about the contribution of ROS generated in mitochondria in the 
neoplastic transformation process. To directly test the role of mitochondrial ROS in 
neoplastic transformation, this laboratory expressed MnSOD in mouse embryonic 
fi broblast C3H10T/2 cells because they are capable of being malignantly trans-
formed by chemical and physical carcinogens and have low endogenous levels of 
MnSOD. Increased MnSOD expression reduced the frequency of in vitro neoplastic 
transformation caused by ionizing radiation. The formation of type 2 and 3 foci in 
parental C3H10T/2 cells and control cells transfected with a selectable vector alone 
was signifi cantly higher than in C3H10T/2 cells overexpressing MnSOD (C3HSOD). 
This study was the fi rst to link protection of mitochondria against ROS to reduction 
of neoplastic transformation [ 322 ]. Subsequently, this fi nding was substantiated by 
the introduction of a normal chromosome 6 into human melanoma cell lines, which 
results in suppression of tumorigenicity and suggests that gene(s) on chromosome 6 
controls the malignant phenotype of human melanoma. Because MnSOD is local-
ized to a region of chromosome 6 frequently lost in melanomas, the authors conse-
quently examined the effect of transfecting sense and antisense human MnSOD 
cDNAs into melanoma cell lines. They found that cell lines expressing abundant 
(+)-sense MnSOD cDNAs signifi cantly altered their phenotype in culture and lost 
their ability to form colonies in soft agar and tumors in nude mice. In contrast, the 
introduction of antisense MnSOD cDNA had no effect on melanoma tumorigenicity 
[ 55 ]. These studies have been followed in numerous publications confi rming the 
tumor suppressing role of MnSOD in various cancers (reviewed in [ 67 ]). 

 Mechanisms of MnSOD-mediated tumor suppression are numerous, including 
sensitization of cancer cells to ROS-generating agents [ 176 ], as well as modulating 
carcinogen-induced ROS levels [ 231 ,  286 ,  374 ]. In HEK293 cells, overexpression 
of a MnSOD mutant lacking product inhibition led to a decrease in growth. This 
growth suppression was ROS-mediated, as overexpression of catalase blocked the 
effects of MnSOD overexpression [ 66 ]. MnSOD overexpression decreased meta-
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static potential, colony formation, and diminished tumor growth in vivo of XR23M 
transformed X-ray immortalized rat embryonic fi broblasts [ 286 ]. MnSOD overex-
pression also had substantial effects on PC-3 human prostate cancer cells, resulting 
in reduced cell growth concomitant with increased mitochondrial membrane poten-
tial and increased hydrogen peroxide levels [ 345 ]. 

 Induction of differentiation by MnSOD is another important mechanism of can-
cer suppression. Church et al. found that overexpression of MnSOD by introducing 
a (+)-sense MnSOD cDNA resulted in a more differentiated morphology in UACC- 
903 human melanoma cells compared to empty vector controls [ 55 ]. In hepatocel-
lular carcinoma, there is a direct correlation between relative MnSOD expression 
levels and degree of differentiation. Well differentiated cell lines and tumors have 
higher levels of MnSOD expression compared to poorly differentiated cell lines and 
tumors [ 8 ,  97 ,  364 ]. This laboratory discovered that overexpression of MnSOD in 
the FSa-II mouse fi brosarcoma cell line induced differentiation by inhibiting AP-1 
DNA binding activity and AP-1 target gene expression [ 158 ]. MnSOD also increases 
differentiation by activating NF-κB and ERK MAP kinase [ 376 ]. 

 A major emphasis of this laboratory has been to acquire a deeper knowledge of 
the effects of MnSOD on oxidative stress-induced tumor initiation/promotion. This 
laboratory was the fi rst to report that MnSOD overexpression inhibited neoplastic 
transformation. In C3H 10 T1/2 mouse embryonic fi broblasts, MnSOD overexpres-
sion protected the cells from ionizing-radiation induced neoplastic transformation, 
but not DNA intercalating agent 3-methylcholanthrene, indicating a vital role for 
ROS in ionizing radiation-induced tumorigenesis and the potential for MnSOD in 
cancer prevention [ 322 ]. Overexpression of MnSOD suppressed 7,12-dimethylbenz(a)-
anthracene/12- O -tetradecanoylphorbol-13-acetate (DMBA/TPA) induced papilloma 
incidence and multiplicity in C57BL/6 mice. A key  mechanism of this tumor sup-
pression was inhibition of TPA-induced oxidative stress [ 378 ]. 

 Because MnSOD overexpression inhibited DMBA/TPA-induced tumor forma-
tion, logic suggests that decreased levels of MnSOD might enhance tumor forma-
tion. Interestingly, a similar number of papillomas were observed after DMBA/TPA 
treatment in both wild-type and MnSOD heterozygous knockout C57BL/6 mice 
due, in part, to increased proliferation and apoptosis in the basal layer of the epider-
mis. However, there was increased oxidative stress in MnSOD heterozygous knock-
out mice compared to wild-type mice, as measured by protein oxidation [ 377 ]. In a 
later study, this laboratory found that apoptosis occurred before proliferation in the 
basal layer of the epidermis. Apoptosis peaked 6 h after TPA treatment and mitosis 
peaked 24 h post-TPA. In wild-type mice, there was less proliferation compared to 
MnSOD heterozygous knockout mice. Treatment with MnTE-2-PyP 5+  (a MnSOD 
mimetic, [ 18 ,  19 ,  207 ]) at 12 hrs after each TPA treatment led to a signifi cant 
decrease in protein oxidation without affecting apoptosis, resulting in a 50 % reduc-
tion in tumor incidence. This study suggests that an important early event in cancer 
development is oxidative stress and exploiting this oxidative stress may be a vital 
mechanism for MnSOD inhibition of cancer development [ 375 ]. For more informa-
tion on SOD mimetics, readers are directed to Forum Issue on “SOD therapeutics” 
in Antioxidant& Redox Signaling, 2014  .  
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3.5.3     MnSOD Is a Double-Edged Sword in Cancer 
Development 

   Because of the inconsistent reports  of   MnSOD in cancer development, either as 
a  tumor   suppressor or as a supporter of tumor growth and progression, there are 
lingering questions of the exact role of MnSOD in cancer development. To 
address this seeming contradiction, one needs to consider how MnSOD affects 
hydrogen peroxide production in the cell. Buettner et al. found that MnSOD 
alters the steady-state level of hydrogen peroxide in systems where the equilib-
rium constant for the superoxide production (K) is below 1. In this instance, the 
rate constant for the conversion of superoxide back to molecular oxygen is 
greater than the rate constant for the conversion of molecular oxygen to super-
oxide. This condition is seen in the production of superoxide by the electron 
transport chain. When MnSOD is present, there is an increase in hydrogen 
 peroxide production with increasing levels of MnSOD, with the greatest effects 
when MnSOD levels are low. When MnSOD levels are suffi ciently high, 
 however, there is only a small additional change in hydrogen peroxide produc-
tion. The increase in hydrogen peroxide production is observed because MnSOD 
is drawing the equilibrium of the system toward the right, driving further 
 superoxide production because a small amount of superoxide is being consumed 
and not participating in the reverse reaction, in keeping with Le Chatelier’s 
principle [ 34 ]. 

 Changes in hydrogen peroxide fl ux with changes in MnSOD expression can have 
broad repercussions in cancer progression. In the early stages of cancer develop-
ment (when MnSOD levels are low [ 232 ]), MnSOD expression may inhibit cancer 
growth by multiple mechanisms because of increased hydrogen peroxide fl ux [ 177 ] 
and prevention of more reactive species including hydroxyl radicals. As cancer pro-
gresses (when cells display increased glucose and hydrogen peroxide metabolism 
and have chronic oxidative stress [ 24 ,  245 ,  269 ]), MnSOD expression may benefi t 
cancer cells by promoting metastatic behavior [ 58 ,  121 ,  127 ,  227 ]. 

 This laboratory has striven to better understand this nuanced role of MnSOD in 
the development and progression of cancer. This laboratory reported the dual nature 
of MnSOD in cancer using the DMBA/TPA two stage model of skin cancer devel-
opment and a unique mouse model expressing a luciferase reporter gene driven by 
the MnSOD promoter [ 68 ]. DMBA treatment followed TPA treatments over 25 
weeks resulted in a signifi cant reduction in MnSOD-luciferase reporter activity, as 
well as decreased levels of MnSOD mRNA, protein, and enzyme activity in both 
DMBA/TPA-treated skin and papillomas compared to DMSO-treated controls. To 
allow for the formation of squamous cell carcinoma, the observation period was 
extended to 48–60 weeks. Interestingly, during the transition from papilloma to the 
more aggressive squamous cell carcinoma, MnSOD luciferase reporter activity, 
mRNA, protein, and enzyme activity were signifi cantly increased. 

 The changes in MnSOD expression during the transition from papilloma to squa-
mous cell carcinoma are due to changes in the transcription factors that bind the 
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 Sod2  promoter. Basal expression of MnSOD is regulated by Sp1 [ 361 ], and Sp1 
DNA binding activity was signifi cantly reduced in DMBA/TPA-treated skin, with 
an additional decrease in papilloma. However, in squamous cell carcinoma, Sp1 
DNA binding activity returned to nearly the same level as DMSO-treated skin con-
trol [ 68 ]. p53, a tumor-suppressing transcription factor, also regulates MnSOD 
expression through its interaction with Sp1 [ 69 ,  70 ]. p53 DNA binding activity was 
similar to DMSO treated skin in both DMBA/TPA-treated skin and papilloma but 
was signifi cantly reduced in squamous cell carcinoma. Using the JB6 mouse epithe-
lial cell line, knockdown of p53 or overexpression of Sp1 increased MnSOD lucif-
erase reporter activity and MnSOD protein expression, with an additive effect with 
simultaneous p53 knockdown and Sp1 overexpression [ 68 ]. 

 These results clearly demonstrate the magnitude of MnSOD in early cancer 
development and progression to a more aggressive state. MnSOD expression 
decreases in cells as they transition to cancer, indicative of the tumor-suppressing 
function of MnSOD, while MnSOD expression increases as the cancer transitions 
from a nonaggressive phenotype to a more aggressive phenotype, showing the 
tumor-supporting role of MnSOD in later cancer stages [ 207 ]. Because of the 
importance of MnSOD as a ROS-scavenging enzyme, and the role of MnSOD in 
maintaining the myriad functions of mitochondria (discussed above), changes in 
MnSOD expression and activity that impact mitochondrial function may play an 
important role in cancer development and progression  .   

3.6     Conclusions 

 Mitochondria are central players in metabolism in cells due to the presence of 
enzymes for myriad metabolic pathways, including oxidative phosphorylation, the 
urea cycle, fatty acid oxidation, heme synthesis, the Krebs cycle, iron metabolism, 
among other functions. Mitochondria consume oxygen to generate ATP, producing 
ROS as a by-product. ROS can be damaging to mitochondria, leading to dimin-
ished mitochondrial function and the development of many diseases, such as car-
diovascular disease, diabetes, neurological disorders, and cancer. MnSOD is 
absolutely essential for the survival of aerobic life and for the conservation of 
mitochondrial function to maintain cellular homeostasis by detoxifying ROS and 
mitigating the harmful effects of ROS on mitochondrial metabolic enzymes and 
lipids. MnSOD is a two-edged sword in the development and progression of can-
cer: acting as a tumor suppressor during early stages of cancer and a tumor sup-
porter during later stages of cancer. Because of the central role for MnSOD in the 
preservation of the numerous functions of mitochondria, strategies that seek to 
maintain, or even stimulate, MnSOD expression and/or enzyme activity by increas-
ing expression of endogenous MnSOD, augmenting cells by the addition of exog-
enous MnSOD protein, or the use of pharmaceuticals that mimic the action of 
MnSOD will no doubt prove valuable in the treatment and prevention of various 
ROS-associated maladies.     
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      Abbreviations 

   AhR    Aryl hydrocarbon receptor   
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  AMPK    AMP activated-kinase A   
  Cat    Catalase   
  CRPC    Castration-resistant prostate cancer   
  CuZnSod/Sod1    Cytosolic/Copper-Zinc superoxide dismutase   
  EcSod/Sod3    Extracellular superoxide dismutase   
  EMT    Epithelial to mesenchymal transition   
  fALS    Familial amyotrophic lateral sclerosis   
  FAK    Focal adhesion kinase   
  Foxo    Forkhead box O   
  GAC    Gastric adenocarcinoma   
  GPx    Glutathione peroxidases   
  GR    Glutathione reductase   
  GSH    Glutathione   
  HCC    Hepatocellular carcinoma   
  H 2 O 2     Hydrogen peroxide   
  iNOS    Inducible nitric oxide synthase   
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  IL-6    Interleukin-6   
  Keap1    Kelch-like erythroid cell-derived protein with CNC homology 

(ECH)-associated protein 1   
  MAPK    Mitogen-activated protein kinase   
  MMP-1    Matrix metalloproteinase 1   
  MnSod/Sod2    Mitochondrial/Manganese superoxide dismutase   
  mTOR    Mechanistic target of rapamycin   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NF-κB    Nuclear factor κ B   
  Nox    NADPH oxidase   
  Nrf2    Nuclear factor erythroid 2 (NF-E2)-related factor 2   
  O 2     Oxygen   
  O 2  •−     Superoxide   
  OH •     Hydroxyl radical   
  ONOO −     Peroxynitrite   
  PI3K    Phosphoinositide 3-kinase   
  PKB    Protein kinase B (also known as Akt)   
  PHD    Prolyl hydroxylase   
  PPAR α    Peroxisome proliferator activated receptor α   
  PTP    Protein tyrosine phosphatases   
  SBP1    Selenium-binding protein 1   
  SNPs    Single nucleotide polymorphisms   
  Sod    Superoxide dismutase   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  TM    Tetrathiomolybdate   
  TNF-α    Tumor necrosis factor α   
  TRX    Thioredoxin   
  UCP    Mitochondrial uncoupling proteins   
  WT1    Wilm’s tumor suppressor 1   

4.1         Introduction 

 The lethality of most  cancers   can be attributed to metastatic progression. This is 
primarily due to diffi culties in identifying, targeting, and effectively treating meta-
static lesions. The ability to survive the metastatic journey through hematological 
and lymphatic circulation, the homing to specifi c secondary sites, and the latency in 
appearance of metastatic spread many years after patients have been disease free 
illustrate the insidious nature of metastatic cells and their adaptability to cope with 
various stressful tumor microenvironments. Metastatic tumor cells also display 
clear differences from cells of the primary tumor as a result of distinct epigenetic, 
genetic, and cellular signaling that control their unique behavior. These alterations 
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promote epithelial to mesenchymal transition (EMT); enhance invasion and traffi c 
through the extracellular matrix; reprogram the cell cycle; and confer resistance to 
programmed cell death, nutrient deprivation, and oxidant production in the tumor 
microenvironment. 

 As depicted in Fig.  4.1 , reactive oxygen and nitrogen species (ROS & RNS) are 
associated with both tumor initiation (carcinogenesis) and tumor progression 
(metastasis). These reactive species arise as a consequence of events such as depri-
vation of oxygen (hypoxia), immune cell infi ltration and infl ammation, and from 
chemo- and radiotherapeutic exposure. The effect of ROS and RNS on cancer cells 
essentially depends on the levels and type of reactive species [ 1 ]. Large  surges   of 
ROS, for example in response to ionizing radiation, will lead to oxidation of macro-
molecules and largely irreversible damage that may cause genomic instability and 

  Fig. 4.1     Metastatic tumor cells   are exposed to exogenous and endogenous sources of reactive 
oxygen (ROS) and nitrogen species (RNS). Examples of exogenous sources of ROS are those that 
emanate from local infl ammation and radio- and chemotherapeutic exposure. Cancer-associated 
fi broblasts, macrophages, and senescent cells may also contribute to an altered redox environment. 
Further, hypoxia enhances production of ROS through mitochondria, and tumor microenvironment- 
derived growth factors and cytokines activate NADPH oxidase (Nox) enzymes to enhance intracel-
lular production of ROS within tumor cells. Depending on the source, type, and amount of ROS/
RNS produced, these changes in the tumor redox environment can either infl uence pro-metastatic 
signaling pathways or ROS-mediated cellular damage, which may be either tumor promoting or 
deleterious to the cancer cells       
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cancer initiation—carcinogenesis. Similarly, these may result in mitochondrial 
damage that can lead to alterations in cancer metabolism and drive glycolytic adap-
tation. In addition to exogenous sources of ROS, tumor cells themselves produce 
and are able to cope with elevated intracellular ROS [ 2 – 5 ]. These may be sublethal 
increases that can lead to ROS-mediated changes in cellular signaling, referred to as 
 redox-signaling  . Increases in the cellular redox steady state are often accompanied 
by changes in antioxidant enzyme expression, as an adaptation to survive under 
chronic redox stress. This inadvertently leads to enhanced ability of tumor cells to 
deal with excessive exogenous stress, and may be a contributing factor to chemore-
sistance. For example, high expression of Sod2 in cancer cells has been associated 
with eliciting radioresistance and chemoresistance to a number of agents, including 
Cisplatin [ 6 – 10 ].

4.1.1       The Tumor Redox Environment 

 Metastatic  cancer   cells need to adapt to withstand stressors of the tumor microenvi-
ronment, which can include deprivation of oxygen (hypoxia), immune cells infi ltra-
tion and infl ammation, and the stress associated with chemo- and radiotherapeutic 
exposure (Fig.  4.1 ). Many cells within the tumor microenvironment contribute to 
ROS production, including cancer-associated fi broblasts, macrophages, and senes-
cent cells [ 11 ]. 

  Hypoxia   is a known inducer of metastatic progression and inducer of ROS pro-
duction stemming from the mitochondria. This has been primarily attributed to 
superoxide (O 2  •− ) production from complex III of the mitochondrial electron trans-
port chain [ 12 – 14 ]. In turn, stabilization of the Hypoxia Inducible Factor HIF-1α 
has been shown to be redox-dependent. In addition to the abrogation of HIF-α 
hydroxylation by prolyl hydroxylase (PHD) in the presence of low oxygen, HIF 
stabilization has also been attributed to ROS [ 15 – 20 ]. These changes in ROS fol-
lowing hypoxic exposure also lead to a number of redox-mediated pro-tumorigenic 
signaling events, as described in detail in the following references [ 21 ,  22 ]. 

  Chronic infl ammation   is associated with the onset of a number of cancers, includ-
ing gastric and colorectal carcinomas. Once the tumor is established, immune cell 
infi ltration is commonly observed, contributing to localized redox stress in the 
tumor microenvironment. High surges in the production of ROS and RNS in the 
tumor environment are largely the result of NOX2 (NADPH oxidase) and iNOS 
(inducible Nitric oxide synthase) activation in phagocytic cells. These large doses of 
ROS/RNS are thought to primarily contribute to macromolecular damage. However, 
these may also contribute to alterations in cell signaling events that contribute to 
metastatic progression and provide a stimulus for the stress response pathways that 
initiate transcription of antioxidant defenses within the tumor cells. Infl ammatory 
cytokines, such as Tumor Necrosis Factor α (TNF-α) and Interleukin-6 (IL-6) pro-
duced by tumor-associated macrophages, have also been shown to drive metastatic 
progression and can initiate ROS production in non-phagocytic cells [ 23 ,  24 ]. 
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 It has been proposed that tumor cells essentially become metastatic to escape 
from high ROS tumor microenvironments by enhancing their antioxidant defense 
and using redox-mediated signaling to migrate and invade. Further, enhanced redox 
damage to mitochondria in metastatic cells is thought to contribute to their meta-
bolic adaptations towards glycolysis [ 25 ]. However, even in the absence of exoge-
nous stressors, it has been known for some time that cancer cells exhibit intrinsic 
increases in steady-state levels of ROS [ 2 – 5 ]. Our own work suggests that this may 
be further enhanced as cells progress towards metastasis [ 26 ]. The origin of intracel-
lular redox shifts within tumor cells has been demonstrated to lie at both the level of 
Nox enzymes and mitochondria. Membrane localized Nox enzymes reduce molecu-
lar oxygen (O 2 ) to O 2  •− , which is then either spontaneously dismuted to hydrogen 
peroxide (H 2 O 2 ) or via enzymatic action by superoxide dismutases (Sod). Nox- 
dependent ROS production has been aligned with cancer initiation, proliferation, 
angiogenesis, and metastasis and is directly engaged by oncogene activation and 
growth factor receptor signaling [ 27 ,  28 ]. The other major source of cellular ROS is 
the mitochondria, where increased electron leakage from the electron transport 
chain leads to the one-electron reduction of O 2  to O 2  •− . Generation of ROS from 
mitochondria during tumorigenesis and metastasis has been attributed to mitochon-
drial dysfunction, hypoxia, and cellular signaling, such as the Phosphoinositide 
3-kinase (PI3K)/Protein Kinase B (PKB/Akt) pathway [ 21 ,  25 ]. In addition, mito-
chondrial superoxide dismutases may contribute to conversion of O 2  •−  to the pri-
mary signaling oxidant, H 2 O 2 .  

4.1.2     Role of ROS and Redox-Signaling in Metastatic Disease 

  Increased  ROS   production outside and within metastatic tumor cells has been asso-
ciated with a number of pro-metastatic events including angiogenesis, invasion, 
migration, survival, and anchorage-independent cell survival (anoikis resistance) 
[ 29 – 42 ]. Further, ROS-mediated damage to tumor cell mitochondria and DNA is 
thought to mediate shifts towards glycolytic metabolism and genetic alterations, 
respectively, that may further contribute to metastatic progression [ 25 ]. Examples of 
molecular mechanisms under redox control include the transcriptional regulation of 
matrix degradation enzymes, such as MMP-1, the activation of cellular signaling 
such as the PI3K/Akt and NFκB pathways, HIF-1α activation, and the redox- 
dependent regulation of the cytoskeleton by manipulating Rho/Rac activation. 
Redox-regulated pathways in cancer are described in more detail in a number of 
excellent reviews [ 21 ,  25 ,  43 – 45 ]. 

  Redox-mediated signaling   has largely been attributed to reversible oxidation of 
thiols, such as cysteine and methionine residues in phosphatases, kinases, and tran-
scription factors, that either alter their kinetic activity or ability to bind other pro-
teins or DNA [ 46 ]. An example of this is the oxidation of active site cysteine residues 
with phosphatases, which generally inhibits their catalytic activity. Conversely, oxi-
dation of kinases can often result in their activation. This in turn results in the 
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 exacerbation of phosphorylation-mediated signaling pathways. The oxidation and 
inactivation of the phosphatase PTEN and subsequent activation of the Akt pathway 
is one such example, which regulates survival and angiogenesis [ 33 ,  47 ,  48 ]. While 
certain oxidation events can result in irreversible protein modifi cations, most redox- 
signaling relies on reversibility, which is generally achieved by the action of 
Glutathione reductase (GR) and thioredoxin (TRX) to reduce the oxidized protein, 
and which is dependent on reducing equivalents glutathione (GSH) and Nicotinamide 
adenine dinucleotide phosphate (NADPH) within the cells. 

  H 2 O 2    has been suggested to be the major ROS responsible for cellular signaling, 
primarily due to its ability to traverse membranes and long half-life in comparison 
to other ROS such as O 2  •−  and hydroxyl radical (OH • ). While H 2 O 2  is able to contrib-
ute directly to the oxidation of proteins, DNA damage in response to H 2 O 2  can be 
largely attributed to OH • , which is generated in the Fenton reaction between H 2 O 2  
and ferrous iron Fe(II)  [ 49 ,  50 ].  

4.1.3     Acquisition of the Metastatic Antioxidant Phenotype 

  To cope with these  changes   in both intracellular and extracellular redox environ-
ments, tumor cells have uniquely evolved to alter their antioxidant enzyme expres-
sion. As described below many stress responsive signaling pathways, which are 
activated by increases in ROS from the extracellular and intracellular environment, 
induce the expression of antioxidant enzymes. This has explained some of the 
increases in antioxidant enzyme expression observed in metastatic disease. These 
pathways include the activation of the Nrf2/KEAP1 pathway (NF-E2-related factor 
2/Kelch-like ECH-associated protein 1), NF-κB (Nuclear Factor κ B) signaling, and 
the Sirtuin-Foxo (Forkhead box O) transcription factor axis [ 51 – 54 ]. It is also 
thought that high expression of antioxidant enzymes is an adaptation of cancer stem 
cells and dormant tumor cells, which are thought to be the precursors of metastatic 
lesions. For example, cancer stem cells display low intracellular levels of ROS and 
high expression of antioxidant enzymes [ 55 ] and this has been suggested to be one 
of the causes for the enhanced radio- and chemoresistance of cancer stem cells. 
Analysis of gene expression array data suggests that expression of some antioxidant 
enzymes is further increased in metastatic cells compared to the primary tumor [ 56 ]. 
This enhanced antioxidant milieu provides a unique protection towards redox stress 
in the metastatic tumor niche, and might contribute to the enhanced chemoresis-
tance of many metastatic tumor cells. As highlighted below it is increasingly becom-
ing clear that many antioxidant enzymes are no longer considered simple tumor 
suppressor genes due to their ability to scavenge ROS. We have argued that certain 
antioxidant enzymes, such as Sod2, inadvertently manipulate the steady-state redox 
environment within cells. Their own actions on redox balance may further contrib-
ute to alterations in cellular signaling that may drive metastatic behavior. 

 The present review focuses on antioxidant enzymes important in the regulation 
of H 2 O 2  balance within cells (Fig.  4.2 ). It aims to highlight some of the dichoto-
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mous roles demonstrated for these enzymes in cancer cells and how their enzy-
matic activity may infl uence the tumor redox environment and regulate 
carcinogenesis and metastasis. We focus on the role of superoxide dismutases, 
catalase, and glutathione peroxidases and give examples on their demonstrated 
roles as both tumor suppressors and promoters. Specifi cally, we discuss how meta-
static cancer cells uniquely adapt to alter expression of these enzymes and how this 
may contribute to changes in the intracellular redox environment to drive certain 
metastatic phenotypes. We highlight a number of studies relating these enzymes to 
cancer and metastatic progression, but realize that this fi eld is an ever-expanding 
research area and apologize for any omissions. While we will not discuss the 
changes in glutathione status, an important mediator of redox balance within cells, 
we want to point out that these reducing equivalents are of great importance in 
reversible redox-signaling .

4.2         Superoxide Dismutases 

 Superoxide dismutases (Sods) are important antioxidant enzymes in the family of 
oxidoreductases that catalyze the dismutation of superoxide anion (O 2  •− ) to O 2  and 
H 2 O 2  [ 57 ] (Fig.  4.2 ). There  are   three forms of mammalian Sods: superoxide dis-
mutase 1 (Sod1, Cu/ZnSod), superoxide dismutase 2 (Sod2, MnSod), and superox-
ide dismutase 3 (Sod3, EcSod). Sod1 is a homodimer with each monomer containing 
one Cu and one Zn ion in the center. Sod1 is localized primarily to the cytosol, but 

  Fig. 4.2    The reactions catalyzed by the antioxidant enzymes  Superoxide Dismutases (Sod)  , 
 Catalase (Cat)  , and  Glutathione Peroxidases (GPx)  . Sources of cellular superoxide most commonly 
stem from electron leakage of the mitochondrial electron transport chain or NADPH oxidases 
(Nox). Oxidized glutathione is reduced via Glutathione reductase (GR). Other reactive oxygen 
(ROS) or nitrogen species (RNS) may arise from the reaction with superoxide (O 2  •− ) or hydrogen 
peroxide (H 2 O 2 ), including the generation of (HO • ) and peroxynitrite (ONOO − ), respectively       

 

4 Regulation of the Cellular Redox Environment by Superoxide Dismutases…



58

has been found in the nucleus and intermembrane space of the mitochondria [ 58 , 
 59 ]. Sod1 was the fi rst superoxide dismutase to be characterized in eukaryotic cells 
and is associated with familial amyotrophic lateral sclerosis (fALS), a fatal neuro-
degenerative disorder, with mutations in  SOD1  (G93A most commonly studied) 
connected to about 20 % of ALS cases [ 60 – 63 ]. Sod2 is a nuclear encoded, tetra-
meric mitochondrial matrix enzyme containing Mn in the reactive center [ 64 – 66 ]. 
Of the three Sod enzymes, Sod2 is the most widely studied in the context of cancer. 
Sod3 is a secreted tetrameric glycoprotein with a positively charged heparin- binding 
site, and is often referred to as extracellular Sod (EcSod) [ 67 ]. The primary role of 
Sod3 is to protect cells and tissues from extracellular ROS. 

 The  role   of Sods in cancer has been studied since the early 1970s, based on their 
role as important antioxidants. The tumor suppressor role of Sods has largely been 
attributed to their ability to prevent accumulation of highly reactive O 2  •− , and there-
fore averting ROS-meditated damage to macromolecules, including DNA, that 
leads to cancer initiation. While a tumor suppressor function has been described for 
all Sod isoforms, it should be pointed out that Sod1 and Sod2 have been found to 
have dichotomous roles in cancer, having both oncogenic and anti-tumorigenic 
functions. Examples of these are described below. 

 Compared to Sod1 and Sod2, the extracellular superoxide dismutase Sod3 has 
largely been found to possess anti-tumorigenic properties and many studies 
 demonstrate reduced expression of this extracellular Sod in a number of cancers, 
including pancreatic [ 68 ], prostate [ 69 ], thyroid [ 70 ], lung [ 71 ], and breast can-
cer [ 72 ,  73 ]. Re-expression or treatment with recombinant Sod3 has been shown 
to inhibit cancer cell proliferation [ 69 ], invasion [ 68 ,  69 ,  71 ,  72 ], clonogenic 
survival [ 71 ], and in vivo tumor growth and metastasis [ 68 ,  73 ]. Sod3 likely 
 prevents carcinogenesis by scavenging extracellular ROS capable of initiating 
DNA damage and consequential genetic aberrations responsible for tumor initia-
tion. In addition, Sod3 is thought to prevent the ROS-induced transcriptional 
induction of Heparanase, which is an important regulator of VEGF and heparan-
sulfate, and therefore prevents the respective pro-angiogenic and pro-metastatic 
activity of these factors [ 72 ,  74 ,  75 ]. Interestingly, a recent study suggests that 
the tumor suppressor role of Sod3 may be due to Sod3-mediated increase in H 2 O 2  
levels, rather than O 2  •−  scavenging. It was shown that enforced expression and 
recombinant Sod3 could inhibit cell proliferation, migration, and invasion of 
PC-3 prostate cancer cells, and that this was due to an accumulation of H 2 O 2 , 
leading to deleterious increases in DNA damage [ 69 ]. Loss of Sod3 appears to 
occur early in tumor development [ 71 ], hinting that Sod3 may be important in 
preventing carcinogenesis by exogenous ROS, emanating from the tumor 
 environment or ROS-producing agents. Domann & coworkers have shown that 
epigenetic regulation may contribute to the decrease in Sod3 expression observed 
in a number of cancers. For example, hypermethylation of the  SOD3  promoter 
was observed in 8/10 adenocarcinomas compared with 0/5 normal lung samples 
and this epigenetic modifi cation correlates with low expression of Sod3 in lung 
cancer [ 71 ]. Similarly,  SOD3  methylation and loss of Sod3 expression are asso-
ciated with breast cancer [ 72 ,  73 ]. 
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 While the  role   of Sod1 and Sod2 in cancer depends on context and cancer type, a 
decrease in expression of these enzymes has been reported in a number of tumors 
[ 76 ]. Based on these observations and subsequent mechanistic studies, Sod2 in 
 particular was initially classifi ed as a tumor suppressor gene [ 77 – 80 ]. Like Sod3, the 
decreased expression of Sod2 in transformed cells is due to epigenetic control [ 80 – 82 ] 
and provides an explanation for its low level expression and putative tumor suppressor 
role in colorectal, breast, and prostate cancer [ 83 – 85 ]. Sod2 protects the mitochondria 
from O 2  •−  radicals, emanating from electron leakage from the electron transport chain 
during oxidative phosphorylation. In the absence of Sod2, reduced clearance of O 2  •−  
leads to increased oxidative damage and mitochondrial dysfunction, which has been 
linked to several cancers [ 86 ]. In addition, it was recently suggested that Sod2 loss in 
cancer may precede the adaptation of cancer cells to aerobic glycolysis. Sod2 loss in 
skin tissue of heterozygous Sod2 (−/+) mice enhances expression of mitochondrial 
uncoupling proteins (UCPs), in a peroxisome proliferator activated receptor α (PPAR 
α) dependent manner, driving PI3K/Akt/mTOR (mechanistic Target of Rapamycin) 
pathway activation and the glycolytic phenotype [ 87 ]. 

 While fewer studies have shown the role of Sod1 as a tumor suppressor, data 
from Sod1 −/− knockout mice demonstrate that a loss of Sod1 expression leads to 
the development of hepatocellular carcinoma in older mice, which is associated 
with increased cellular ROS accumulation and accumulation of 8-oxo-dG DNA 
modifi cations and genomic instability [ 88 ,  89 ]. The tumor suppresser activity of 
Sod1 was also observed in human glioma cells, where enforced overexpression of 
Sod1 signifi cantly reduced the cell growth, clonogenicity in soft agar, and slowed 
the tumor doubling time [ 90 ]. Although a specifi c mechanism was not shown in that 
report, the authors suggested a possible mechanism of excess H 2 O 2  accumulation 
and H 2 O 2 -mediated cell death in the Sod1 overexpressing cells. 

 In addition to preventing macromolecular redox damage, the manipulation of 
O 2  •−  by Sods may contribute to cell cycle regulation. It has been shown that the 
intracellular redox environment fl uctuates during the cell cycle and that a shift 
towards a more oxidizing environment correlates with cell cycle progression [ 91 ]. 
Spikes in O 2  •−  are associated with mitosis, while H 2 O 2  levels are linked with the G0/
G1 phase of the cell cycle [ 92 ]. Since Sods play major roles in modulating cellular 
O 2  •− , these enzymes may be critical regulators of the cell cycle. As such, it has been 
demonstrated that there is an inverse correlation between the periodic fl uctuation of 
cellular O 2  •−  levels, glucose and oxygen consumptions, and Sod2 activity during the 
cell cycle [ 93 ]. During carcinogenesis, the balance between O 2  •− , which initiates 
proliferation, and H 2 O 2 , which triggers differentiation signals, is disrupted. It has 
therefore been proposed that increased O 2  •−  accumulation due to reduced Sod 
expression observed in some tumor types may trigger increased cell proliferation, 
while differentiation is reduced due to abolished H 2 O 2  generation [ 94 ,  95 ]. It is 
unclear whether these increases in O 2  •−  result in immediate oxidation of macromol-
ecules leading to this increase in proliferation, which presumably would need to be 
in close proximity to where O 2  •−  is produced (i.e., mitochondria or Nox). Otherwise, 
due to the high rate constant of spontaneous dismutation of O 2  •−  to H 2 O 2 , it is pos-
sible that increases in O 2  •−  may lead to increases in the H 2 O 2  pool. 

4 Regulation of the Cellular Redox Environment by Superoxide Dismutases…



60

 The above studies  demonstrate   that the tumor suppressor functions of Sods are 
primarily centered around their ability to scavenge ROS that initiate carcinogen-
esis. Below we will describe how Sods may play a more complicated role during 
progression to metastatic disease. More recently, the dichotomous role of Sods, as 
both tumor suppressors and oncogenes, has come to light. The oncogenic role for 
Sods is supported by observations that expression of these enzymes is elevated in 
a number of cancers, and that high Sod levels can correlate with more advanced 
stage disease, implicating these enzymes with metastatic progression [ 56 ,  96 ]. 
This is particularly true for the intracellular-localized Sod1 and Sod2. Further, 
even though Sod2 expression can be decreased in many tumor cells, as eluded to 
above, total Sod activity is increased in many transformed cells compared 
to  normal cells, suggesting that high Sod2 activity may be associated with tumori-
genicity [ 79 ,  80 ]. 

 The  high expression   of Sods in metastatic progression of cancer has been associ-
ated with a number of stress response pathways, initiated by exogenous and intra-
cellular stress, including the NF-κB pathway [ 97 – 100 ], the aryl hydrocarbon 
receptor (AhR), and Nrf-2 transcription factors [ 101 ]. These stress responsive 
 transcriptional pathways have also been implicated in driving Sod-dependent 
chemo- and radioresistance. In most cancers radiation sensitivity is suppressed by 
Sod expression, which can detoxify the highly reactive free radicals generated by 
radiotherapy [ 102 ]. For example, development of radioresistance in prostate cancers 
is mediated via the NF-κB-dependent regulation of Sod2 expression [ 103 ], and 
Sod1 expression in cisplatin-resistant human urothelial carcinoma cells is driven by 
the transcription factor by C/EBPδ [ 104 ]. Sod2 expression has also been associated 
with Cisplatin resistance, by Sod2-mediated NF-κB activation of the anti-apoptotic 
factor Bcl-2 [ 105 ]. 

 The  role of   Sods in carcinogenesis and tumor progression appears to be context 
and disease stage dependent [ 30 ,  56 ,  106 – 109 ]. For example, Sod2 may play a 
 protective role during tumor initiation by attenuating ROS-mediated DNA damage, 
yet it can mediate tumor metastasis by altering redox-dependent signaling during 
tumor progression [ 30 ]. High expression of Sod2 is associated with metastatic pro-
gression tested in many cancer cells in vitro, as evident from gene expression arrays 
comparing Sod2 mRNA levels between primary tumor and metastatic lesions [ 26 , 
 30 ,  56 ,  96 ,  110 – 112 ]. The dichotomous role of Sod2 in cancer may be explained by 
the differential regulation of expression during tumor progression. It has been pro-
posed that low Sod2 expression is associated with tumor initiation, while Sod2 lev-
els increase as an adaptation during metastatic progression [ 56 ]. Given this 
observation, Dhar et al. investigated the timing of Sod2 transcriptional regulation in 
a multistage carcinogen-induced in vivo skin carcinogenesis model. In benign 
 papillomas, it was shown that DMBA- and TPA-mediated activation of p53 results 
in Sod2 downregulation by inhibiting Sp1 binding to the  SOD2  promoter during 
early tumor initiation. Conversely, in squamous cell carcinomas, Sod2 expression 
increased, due to a loss in p53 expression in advanced stage disease [ 113 ]. 

 It is now believed that Sods not only detoxify damaging O 2  •− , but that these 
enzymes also alter intracellular redox homeostasis that contributes to redox damage 
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and/or redox-signaling, which drive pro-tumorigenic and -metastatic events. The 
role of Sod enzymes as oncogenes has proven to be more diffi cult to rationalize 
based on the biochemical properties of the enzymatic reaction [ 114 ,  115 ]. For 
example, a number of labs have reported that increases in Sod expression are accom-
panied by increases in H 2 O 2  levels in cancer cells [ 30 ,  116 – 120 ]. Theoretically, an 
increase in Sod should not result in higher levels of H 2 O 2  production based on the 
enzyme’s kinetics and spontaneous dismutation of O 2  •−  [ 114 ,  115 ]. While it is 
beyond the scope of the present proposal to discuss these in detail, a number of 
plausible explanations have been put forth to explain changes in H 2 O 2  steady state 
observed that correlate with increased Sod expression. These primarily pertain to 
altering reaction rates within the electron transport chain. For example, inhibition of 
cytochrome  c  oxidase by increased levels of nitric oxide that arise as a consequence 
of increased Sod2 expression may infl uence the reduction state of the mitochondrial 
electron transport chain and drive superoxide and H 2 O 2  production [ 114 ,  121 ]. 
Alternatively, it has been proposed that Sod2 in the mitochondria may alter the fl ux 
of O 2  •−  from some quinone/semiquinone/hydroquinone triads, such as that of coen-
zyme Q, thereby driving the reaction into the direction of O 2  •−  production, poten-
tially leading to enhanced localized dismutation to H 2 O 2  [ 117 ,  122 ]. 

 This increase in  H 2 O 2    has been suggested to lead to pro-tumorigenic and meta-
static signaling in particular in cancers where levels of Sod1 and Sod2 are highly 
expressed. In metastatic cells Sod expression is often accompanied by shifts in the 
intracellular redox balance from O 2  •−  to H 2 O 2  and this is thought to contribute to 
pro-metastatic redox-signaling [ 29 – 33 ,  56 ,  112 ,  120 ,  123 – 126 ]. For example, a 
number of studies point to the role of H 2 O 2  as the mediator of Sod1-dependent 
metastatic behavior. Enforced Sod1 expression enhances the formation of lung 
metastases by melanoma cells in a H 2 O 2 -dependent manner [ 126 ]. Further, Sod1 
inhibition attenuates protein tyrosine phosphatases (PTPs) oxidation by H 2 O 2  and 
subsequent inactivation, thereby leading to reduced EGF, IGF-1, and FGF-2 medi-
ated phosphorylation of ERK1/2 and inhibition of angiogenesis, proliferation, and 
metastasis [ 10 ,  120 ,  127 ,  128 ]. Inhibition of Sod1 by the small molecule tetrathio-
molybdate (TM) was also shown to enhance anchorage-independent cell death 
(anoikis) by activating the p38/MAPK (Mitogen-activated protein kinase) cell death 
pathway. These data suggest that anoikis resistance, a common feature of metastatic 
tumor cells, is in part attributed to high Sod1 levels [ 128 ]. 

 Similarly, Sod2 has been associated with metastatic progression and expression 
of this enzyme often correlates with increasing stage and grade of tumors. Like 
Sod1, elevated expression of Sod2 promotes anoikis resistance and tumor metasta-
sis in breast epithelial cells (MCF-10A), and it is thought that Sod2 may enhance 
scavenging of ROS that arise as a consequence of cell detachment from extracel-
lular matrix [ 129 ]. Increased Sod2 expression is also accompanied by increases in 
H 2 O 2  levels that infl uence redox-dependent pro-metastatic signaling. For example, 
we have shown that increases in H 2 O 2,  either endogenous or as a consequence of 
forced Sod2 expression, lead to inhibition of the phosphatase PTPN12 and 
enhanced p130cas-phosphorylation, Rac1 activation, and focal adhesion kinase 
(FAK) signaling to promote cell migration [ 31 ,  130 ]. In addition, increased Sod2 
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levels result in H 2 O 2 -dependent increases of Matrix metalloproteinase 1 (MMP-1) 
expression, promoting extracellular matrix degradation, migration, and invasion 
[ 32 ]. Migration and invasion of tongue squamous cell carcinoma (TSCC) were 
similarly mediated by Sod2-driven increases in intracellular H 2 O 2  levels, leading to 
increased MMP-1, pERK1/2, and Snail protein expression and decreased 
E-cadherin levels [ 112 ]. Further, c-Myc-dependent Sod2 expression was associ-
ated with the migratory and invasive behavior of TSCC cancer stem cell subpopu-
lations [ 131 ]. An increase in H 2 O 2  as a consequence of enforced Sod2 expression 
has recently been demonstrated to contribute to AMP activated-kinase A (AMPK) 
activation and a consequential increase in glycolysis, demonstrating that Sod2 can 
infl uence metabolic reprogramming during metastatic progression [ 132 ]. Clearly, 
the effects of increased H 2 O 2  levels as a consequence of Sod expression are depen-
dent on the levels of H 2 O 2  and its cellular or extracellular location. More studies 
are needed to understand the spatiotemporal role of H 2 O 2  in redox-signaling during 
carcinogenesis and metastasis. 

 Sods appear to further alter the  redox environment   by reacting with H 2 O 2 . Spin 
trapping studies have shown that the reaction of Sod1 and H 2 O 2  generates OH • , 
which can in turn inactivate the enzyme by modifi cation of histidine residue in the 
active site [ 133 ,  134 ]. In an in vivo model of atherosclerosis, the reaction of Sod3 
with H 2 O 2  was studied in the presence of bicarbonate ions and shown to produce 
OH •  [ 135 ]. Like other Cu containing Sod, Sod3 was also inactivated after reacting 
with H 2 O 2 . This ability to catalyze the conversion of H 2 O 2  to generate free OH •  
suggests that Sod enzymes also have the ability to be radical generators that can 
induce oxidative damage, and this may provide an alternate mechanism to explain 
the oncogenic role of Sods [ 136 – 139 ]. Further, studies have shown that apart from 
the ability to catalyze the conversion of O 2  •−  to H 2 O 2 , Sod2 also has peroxidase 
activity, as inorganic Mn (II) complexes display the ability to dismutate H 2 O 2  [ 137 , 
 140 ]. Similarly, Ansenberger-Fricano  et al.  reported that Sod2 has an intrinsic per-
oxidase activity when the enzyme is overexpressed in cancer cells, leading to mito-
chondrial damage and dysfunction [ 141 ]. Therefore, depending on its expression 
levels, Sod2 activity will differ and result in protection or sensitization of mito-
chondria to oxidative stress as a result of its dismutase or peroxidase activity, 
respectively.  

4.3     Catalase 

   Catalase   is a 60 kDa enzyme with four heme groups per tetramer which rapidly 
converts H 2 O 2  into water and oxygen (Fig.  4.2 ) [ 142 ]. After the interaction with 
H 2 O 2 , catalase is converted to an oxidized heme intermediate (compound I) that is 
reduced by a second molecule of H 2 O 2.  Catalase is expressed in all organisms requir-
ing oxygen for survival, and is almost exclusively found in peroxisomes [ 143 ]. 
Extended life spans have been observed in  Drosophila ,  Caenorhabditis elegans,  and 
transgenic mouse models that display catalase overexpression [ 144 – 146 ]. Most 
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studies point to catalase as being a tumor suppressor, given that its expression is 
signifi cantly reduced in a number of cancers, and that loss of expression results in 
H 2 O 2  accumulation in cells. As discussed below, a decrease in catalase expression 
often leads to H 2 O 2 -mediated tumorigenesis and metastasis, but may in some 
instances lead to cancer cell death. Therefore, like Sod, enhanced expression of 
catalase may be a benefi cial adaptation of certain tumor cells to protect against 
apoptotic cell death [ 147 ]. It has been reported that tumor cells may express a mem-
brane localized form of catalase that specifi cally protects tumor cells from exoge-
nous H 2 O 2  [ 148 ,  149 ]. Similarly, catalase may protect tumor cells from autophagic 
cell death. It has been shown that catalase is selectively degraded during autophagy 
and that this is the prime cause for resulting ROS accumulation and non-apoptotic 
cell death [ 150 ]. It remains to be elucidated whether a loss of catalase expression is 
also associated with cytoprotective autophagy, a pathway often used by cancer cells 
to survive stress and nutrient deprivation. As eluded to previously, the consequential 
effects of altering steady- state H 2 O 2  levels are likely dependent on the amounts and 
location of the ROS produced. Hence, a decrease in catalase may either drive pro-
tumorigenic signaling by increasing sublethal steady-state H 2 O 2  levels, or promote 
the onset of more deleterious pathways, such as apoptosis and autophagy, when 
H 2 O 2  levels rise above lethal thresholds. 

 It has been demonstrated that many tumor types exhibit decreased catalase 
expression, including lung [ 151 ,  152 ], cervical [ 153 ], liver [ 154 ], and breast can-
cers [ 155 ]. Low erythrocyte catalase levels have also been associated with patients 
suffering from lung cancer [ 152 ]. This decrease in catalase expression has been 
evaluated as a potential prognostic and predictive marker of disease outcome. For 
example, 72 % of hepatocellular carcinoma (HCC) specimens showed reduced 
catalase levels compared to surrounding non-tumor tissues, with further reduction 
observed in advanced stage IV cancers, suggesting that high catalase expression is 
a positive predictive marker of HCC patient survival and that a loss correlates with 
increasing tumor grade and metastatic spread [ 156 ]. Similarly, low catalase activ-
ity has been associated with enhanced aggressiveness of breast cancer [ 155 ]. Given 
that some tumors also display low glutathione peroxidase levels, it was proposed 
by Oberley and Oberley that most cancer cells lack the ability to detoxify H 2 O 2  
[ 76 ]. This increase in H 2 O 2  is thought to contribute to ROS-mediated carcinogen-
esis, especially since a decrease in catalase expression is often seen in early cancer-
ous lesions. An advantageous aspect to this loss of catalase expression in cancer 
cells is that we may take advantage of the cancer cells inability to effectively 
detoxify ROS for therapeutic purposes. For example, analyzing the pathological 
complete response of patients to anthracycline, a neoadjuvant chemotherapeutic 
used in advanced stage breast cancer, revealed that low catalase expression pro-
vided an advantage to the patient, presumably due to the tumor’s inability to detox-
ify ROS emanating from the anthracycline [ 157 ]. This study suggests that cancers 
with low catalase expression may be targets for ROS-producing agents. 

 Besides a role for abrogated catalase expression during carcinogenesis, a number 
of studies have shown that this loss of H 2 O 2  detoxifi cation is also associated with 
metastasis, and that enforced expression or delivery of recombinant catalase to 
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tumor cells can mitigate metastatic behavior. For example, decreased levels of cata-
lase expression correlate with hepatocellular carcinoma grade and vascular inva-
sion, which is suppressed by catalase overexpression [ 154 ]. In an established mouse 
model of human breast cancer, transgenic overexpression of mitochondria-targeted 
catalase drastically reduced metastatic tumor burden by >12-fold, emphasizing the 
role of mitochondrial oxidative stress in tumor progression and metastasis [ 158 ]. 
Similarly, enforced expression of catalase in MCF-7 breast cancer cell lines impaired 
their proliferative and migratory activity and increased their sensitivity to anticancer 
drugs [ 159 ]. We have shown that HT1080 fi brosarcoma cells engineered to overex-
press catalase can attenuate metastatic capacity and invasive potential by blocking 
Sod2-dependent induction of the Ras/MAPK/AP-1 pathway that drives MMP-1 
expression [ 32 ]. This study also demonstrated that H 2 O 2 -mediated redox-signaling 
as a consequence of altered catalase and Sod2 expression is an important pathway 
in the regulation of metastatic behavior. Interestingly, based on oncomine expres-
sion analysis, we have observed that many cancers which display enhanced Sod2 
expression also have a concomitant reduction in catalase levels [ 26 ,  56 ]. This may 
be further exacerbated during metastatic progression. For example, we observed 
that an overall shift towards higher steady-state H 2 O 2  levels in the highly metastatic 
bladder cancer cells is associated with low catalase and high Sod2 levels and that 
this contributes to the regulation of VEGF and MMP-9 production [ 26 ]. 

 A number of mechanisms have been described that lead to the downregulation of 
catalase in cancer cells, including transcriptional and epigenetic regulation. Low 
catalase promoter activity has been observed in a number of cancer cell lines and 
was shown to be further repressed in advanced stage disease in a mouse skin tumor 
progression model [ 160 ,  161 ]. In this case, the transcriptional repression of catalase 
was shown to be mediated by Wilm’s tumor suppressor 1 (WT1) binding within the 
proximal promoter region [ 161 ]. Catalase activity is also reduced by conditionally 
overexpressing C10orf10/DEPP, a transcriptional target of FOXO3, thereby sensi-
tizing tumor cells to ROS-induced cell death [ 162 ]. In contrast, FOXO3 was not 
found to play a pivotal role in the regulation of catalase expression in parental mam-
mary breast MCF-7 cancer cells. Conversely, in that study the authors reported an 
increase in catalase expression that was attributed to enhanced GSK3β and p70S6K 
signaling [ 163 ]. The tumor environment also appears to play a role in negatively 
regulating catalase expression in tumors. Sustained exposure to ROS has been found 
to induce methylation of CpG islands on the catalase promoter leading to its down-
regulation in hepatocellular carcinoma cell lines [ 164 ,  165 ]. The POU domain tran-
scription factor Oct-1, which normally binds to the catalase promoter as an activator, 
is also downregulated by ROS-mediated CpG island promoter methylation in hepa-
tocellular carcinoma [ 166 ]. Deacetylation of histone H4 has been shown to be 
responsible for the downregulation of catalase in the doxorubicin-resistant acute 
myelogenous leukemia (AML)-2/DX100 cells [ 167 ]. Thus, numerous epigenetic 
control mechanisms exist for the regulation of catalase gene expression. 

 Overall, it appears that catalase downregulation is involved in the etiology of a 
number of different cancers and that its loss during metastatic progression increases 
H 2 O 2 -dependent signaling. Restoring cellular H 2 O 2  homeostasis has been suggested 
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as a therapeutic strategy against metastatic cancers that display decreased catalase 
expression [ 35 ,  168 ]. At present, no specifi c catalase mimetic compounds exist; 
however, the delivery of recombinant catalase has been explored in therapeutic con-
texts [ 169 ]. Unfortunately, the feasibility of using recombinant proteins for thera-
peutics is associated with a number of challenges including delivery, stability, and 
immunoreactivity. 

 While the above work demonstrates that a loss in catalase expression is associ-
ated with a number of cancers and metastatic spread, there are some reports to show 
that enhanced catalase expression may also be associated with tumorigenesis and 
certain aspects of metastatic progression. High catalase levels are observed in 
malignant and highly invasive prostate cancer cells and were shown to contribute to 
reduced ROS levels [ 170 ]. Like Sods, catalase expression is also required for the 
survival of cancer cells in anchorage independence [ 171 ] and cytotoxic stress [ 172 ]. 
Catalase appears to be similarly important in preventing the ROS surge during 
extracellular matrix detachment of cells and contributing to anoikis resistance of 
cancer cells. This suggests that catalase expression may also be dynamically regu-
lated in tumor cell progression and may provide a survival advantage to cancer cells 
under certain stress conditions .  

4.4     Glutathione Peroxidases 

  The Glutathione  peroxidase   family comprises eight family members. Mammalian 
GPx 1–4 were the fi rst well-defi ned GPxs and comprise four distinct mammalian 
selenoproteins including classical GPx1; gastrointestinal isoenzyme, GPx2; plasma, 
GPx3; and phospholipid hydroperoxide, GPx4. All individual isoenzymes function 
as effi cient peroxidases to catalyze the degradation of peroxides and hydroperox-
ides to their corresponding water/alcohol, using reduced glutathione as the specifi c 
hydrogen donor and play varying tissue-specifi c roles in metabolic pathway regula-
tion (Fig.  4.2 ) [ 173 ]. Gpx 5/6 and Gpx 7/8 are evolutionary variants of Gpx3 and 
Gpx4, respectively. Here we will focus on the many reported roles of the primary 
GPx 1–4 family members in distinct cancers. For a comprehensive review of the 
distinct biochemical activities of the various GPx family members, we refer the 
reader to review by Brigelius-Flohe & Maiorino [ 174 ]. 

 The role of  GPx1   in tumor progression and metastasis is often specifi c to the type 
and stage of cancer under study. For example, decreases in the immunoreactive 
selenium-binding protein 1 (SBP1), which limits GPx1 activity, lead to an increase 
in GPx1 levels. This increase in GPx1 expression is correlated with enhanced vas-
cular invasion and HIF-1α downregulation and has been suggested to serve as a 
potential prognostic indicator for hepatocellular carcinoma [ 175 ,  176 ]. High GPx1 
levels have also been correlated with resistance to chemotherapy in breast cancer 
patients [ 177 ]. Similar high level expression of Gpx1 can promote invasion, migra-
tion, proliferation, and cisplatin-resistance of esophageal cancer which is attenuated 
through a Vitamin D dependent inhibition of GPx1 [ 178 ]. In contrast, weakened 
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GPx1 expression has been strongly associated with tumor differentiation and pro-
gression in gastric adenocarcinoma (GAC). The loss of cytosolic expression of 
GPx1 has also been associated with poor differentiation and extensive lymph node 
involvement leading to aggressiveness and poor outcome in patients with GAC 
[ 179 ]. Promoter Hypermethylation is also responsible for the loss of expression of 
GPx1 and is associated with aggressiveness and poor gastric cancer patient outcome 
[ 180 ]. 

 Similar to GPx1, the role of GPx2 is also tumor specifi c. GPx2 has been shown 
to be upregulated in response to the p53 family member p63 which serves to counter 
the apoptotic inducing properties of p53 and confer resistance to apoptotic cell 
death in MCF-7 cells [ 181 ]. GPx2 silencing can also signifi cantly inhibit the subcu-
taneous growth of both rat and human castration-resistant prostate cancer (CRPC) 
cells. Furthermore GPx2 expression has been shown to be high in biopsy specimens 
and is correlated with low PSA recurrence-free survival and overall survival, sug-
gesting GPx2 as a prognostic marker  for   CRPC [ 182 ]. In contrast, the homeobox 
gene Nkx3.1 which is essential for prostatic epithelial differentiation and suppress-
ing prostate cancer protects against oxidative damage by maintaining GPx2 expres-
sion and loss-of-function of Nkx3.1 increases susceptibility to oxidative stress 
[ 183 ]. 

 Reduced GPx3 expression is also signifi cantly associated with lymph node 
metastasis and invasion of gallbladder cancers suggesting mechanistic involvement 
of oxidative stress in the progression of this tumor type [ 184 ]. High frequency of 
promoter hypermethylation and the subsequent loss of GPx3 expression have been 
implicated in Barrett’s esophagus tumorigenesis that induces oxidative mucosal 
damage [ 185 ]. Hemizygous or homozygous deletion of GPx3 gene and hypermeth-
ylation of the GPx3 exon 1 region in prostate cancer samples leading to GPx3 inac-
tivation are associated with pathogenesis of prostate cancer [ 186 ]. GPx3 expression 
is observed to be downregulated in multiple types of cancer, including gastric, cer-
vical, thyroid, head and neck, lung cancer, melanoma, and infl ammatory breast car-
cinogenesis when compared to healthy controls due to promoter hypermethylation 
[ 180 ,  187 ,  188 ]. It has been reported that promoter DNA hypermethylation in CpG 
islands around the transcription start sites of GPx3 and GPx7 represses their expres-
sion in Barrett’s adenocarcinoma [ 189 ]. In endometrial adenocarcinoma, GPx3 
expression is uniformly downregulated in rat and human tumor samples, regardless 
of tumor grade or histopathological subtype, as a result of promoter methylation 
[ 190 ]. A number of single nucleotide polymorphisms (SNPs) of GPx3 have been 
observed in differentiated thyroid cancer patients and allelic differences are associ-
ated with both decreased and increased risk for thyroid cancer [ 191 ]. 

 The role of Gpx4 in tumor progression is more speculative. It has been shown 
that enforced expression of GPx4 results in the downregulation of irradiation- 
induced MMP-1 in dermal fi broblasts [ 192 ]. It is possible that GPx4 may play a 
similar role in restricting MMP-dependent migration and invasion of tumor cells. 
GPx4 also has a T/C SNP at position 718 within the 3′UTR near the selenocysteine 
amino acid site that is associated with increased gene reporter activity. Furthermore, 
comparison of SNP frequency indicates that patients with colorectal adenocarcino-
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mas have a higher frequency of the CC genotype. Thus, GPx4 T/C 718 SNP variant 
is associated with higher gene activity and an increased risk for developing colorec-
tal cancer [ 193 ]. A distinct GPx4 SNP (rs3746162) has also been associated with a 
5.4-fold increase of recurrent disease following transurethral bladder cancer resec-
tion, but whether the rs3746162 (A;G) effects GPx4 levels has not been defi ned. 
However, the conclusion from this latter study strongly suggests that genetic vari-
ants in GSH pathway enzymes may infl uence recurrence in non-muscle invasive 
bladder cancer patients receiving curative treatment [ 194 ]. 

 The diverse roles of the individual peroxidase enzymes render prediction of a 
general infl uence on carcinogenesis and tumor growth diffi cult. Most GPx enzymes 
tend to inhibit initiation and metastasis, suggesting that a loss of GPx enzymes is a 
phenotype of metastatic progression; however, as observed with catalase and Sods, 
the role of GPx in tumors is likely context dependent and this needs to be taken into 
account when designing GPx-targeted therapeutics .  

4.5     Conclusion 

 It is evident that it is diffi cult to categorize antioxidant enzymes and specifi c iso-
forms as tumor suppressors or oncogenes, given their complex role in regulating 
redox balance in the tumor environment. Based on “common themes” associated 
with the role of the above antioxidant enzymes during metastatic progression, it 
appears that the H 2 O 2  detoxifying GPx and Catalase enzymes are frequently down-
regulated in metastatic cancers. Forced expression of these can often abrogate meta-
static behavior and their decrease may contribute to a higher cellular steady-state 
H 2 O 2  status. Interestingly, a recent paper lays credence to this hypothesis, demon-
strating that the ratios of highSod2:lowCat and highSod2:lowGPx expression are 
associated with progression of metastatic prostate, colon, and lung cancer [ 96 ]. 
Further, concomitant increases in H 2 O 2  levels were observed in advanced stage 
prostate and lung cancers compared to normal tissue and low grade controls [ 96 ]. 
While the removal of H 2 O 2  detoxifying enzymes may certainly increase the pool of 
cellular H 2 O 2 , it remains to be elucidated how the commonly observed increases in 
Sod1/2 contribute to this redox shift in metastatic tumor cells. 

 Expression analysis of proteins gives clues to their predicted role in a given 
tumor type; however, this provides little information on the spatial and temporal 
role of the antioxidant during tumor progression. The next challenges in determin-
ing the role of antioxidant enzymes in tumor progression are to understand their 
dynamic regulation during metastatic progression as these enzymes clearly provide 
protective advantages towards the survival of tumor cells in the hostile metastatic 
tumor environment (Fig.  4.3 ). Further, we will need to grasp the complexity of how 
different antioxidant enzymes and their altered expression and activity levels con-
tribute to the redox balance of tumor cells, and how this infl uences redox-mediated 
signaling that either contributes or prevents tumorigenesis and metastasis. 
Monitoring specifi c ROS in real time remains diffi cult due to their highly reactive 
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nature and lack of specifi c redox sensing dyes and molecular probes. There is a need 
for greater understanding of the actions of different ROS like O 2  •− , H 2 O 2 , and OH •  
and their interactions with cellular molecules. Tools that will allow monitoring of 
their temporal, spatial, and concentration dependent effects will enhance our ability 
to understand the dynamics of redox-signaling in tumor progression.

   Given that the above antioxidant enzymes appear to be intricately associated 
with cancer and metastatic progression, and that ROS/RNS balance may play a 
signifi cant role in altering cellular behavior of tumor cells, the use of redox-active 
therapeutics is an attractive strategy to explore for metastatic cancer. However, as 
discussed above, great care will need to be taken to ensure that the correct ROS are 
scavenged, and that reactions of these “scavengers” with reactive species do not 
yield other harmful species or result in the oxidation of macromolecules, that may 
lead to deleterious effects. The use of Sod and GPx mimetics, including metal con-
taining porphyrins and ebselen, respectively, may prevent H 2 O 2  buildup in cancer 
cells as a consequence of O 2  •−  removal. However, like the observation of enhanced 
H 2 O 2  levels as a consequence of Sod expression, it has been found that porphyrin- 
based Sod mimetics may similarly produce H 2 O 2  following interaction with O 2  •−  
(reviewed in [ 195 ]). Also, many “antioxidant” compounds, such as the metal-based 
porphyrins, can act to oxidize macromolecules and may therefore themselves lead 
to thiol oxidation and the manipulation of redox-signaling (reviewed in [ 195 ]). We 

  Fig. 4.3    Altered  Superoxide Dismutase (Sod)  ,  Catalase (Cat)  , and  Glutathione Peroxidase (GPx)   
expression can shift the redox balance within metastatic tumor cells. Expression of antioxidant 
enzymes is often tumor type and tumor stage-dependent. Epigenetics, such as promoter hyper-
methylation, has been described as a common mechanism for the downregulation of a number of 
antioxidant enzymes in cancer cells, while stress response signaling pathways such as the Nrf2/
Keap1 and NF-κB contribute to high expression of antioxidant enzymes during tumor metastasis. 
Studies suggest that the antioxidant profi le of metastatic cells may dictate an increase in steady- 
state H 2 O 2,  which can drive redox-mediated pro-metastatic signaling events.  Green  or  red  shading 
indicates that a majority of studies have found either decreased or increased expression in meta-
static cancers, respectively       
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refer the reader to the chapter by Dr. Batinić-Haberle for further description on the 
reaction kinetics, mechanisms, and use of porphyrin compounds. It would appear 
that metastatic tumor cells with high expression of Sod1/2 and low Catalase/GPx, 
and concomitant increases in cellular H 2 O 2  levels would benefi t most from either 
H 2 O 2  scavenging or by utilizing their high H 2 O 2  threshold to effectively kill cells 
with exogenous H 2 O 2 . While specifi c scavenging of H 2 O 2  by the catalase enzyme 
has been shown to inhibit metastatic behavior and decreases H 2 O 2 -mediated redox- 
signaling, there are no small molecules to date that exhibit the same specifi c activity 
as the enzyme [ 195 ,  196 ]. Research in this area may be a promising novel therapeu-
tic approach to tackle metastatic cancer.     
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    Chapter 5   
 Superoxide Dismutase Family of Enzymes 
in Brain Neurogenesis and Radioprotection                     

     Huy     Nguyen    ,     Chandra     Srinivasan    , and     Ting-Ting     Huang     

5.1          Introduction 

 With the exception of a few extremely oxygen-sensitive anaerobic bacteria, superoxide 
dismutase (SOD, EC 1.15.1.1) is present ubiquitously in all organisms [ 1 ]. In the aero-
bic organisms,  SOD   is important for removing superoxide anions (O 2  − ) generated from 
normal metabolism and certain enzymatic reactions wherein oxygen serves as the fi nal 
electron acceptor. In anaerobic organisms, the presence of SOD leads to oxygen toler-
ance, and SOD is postulated as a virulent factor that enables survival of pathogenic 
anaerobes in an otherwise oxygenated tissue environment [ 2 ,  3 ]. 

 There are  three   distinct classes of SODs, identifi ed by their sequence homology 
and metal cofactors. The fi rst class is the  Cu and Zn containing SOD (CuZnSOD)  , 
which is commonly found in the cytosol of eukaryotic cells, in chloroplasts, and in 
some prokaryotes. The second class includes the  Mn containing SOD (MnSOD)   
and the  Fe containing SOD (FeSOD)  . Whereas MnSOD is found in the prokaryotes 
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and in the mitochondria of eukaryotes, FeSOD can be found in prokaryotes, algae, 
and in some chloroplasts. The third class is the  Ni containing SOD (NiSOD)  , which 
is found in Streptomyces and some marine cyanobacteria. With a few exceptions, 
CuZnSOD forms dimers, MnSOD forms tetramers, FeSOD forms dimers, and 
NiSOD forms hexamers for the active enzymes [ 1 ,  3 – 5 ].  

5.2     Mammalian Superoxide Dismutases 

   In  the      mammalian system, there are three SODs encoded by three independent 
genes: CuZn containing SOD (CuZnSOD, SOD1), Mn containing SOD (MnSOD, 
SOD2), and extracellular SOD (EC-SOD, SOD3). Various biochemical and immu-
nological studies have placed CuZnSOD in the cytosol, lysosomes, nucleus, and the 
intermembrane space of the mitochondria [ 6 ];  MnSOD   in the matrix of mitochon-
dria; and  EC-SOD   in the extracellular space with the majority of the protein attached 
to the extracellular matrix and a small fraction released to circulation after the hepa-
rin binding domain at the C terminus is removed enzymatically (Fig.  5.1 ). Whereas 
 MnSOD   requires Mn as the metal cofactor,  CuZnSOD   and EC-SOD both require 
Cu and Zn as cofactors for the enzymatic activities. In comparison of the mono-
meric form, CuZnSOD is the smallest protein among the three SODs at 17 kDa in 
size, while MnSOD is around 24 kDa. EC-SOD is the largest among the three, with 
glycosylation at the N terminus, which allows  EC-SOD   to bind with high affi nity to 
heparin sulfate and collagen. The molecular weight of the bound EC-SOD is around 
33 kDa, and the secreted form is around 30 kDa [ 7 ].

   Naturally occurring genetic mutations and polymorphisms of human SODs have 
been identifi ed and many are associated with disease susceptibilities. The best 

  Fig. 5.1    Subcellular  distribution      of mammalian superoxide dismutases. The locations of 
CuZnSOD ( grey ) in the cytosol, nucleus, and the intermembrane space of mitochondria, MnSOD 
( red ) in the matrix of mitochondria, and EC-SOD ( green ) on the extracellular matrix are shown. 
The circulating form of EC-SOD is not shown. CAT, catalase; GPx, glutathione peroxidase; Prx, 
peroxiredoxin       
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known are mutations in SOD1 that lead to  amyotrophic lateral sclerosis (ALS)  . To 
date, there are more than 100 ALS-associated mutations found in SOD1 since the 
initial study published in 1993. The mutations are detected in all 5 exons, and no 
specifi c hot spots have been identifi ed. The underlying disease mechanism is more 
related to accumulation of the mutated protein, rather than a reduction of 
the CuZnSOD activity [ 8 ]. Two polymorphisms are known to exist in MnSOD. 
The Ala16Val polymorphism is located in the mitochondrial targeting sequence and 
existence of the Valine allele reduces mitochondrial transport by 30–40 % [ 9 ]. The 
Ile58Thr polymorphism is located in exon 3 and presence of the Threonine allele 
leads to a reduced stability in the tetrameric interface, and consequently a reduced 
MnSOD activity [ 10 ]. Both polymorphisms result in reduced MnSOD activities in 
the mitochondria.  MnSOD   plays an important role in cancer development and pro-
gression [ 11 ]. Consequently, associations between MnSOD polymorphisms and 
cancer susceptibilities have been extensively investigated [ 12 – 15 ]. A common poly-
morphism in EC-SOD Arg213Gly has been reported in 4–6 % Swedish and Japanese 
populations [ 16 ,  17 ]. A Glycine allele in the heparin binding domain signifi cantly 
reduces the binding affi nity to extracellular matrix and increases circulating level of 
EC-SOD by eight- to tenfolds [ 16 ]. Genetic epidemiological studies showed popu-
lations with the  Arg213Gly polymorphism   with increased risk for ischemic heart 
disease [ 18 ] and accelerated progression to renal failure in patients undergoing 
hemodialysis [ 19 ]. On the other hand, smokers with the  Arg213Gly polymorphism   
were shown to have reduced risk for the development of chronic obstructive pulmo-
nary disease [ 20 ].    

5.3     Oxygen Free Radical Generation and Removal 

  Aerobic organisms, including animals, plants, and bacteria,    require oxygen for effi -
cient production of energy. These organisms use the  electron transport chain (ETC)  , 
such as those in the mitochondria of eukaryotic cells, for the production of energy. 
Electrons collected from catabolism of glucose or fat at the end of the citric acid 
cycle are stored in the form of NADH or FADH 2 . When these electrons are shuttled 
through the complexes of the ETC, O 2  serves as the fi nal electron acceptor and is 
reduced to water in Complex IV. However, reduction of O 2  to H 2 O does not occur in 
a single step, but in four sequential steps [ 21 ]. Each step includes one electron addi-
tion, which creates an opportunity for the existence of superoxide anions (O 2  − ) as 
by-products. A small percentage of O 2  −  is estimated to leak from the electron trans-
port chain before they are completely reduced [ 21 ]. Outside of mitochondria, O 2  −  
can be produced from the enzymatic oxidation of NADPH by  NADPH oxidases 
(NOXs)  . It is also generated from normal enzymatic reaction such as that of xan-
thine oxidase in the uric acid production pathway (Fig.  5.2 ).

   O 2  −  can be converted to hydrogen peroxide (H 2 O 2 ) by compartment-specifi c 
SODs, or in the absence of SODs, by spontaneous dismutation. H 2 O 2  is then con-
verted to H 2 O by peroxidases, such as catalase, peroxiredoxins (Prxs), glutathione 
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peroxidases (GPxs), and glutaredoxins (Grxs). In the presence of Fe 2+ , H 2 O 2  may be 
converted to hydroxyl radicals ( • OH) via  Fenton reaction   or  Haber–Weiss reaction  . 
Collectively, these highly reactive molecules are called  reactive oxygen species 
(ROS)  . In addition to antioxidant enzymes, small molecule antioxidants, such as 
vitamin C, vitamin E, fl avonoids, and glutathione (GSH), also contribute signifi -
cantly to the overall antioxidant capacity in an organism. Oxidative stress occurs 
when production of free radical levels overwhelms antioxidant capacity in the cell. 
 Oxidative stress   is harmful to organisms as it can damage biomolecules. It is also 
thought to play a role in many diseases, and accelerates the process of aging 
[ 22 – 24 ].   

  Fig. 5.2    The basics of reactive oxygen species and their effects on macromolecules.  Reactive 
oxygen species (ROS)   is a collective term that describes the highly reactive radicals formed upon 
incomplete reduction of oxygen. These products include superoxide radicals, hydroxyl radicals, 
hydrogen peroxide, and other related species. Intracellular superoxide ( • O 2  − ) is primarily produced 
from the enzymatic oxidation of NADPH by NADPH oxidases (NOXs) or by incomplete reduction 
of oxygen from mitochondria during oxidative phosphorylation. Superoxide is rapidly converted 
into hydrogen peroxide (H 2 O 2 ) by compartment-specifi c superoxide dismutases (SODs), or by 
spontaneous dismutation. H 2 O 2  is then converted to H 2 O by peroxidases, such as peroxiredoxins 
(Prxs), glutathione peroxidases (GPxs), catalase (CAT), and glutaredoxins (Grxs). H 2 O 2  can oxi-
dize cysteine residues on redox-sensitive proteins and form disulfi de bonds. Tight regulation of 
this process is thought to be involved in activation or termination of redox-sensitive signaling 
pathways. However, high level of H 2 O 2  can have deleterious effects. In the presence of iron (Fe 2+ ), 
H 2 O 2  can participate in Fenton reaction or Haber–Weiss reaction and generate the highly reactive 
hydroxyl radicals ( • OH) and cause severe damage to cellular macromolecules. ECT, electron trans-
port chain       
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5.4     Redox Balance and Cell Fate Decision 

   In a biological system, the reduction and oxidation  potential      is usually controlled by 
redox couples, such as GSH/GSSG and NADPH/NADP + . Changes in the balance of 
these redox couples can signifi cantly alter the intracellular and extracellular redox 
environment due to their abundance. Alterations in the redox environment in turn 
change the confi guration of redox-sensitive proteins by changing primarily the 
inter- or intramolecular disulfi de bounds in the cysteine residues [ 25 ]. A number of 
redox-sensitive signaling molecules critical for cell proliferation and survival have 
been identifi ed [ 25 ,  26 ]. Consequently, changes in redox balance in the intracellular 
and the extracellular environment can impact cell fate decisions, including entering 
or exiting cell cycle [ 27 ], proliferation or differentiation [ 28 ,  29 ], and survival or 
cell death [ 30 ]. Studies with precise measurements of the cellular redox status indi-
cate that under normal physiological conditions, a more reduced environment favors 
cell proliferation, whereas a more oxidized environment favors cell differentiation [ 30 ]. 
Under conditions of oxidative stress where oxidation potential exceeds the antioxi-
dant capacity of the cells, apoptotic cell death or necrotic cell death ensues [ 30 ]. 
Production and regeneration of GSH and NADPH are tightly linked to cellular 
metabolism, and SODs and their downstream peroxidases play an important role in 
maintaining a normal balance in GSH/GSSH and NADPH/NADP +  pairs to ensure 
normal cellular and tissue functions.    

5.5     Redox Balance, Hippocampal Neurogenesis, 
and Learning and Memory 

     Hippocampal dentate gyrus (DG)       and the   Cornu Ammonis  (CA)   areas are the two 
separate structures in hippocampal formation (Fig.  5.3 ).  Declarative memory  , such 
as personal experience and facts that can be consciously recalled, is an important 
facet of  learning and memory  . In the medial temporal lobe of the brain, hippocam-
pal formation and its surrounding areas, including perirhinal cortex and entorhinal 
cortex, are critical for the acquisition, consolidation, and retrieval of declarative 
memories. Hippocampus is also critical for spatial learning, the process of encoding 
the environment for spatial navigation, and the formation of spatial memory. The 
principal neurons in the dentate gyrus are granule cells. These are small excitatory 
neurons with apical dendrites that project into the molecular layer and receive input 
primarily from the entorhinal cortex. Axons from dentate granule cells then relay 
the information to the CA regions. Pyramidal neurons in the CA regions ultimately 
relay the information back to entorhinal cortex and thus complete the neural circuit 
in the hippocampal formation (Fig.  5.3 ).

   Hippocampal neurogenesis, the production of new neurons in the hippocampal 
formation, plays an important role in hippocampal-dependent learning and memory. 
A positive correlation has been established in experimental animals between 
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 hippocampal neurogenesis and cognitive performance that require encoding, con-
solidation, and retrieval of contextual or spatial memories [ 39 – 44 ]. Data from a 
recent study suggest that these are not just correlative observations. Cell lineage 
tracing and expression of learning-related immediate early genes show that adult-
generated granule cells in the SGZ are preferentially incorporated into the spatial 
memory networks in the dentate gyrus of the hippocampus [ 45 ]. Consequently, 
reduction in hippocampal neurogenesis due to physiological changes or as a conse-
quence of the normal aging process reduces the hippocampal function of learning 
and memory [ 46 ,  47 ].     

   Neurogenesis, beyond the  early      postnatal stage is limited to a few regions in the 
mammalian brain, including the  subventricular zone (SVZ)   of the lateral ventricle 
and the  subgranular zone (SGZ)   of the hippocampal dentate gyrus. Most of our 
understanding of hippocampal neurogenesis comes from studies in experimental ani-
mals. SGZ sits at the base of dentate granule cell layer. Neuronal progenitor cells in 
the SGZ possess the radial glial cell phenotype and go through asymmetrical replica-
tion to generate neuroblast, which then differentiate into immature neurons. In the 
span of 3–4 weeks, newborn immature neurons put out axons and complex dendritic 
trees as they mature and move further into the existing granule cell layer (Fig.  5.4 ). 

  Fig. 5.3    Schematic illustration  of   synaptic pathways for hippocampal-dependent learning and 
memory. Hippocampus resides in the medial temporal lobe of the brain. It is important for declara-
tive memory and spatial memory. The cellular organization and major circuitry in the hippocampal 
formation are depicted, showing the two separate structures, dentate gyrus (DG) and the  Cornu 
Ammonis  (CA) areas, that make up the hippocampal formation. Entorhinal cortex (EC) receives 
input from other cortical area. The information is transmitted by axonal projection of layer II neu-
rons in the EC to DG neurons through the perforant pathway (PP). DG neurons then send projec-
tions to the pyramidal cells in CA3 through mossy fi bers (MF). CA3 pyramidal neurons relay the 
information to CA1 pyramidal neurons through Schaffer collaterals (SC). CA1 pyramidal neurons 
then send projections back into deep layers of neurons in the EC to complete the hippocampal 
circuitry. The traditional excitatory trisynaptic pathway (EC → DG → CA3 → CA1 → EC) is 
depicted by  solid arrow heads        
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In the process, they establish synaptic connections with the existing neuronal net-
work and become functionally integrated into the hippocampal circuitry. Recent stud-
ies show that newborn granule cells have passive membrane properties, action 
potentials, and functional synaptic inputs similar to those found in mature dentate 
granule cells [ 31 ]. Even though hippocampal neurogenesis continues through life, the 
rate of adult hippocampal neurogenesis decreases exponentially from 1 month of age 
[ 32 ]. The production of new neurons is balanced with apoptotic cell death in the 
granule cell layer. Consequently, the number of granule cells in the hippocampus 
stays relatively constant [ 32 ]. Similar observation has also been made in other 
species.

   To achieve neurogenesis, i.e., to produce mature, functionally integrated neu-
rons, a delicate redox balance needs to be achieved. Neural progenitor cells reside 
in an environment with low oxygen tension, and are known to maintain a low meta-
bolic status. Therefore, the production of ROS is minimal [ 33 ]. With environmental 
cues, such as growth factors or other external stimuli, low levels of ROS are pro-
duced, which activate redox-sensitive signaling pathways that favor cell prolifera-
tion in stem cells and progenitor cells [ 33 – 38 ]. As newborn cells progress through 
the cell cycle, continuous increase in oxidation potential then leads to differentia-
tion. A recent study suggests that, within the redox environment that favors neural 
progenitor cell differentiation, a more oxidized environment guides the differentia-
tion towards the astroglia lineage, whereas a more reduced environment favors neu-
ronal lineage [ 29 ]. The redox-dependent lineage decision in neural progenitor cells 

  Fig. 5.4    Adult neurogenesis in the  hippocampus  . The developmental stages during adult  hippo-
campal neurogenesis   are shown with activation of quiescent radial glia-like cell in the subgranular 
zone (SGZ), followed by the proliferation of non-radial progenitor cells and intermediate progeni-
tors, generation of neuroblasts, migration of immature neurons, and maturation and integration of 
adult-born dentate granule cells. Expression of stage-specifi c markers and the time scale are shown 
at the  bottom . GCL, granule cell layer; ML, molecular layer       
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was shown to be mediated, in part, through NAD +  dependent Sirt1 activation [ 29 ]. 
Consequently, perturbation of redox balance within the neurogenic microenviron-
ment can lead to changes in the production, functional integration, and long-term 
survival of new neurons.    

5.6     SODs and Hippocampal Neurogenesis 

   Mouse and other animal models with altered  levels      of SOD have been generated 
(see Table  5.1 ) and used in various experimental systems [ 48 – 56 ]. Within the con-
text of hippocampal neurogenesis, mice with ubiquitous SOD defi ciency ( Sod1 −/+, 
 Sod2 −/+, and  Sod3 −/−) and neuronal-specifi c overexpression of EC-SOD (CamKII- 
tTA/TRE- Sod3 ) have been examined [ 57 – 60 ] for the impact of altered SOD levels 
on the production of new neurons and the associated hippocampal functions of 
learning and memory. Changes in SOD levels are expected to alter intracellular 
(CuZnSOD and MnSOD) or extracellular (EC-SOD) redox balance and conse-
quently, affecting redox-sensitive cellular processes such as the production and dif-
ferentiation of newborn neurons in the hippocampus. Consistent with this idea, 
production of newborn cells and their lineage commitment in the hippocampal SGZ 
were altered in each of the three SOD defi cient mouse strains examined.

   While the overall new cell production in the SGZ was not signifi cantly altered in 
 Sod1 −/+ and  Sod2 −/+ mice, the total number of newborn cells in  Sod3 −/− mice was 
signifi cantly reduced [ 57 – 59 ]. The disparity may be due to the fact that  Sod1 −/+ and 
 Sod2 −/+ were only missing 50 % of CuZnSOD and MnSOD, respectively, while 
 Sod3 −/− mice were completely deprived of EC-SOD. Another possibility is that the 
extracellular redox environment played a more prominent role in hippocampal neu-
rogenesis. Despite the relatively normal levels of new neuron production in  Sod1 −/+ 
and  Sod2 −/+ mice, the differentiation pattern was signifi cantly altered with an 
increased preference for the astroglia lineage. Therefore, a 49 % reduction in the 
number of newborn neurons and a ninefold increase in newborn astroglia were 
observed in  Sod1 −/+ mice. In  Sod2 −/+ mice, the number of newborn neurons was 
reduced by 23–35 %, and the number of newborn astroglia ranged from no change 
to a 4.7-fold increase compared to that of  Sod2 +/+ controls [ 57 ,  58 ]. In contrast, the 
number of newborn neurons and astroglia in the SGZ were signifi cantly reduced in 
 Sod3 −/− mice because of the overall reduction of newborn cells [ 59 ,  60 ]. Whereas 
there was a shift in the ratio of newborn neurons and astroglia in  Sod1 −/+ 
and  Sod2 −/+ mice, the ratio stayed relatively constant in  Sod3 −/− mice. The data 
suggested that lineage determination was perhaps more sensitive to changes in the 
intracellular redox balance. Consistent with the role of hippocampal neurogenesis 
in cognitive function, cognitive defi cits in spatial memory and recognition memory 
were observed in  Sod3− /− mice [ 60 ,  61 ]. On the other hand, the relatively normal 
hippocampal neurogenesis observed in  Sod2− /+ mice correlated with normal cog-
nitive performance [ 57 ]. 

 Because  EC-SOD defi ciency   had such a marked impact on the production of 
newborn neurons, a study was designed to restore EC-SOD to the principal neurons 
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(i.e., excitatory neurons) in hippocampus while maintaining the overall EC-SOD 
null environment in other cell populations. In this mouse model, overproduction of 
EC-SOD was limited to  CamKIIα positive cells  , which included all excitatory neu-
rons in the hippocampus [ 51 ]. However, CamKIIα was not expressed in neuronal 
progenitor cells. Despite the sixfold increase in EC-SOD levels in CamKIIα posi-
tive neurons, and the short distance between the SGZ where neural progenitor cells 
resided and the granule cell layer, EC-SOD defi ciency in the progenitor cell popula-
tion led to a signifi cant reduction in progenitor cell proliferation [ 60 ]. However, 
long-term survival of newborn cells was signifi cantly improved [ 60 ], suggesting 
that EC-SOD was important for maintaining normal level of neural progenitor cell 
proliferation and long-term survival. On the other hand, high levels of EC-SOD had 
no infl uence on the lineage determination and the percentage of newborn neurons 
and astroglia in total newborn cells was not signifi cantly changed in the EC-SOD 
transgenic mice.    

5.7     Ionizing Radiation and Brain Injury 

   Ionizing radiation, even at low doses, leads  to      generation of oxygen free radicals and 
cellular injuries by direct interaction with macromolecules, or indirectly by radioly-
sis of water [ 62 ,  63 ]. The initial tissue injury then leads to additional oxygen free 
radical generation by several mechanisms (Fig.  5.6 ). First, proinfl ammatory media-
tors, such as prostaglandins, leukotrienes, and thromboxanes, are generated from the 
enzymatic metabolism of arachidonic acid (AA), which is the major cell membrane 
phospholipid in the nervous system and is released upon tissue injury [ 64 ]. Other 
proinfl ammatory mediators, including isoprostanes and 4-hydroxynonenal, can also 
be generated via nonenzymatic processing of AA. Second, infl ammatory response of 
macrophage and microglia to tissue injury leads to activation of NADPH oxidase in 
these immune cells [ 65 ]. The family of  NADPH oxidases 2 (NOX2)   are membrane- 
bound proteins and generate superoxide radicals directly into the extracellular space 
or cytoplasm [ 66 ]. In the case of  NOX2   activation, superoxide radicals are produced 
extracellularly. Third, excitatory toxicity most likely constitutes the other source of 
oxidative stress. Glutamate is the major excitatory neurotransmitter, and the most 
abundant neuron in the hippocampal formation is excitatory neurons. Damage to the 
synaptic membranes can lead to abnormal release of glutamate, and lead to overac-
tivation of glutamate receptors and overproduction of ROS. These difference sources 
of ROS production following irradiation eventually lead to higher levels of lipid 
peroxidation and oxidative damage, and the positive feedback loop most likely con-
tributes to the state of persistent oxidative stress following radiation exposure.  

 The brain is exposed to ionizing radiation in a number of clinical situations, pre-
dominantly in those involving cancer treatments. Recent statistics shows that 
approximately 69,000 people in the USA will be diagnosed with primary brain 
tumor and approximately 170,000 with secondary tumor each year (data from 
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National Brain Tumor Society and American Association of Neurological Surgeons). 
Brain tumors occur in all ages, with primary brain tumors occurring more frequently 
in children and metastatic brain tumors more common in adults. Although approxi-
mately 20–40 % of non-CNS tumors develop brain metastasis, metastatic breast 
cancers and  small-cell lung cancers (SCLC)   constitute the two most commonly 
observed metastases to the brain [ 67 ,  68 ]. Treatment of brain tumors includes surgi-
cal resection, radiation therapy, and chemotherapy. Radiation therapy is used to kill 
cancer cells or to shrink tumors; it is especially useful in cases where surgical resec-
tion cannot be used effectively to treat brain tumors. Therapeutic radiation includes 
high energy photons such as x-ray and gamma ray, and particle beams such as pro-
ton, neutron, and carbon ion. 

 Radiation brain injury could involve macroscopic tissue destruction after rela-
tively high doses of irradiation [ 69 ]. With the improvement of technology and lim-
ited fraction size, overt tissue damage can be avoided. However, less severe 
morphologic injury can occur after radiotherapy and the injury often leads to neuro-
cognitive dysfunctions manifested as defi cits in hippocampal-dependent functions 
of learning, memory, and spatial information processing [ 70 – 72 ]. The generation of 
ROS is considered a main cause of radiation-mediated tissue damages. Ionizing 
radiation not only results in the acute generation of short-lived ROS [ 62 ], it also 
results in a persistent oxidative stress that extends up to several months after irradia-
tion [ 59 ,  61 ,  73 ].    

  Fig. 5.5    Mechanism of radiation-induced brain damage. Ionizing radiation leads to generation of 
oxygen free radicals by several mechanisms, including infl ammatory response of macrophage and 
microglia, activation of NADPH oxidases, and excitatory toxicity. These changes form a positive 
feedback loop to perpetuate tissue damage and continued production of oxygen free radicals. 
GluRs, glutamate receptors       
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5.8     Radiation and Hippocampal Neurogenesis 

   The precise mechanism leading to  radiation-induced      cognitive dysfunction is not 
clear; however, experimental evidence suggests that damage to neural stem cells 
and suppression of neurogenesis after radiation therapy are the most immediate and 
persistent events [ 74 ,  75 ]. Hippocampal neurogenesis is exquisitely sensitive to irra-
diation, and irradiation in the CNS leads to a marked dose-dependent reduction in 
proliferating cells and immature neurons in the SGZ of hippocampal dentate gyrus 
within the fi rst 48 h after irradiation [ 59 ]. Beyond the period immediately after 
radiation exposure, the effects of irradiation continue to manifest as suppression of 
hippocampal neurogenesis and reduction in dendritic arborization and spine densi-
ties [ 59 ,  60 ]. As a testament to the role of oxidative stress in radiation-mediated 
suppression of hippocampal neurogenesis, blockade of oxidative stress via antioxi-
dant supplementation or inhibition of neuroinfl ammation have both minimized the 
negative impact of irradiation on hippocampal neurogenesis [ 60 ,  76 – 78 ].    

5.9     EC-SOD and Radiation Protection 

   Given the impact of oxidative stress  in      radiation-mediated tissue damage and hip-
pocampal neurogenesis, enhanced antioxidant capacity is expected to provide radia-
tion protection. The concept of radiation protection via enhanced antioxidant 
capacity is not new. Induction of MnSOD is known to provide radiation protection 
in multiple cancers, and overexpression of MnSOD has been shown to provide 
organ-specifi c protection of normal tissues against ionizing radiation [ 79 ,  80 ]. High 
levels of CuZnSOD [ 81 ], as well as a number of antioxidant compounds, has also 
been shown to provide radiation protection [ 82 ,  83 ]. Furthermore, cancer stem cells 
are highly resistant to ionizing radiation, and recent studies correlate the resistance 
with high levels of antioxidant capacity [ 84 ]. 

 Among the three mammalian SODs, EC-SOD has been tested in transgenic mice 
for its radiation protection of hippocampal neurogenesis and the associated cogni-
tive functions [ 59 – 61 ]. As described earlier, the EC-SOD transgenic mice were 
designed as a “hybrid” system with overexpression of EC-SOD in CamKIIα  positive 
neurons, and at the same time, were devoid of EC-SOD in all other cell types. The 
mouse model was used to test the effects of EC-SOD on the production, differentia-
tion, and long-term survival of newborn neurons in the dentate SGZ. Consequently, 
the neural progenitor cells carried the EC-SOD null phenotype and showed signifi -
cant reductions in proliferation. However, with a sixfold increase in EC-SOD levels 
in mature granule cells, EC-SOD transgenic mice had a signifi cantly higher per-
centage of immature neurons advanced to the postmitotic stage and with a more 
complex dendritic structure (Fig.  5.6 ). Even though the immature neurons were not 
expected to express the EC-SOD transgene, their soma was in close proximity to 
mature granule cells, and their dendrites extended deep into the  granule cell layers. 
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  Fig. 5.6    The impact of EC-SOD  on irradiation-induced changes   in hippocampal neurogenesis. 
Under normal EC-SOD levels in the neurogenic environment, cranial irradiation leads to a signifi -
cant reduction in hippocampal neurogenesis with reduced production of newborn neurons, reduced 
dendritic arborization, and reduced dendritic spine densities. The expression levels of brain- 
derived neurotrophic factor (BDNF) and the axon guidance molecule semaphorin 3C (sema3C), 
both important molecules for neuronal development and survival, are also signifi cantly reduced 
following irradiation ( upper panel ). In transgenic mice expressing elevated levels of EC-SOD in 
CamKII positive neurons ( middle panel ), increased EC-SOD in the neurogenic environment miti-
gates irradiation effects and results in normalization of hippocampal neurogenesis, increased den-
dritic complexity, and increased dendritic spine densities. The expression level of BDNF remains 
normal in EC-SOD transgenic mice, while expressions of neurotrophin 3 (Ntf3) and Sema3C 
are signifi cantly increased in the hippocampal formation. In contrast, without EC-SOD in the 
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It was possible that the EC-SOD-rich redox environment modifi ed the dendrite and 
axon outgrowth, and encouraged the maturation of newborn neurons.

   Irradiation reduced the number of immature neurons in wild-type and EC-SOD 
transgenic mice; however, the extent of reduction was statistically signifi cant only 
in the wild-type mice. Parallel to the preservation of immature neurons following 
irradiation, the number of fully matured newborn neurons in EC-SOD transgenic 
mice was not reduced by irradiation. On the average, a similar percentage of imma-
ture neurons advanced to fully matured neurons in sham-irradiated wild-type and 
EC-SOD transgenic mice (6.0 % and 6.6 %, respectively). However, the outcome 
from irradiation was very different between these two genotypes. Whereas the per-
centage of immature neurons that advanced to fully matured neurons was decreased 
by 40 % in irradiated wild-type mice, a 39 % increase was observed in EC-SOD 
transgenic mice. The data suggested enhanced survival of newborn neurons in the 
EC-SOD-rich environment. Changes in the differentiation pattern following irradia-
tion also played a role in the different neurogenic outcomes. As expected, the post-
irradiation environment in wild-type mice became less favorable for neuronal 
lineage and consequently, a signifi cant reduction in the number of fully matured 
newborn neurons was observed. However, no signifi cant change was observed in 
EC-SOD transgenic mice following irradiation [ 60 ]. Collectively, the data sug-
gested that  constitutive overexpression of EC-SOD in mature hippocampal neurons 
was effective in providing radiation protection of hippocampal neurogenesis by 
safeguarding the maturation and differentiation process. Preserved hippocampal 
neurogenesis in EC-SOD transgenic mice also corresponded to preserved cognitive 
functions  following irradiation. 

 Given the random nature of radiation targets and the extracellular location of 
EC-SOD, radiation protection by EC-SOD likely involves more complex mec-
hanisms, such as modulation of the neurogenic microenvironment (Fig.  5.6 ). 
Expression of the  brain-derived neurotrophic factor (BDNF)   was signifi cantly 
reduced in wild-type mice, but the level was not changed in EC-SOD transgenic 
mice following irradiation. In addition, expression of neurotrophin 3 (NTF3) was 
increased in EC-SOD transgenic mice following irradiation [ 60 ]. The combination 
of these two trophic factors in the postirradiation environment likely played an 
important role in the preservation of hippocampal neurogenesis. Similar to BDNF, 
expression of a guidance molecule, semaphorin 3C (Sema3C), was also reduced in 
wild-type mice following irradiation; however, no signifi cant reduction was observed 
in EC-SOD transgenic mice. Sema3C is important for axon guidance and neuroti-
genesis [ 85 ,  86 ]. It has also been shown to promote survival and tumorigenicity of 

Fig. 5.6 (continued)  neurogenic environment, EC-SOD null mice ( bottom panel ) show a signifi -
cant reduction in hippocampal neurogenesis and reduced dendritic complexity. However, these 
phenotypes are not affected by cranial irradiation, and the extent of hippocampal neurogenesis 
remains the same in EC-SOD knockout mice after irradiation. This may be due to the maintenance 
of normal Sema3C expression levels and increases in factors such as Efna5 and Nurr1 that are 
important for axon guidance, neuronal survival, or spatial learning and memory       
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glioma stem cells when present at high levels [ 87 ]. Therefore, maintaining a normal 
level of Sema3C has the potential to promote survival of newborn neurons by mak-
ing correct axonal connections and allowing functional integration of newborn neu-
rons to the existing neuronal network. 

 One interesting observation in the role of EC-SOD in radiation-induced changes 
in hippocampal neurogenesis was the lack of further reduction in new neuron pro-
ductions in EC-SOD null mice [ 59 ,  60 ]. This paradoxical observation at the cellular 
level correlated well with improved cognitive functions, especially in spatial 
 learning and memory [ 60 ,  61 ], and led us to hypothesize in EC-SOD null tissues a 
condition similar to that in pre-conditioning where tissues or cells were more resis-
tant to an insult if they were exposed to low levels of similar challenge beforehand. 
Results from the gene expression study corroborated this hypothesis and showed 
increased expression of ephrin A5 (Efna5) and nuclear receptor related 1 (Nurr1) in 
addition to a well-maintained Sema3 expression level in EC-SOD null mice after 
cranial irradiation (Fig.  5.6 ) [ 60 ]. Efna5 is a member of the membrane-bound eph-
rin A ligands that binds to ephrin receptors through cell–cell interactions [ 88 ]. It 
plays an important role in axon guidance, especially in migrating axons expressing 
ephrin A receptors. In the hippocampal dentate gyrus, Efna5 is abundantly 
expressed in mature neurons, neural progenitor cells, and astrocytes [ 89 ]. Efna5 
defi cient mice show decreased hippocampal neurogenesis due to a reduction in 
progenitor cell proliferation and decreased survival of newborn neurons. These 
mice also exhibit abnormal vascular formation in the dentate gyrus [ 89 ]. Increased 
Efna5 expression in EC-SOD null mice following cranial irradiation likely pro-
vided supports for hippocampal neurogenesis. Nurr1, on the other hand, is a tran-
scription factor and is mainly known for its critical role in dopaminergic neuron 
development [ 90 ]. Animal studies showed Nurr1 to be upregulated in the hippo-
campus following spatial learning [ 91 ], and this upregulation enhanced memory 
retention [ 92 ]. Conversely, suppression of Nurr1 led to impaired spatial learning 
and memory [ 93 ]. Therefore, upregulation of Nurr1 in EC-SOD null mice after 
irradiation may have contributed towards improved hippocampal functions of 
learning and memory. 

 How irradiation changes transcriptional control of  BDNF  , NTF3, Sema3C, and 
a number of other critical factors is not fully understood. Epigenetic regulation of 
 BDNF   transcription via histone modifi cation has been observed following higher 
doses of irradiation in rats [ 94 ]. Whether the same mechanism applies to lower 
doses is not clear. Not much is known about transcriptional regulation of NTF3 or 
Sema3C in the postirradiation environment at present time. It is also not clear 
how EC-SOD offset the negative impact of irradiation on the transcriptional con-
trol of BDNF and Sema3C. Mechanistic based investigation to a better under-
standing of how the transcriptional and translational landscape changes in the 
postirradiation environment and how the process impacts hippocampal neurogen-
esis will be crucial for rational designs of therapeutic strategies to provide protec-
tion of normal tissue from radiation damage or to enhance regeneration in the 
postirradiation stage.    
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5.10     Perspective of SOD-Mediated Radiation Protection 
for Cancer Treatment 

   Antioxidant treatment as a  means      of radiation protection of normal tissues can be a 
two-edged sword—it can provide protection to normal tissues, but can also protect 
cancer cells at the same time. In fact, high antioxidant capacity is a hallmark of 
radiation-resistant cancer cells. On the other hand, the redox balance in normal cells 
and cancer cells can be quite different due to differences in their metabolism. 
Therefore, differences in redox metabolism and sensitivity to changes in the redox 
environment between normal tissues and cancer cells may be harnessed for rational 
designs of SOD-based radiation protection of normal tissues in cancer treatment. 
Among the new generation of small molecular weight antioxidant compounds in the 
pipeline, Mn-containing porphyrins hold great promise to achieving the goal [ 95 ]. 
The Mn(III)  meso  tetrakis( N -alkylpyridinium-2-yl)porphyrins (such as MnTE-2- 
PyP 5+ , BMX-010, where alkyl is ethyl) have been shown to protect normal eye 
 tissues [ 96 ], bone marrow [ 97 ], lung tissue [ 98 ], salivary glands and mouth mucosa 
[ 99 ], and prostate tissues from radiation damage in animal models. Mn porphyrins 
that are designed to cross the blood brain barrier have been tested for tissue distribu-
tion in different brain regions and for CNS protections [ 100 ]. The effi cacy of Mn 
porphyrins in mouse cranial irradiation models is currently under investigation, but 
preliminary study shows positive effects if the compound is administered before 
radiation therapy [ 101 ]. In mouse studies, the more lipophilic analog, Mn(III)  meso  
tetrakis ( N -n-butoxyethylpyridinium-2-yl)porphyrin, MnTnBuOE-2-PyP 5+  (BMX- 
001) showed differential effects on normal vs. tumor tissue, i.e., the ability to radio-
protect normal brain while radiosensitizing patient-derived glioblastoma multiforme 
D-245 MG [ 102 ]. Based on such data, MnTnBuOE-2-PyP 5+  has entered Phase I/II 
Clinical Trials in May 2016, as a radioprotector of normal brain with glioma 
patients. The Clinical Trials on radioprotection of salivary glands and mouth mucosa 
with MnTnBuOE-2-PyP 5+  will soon follow with head and neck  cancer patients.       

   References 

     1.    Fridovich I. Superoxide dismutases. Adv Enzymol Relat Areas Mol Biol. 1986;58:61–97.  
    2.    Tally FP, et al. Superoxide dismutase in anaerobic bacteria of clinical signifi cance. Infect 

Immun. 1977;16(1):20–5.  
     3.    Lynch M, Kuramitsu H. Expression and role of superoxide dismutases (SOD) in pathogenic 

bacteria. Microbes Infect. 2000;2(10):1245–55.  
   4.    Fink RC, Scandalios JG. Molecular evolution and structure—function relationships of the 

superoxide dismutase gene families in angiosperms and their relationship to other eukaryotic 
and prokaryotic superoxide dismutases. Arch Biochem Biophys. 2002;399(1):19–36.  

    5.    Fukuhara R, Tezuka T, Kageyama T. Structure, molecular evolution, and gene expression of 
primate superoxide dismutases. Gene. 2002;296(1–2):99–109.  

    6.    Slot JW, et al. Intracellular localization of the copper-zinc and manganese superoxide dis-
mutases in rat liver parenchymal cells. Lab Invest. 1986;55(3):363–71.  

5 Superoxide Dismutase Family of Enzymes in Brain…



98

    7.    Oury TD, et al. Human extracellular superoxide dismutase is a tetramer composed of two 
disulphide-linked dimers: a simplifi ed, high-yield purifi cation of extracellular superoxide 
dismutase. Biochem J. 1996;317(Pt 1):51–7.  

    8.    Tafuri F, et al. SOD1 misplacing and mitochondrial dysfunction in amyotrophic lateral scle-
rosis pathogenesis. Front Cell Neurosci. 2015;9:336.  

    9.    Sutton A, et al. The Ala16Val genetic dimorphism modulates the import of human manga-
nese superoxide dismutase into rat liver mitochondria. Pharmacogenetics. 2003;13(3):
145–57.  

    10.    Borgstahl GE, et al. Human mitochondrial manganese superoxide dismutase polymorphic 
variant Ile58Thr reduces activity by destabilizing the tetrameric interface. Biochemistry. 
1996;35(14):4287–97.  

    11.    Dhar SK, Clair DKS. Manganese superoxide dismutase regulation and cancer. Free Radic 
Biol Med. 2012;52(11–12):2209–22.  

    12.    Iguchi T, et al. Association of MnSOD AA genotype with the progression of prostate cancer. 
PLoS One. 2015;10(7), e0131325.  

   13.    Moradi MT, et al. Manganese superoxide dismutase (MnSOD Val-9Ala) gene polymorphism 
and susceptibility to gastric cancer. Asian Pac J Cancer Prev. 2015;16(2):485–8.  

   14.    Atilgan D, et al. The relationship between ALA16VAL single gene polymorphism and renal 
cell carcinoma. Adv Urol. 2014;2014:932481.  

    15.    Bresciani G, et al. The MnSOD Ala16Val SNP: relevance to human diseases and interaction 
with environmental factors. Free Radic Res. 2013;47(10):781–92.  

     16.    Sandstrom J, et al. 10-fold increase in human plasma extracellular superoxide dismutase 
content caused by a mutation in heparin-binding domain. J Biol Chem. 1994;269(29):
19163–6.  

    17.    Yamada H, et al. Molecular analysis of extracellular-superoxide dismutase gene associated 
with high level in serum. Jpn J Hum Genet. 1995;40(2):177–84.  

    18.    Juul K, et al. Genetically reduced antioxidative protection and increased ischemic heart dis-
ease risk: The Copenhagen City Heart Study. Circulation. 2004;109(1):59–65.  

    19.    Nakamura M, et al. Role of extracellular superoxide dismutase in patients under maintenance 
hemodialysis. Nephron Clin Pract. 2005;101(3):c109–15.  

    20.    Juul K, et al. Genetically increased antioxidative protection and decreased chronic obstruc-
tive pulmonary disease. Am J Respir Crit Care Med. 2006;173(8):858–64.  

     21.    Halliwell B, Gutteridge JMC. Free radicals in biology and medicine. New York: Oxford 
University Press; 1999.  

    22.    Halliwell B, Cross CE. Oxygen-derived species: their relation to human disease and environ-
mental stress. Environ Health Perspect. 1994;102 Suppl 10:5–12.  

   23.    Knight JA. Free radicals: their history and current status in aging and disease. Ann Clin Lab 
Sci. 1998;28(6):331–46.  

    24.    Wallace DC, Melov S. Radicals r’aging. Nat Genet. 1998;19(2):105–6.  
     25.    Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox regula-

tion in cellular signaling. Cell Signal. 2012;24(5):981–90.  
    26.    Rhee SG, Woo HA. Multiple functions of peroxiredoxins: peroxidases, sensors and regula-

tors of the intracellular messenger H(2)O(2), and protein chaperones. Antioxid Redox Signal. 
2011;15(3):781–94.  

    27.    Sarsour EH, et al. Redox control of the cell cycle in health and disease. Antioxid Redox 
Signal. 2009;11(12):2985–3011.  

    28.    Sarsour EH, et al. Manganese superoxide dismutase activity regulates transitions between 
quiescent and proliferative growth. Aging Cell. 2008;7(3):405–17.  

      29.    Prozorovski T, et al. Sirt1 contributes critically to the redox-dependent fate of neural progeni-
tors. Nat Cell Biol. 2008;10(4):385–94.  

      30.    Schafer FQ, Buettner GR. Redox environment of the cell as viewed through the redox 
state of the glutathione disulfi de/glutathione couple. Free Radic Biol Med. 2001;30(11):
1191–212.  

    31.    van Praag H, et al. Functional neurogenesis in the adult hippocampus. Nature. 2002;
415(6875):1030–4.  

H. Nguyen et al.



99

     32.    Ben Abdallah NM, et al. Early age-related changes in adult hippocampal neurogenesis in C57 
mice. Neurobiol Aging. 2010;31(1):151–61.  

     33.    Wang K, et al. Redox homeostasis: the linchpin in stem cell self-renewal and differentiation. 
Cell Death Dis. 2013;4:e537.  

   34.    Noble M, Mayer-Proschel M, Proschel C. Redox regulation of precursor cell function: 
insights and paradoxes. Antioxid Redox Signal. 2005;7(11–12):1456–67.  

   35.    Noble M, et al. Redox state as a central modulator of precursor cell function. Ann N Y Acad 
Sci. 2003;991:251–71.  

   36.    Smith J, et al. Redox state is a central modulator of the balance between self-renewal and 
differentiation in a dividing glial precursor cell. Proc Natl Acad Sci U S A. 2000;97(18):
10032–7.  

   37.    Yoneyama M, et al. Endogenous reactive oxygen species are essential for proliferation of 
neural stem/progenitor cells. Neurochem Int. 2010;56(6–7):740–6.  

    38.    Le Belle JE, et al. Proliferative neural stem cells have high endogenous ROS levels that regu-
late self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem Cell. 2011;
8(1):59–71.  

    39.    Kempermann G, Kuhn HG, Gage FH. More hippocampal neurons in adult mice living in an 
enriched environment. Nature. 1997;386:493–5.  

   40.    van Praag H, et al. Running enhances neurogenesis, learning, and long-term potentiation in 
mice. Proc Natl Acad Sci U S A. 1999;96(23):13427–31.  

   41.    Kempermann G. Why new neurons? Possible functions for adult hippocampal neurogenesis. 
J Neurosci. 2002;22(3):635–8.  

   42.    Kempermann G, Brandon EP, Gage FH. Environmental stimulation of 129/SvJ mice causes 
increased cell proliferation and neurogenesis in the adult dentate gyrus. Curr Biol. 1998;
8(16):939–42.  

   43.    Kempermann G, Kuhn HG, Gage FH. Experience-induced neurogenesis in the senescent 
dentate gyrus. J Neurosci. 1998;18(9):3206–12.  

    44.    Prickaerts J, et al. Learning and adult neurogenesis: survival with or without proliferation? 
Neurobiol Learn Mem. 2004;81(1):1–11.  

    45.    Kee N, et al. Preferential incorporation of adult-generated granule cells into spatial memory 
networks in the dentate gyrus. Nat Neurosci. 2007;10(3):355–62.  

    46.    Jinno S. Topographic differences in adult neurogenesis in the mouse hippocampus: a 
stereology- based study using endogenous markers. Hippocampus. 2011;21(5):467–80.  

    47.    Burger C. Region-specifi c genetic alterations in the aging hippocampus: implications for 
cognitive aging. Front Aging Neurosci. 2010;2:140.  

    48.    Huang TT, et al. Transgenic and mutant mice for oxygen free radical studies. Methods 
Enzymol. 2002;349:191–213.  

   49.    Misawa H, et al. Conditional knockout of Mn superoxide dismutase in postnatal motor neu-
rons reveals resistance to mitochondrial generated superoxide radicals. Neurobiol Dis. 
2006;23(1):169–77.  

   50.    Oury TD, Day BJ, Crapo JD. Extracellular superoxide dismutase in vessels and airways of 
humans and baboons. Free Radic Biol Med. 1996;20(7):957–65.  

     51.    Zou Y, et al. A new mouse model for temporal- and tissue-specifi c control of extracellular 
superoxide dismutase. Genesis. 2009;47(3):142–54.  

    52.    Carlsson LM, et al. Mice lacking extracellular superoxide dismutase are more sensitive to 
hyperoxia. Proc Natl Acad Sci U S A. 1995;92(14):6264–8.  

   53.    Sakellariou GK, et al. Neuron-specifi c expression of CuZnSOD prevents the loss of muscle 
mass and function that occurs in homozygous CuZnSOD-knockout mice. FASEB J. 2014;
28(4):1666–81.  

     54.    Raineri I, et al. Strain-dependent high-level expression of a transgene for manganese super-
oxide dismutase is associated with growth retardation and decreased fertility. Free Radic Biol 
Med. 2001;31(8):1018–30.  

    55.    Yen HC, et al. The protective role of manganese superoxide dismutase against adriamycin- 
induced acute cardiac toxicity in transgenic mice. J Clin Invest. 1996;98(5):1253–60.  

5 Superoxide Dismutase Family of Enzymes in Brain…



100

     56.    Kim A, et al. Enhanced expression of mitochondrial superoxide dismutase leads to prolonged 
in vivo cell cycle progression and up-regulation of mitochondrial thioredoxin. Free Radic 
Biol Med. 2010;48(11):1501–12.  

       57.    Corniola R, et al. Paradoxical relationship between Mn superoxide dismutase defi ciency and 
radiation-induced cognitive defects. PLoS One. 2012;7(11), e49367.  

    58.    Fishman K, et al. Radiation-induced reductions in neurogenesis are ameliorated in mice defi -
cient in CuZnSOD or MnSOD. Free Radic Biol Med. 2009;47(10):1459–67.  

          59.    Rola R, et al. Lack of extracellular superoxide dismutase (EC-SOD) in the microenvironment 
impacts radiation-induced changes in neurogenesis. Free Radic Biol Med. 2007;42(8):1133–
45; discussion 1131–2.  

               60.    Zou Y, et al. Extracellular superoxide dismutase is important for hippocampal neurogenesis 
and preservation of cognitive functions after irradiation. Proc Natl Acad Sci U S A. 2012;
109(52):21522–7.  

       61.    Raber J, et al. Irradiation enhances hippocampus-dependent cognition in mice defi cient in 
extracellular superoxide dismutase. Hippocampus. 2011;21(1):72–80.  

     62.    Riley PA. Free radicals in biology: oxidative stress and the effects of ionizing radiation. Int 
J Radiat Biol. 1994;65(1):27–33.  

    63.    Azzam EI, Jay-Gerin JP, Pain D. Ionizing radiation-induced metabolic oxidative stress and 
prolonged cell injury. Cancer Lett. 2012;327(1–2):48–60.  

    64.    Phillis JW, Horrocks LA, Farooqui AA. Cyclooxygenases, lipoxygenases, and epoxygenases 
in CNS: their role and involvement in neurological disorders. Brain Res Rev. 2006;
52(2):201–43.  

    65.    Sorce S, Krause KH. NOX enzymes in the central nervous system: from signaling to disease. 
Antioxid Redox Signal. 2009;11(10):2481–504.  

    66.    Bedard K, Krause KH. The NOX family of ROS-generating NADPH oxidases: physiology 
and pathophysiology. Physiol Rev. 2007;87(1):245–313.  

    67.    Chargari C, et al. Whole-brain radiation therapy in breast cancer patients with brain metasta-
ses. Nat Rev Clin Oncol. 2010;7(11):632–40.  

    68.    Quan AL, Videtic GM, Suh JH. Brain metastases in small cell lung cancer. Oncology 
(Williston Park). 2004;18(8):961–72; discussion 974, 979–80, 987.  

    69.    Sheline GE, Wara WM, Smith V. Therapeutic irradiation and brain injury. Int J Radiat Oncol 
Biol Phys. 1980;6(9):1215–28.  

    70.    Grill J, et al. Long-term intellectual outcome in children with posterior fossa tumors accord-
ing to radiation doses and volumes. Int J Radiat Oncol Biol Phys. 1999;45(1):137–45.  

   71.    Meyers CA, et al. Neurocognitive effects of therapeutic irradiation for base of skull tumors. 
Int J Radiat Oncol Biol Phys. 2000;46(1):51–5.  

    72.    Surma-aho O, et al. Adverse long-term effects of brain radiotherapy in adult low-grade 
 glioma patients. Neurology. 2001;56(10):1285–90.  

    73.    Limoli CL, et al. Redox changes induced in hippocampal precursor cells by heavy ion irradia-
tion. Radiat Environ Biophys. 2007;46(2):167–72.  

    74.    Panagiotakos G, et al. Long-term impact of radiation on the stem cell and oligodendrocyte 
precursors in the brain. PLoS One. 2007;2(7), e588.  

    75.    Abayomi OK. Pathogenesis of irradiation-induced cognitive dysfunction. Acta Oncol. 
1996;35(6):659–63.  

    76.    Belarbi K, et al. CCR2 defi ciency prevents neuronal dysfunction and cognitive impairments 
induced by cranial irradiation. Cancer Res. 2013;73(3):1201–10.  

   77.    Lee SW, et al. Absence of CCL2 is suffi cient to restore hippocampal neurogenesis following 
cranial irradiation. Brain Behav Immun. 2013;30:33–44.  

    78.    Monje ML, Toda H, Palmer TD. Infl ammatory blockade restores adult hippocampal neuro-
genesis. Science. 2003;302(5651):1760–5.  

    79.    Greenberger JS, Epperly MW. Review. Antioxidant gene therapeutic approaches to normal 
tissue radioprotection and tumor radiosensitization. In Vivo. 2007;21(2):141–6.  

    80.    Eldridge A, et al. Manganese superoxide dismutase interacts with a large scale of cellular and 
mitochondrial proteins in low-dose radiation-induced adaptive radioprotection. Free Radic 
Biol Med. 2012;53(10):1838–47.  

H. Nguyen et al.



101

    81.    Breuer R, et al. Superoxide dismutase inhibits radiation-induced lung injury in hamsters. 
Lung. 1992;170(1):19–29.  

    82.    Xiao X, et al. Catalase inhibits ionizing radiation-induced apoptosis in hematopoietic stem 
and progenitor cells. Stem Cells Dev. 2015;24(11):1342–51.  

    83.    Jelveh S, et al. Investigations of antioxidant-mediated protection and mitigation of radiation- 
induced DNA damage and lipid peroxidation in murine skin. Int J Radiat Biol. 2013;
89(8):618–27.  

    84.    Diehn M, et al. Association of reactive oxygen species levels and radioresistance in cancer 
stem cells. Nature. 2009;458(7239):780–3.  

    85.    Moreno-Flores MT, et al. Semaphorin 3C preserves survival and induces neuritogenesis of 
cerebellar granule neurons in culture. J Neurochem. 2003;87(4):879–90.  

    86.    Steup A, et al. Sema3C and netrin-1 differentially affect axon growth in the hippocampal 
formation. Mol Cell Neurosci. 2000;15(2):141–55.  

    87.    Vaitkiene P, et al. High level of Sema3C is associated with glioma malignancy. Diagn Pathol. 
2015;10:58.  

    88.    Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor signaling and ephrins. Cold Spring 
Harb Perspect Biol. 2013;5(9):a009159.  

     89.    Hara Y, et al. Impaired hippocampal neurogenesis and vascular formation in ephrin-A5- 
defi cient mice. Stem Cells. 2010;28(5):974–83.  

    90.    Decressac M, et al. NURR1 in Parkinson disease—from pathogenesis to therapeutic poten-
tial. Nat Rev Neurol. 2013;9(11):629–36.  

    91.    Pena de Ortiz S, Maldonado-Vlaar CS, Carrasquillo Y. Hippocampal expression of the 
orphan nuclear receptor gene hzf-3/nurr1 during spatial discrimination learning. Neurobiol 
Learn Mem. 2000;74(2):161–78.  

    92.    Aldavert-Vera L, et al. Intracranial self-stimulation facilitates active-avoidance retention and 
induces expression of c-Fos and Nurr1 in rat brain memory systems. Behav Brain Res. 
2013;250:46–57.  

    93.    Colon-Cesario WI, et al. Knockdown of Nurr1 in the rat hippocampus: implications to spatial 
discrimination learning and memory. Learn Mem. 2006;13(6):734–44.  

    94.    Ji S, et al. Irradiation-induced hippocampal neurogenesis impairment is associated with epi-
genetic regulation of bdnf gene transcription. Brain Res. 2014;1577:77–88.  

    95.    Batinic-Haberle I, et al. Design of Mn porphyrins for treating oxidative stress injuries and 
their redox-based regulation of cellular transcriptional activities. Amino Acids. 
2010;42(1):95–113.  

    96.    Mao XW, et al. Radioprotective effect of a metalloporphyrin compound in rat eye model. 
Curr Eye Res. 2009;34(1):62–72.  

    97.    Li H, et al. Mn(III) meso-tetrakis-(N-ethylpyridinium-2-yl) porphyrin mitigates total body 
irradiation-induced long-term bone marrow suppression. Free Radic Biol Med. 2011;51(1):
30–7.  

    98.    Gauter-Fleckenstein B, et al. Early and late administration of MnTE-2-PyP5+ in mitigation 
and treatment of radiation-induced lung damage. Free Radic Biol Med. 2010;48(8):
1034–43.  

    99.    Ashcraft KA, et al. Novel manganese-porphyrin superoxide dismutase-mimetic widens the 
therapeutic margin in a preclinical head and neck cancer model. Int J Radiat Oncol Biol Phys. 
2015;93(4):892–900.  

    100.    Batinic-Haberle I, et al. SOD therapeutics: latest insights into their structure-activity relation-
ships and impact on the cellular redox-based signaling pathways. Antioxid Redox Signal. 
2014;20(15):2372–415.  

    101.    Yang P, et al. 229—Mitigation of radiation-mediated suppression of hippocampal neurogen-
esis. Free Radic Biol Med. 2014;76 Suppl 1:S97.  

    102.    Weitzel DH, et al. Radioprotection of the brain white matter by Mn(III) n- Butoxy-
ethylpyridylporphyrin-based superoxide dismutase mimic MnTnBuOE-2-PyP5+. Mol Cancer 
Ther. 2015;14(1):70–9.  

5 Superoxide Dismutase Family of Enzymes in Brain…



102

     103.    Epstein CJ, et al. Transgenic mice with increased Cu/Zn-superoxide dismutase activity: ani-
mal model of dosage effects in Down syndrome. Proc Natl Acad Sci U S A. 1987;84(22):
8044–8.  

     104.    Shi YP, et al. The mapping of transgenes by fl uorescence in situ hybridization on G-banded 
mouse chromosomes. Mamm Genome. 1994;5(6):337–41.  

    105.    Gurney ME, et al. Motor neuron degeneration in mice that express a human Cu, Zn superox-
ide dismutase mutation. Science. 1994;264(5166):1772–5.  

    106.    Chan PH, et al. Overexpression of SOD1 in transgenic rats protects vulnerable neurons 
against ischemic damage after global cerebral ischemia and reperfusion. J Neurosci. 
1998;18(20):8292–9.  

    107.    Fischer LR, et al. SOD1 targeted to the mitochondrial intermembrane space prevents motor 
neuropathy in the Sod1 knockout mouse. Brain. 2011;134(Pt 1):196–209.  

    108.    Huang TT, et al. Superoxide-mediated cytotoxicity in superoxide dismutase-defi cient fetal 
fi broblasts. Arch Biochem Biophys. 1997;344(2):424–32.  

    109.    Matzuk MM, et al. Ovarian function in superoxide dismutase 1 and 2 knockout mice. 
Endocrinology. 1998;139(9):4008–11.  

    110.    Chen H, Li X, Epstein PN. MnSOD and catalase transgenes demonstrate that protection of 
islets from oxidative stress does not alter cytokine toxicity. Diabetes. 2005;54(5):1437–46.  

    111.    Shen X, et al. Protection of cardiac mitochondria by overexpression of MnSOD reduces dia-
betic cardiomyopathy. Diabetes. 2006;55(3):798–805.  

    112.    Li Y, et al. Dilated cardiomyopathy and neonatal lethality in mutant mice lacking manganese 
superoxide dismutase. Nat Genet. 1995;11(4):376–81.  

    113.    Lebovitz RM, et al. Neurodegeneration, myocardial injury, and perinatal death in mitochon-
drial superoxide dismutase-defi cient mice. Proc Natl Acad Sci U S A. 1996;93(18):9782–7.  

    114.    Ikegami T, et al. Model mice for tissue-specifi c deletion of the manganese superoxide dis-
mutase (MnSOD) gene. Biochem Biophys Res Commun. 2002;296(3):729–36.  

    115.    Epperly MW, et al. Conditional radioresistance of tet-inducible manganese superoxide dis-
mutase bone marrow stromal cell lines. Radiat Res. 2013;180(2):189–204.  

    116.    Oury TD, et al. Extracellular superoxide dismutase, nitric oxide, and central nervous system 
O2 toxicity. Proc Natl Acad Sci U S A. 1992;89(20):9715–9.    

H. Nguyen et al.



103© Springer International Publishing Switzerland 2016 
I. Batinić-Haberle et al. (eds.), Redox-Active Therapeutics, 
Oxidative Stress in Applied Basic Research and Clinical Practice, 
DOI 10.1007/978-3-319-30705-3_6

    Chapter 6   
 Metabolic Production of H 2 O 2  
in Carcinogenesis and Cancer Treatment                     

     Bryan     G.     Allen      and     Douglas     R.     Spitz   

6.1           Introduction 

 In 1956, Otto Warburg proposed that cancer was fundamentally a metabolic disease 
where dysregulation  of glycolysis   and respiration was mechanistically related to 
carcinogenesis and maintenance of the malignant phenotype [ 1 ]. This hypothesis 
was based on 30 years of previous work with cancer cells showing increased rates 
of glycolysis and an inability to regulate the relationship between glucose and O 2  
metabolism, relative to normal cells [ 1 ]. Warburg hypothesized that the dysregula-
tion between glucose and O 2  metabolism in cancer cells was related to “damage” to 
the respiratory mechanisms (responsible for consuming O 2 ) requiring cancer cells 
to metabolize glucose uncontrollably to generate energy in the form of ATP for 
rapid proliferation. This hypothesis was initially challenged because cancer cells 
(relative to normal cells) were found to consume similar amounts of O 2  by respira-
tion [ 2 ]. Recently, Warburg’s original hypothesis has again been reformulated to 
propose  that   dysregulated metabolism of glucose by cancer cells occurs because of 
the need to meet the metabolic requirements of uncontrolled malignant cell prolif-
eration leading to increased biomass [ 3 ]. The paradoxical data that continue to con-
tradict hypotheses derived from Warburg’s original proposal [ 1 – 3 ] are twofold. 
First, radiotracer and imaging  techniques      that allow for the monitoring of surrogate 
markers for both glucose metabolism (i.e.,  18 FDG-PET imaging) and proliferation 
(i.e.,  18 FLT-PET) show that normal tissues such as bone marrow and gut epithelium 
proliferate as well as creating biomass at much higher rates than solid tumor cells, 
and yet do not appear to undergo increases in glucose metabolism to match that of 
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cancer tissues [ 2 ,  4 ,  5 ]. Secondly, cancer cells also appear to possess adequate 
capacity for metabolizing fat and amino acid substrates for the purpose of generat-
ing energy via  oxidative phosphorylation  , calling into question the assumption that 
cancer cells manifest any defi ciency in mitochondrial oxidative energy metabolism 
[ 2 ,  6 – 8 ]. 

 To reconcile these seemingly paradoxical fi ndings, numerous studies have now 
demonstrated that cancer cells (relative to normal cells) have altered mitochondrial 
oxidative metabolism resulting in increased steady-state levels of reactive oxygen 
species (ROS) (O 2  •−  and H 2 O 2 ) and glucose metabolism is upregulated to provide 
reducing equivalents in the form of pyruvate and NADPH to detoxify hydroperox-
ides to compensate for these alterations in mitochondrial metabolism of O 2  [ 9 – 22 ]. 
Furthermore, there is now also strong evidence that NADPH oxidase enzymes, per-
oxisomal metabolism, and metabolism of xenobiotics through the cytochrome P450 
monooxygenases can also generate O 2  •−  and H 2 O 2  that contribute to initiation, pro-
motion, and progression of malignant phenotypes. [ 23 – 28 ] Finally,  NADPH oxi-
dase enzymes  ,  peroxisomal metabolism  , and  cytochrome P450 metabolism   can all 
also provide a potential feed forward mechanism by which membrane and cytosolic 
sources of O 2  •− /H 2 O 2  can dysregulate the communication between cytosolic and 
mitochondrial oxidative metabolism to drive the progression of malignancy as well 
as other degenerative diseases associated with aging [ 29 ,  30 ]. 

 Given these new fi ndings related to the relationship between glucose and O 2  
metabolism in cancer cells as well as the theoretical construct relating electronic 
and cancer biology originally proposed by Szent Gyorgyi [ 31 – 34 ], mammalian 
organisms can now be conceptualized as complex higher order biological structures 
that generate their life force from the ability to extract electrons from food sources 
via oxidation reactions leading to the generation of ATP and reducing equivalents 
for biosynthesis, while consuming O 2  to dispose of electrons onto water molecules. 
In this regard the relationship between metabolic processes and gene expression 
pathways in mammals can be viewed as a “ horse   and a cart,” where the “ horse  ” is 
oxidative metabolism occurring in the cytoplasm and the “cart” is gene expression 
occurring in the nucleus (Fig.  6.1 ). The “ horse  ” and the “cart” are connected by the 
driver of signal transduction, that is primarily infl uenced by the fl ows and fl uxes of 
metabolic substrates as well as products of oxidation/reduction (redox) reactions 
between the cytoplasm and the nucleus. This fundamental relationship between 
metabolism and signal transduction directs the expression of genes that then coor-
dinately control normal cellular functions that must be closely matched to the meta-
bolic capabilities in the cell. Unfortunately for each individual living organism (but 
fortunately for Darwinian evolution) the reactive by-products of oxidative metabo-
lism, such as O 2  •− /H 2 O 2  as well as oxidative damage products (i.e., aldehydes and 
hydroperoxides) produced by the “ horse  ,” can cause covalent changes in the 
genome, that if unrepaired or mis-repaired lead to the gradual deterioration of the 
“cart” (Fig.  6.1 ). The gradual deterioration of the integrity of the genome eventually 
results in stoichiometric mismatches in the expression of proteins necessary to 
assemble the metabolic machinery of the “ horse  ” causing a more ineffi cient oxida-
tive metabolism leading to the accelerated production of reactive species and 

B.G. Allen and D.R. Spitz



105

 subsequent exponential deterioration of the genome as a function of aging. In this 
fashion the deterioration of the mammalian organism driven by ineffi ciencies in O 2  
metabolism as a function of age inevitably results in death either via degenerative 
diseases resulting from senescence or cancer induction (Fig.  6.1 ).

   Since the original observations that free radicals and H 2 O 2  produced by the radi-
olysis of H 2 O were capable of contributing to the toxicity of radiation, hyperbaric 
O 2 , and the onset of cancer induction during aging, [ 34 – 36 ] studies directed at test-
ing the “free radical theory of aging” and the “free radical theory of cancer” have 
been accumulating signifi cant momentum in the biomedical research community. 
The results to date are generally consistent with the concept of the “ horse   and cart” 
shown in Fig.  6.1 , suggesting that alterations in the coordinate regulation of mito-
chondrial and cytosolic oxidative metabolism do indeed result in the accumulation 
of oxidative damage to genetic and epigenetic processes as a function of aging. This 
accumulation of damage results in a feed forward mechanism whereby alterations 
in oxidative metabolism leading to increased steady-state levels of metabolically 

  Fig. 6.1    The “Horse and Cart”  model   for understanding the relationship between metabolism, 
signal transduction, and gene expression in mammalian biology as well as degenerative diseases 
associated with aging. Oxidative metabolism (the horse) and gene expression (the cart) are tightly 
coupled by signal transduction via the nonequilibrium steady-state fl uxes of reactive metabolic 
by-products and electron carriers that allow for the fl ow of electrons from reactions governing 
energy production and biosynthesis to gene expression pathways governing growth and develop-
ment. In this way metabolic redox reactions provide the coordinated production of energy and 
reducing equivalents necessary for cell survival, proliferation, biosynthesis, and differentiated 
function. The model predicts, degenerative diseases associated with aging arise from the fact that 
metabolic oxidation reactions are not entirely effi cient and by-products are formed via one- electron 
reductions of O 2  (electron leak) in electron transport chains leading to the formation of reactive 
oxygen species and oxidative damage products capable of disrupting gene structure and gene 
expression pathways. This ineffi ciency in metabolism slowly erodes the genetic integrity of the 
pathways governing the assembly and proper stoichiometry of the metabolic machinery necessary 
for the maintenance of normal cellular processes, causing the system to deteriorate as an exponen-
tial function of aging. Reactive oxygen species are therefore both necessary for living systems as 
redox signaling molecules and detrimental in mediating damage to the genome causing increased 
metabolic ineffi ciency accelerating the processes of senescence as well as onset of degenerative 
diseases associated with aging and cancer       
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derived ROS, such as hydrogen peroxide (H 2 O 2 ) and superoxide (O 2  •− ), dysregulate 
normal redox signaling processes leading to the exponential progression of degen-
erative diseases associated with aging and cancer. [ 37 – 43 ]. The multitude of spe-
cifi c reactions that H 2 O 2  and O 2  •−  mediate in the processes and pathways relevant to 
aging and cancer remains to be elucidated, but the preponderance of evidence, that 
H 2 O 2  and O 2  •−  exert pleiotropic affects that fundamentally contribute to aging and 
carcinogenesis, seems incontrovertible. 

 The current ambiguity surrounding the specifi c contributions of H 2 O 2  and O 2  •−  to 
the processes of aging and cancer appears to be dependent on the differences in 
steady-state levels and the intracellular localization of each specifi c reactive species 
as well as the intracellular antioxidants/repair pathways that remove these species 
and their damage products. The current review will focus on the role of H 2 O 2  in the 
process of carcinogenesis and aging with an emphasis on genomic instability and 
gene expression changes as well as altered cell function contributing to dysregu-
lated cell growth, differentiation, and senescence. Finally, the possibility that this 
dysregulated oxidative metabolism could provide an “Achilles Heel” for selectively 
killing cancer vs. normal cells will be explored.  

6.2     Hydroperoxides and Carcinogenesis 

   Oberley et al. originally proposed that O 2  •−   and      H 2 O 2  produced during oxidative 
metabolism might represent signaling molecules that coordinately regulate cell 
division and differentiation that became dysregulated during induction of cancer 
(due to alterations in superoxide metabolism) leading to neoplastic transformation, 
uncontrolled growth, and the inability to differentiate which are hallmarks of malig-
nancy [ 37 ,  38 ,  44 ]. This same group also proposed that these alterations in O 2  •−  and 
H 2 O 2  metabolism in cancer cells could be targeted with pharmacological and genetic 
approaches to improve cancer therapy outcomes [ 44 – 49 ]. These groundbreaking 
theoretical constructs as well as supporting data led to sustained and signifi cant 
interest in the role of free radicals, ROS, and specifi cally H 2 O 2  in cancer biology and 
therapy which persists to the present day. 

 As discussed previously, under normal steady-state conditions the generation of 
H 2 O 2  and O 2  •−  mediates many important signaling functions related to their reactivity 
and chemical biology. In mammalian cells hydroperoxides, including H 2 O 2 , reacting 
with redox active metal ions are believed to mediate two electron signaling including 
the oxidation of critical cysteine (and methionine) residues that activate kinases and 
inhibit phosphatases (reviewed in [ 14 – 16 ,  50 – 58 ]). In addition, hydroperoxides can 
also signifi cantly impact thiol-mediated reactions governing both genetic and epi-
genetic expression of functional genes (reviewed in [ 14 – 16 ,  50 – 58 ]). H 2 O 2  can also 
be chemotactic as part of the wound healing process initiating infl ammation and 
recruitment of white blood cells to the site of injury [ 59 ]. In normal wound healing, 
the production of H 2 O 2  is tightly controlled and is eventually downregulated during 
wound maturation. Intracellular H 2 O 2  concentrations are also  regulated by variety of 
enzyme mechanisms including catalase, cytosolic and mitochondrial glutathione 
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peroxidases, and cytosolic as well as mitochondrial peroxiredoxins which all convert 
H 2 O 2  to water [ 59 – 64 ]. 

 In cancer cells, an increased fl ux of steady-state levels of H 2 O 2  is often present 
[ 65 ] and appears to contribute to both pro-survival signaling processes and inducing 
genomic instability [ 14 ,  66 ]. Furthermore, H 2 O 2  can diffuse freely across cell mem-
branes or through specifi c aquaporin 3 channels and is relatively stable with a rela-
tively long half-life compared to other ROS and thus can affect neighboring cells 
and surrounding cellular stroma [ 67 – 70 ]. Therefore, H 2 O 2  metabolism may be con-
sidered to be highly dynamic as well as in steady-state equilibrium with the intracel-
lular and extracellular environment of tumor and normal tissues refl ecting the 
balance between cellular processes involving generation, transport, and removal. 

 In order for a normal cell capable of proliferation to undergo the full spectrum of 
phenotypic changes associated with malignant transformation, it must: (1) fi rst 
become immortalized which is associated with the initiation phase of carcinogene-
sis, (2) lose control of normal growth regulatory and differentiation processes lead-
ing to uncontrolled cell proliferation, genomic instability, and apoptotic resistance 
that is associated with the promotion phase of carcinogenesis and, (3) as the trans-
formed cell becomes increasingly genomically unstable, develop the ability to 
invade, metastasize, stimulate angiogenesis, and move through the circulatory sys-
tem to seed distant normal tissue sites and evade the immune surveillance system 
during the progression phase of carcinogenesis. 

 H 2 O 2  is known to be an excellent  DNA damaging agent   that with redox active 
metal ions (Fe and Cu) and reducing agents [ 71 – 74 ] can produce a broad spectrum 
of damage products including base damage, single and double strand breaks, sister 
chromatid exchanges, gene amplifi cation, DNA protein cross-links, deletions, and 
DNA–DNA cross-links [ 73 – 81 ]. As  DNA damaging agents   as well as molecules 
capable of mediating changes in signal transduction and gene expression, O 2  •−  and 
H 2 O 2  as well as downstream reaction products such as  organic hydroperoxides   and 
other reactive lipid-derived mediators have been proposed to be involved in both the 
promotion and progression phases of carcinogenesis [ 65 ,  82 – 86 ]. Cancer cells have 
also commonly been shown to demonstrate increased steady-state levels of O 2  •−  and 
H 2 O 2  relative to their respective normal cell counterparts [ 11 ,  12 ,  65 ,  87 – 89 ]. 
Increased levels of O 2  •−  and H 2 O 2  in cancer cells have been suggested to be the result 
of mutagenesis, stoichiometric mismatches, improper assembly, and/or dysregu-
lated electronic fl uxes through mitochondrial electron transport chain proteins [ 11 , 
 12 ,  14 – 16 ,  90 ,  91 ] as well as activation of NADPH oxidases [ 88 ,  89 ]. Increasing 
cellular concentrations of  hydrogen peroxide   has demonstrated an ability to stimu-
late cell proliferation, cell invasion, migration, apoptotic resistance, increased 
angiogenesis, infl ammation, and metastasis [ 92 – 97 ]. H 2 O 2  can also affect cell sig-
naling of pro-survival pathways and stimulate pro-carcinogenic effects by revers-
ibly inhibiting pathways involving phosphatases [ 98 ]. Specifi c pro-carcinogenic 
pathways affected by H 2 O 2  include tumor necrosis factor-alpha (TNF-α), phospha-
tidylinositol 3-kinase (PI3K)/AKT, ERK 1 and 2, p38 MAPK, NFκB, and hypoxia- 
inducible factor 1 (HIF-1) pathways [ 98 – 103 ]. Furthermore, H 2 O 2  has been 
suggested to be suffi cient to convert normal fi broblasts to migratory cancer associ-
ated myofi broblasts thereby promoting the acceleration of cancer progression [ 104 ]. 
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Increasing cellular concentrations of H 2 O 2  has also been suggested to activate HIF-1 
while overexpression of catalase and glutathione peroxidase prevents activation of 
HIF-1 and TNF-α [ 105 – 107 ]. Downstream targets of HIF-1α include pathways 
involving metabolism, cell growth, survival, invasion, migration, and angiogenesis 
[ 108 ]. Further support for H 2 O 2  playing a signifi cant role early in carcinogenesis 
includes the transformation of normal epithelial cells with oncogenes, such as Ras, 
that upregulate the production of H 2 O 2  and superoxide, via stimulation of  NADPH 
oxidase activity (NOX)   [ 109 – 114 ]. Alternatively, overexpression of antioxidants, 
such as catalase, in transformed cells demonstrating a malignant phenotype can 
result in reduced steady-state levels of H 2 O 2  and the reversion to a normal appear-
ance with normal growth rates [ 114 – 116 ]. 

  Catalase   is highly specifi c for H 2 O 2  scavenging as well as being a very catalyti-
cally active enzyme with a rate constant of 10 7  molecules of hydrogen peroxide 
converted to water and oxygen per second [ 117 ]. In addition, catalase-defi cient 
mice spontaneously develop mammary tumors [ 118 ] suggesting a pro-carcinogenic 
function for H 2 O 2 . Similarly in humans, the CC allele of the catalase gene is associ-
ated with increased serum catalase activity and reduced incidence of breast cancer 
by 17 % compared to having at least one variant T allele [ 119 ]. Finally, treatment of 
murine tumor models with catalase has been demonstrated by several groups to 
inhibit tumor recurrence and metastasis [ 94 ,  120 – 123 ], again suggesting a pro- 
tumorigenic and pro-progression role for H 2 O 2 . 

 In addition to  catalase  ,  glutathione peroxidases   [ 124 ] and  peroxiredoxins   [ 125 ] 
are also known to catalytically break down H 2 O 2  as well as organic hydroperoxides 
(ROOH). Consistent with the fi ndings of tumor suppression using catalase, overex-
pression of  GPX1   (targeted to both the mitochondria and cytosol) as well as  GPX4   
(specifi cally targeted to the mitochondria) has been shown to reduce cancer cell 
proliferation, tumor growth, and metastasis [ 126 – 128 ]. Also, consistent with the 
cancer cell growth inhibition seen with GPX and catalase overexpression studies, 
knockdown of peroxiredoxins 1 and 4 promotes human lung cancer malignancy 
again supporting the hypothesis that increased steady-state levels of hydroperoxides 
can have pro-tumorigenic effects [ 125 ,  129 ]. 

 In addition to the individual cancer cells, the tumor microenvironment plays a 
critical role in tumor development and again H 2 O 2  originating from the cancer cells 
as well as the stromal fi broblasts is thought to play a pro-tumorigenic and pro- 
progression role [ 130 ]. Consistent with this idea, cancer cells have been shown to 
induce oxidative stress in adjacent stromal cells resulting in genomic instability 
including DNA damage and aneuploidy as well as inducing autophagy and mitoph-
agy that appears to provide the cancer cells with nutrients (lactate, ketones, and 
glutamine) for continued growth [ 131 ,  132 ]. In addition, co-culture of fi broblasts 
with cancer cells results in fi broblasts beginning to demonstrate a transformed phe-
notype with increased expression of myofi broblast markers, extracellular matrix 
proteins, and activation of TGFβ/Smad2 signaling [ 133 ]. The addition of catalase 
prevented the phenotypic changes in fi broblasts identifying the predominant ROS 
signaling molecule as hydrogen peroxide to activate NFκB and HIF-1 signaling 
[ 132 – 135 ]. Similarly, the overexpression of either HIF-1α or NFκB in normal stromal 
fi broblasts induced mitophagy and stimulated the growth of human breast cancer 
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xenografts by two to threefold [ 132 ]. Thus, in addition to creating genomic instability 
[ 80 ,  81 ] H 2 O 2  may be considered as a driver mechanism for cancer cells to obtain 
nutrient support from adjacent cells and stroma through induction of autophagy and 
mitophagy. 

 Since cancer cells appear to demonstrate increased steady-state levels of H 2 O 2 , it 
has been postulated that H 2 O 2  levels in vivo may be utilized to detect and diagnose 
cancer serving as an early marker as well as a marker of disease progression [ 117 , 
 136 – 139 ]. While this methodology has not been widely tested or verifi ed, there are 
recent reports that increases in exhaled H 2 O 2  are detectable in breast and lung cancer 
patients and appear to correlate with clinical severity of disease [ 138 ,  139 ]. These 
fi ndings also support the hypothesis discussed previously that, cancer cells may 
increase glucose metabolism to regenerate NADPH from the pentose cycle to fuel 
the detoxifi cation of hydroperoxides via glutathione- and thioredoxin- dependent per-
oxidases as well as generate pyruvate from glycolysis which is capable of directly 
reacting with hydroperoxides in a deacetylation reaction leading to peroxide detoxi-
fi cation [ 11 ,  12 ,  16 ,  140 – 154 ]. While this increase in metabolism of glucose provides 
suffi cient peroxide detoxifi cation capacity to suppress redox stress-induced cell 
death pathways, the resulting disruption in normal redox signaling pathways inhibits 
the ability of cancer cells to differentiate, control cell division, and perform proper 
differentiated cellular functions. If this hypothesis was confi rmed clinically, then 
  18 Fluoro-2-deoxy-D-Glucose (FDG) labeling   followed by  positron emission tomog-
raphy (PET) imaging   could be used as a predictor of increased steady-state levels of 
hydroperoxides in cancers to predict cancer cell sensitivity to interventions targeting 
dysregulated oxidative metabolism [ 11 ,  12 ,  143 – 154 ]. 

 It is known that normal tissues experiencing chronic infl ammation and oxidative 
stress during radiation-induced late normal tissue injury have also been suggested to 
have increased metabolic production of hydroperoxides as well as demonstrated 
increased uptake of  18 FDG on PET imaging that may be predictive of severity of 
normal tissue responses to radiation [ 150 ]. In this way, enhanced glucose uptake, 
monitored using FDG-PET imaging techniques, has also been proposed as a nonin-
vasive marker in normal tissues of increased metabolic production of hydroperox-
ides that could be used to prospectively predict therapy outcomes to interventions 
involving manipulations of redox metabolism such as SOD mimics [ 150 ]. The 
mechanistic insights gained from these imaging technologies could also be used to 
guide therapy decisions based on the fundamental knowledge of how glucose 
metabolism may be regulating peroxide tone differentially in cancer vs. normal tis-
sues in vivo [ 150 ,  151 ,  152 ].    

6.3     Hydrogen Peroxide and Anticancer Treatments 

   The utility of hydrogen peroxide as an anticancer  agent      has a long and controversial 
history. In the 1950s, it was reported that rats bearing adenocarcinoma implants had 
a cure rate of 50–60 % when replacing drinking water with dilute solutions of H 2 O 2  
[ 155 ]. Unfortunately, consuming H 2 O 2  as an adjuvant to cancer therapy was not 
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successfully reproduced [ 156 ] but interest in hydrogen peroxide as an anticancer 
therapy continued. In the early 1980s, it was reported that glucose oxidase covalently 
coupled to polystyrene microspheres produced H 2 O 2  and prolonged the survival of 
mice with implantable lymphoma cells with minimal toxicity towards the host mouse 
tissues [ 157 ]. However, in 1993, after reviewing the available literature, the American 
Cancer Society concluded that there was no evidence that treatment with H 2 O 2  was 
safe or resulted in a therapeutic benefi t for patients with cancer [ 158 ]. 

 While delivery of external genuine H 2 O 2  to cancer cells is diffi cult and has shown 
little benefi t in cancer therapy, metabolic manipulations to increase intracellular 
steady-state levels of pro-oxidants such as H 2 O 2  have been demonstrated to have 
signifi cant anticancer effects [ 159 ].  Superoxide dismutase enzymes (SOD)   are 
expressed in a variety of cellular compartments in addition to outside the cell and 
convert 2O 2  •−  into hydrogen peroxide and O 2 . Several studies have shown that the 
overexpression of the SOD1 and SOD2 isoforms reduces tumor growth, metastasis 
potential, and malignant phenotype [ 46 ,  160 – 164 ]. Furthermore,  overexpression of 
catalase   which converts H 2 O 2  in water and oxygen as well as the antioxidant enzyme 
glutathione peroxidase which breaks down lipid peroxides and hydrogen peroxide 
into their respective alcohols or water, reverses the antiproliferative effect of SOD 
overexpression indicating that hydroperoxides and specifi cally H 2 O 2  are involved in 
the anticancer effects of SOD overexpression [ 164 ,  165 ]. This apparent differential 
SOD overexpression-induced H 2 O 2  production in cancer vs. normal cells has been 
further studied using a kinetic model looking at the ability of SOD to pull electrons 
off electron transport chains when the reverse rate constant for the superoxide back 
reaction with the electron donor is more favorable than the forward rate constant 
[ 166 ]. This model was tested and fi t very well with the observed H 2 O 2  data and 
growth inhibition seen with MCF-7 human breast cancer cells overexpressing SOD2 
[ 166 ]. Furthermore, increases in intracellular H 2 O 2  can also modulate apoptotic 
pathways in cancer cells in seemingly paradoxical ways [ 167 ,  168 ]. Thus, it appears 
that in addition to its role in promoting carcinogenesis, hydrogen peroxide may also 
play an anticancer role at higher cellular concentrations that may explain why H 2 O 2  
can be both pro-tumorigenic as well as therapeutic [ 93 ,  94 ,  167 ,  168 ]. 

 There have been numerous recent reports of using increased tumor cell meta-
bolic production of hydrogen peroxide as a possible cancer therapy to kill and/or 
sensitize tumor cells to traditional therapies including chemotherapy and radiation 
therapy [ 169 – 176 ]. A rapidly emerging and readily clinically implementable way of 
selectively increasing H 2 O 2  levels in cancer vs. normal cells is the use of very high 
dose intravenous pharmacological doses of ascorbate (Vitamin C) that raise plasma 
levels of ascorbate to ~20 mM [ 177 – 181 ]. Pharmacological ascorbate has been 
recently shown to selectively increase the sensitivity of both chemotherapy and 
radiation in a variety of cancer cell types relative to normal cells and appears to have 
this selective action via a mechanism that selectively increases cancer cell H 2 O 2  
[ 177 – 181 ]. 

  Pharmacological levels of ascorbate   being used as an antitumor agent also have an 
interesting and controversial history. In the 1970s, Drs. Cameron and Pauling showed 
that high dose ascorbate (10 g intravenous and 10 g orally) increased survival by a 
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mean of 300 days in a variety of cancer types [ 182 ]. In contrast, in the late 1970s 
and early 1980s, two randomized controlled clinical trials demonstrated that there 
was no difference in survival between patients receiving placebo or 10 g of oral 
ascorbate [ 183 ,  184 ]. Unfortunately, after these two negative studies were pub-
lished, interest in ascorbate as an anticancer agent fell from favor in the research 
community. However, the clear differences between the trials were that Cameron 
and Pauling’s group dosed ascorbate intravenously for 10 days followed by oral 
administration, while the randomized clinical trials of the late 1970s–early 1980s 
dosed the ascorbate exclusively orally. Careful pharmacokinetic studies would later 
show that oral ascorbate dosing was only able to achieve plasma concentrations of 
100–200 μM, while intravenous ascorbate dosing was able to achieve doses as high 
as 20–30 mM [ 185 – 188 ]. This difference in pharmacokinetics in the oral absorption 
of ascorbate appears to be due to tightly controlled uptake by gut and removal via 
kidney fi ltration [ 189 ]. These  ascorbate dosing   and plasma concentration differ-
ences likely explain the observed differences in between the two sets of clinical 
trials done prior to 1985. 

 While it is still not completely clear what mechanisms govern the ability of phar-
macological ascorbate to selectively increase steady-state levels of hydrogen perox-
ide and clonogenic cell killing in cancer cells, basic research and clinical studies 
that are ongoing have provided new mechanistic insights.  Ascorbic acid   is water 
soluble and redox active with two ionizable hydroxyl groups (pK 1  of 4.2 and pK 2  of 
11.6). Ascorbate auto-oxidation is pH dependent and can be accelerated by catalytic 
metal ions such as iron and copper [ 190 ,  191 ]. Ascorbate can be oxidized to the 
ascorbate radical in the process of reducing ferric (Fe 3+ ) iron to ferrous (Fe 2+ ) iron. 
The ascorbate radical can be detected in extracellular fl uid but is not able to be 
detected in whole blood because of the presence of erythrocyte associated catalase, 
peroxidases, and peroxiredoxin [ 179 ].  Ferrous iron   can be oxidized to ferric iron by 
reducing molecular oxygen to superoxide (O 2  •− ).  Superoxide   can then dismute either 
spontaneously or enzymatically driven by the SOD catalyzed reaction into H 2 O 2  and 
molecular oxygen. Ferrous iron can also react with H 2 O 2  to form the highly reactive 
hydroxyl radical (OH • ) and ferric iron via the Fenton reaction [ 192 ]. 

 In normal cells functioning under normal steady-state conditions, iron levels are 
tightly regulated by the iron regulatory proteins ferritin and transferrin [ 193 ]. 
 Transferrin   is a circulating iron regulatory glycoprotein with a high affi nity for fer-
ric iron making the iron redox inactive [ 194 ]. Iron bound transferrin is able to bind 
to transferrin receptors on cell surfaces with the complex being internalized to an 
endosome. Under acidic conditions, iron is released and ferric iron is reduced to 
labile ferrous iron where it is incorporated in iron containing proteins, such as 
 iron- sulfur clusters in the electron transport chain, or stored in the Fe +3  state bound 
to ferritin. Ferric iron bound by ferritin can be released as Fe +2  by reducing agents 
including thiols, ascorbate, superoxide, and reduced fl avins [ 195 ,  196 ]. Once 
released, iron has the potential to interact with H 2 O 2  or organic hydroperoxides 
(ROOH) forming the highly reactive OH •  or RO • . Interestingly, unlike normal cells, 
cancer cells appear to exist under steady-state metabolic conditions where they have 
increased levels of superoxide and hydrogen peroxide [ 12 ]. Furthermore, cancer 
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patients have been reported to have elevated serum and tissue ferritin concentrations 
[ 197 – 200 ]. Since high levels of ascorbate can induce the release of labile iron from 
proteins [ 201 ] and cancer cells may have increased labile iron as a function of hav-
ing increased levels of superoxide and hydrogen peroxide, ascorbate might selec-
tively auto-oxidize in cancer cells producing much greater [H 2 O 2 ] and further 
increasing the labile iron pools and therefore selectively induce oxidative stress and 
radio-chemo-sensitivity in cancer cells, relative to normal cells. Furthermore, prein-
cubation of cells with the iron chelator, deferoxamine, protects against ascorbate- 
induced toxicity [ 202 ]. An additional possible explanation as to why cancer cells 
are more sensitive to pharmacological doses of ascorbate is that normal epithelial 
cells have reduced endogenous generation of ROS and therefore normal cell H 2 O 2  
levels can be more closely regulated by glutathione peroxidase, catalase, and perox-
iredoxins. In contrast, cancer cells have a high background rate of ROS production 
from electron transport chains and NADPH oxidase activity coupled with a poten-
tially compromised ROS metabolism [ 12 ,  44 – 48 ] therefore existing closer to the 
threshold of cytotoxicity and can be more easily pushed to toxic levels by cellular 
insults including pharmacological ascorbate combined with chemotherapy and radi-
ation therapy [ 203 – 205 ]. If metabolic sources of O 2  •−  and H 2 O 2  and downstream 
increases in redox active metal ion pools can be confi rmed as being the causative 
agents for the selective toxicity of pharmacological ascorbate in cancer vs. normal 
cells, these mechanistic insights could be exploited using many different agents and 
biochemical approaches that take advantage of this metabolic frailty in cancer cell 
metabolism in order to develop new curative combined modality therapies. 

 To that end, several Phase I clinical trials have been published demonstrating the 
safety and tolerability of pharmacological doses of ascorbate with chemotherapy 
agents [ 187 ,  188 ,  206 – 208 ]. Contraindications of pharmacological ascorbate ther-
apy include glucose-6-phosphate dehydrogenase (G-6-PD) defi ciency. Removal of 
H 2 O 2  in the blood requires NADPH produced from the pentose phosphate shunt via 
the G-6-PD enzyme [ 209 ]. Thus, G-6-PD defi ciency could allow for the accumula-
tion of excessive quantities of ROS resulting in a hemolytic anemia during treat-
ment with pharmacological ascorbate [ 210 ]. Finally, it does not appear that ascorbate 
reduces the effectiveness of chemotherapy and/or radiation therapy and therefore 
should only contribute to improved clinical responses when combined with more 
traditional therapies [ 180 ,  181 ,  211 – 215 ].    

6.4     Summary 

 In conclusion, metabolic production of H 2 O 2  in the presence of redox active metal 
ions is known to contribute to several steps involved with carcinogenesis that can 
induce genomic instability, tumor promotion, and cancer progression. However, 
when selectively increased in cancer vs. normal cells, H 2 O 2  can be utilized to 
enhance cancer therapy responses by increasing metabolic oxidative stress and sen-
sitizing cancer cells to traditional chemotherapy and radiation therapy. In this way, 
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H 2 O 2  can be considered as a double-edged sword that can exert both detrimental and 
benefi cial effects in cancer biology and therapy. Understanding the critical mecha-
nistic details of these pleiotropic effects of H 2 O 2  could yield very exciting develop-
ments in the quest to develop new biochemical rationales for controlling cancer in 
human populations.     
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SOR Superoxide reductase
UV-vis. UV-visible spectroscopy
WT Wild type

7.1  Mimicking Manganese Superoxide Dismutases: Why 
and How?

[Naturam] si sequemur ducem, numquam aberrabimus, Cicero, De officiis, I, 100
Let Nature guide us: we shall never get lost

Superoxide dismutases (SODs) are crucial proteins for protecting cells from 
superoxide, a reactive species derived from dioxygen by one-electron reduction. 
SODs catalyze the dismutation of superoxide, resulting in a tight control of its con-
centration in biological environments. Superoxide is a metastable anion endowed 
with both signaling functions and toxic properties, valuable for fighting against 
pathogens. Superoxide can be harmful leading to molecular modifications, which 
disturb endogenous functions of biomolecules. Oxidative stress reflects an imbal-
ance between the continuous production of reactive oxygen species (ROS) and the 
antioxidant protective pathways, and is associated with a wide range of physio-
pathological conditions, including aging. SODs are remarkably efficient proteins 
that have elicited strong interests for many years. Indeed, besides the biological role 
of SOD in controlling oxidative stress conditions, understanding their physico-
chemical parameters, selected by evolution and responsible for their amazing effi-
ciencies, is of fundamental interest and can also serve as a useful and effective 
guideline for chemists aiming at developing antioxidant derivatives for therapeutic 
applications against oxidative stress. This chapter focuses on the SOD physico-
chemical parameters that are useful for chemical design of low-molecular-weight 
complexes displaying superoxide scavenging activity. Nature is an endless source of 
both inspiration and challenges for chemists, and in turn, chemical modeling can 
help in deciphering underlying physicochemical characteristics determining bioac-
tivity. Inspiration from natural systems and processes, providing their mechanisms 
have been dissected with care, can pave the way to efficient and original systems. 
The development of low-molecular-weight SOD mimics constitutes a shining 
example of this fertile interplay with Nature.

7.2  Dioxygen and Superoxide Dismutases

7.2.1  Dioxygen and Oxidative Stress

Dioxygen is necessary for aerobic life. Its concentration rose on Earth as a result of 
oxygenic photosynthesis that appeared in cyanobacteria about 2.5 billion years ago. 
This process enables the efficient retrieving of light energy for the synthesis of ATP, 
and ultimately organic sugars, and releases O2 as a by-product. Rising concentration 

C. Policar



127

in dioxygen initiated a profound modification of the redox state on Earth, going 
from a reducing environment, still roughly found in the interior of cells, to an oxi-
dant environment. In a certain sense, dioxygen can be considered as the first chemi-
cal pollutant and held responsible for an event called the Oxygen Catastrophe or the 
Great Oxidation Event [1, 2]. The increase in its concentration was associated with 
strong variations in the chemical environment on Earth: the greenhouse methane 
gas disappeared, with a fast decrease in temperature [2], oxidation of metal ions 
with drastic modifications in their solubility and bioavailability occurred [3], etc. 
The appearance of dioxygen triggered an increase in molecular diversity by opening 
the possibility of oxygen incorporation into organic molecules through new meta-
bolic pathways. However, because of its triplet spin-state (S = 1) resulting from its 
two-unpaired electron, diradical ground state nature, dioxygen is not very reactive 
with organic molecules (S = 0, singlet, with all paired electrons): the incorporation 
of an oxygen atom into a C–H bond, leading to a C–OH moiety for instance, cor-
responds to the creation of new covalent bonds associated with a spin-flip from the 
S = 1 diradical dioxygen species, which is energetically costly with a high activation 
barrier [4]. Hence, to be used by biological systems, dioxygen needs to be activated, 
which mainly occurs through reductive pathways as in cytochromes P450 (CYP450) 
or methane monooxygenase (MMO), etc. [5, 6]. Dioxygen can take up four elec-
trons leading to water or can be sequentially reduced into superoxide (O2

•−), hydro-
gen peroxide (H2O2) or hydroxyl radical (HO•) and then H2O (see Fig. 7.1). The 
partially reduced species—superoxide, hydrogen peroxide, and hydroxyl radical—
are much more reactive than dioxygen itself, with no spin-state kinetic barrier for 
the reaction with singlet molecules, and hence are called reactive oxygen species 
(ROS) or sometimes, to point out their reduced nature, partially reduced oxygen 
species (PROS) [7]; in this chapter the more commonly used acronym ROS will be 
used. They are continuously produced in biological systems by endogenous mecha-
nisms. Mitochondrial respiration, the reverse process of photosynthesis, consists of 
the four-electron reduction of dioxygen into water (Fig. 7.1) and results in a flow of 
ROS when the four-electron transfer is decoupled, that is, not performed in a single 
step. This decoupling leads to an incomplete reduction of dioxygen and about 1–3 % 
of the dioxygen processed by the mitochondria leaks as superoxide [8, 9].

2 H2O O2 + 4 e— + 4 H+(1)

(2)

O2 + e— O2
—

O2
— + e— + 2H+ H2O2

H2O2 + e— HO— + HO

HO + e— HO—

(3)

(4)

(5)

(6)

Fig. 7.1 Oxidation of water and reduction of dioxygen. Reduction cascade of O2 leading to reac-
tive oxygen species ROS. Note that superoxide can be labeled O2

− or O2
•− to emphasize its radical 

nature, as dioxygen could be labeled O2 or O2
•• to indicate its diradical nature. In the main text, we 

have chosen to use O2
•−
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Because of their reactivity, ROS can damage endogenous components. The 
hydroxyl radical HO• is the most reactive and deleterious species in the dioxygen- 
reduction cascade. HO• initiates radical production through hydrogen abstraction 
from any R–H molecule with a kinetics close to the diffusion limit, i.e., the first 
collision with another molecule being reactive-efficient. Superoxide (O2

•−) and 
hydrogen peroxide (H2O2) are less reactive but superoxide is known to abstract 
hydrogen from DNA (DNA nicking) [10, 11], to deactivate radical proteins, such as 
ribonucleotide reductase, to initiate and also terminate lipid peroxidation [12]. One 
of the main biological effects of superoxide is the inhibition of iron-sulfur proteins, 
such as 6-phosphogluconate-dehydratase [13] or aconitase [14, 15], by the destruc-
tion of their metallic clusters. This process releases FeII that may in turn participate 
in the production of HO• through the Fenton reaction involving H2O2 (see Fig. 7.2). 
This reaction corresponds to the reduction of H2O2 into HO− with the release of 
HO•—note that the oxygen atoms in HO• and H2O2 are at the same redox state—and 
oxidation of FeII into FeIII. CuI is able to perform a similar reaction, whereas most of 
Mn ions, having higher redox potential, are not [9, 16–18]. The concentration of CuI 
and FeII in biological media is tightly controlled and most of iron is coordinated by 
biomolecules or precipitated within ferritin [19]. This process would not be of much 
significance if CuI or FeII ions were not regenerated, which is made possible by 
superoxide or other cellular reductants, which may cycle FeIII back to FeII or CuII to 
CuI (see reaction [8]) leading to the Haber–Weiss reaction (see Fig. 7.2).

But ROS are also useful species. Low levels of ROS are necessary for a variety 
of cellular processes, including cell adhesion, cell growth and differentiation, or 
intracellular signaling [20]. In addition, biological systems take advantage of ROS 
to fight against pathogens. Indeed, macrophages and other immune cells produce 
high extracellular flows and high intra-phagosome concentrations of ROS to kill 
infectious agents through oxidative damage [21]. Last, but not least, it has been 
proposed that the ROS-induced chemical stress on biomolecules, e.g., DNA and 
proteins, provided an essential source of chemical diversity that enabled adaptation 
and chemical evolution at the origins of life [22].

In living organisms, efficient pathways to finely tune the concentrations of super-
oxide and hydrogen peroxide have evolved to protect endogenous components against 
oxidative damage and to control ROS concentrations to appropriate levels. Such 

H2O2 + Mn+ (7) Fenton reactionHO— + HO + M(n+1)+

O2
— + M(n+1)+ O2 + Mn+ (8)

H2O2 + O2
— HO— + HO + O2

M(n+1)+/Mn+

(9) Haber-Weiss
reaction

Mn+: CuI or FeII

Fig. 7.2 Fenton and Haber Weiss reactions: oxidation of low-oxidation state metal ion by hydro-
gen peroxide and cycling back to low-oxidation state with superoxide. Note that in biological 
systems, other reductants can be involved in this reduction
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pathways can involve stoichiometric antioxidants (e.g., vitamins E and C, and GSH) 
or redox enzymes, such as catalase, glutathione peroxidase, superoxide dismutases 
(SODs), and superoxide reductases (SORs); SODs are the focus of this chapter. 
Oxidative stress arises when these protective pathways are imbalanced by an increase 
in ROS flow or a decrease in protective enzymes expression or activity. This leads to 
a wide range of physiopathological processes, including aging, arthritis, stroke, neu-
rodegenerative diseases (Parkinson and Alzheimer diseases), amyotrophic lateral 
sclerosis (ALS), cancer, or inflammation [22–26].

7.2.2  Superoxide Dismutases and Manganese: An Efficient 
Protection Against Oxidative Stress

SODs are metal-containing oxidoreductases that catalyze the dismutation of super-
oxide—oxidation to dioxygen and reduction to hydrogen peroxide (see Fig. 7.3). 
They maintain the concentration of superoxide inside cells at very low levels (less 
than 50 pM in E. coli or mammalian cells) [14, 15, 27]. They are crucial proteins in 
the protective antioxidant arsenal, since superoxide is the first step in the ROS cas-
cade from dioxygen to water (see Fig. 7.1). Mammalian cells produce three different 
SODs, involving either copper-zinc or manganese metal centers: SOD1, CuZnSOD 
found in the cytosol, in the nuclear compartments, and in the mitochondrial inter-
membrane space; SOD2, a MnSOD found in the mitochondrial matrix, which is its 
exclusive location in human beings; and SOD3 (EC-SOD), an extracellular 
CuZnSOD, found in extracellular matrix of tissues and extracellular fluids (such as 
plasma) [1, 9]. SODs are compartmentalized, which means they are not able to cross 
membranes, move from one organelle to another, nor enter/leave cells. The mito-
chondrial MnSOD has a particular biological importance in mammals: its knockout 
is lethal to newborn mice [28, 29], whereas this is not the case for CuZnSOD [30]. 

O2 + H2O2 (10)2 O2
— + 2H+

kspont. pH7 = 5.0 105 mol-1Ls-1

O2O2
—

O2
— + 2H+H2O2

Mn+ M(n-1)+

M = Cu(Zn), Fe, Mn, Ni
kcat(MnSOD)= 109 mol-1Ls-1

O2 + e—O2
—

O2
— + e— + 2H+ H2O2

(-3)
(4)

a b

Fig. 7.3 (a) Spontaneous superoxide dismutation—or autodismutation, and (b) simplified ping-
pong mechanism for the catalysis of superoxide dismutation. The kinetic data are from [61] and 
[58]
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In addition, dysregulation of MnSOD or MnSOD natural mutations—an example of 
protein polymorphism—has been proposed to be involved in cancer [20]. Other 
metal ions can also be found as cofactors in non-mammalian SODs: iron in FeSOD, 
which coevolved with MnSOD from a common ancestor, shows high degrees of 
both sequence identity and structural homology with MnSOD and was discovered 
in 1973 [31]; and nickel in NiSOD, which belongs to a rarer SOD family discovered 
in 1996 [32].

SODs have been found in almost all aerobic, facultative anaerobic, and even in 
some anaerobic organisms, where they have been sought. An exception is the case 
of microaerophilic and anaerobic bacteria that contain a superoxide reductase 
(SOR), which detoxifies superoxide by its reduction into H2O2. Detoxification of 
superoxide by SORs avoids O2 release which would be expected to be toxic in air- 
sensitive microorganisms [9, 33]. When SOD are not present or show a low activity 
(e.g., Leptospira interrogans serovars [34], Lactobacillus plantarum [35], and 
Neisseria gonorrhea [36]), cells are either very rich in catalase or show a high intra-
cellular concentration of MnII (up to 15–30 mM in Lactobacillus plantarum [35]). 
These observations are interesting in several ways:

 (a) Few organisms are found without any SOD or SOR: this observation empha-
sizes the importance of superoxide removal and the need for protection against 
superoxide.

 (b) Viable organisms, although rare, are found with no SOD but with high concen-
tration of catalase, which seems to rescue them in the absence of SOD or 
SOR. This could suggest that the key feature is to limit the time of co-residence 
of superoxide with hydrogen peroxide. O2

•− and H2O2 are inevitably found at the 
same location in biological systems because superoxide self-dismutation pro-
duces H2O2. This leads potentially to Haber–Weiss chemistry (see Fig. 7.2) in 
the presence of soluble iron(II) or copper(I), redox states that can be found in 
cells where the environment is reducing [37]. Limiting the co-residence time of 
H2O2 and O2

•− restricts possible Fenton/Haber–Weiss chemistry that would lead 
to the continuous production of the deleterious HO• by the use of superoxide for 
Fe or Cu redox cycling.

 (c) Organisms such as Lactobacillus plantarum suggest that, beside SOD/SOR 
protection, high concentration of manganese is another possible rescue mecha-
nism from ROS damage.

The question of the speciation of Mn ions in cells and of the involvement of non- 
proteinaceous Mn-complexes in antioxidant defense has recently been a matter of 
intense research [18, 38]. Due to its high redox potential (1.51 V vs. NHE, see 
Figs. 7.4 and 7.12), the hexaaqua MnIII/MnII couple is not an efficient catalyst for 
superoxide dismutation, which would require a redox potential in between the redox 
potentials of the two couples related to both superoxide oxidation and reduction (see 
Fig. 7.4) [39, 40]. But the hexaaqua MnIII/MnII couple can act as a stoichiometric 
scavenger. In addition, the presence of intracellular coordinating anions, such as 
lactate or phosphate, has been shown to lead to complexes with an effective SOD 
activity, associated with cellular oxidative stress resistance [35, 39, 41, 42]. Even if 
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their rate of superoxide dismutation is lower than that of SODs, the corresponding 
Mn complexes can efficiently protect cells if sufficiently concentrated. Mn ion can 
exchange its ligands, especially at the +2 oxidation state, and biological environ-
ments abound with coordinating molecules. It is thus possible that Mn complexes 
formed inside cells could act as efficient SOD mimics: they are possibly in dynamic 
exchange, and hence difficult to isolate and characterize, but some may show redox 
potential appropriate for SOD activity. Recently, it has been shown that this battery 
of Mn antioxidants was tightly regulated by specific pathways in Saccharomyces 
cerevisiae [43], indicating these non-proteinaceous Mn-antioxidants are not only 
passively formed in cells [18].

Fig. 7.4 Standard redox potentials E°′ V vs. NHE for superoxide at pH 7 [7], midpoint potential 
optimal for catalysis of the dismutation (Emidpoint) [60], redox potentials reported for several SOD 
(see also Table 7.1) and for hexa-aqua MnIII/MnII and hexa-aqua FeIII/FeII
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7.2.3  SOD Discovery: A History of Anti-Inflammatory 
Properties (See Also Chap. 1)

Through their anti-superoxide activity, SODs show interesting pharmacological 
properties. Indeed, the antioxidant and anti-inflammatory properties of SODs are 
closely associated with their discovery, which occurred, not once but three times 
[22]. In 1938, Mann and Keiling, interested in the speciation of copper ion in blood, 
isolated from horse serum a protein described as a copper-binding protein that they 
called hemocuprein [44]. Twenty years later, a similar copper-protein, erythrocu-
prein, was isolated from human erythrocytes [45]. In both occasions, several enzy-
matic activities for these proteins were sought: catalase, peroxidase, cytochrome 
oxidase, or carbonic anhydrase activities, by Mann and Keimann [44] and oxidase 
activities with various substrates by Markowitz et al. [45]. But none could be found.

In 1931–1932, Pauling had suggested that superoxide, as a possible “intermedi-
ate between molecular oxygen and hydrogen peroxide, should have enough stability 
to exist” [46] and superoxide had been characterized as potassium superoxide by 
Nauman in 1934 [46–48]. However, the idea that superoxide could be involved in 
biological environments appeared only in 1968, when Knowles found that 
 superoxide could be produced by xanthine oxidase [49, 50]. Taking advantage of 
this finding, McCord and Fridovich showed that erythrocuprein has an enzymatic 
activity associated with the dismutation of superoxide and they designed an assay 
that is still widely used today (see insert at the end of Chap. 7) [51]. Independently, 
Huber et al. isolated a protein from bovine liver, orgotein, based on its anti-inflam-
matory properties. The physicochemical properties of this protein are close to those 
of hemocupreins and erythrocupreins [52]. The link between inflammation and 
superoxide was suggested soon after by Babior et al. [53]. Indeed, inflammation is 
a physiopathological condition characterized by a high production of ROS by mac-
rophages or immune cells. This chemical signal causes the recruitment of additional 
ROS-producing cells and enhances the biological response with a higher flow in 
ROS meant to kill pathogens but leading also to unintended biological damage.

7.2.4  Mimicking SODs by Low-Molecular-Weight Complexes: 
SOD Mimics

Since this pioneering work, purified SODs have been successfully used in clinical 
trials [26, 54], and antioxidants in general, including SODs, are now quite well 
documented for their beneficial effects in oxidative stress situations [22, 24–26]. 
Nonetheless, major drawbacks limit the applications of the SOD enzymes in thera-
peutics: cost of production, immunogenicity, short half-life in plasma, inefficient 
per os delivery added to limited cellular accessibility [24], and clearly, stabilizing 
SODs in biological environment is not straightforward [55]. These limitations can 
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be overcome by using low-molecular-weight complexes reproducing the catalytic 
activity of SODs, also called SOD mimics [17, 56]. In the literature, SOD mimics 
have been designed to react with superoxide outside of any cellular context [17, 56] 
and some are reportedly efficient in ameliorating oxidative stress, both in cells and 
in vivo [24–26, 54, 57]. Of note, we have used here a circumlocution to designate 
studies performed outside any cellular context, e.g., in UV-vis cuvette as in the 
McCord and Fridovich assay: in vitro, a term frequently used by chemists, is not 
fully appropriate here as for cell biologists it refers to studies in cell cultures as in 
contrast with studies performed in animal models. To avoid any misunderstanding, 
we refer herein to activities evaluated outside any cellular context as intrinsic activ-
ities in contrast with in cell activities and in vivo activities. In the case of SOD 
mimics, intrinsic activity will refer to the kinetics of the reaction with superoxide 
(see insert for methods of evaluation), possibly the catalytic constant in case of a 
true catalytic SOD mimic.

To obtain a complex acting as an SOD mimic with therapeutic efficacy against 
oxidative stress, a primary need is to design nontoxic complexes with a good 
 intrinsic activity. Some excellent reviews have been previously published on the 
rational design of SOD mimics to delineate important features for an efficient intrin-
sic activity [17, 56], or for application in therapeutics [23–26, 54, 57]. In the follow-
ing sections, we will focus on approaches aimed at designing SOD mimics 
bioinspired by SODs’ main features, and more particularly those of MnSODs. We 
will draw the main characteristics of SODs on which chemists focused for the 
design of SOD mimics. We will then describe different strategies set up to enhance 
the activity of SOD mimics following the footsteps of Nature.

7.3  SODs Physicochemical Characteristics: A Guideline 
for Chemists

All SODs, whatever the metal ion involved at the active site, are very efficient 
enzymes, reacting with superoxide with kinetics close to the diffusion limit [58], 
and the parameters responsible for this efficient activity have been carefully ana-
lyzed (for an excellent recent review, see Sheng et al. [1]). As already mentioned, 
SODs can be classified into three subfamilies of different lineages: (a) CuSOD, with 
their bimetallic CuI/II-ZnII active site, (b) Fe or MnSOD, with FeIII/II or MnIII/II active 
site, which are evolutionary related and share high degrees of sequence identity and 
structural homology, and (c) NiSOD, a rarer family of SOD with a NiIII/II active site. 
Interestingly, these families share some common features delineated below, a signa-
ture of a convergent evolution and indicating the strong efficiency of these particular 
characteristics and mechanisms selected by Nature [1]: (a) tuned redox potential (b) 
electrostatic guidance of the anionic superoxide, and (c) compartmentalization into 
specific organelles.
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7.3.1  Redox Potential: The Main Determinant  
for Catalytic Activity

 Redox Tuning at the Active Site of SODs

The superoxide anion is metastable and the reaction of dismutation is indicated in 
Fig. 7.3. The catalysis of this reaction is a redox process, involving both MnII and 
MnIII oxidation states in the case of MnSOD, to respectively reduce superoxide into 
H2O2 in the presence of protons and to oxidize it into O2. To be thermodynamically 
competent to carry out both steps, the redox potential of the MnIII/MnII couple must 
lie between those of the two couples involving the superoxide anion, O2

•−/H2O2 and 
O2/O2

•−, as indicated in Fig. 7.4, at pH 7 and with a concentration of dioxygen of 
1.23 mM, which is that in water under standard conditions, 25 °C and 100 kPa [7]. 
In addition, for optimal kinetics, one should consider the fact that the closer the 
redox potential of two couples, the faster the reaction between them [59, 60]. 
Therefore, the value of the MnIII/MnII redox potential optimizing the kinetics of the 
overall catalytic cycle is the mid-potential, at about 0.36 V vs. NHE (see Fig. 7.4) 
[60]. As a consequence of this redox tuning, the two half-reactions ((4) and (−3), see 
Figs. 7.1 and 7.3) proceed at the same rate, which is the overall optimal rate for the 
catalytic cycle.

Interestingly, all SODs indeed meet this criterion with the redox potential of CuII/
CuI, MnIII/MnII, FeIII/FeII, and NiIII/NiII falling within a very narrow range around 
0.2–0.4 V vs. NHE (see Fig. 7.4 and Table 7.1). This observation is very informative 
as it clearly shows that the redox potential is a key parameter to be tuned for an 
efficient SOD activity. It should be further emphasized that this narrow potential 
range is very striking, since the intrinsic redox characteristics of the aqueous metal 
couples M(n+1)

aq/Mn+
aq involved in SODs are quite different. To take the example of 

Fe and MnSODs that has been extensively studied by Miller et al. [1, 65], the redox 

Table 7.1 SODs redox potentials (see also Fig. 7.4)

SOD Organism pH Em (V vs. NHE) References

CuSOD Human 7.4 0.36 [62]

CuSOD Bovine 7.4 0.32 [62]

MnSOD Escherichia coli 7 0.31 [63]

MnSOD Escherichia coli 9 0.18 [63]

NiSOD Streptomyces coelicolor 0.29 [64]

FeSOD Escherichia coli 7 0.28 [60]

FeSOD Escherichia coli 9 0.12 [60]

MnSOD Bacillus stearothermophilus 7 0.26 [63]

MnSOD Bacillus stearothermophilus 9 0.12 [63]

FeSOD Pseudomonas ovalis 7 0.23 [60]

FeSOD Pseudomonas ovalis 9 0.19 [60]

Note that the E°s of SODs can be difficult to measure precisely due to slow equilibration and other 
slightly different values can be found in the literature
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potential of the hexaaqua complexes of MnIII
aq/MnII

aq in aqueous environment is 
1.51 V vs. NHE and that of FeIII

aq/FeII
aq is 0.77 V vs. NHE (see Fig. 7.4). The role of 

the apoprotein is then to tightly control the metallic redox potential. The question of 
the tuning of redox potentials at the active site of redox proteins in general, includ-
ing Fe/MnSOD and also copper proteins, has evoked some interest lately [1, 65–
67]. Several parameters can be modulated for this tuning, including the nature of the 
coordinated Lewis bases, their protonation state, and the geometry of the coordina-
tion sphere. Tuning can occur in proteins, but also in low-molecular-weight com-
plexes [40, 68, 69]. This is discussed in more detail below (see next section).

This redox tuning is key to the catalysis and the catalytic nature is most valuable 
for the design of a drug candidate. A catalytic drug is a compound displaying thera-
peutic properties based on catalysis [70]. To date, the conventional approaches to drug 
design consist of seeking for small organic or inorganic molecules that bind to the 
active sites of proteins and are thus stoichiometric reagents. SOD mimics belong to 
another class of therapeutic agents displaying a catalytic activity by performing both 
reduction of superoxide into H2O2 and its oxidation into O2 (see Fig. 7.3). Catalytic 
complexes have been labeled true SOD mimics, in contrast to stoichiometric scaven-
gers such as nitroxides [23]. Catalysis has many advantages, including the opportunity 
to lower dosage, which is important in a therapeutic perspective. The superoxide 
steady-state concentration is low in biological systems: 20–40 pM in aerobic log 
phase wild type (WT) E. coli (hence containing endogenous SOD) and 300 pM in 
SOD-deficient E. coli mutant [14]. As superoxide is continuously produced, an effi-
cient control of its flow requires either an efficient catalyst or a stoichiometric scaven-
ger in large amounts and/or of continuous renewal. In the case of a redox process in 
biological media, apparent catalysis is achievable through redox cycling using cell 
reductants, as in the superoxide reductase enzymes (SOR): these FeII-native-state 
enzymes are oxidized to FeIII by superoxide and reduced back to their active FeII state 
by endogenous reductants rather than by superoxide itself [71, 72]. It should be kept 
in mind that it is not always easy to distinguish between highly concentrated scaven-
gers and true catalytic species in assays used to characterize anti-superoxide activity: 
a true catalytic SOD mimic is able to perform several turnovers and is efficient even 
in a large excess of superoxide [73] (see insert at the end of Chap. 7).

 Tuning of the Redox Potential of a Redox Metal Couple:  
What Tricks?

The redox potentials of M(n+1)+/Mn+ can be tuned by exploiting the coordination 
sphere of the metal ion. This can be achieved in redox metalloproteins by the envi-
ronment offered by the apoproteins, and can be translated at the level of low- 
molecular- weight complexes through the selection of ligands and second 
coordination sphere (see Sect. 7.4.2).

The redox potential can be controlled by the nature of the coordinated Lewis 
bases through electronic effects. For instance, increasing the number of the S or 
O-donors with regard to the N-donors will lower the potential by increasing the 
electron density onto the metal center. This can be easily achieved in proteins, by 
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playing with coordinating amino acid side chains that can be N-donors as in histi-
dine or histidinate, O-donors as in aspartate, glutamate, or tyrosinate, and S-donors 
as in cysteine, cysteinate, or methionine. Note that amidate from the terminal 
 position or in the proteic chain are rarer, but can also be involved in metal 
coordination.

The protonation state of the coordinated ligand (water/hydroxide, histidine/his-
tidinate, etc.) can be easily modulated in proteins within a network of hydrogen 
bonds. The more negative the ligand, the more easily the high oxidation and positive 
redox metallic states will be obtained and the lower the reduction potential. As an 
example, the redox potential of MnSOD or FeSOD was found to depend on the pH 
with a decrease in redox potential when pH is increased (see Table 7.1). This was 
rationalized by a deprotonation of the coordinated water [60], the higher oxidation 
state being more stabilized by the hydroxide OH− ligand than by H2O. It has been 
clearly demonstrated that the coordinated water molecule can switch from H2O to 
OH− depending on the oxidation state of the metal ion. This is associated with a 
process whereby proton and electron transfer are coupled (proton-coupled electron 
transfer, PCET), with a tight control of an H-bond network extending to the second 
coordination sphere [65]. The effect of protonation-deprotonation of coordinated 
imidazoles was also studied in low-molecular-weight complexes, in iron porphyrins 
with an axial imidazole [74] or nonporphyrinic complexes [75–78] with a ∆E of 
about—300 mV per lost proton, which is similar to protein systems [65]. In another 
study, PCET was observed in a low-molecular-weight Mn-complex, with coordi-
nated water deprotonation occurring upon oxidation of MnII to MnIII [79].

The geometry imposed upon the metal ion is also another possible source of 
redox-control, as geometric constraints may induce entatic states [80] and stabilize 
unusual redox states. Imposing a geometric environment on a metal cation can be 
achieved by selection of ligands/apoproteins in a constrained fashion motif or 
embedded in a rigid matrix, which organizes the resulting coordination sphere as in 
a template [69]. As described in any inorganic chemistry textbook, a specific redox 
state and dn configuration of a metal ion is usually associated with a particular 
geometry. Interestingly, such relationship can be reversed: indeed, if a ligand 
imposes a specific geometry on a metal cation, this can, in turn, control the reduc-
tion potential of the redox couples related to the cation. Let us take the example of 
the MnIII/MnII redox couple, of interest here. Hexaaqua MnII is rather stable and the 
MnIII/MnII reduction potential of fully dissociated Mn salts in water is 1.51 V vs. 
NHE, consistent with a stable MnII state in aqueous environment. Water molecules 
as ligands organize themselves around the “free” MnII ion in an octahedral environ-
ment. MnII coordinated by flexible organic ligands will display a similar behavior, 
with a redox potential controlled by the electrodonating properties of the coordi-
nated Lewis bases. But, in the case of a ligand imposing a specific geometry, there 
can be an effect of the constrained geometry on the redox potential. This can be 
understood as geometric control of the redox potential and was described in the case 
of CuII/CuI constrained complexes [69] but can also apply to MnIII/MnII complexes 
[40, 68]. MnIII, as a d4 ion with an e (eg) singly filled orbital, will prefer a geometry 
with an axial distortion from the octahedral structure, to lift the degeneracy of the e 
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orbitals which is a stabilizing process known as the Jahn–Teller distortion [81, 82]. 
In contrast, MnII, as a d5 (S = 5/2) with half-filled t2-e set (t2g-eg), shows no ligand- 
field stabilization energy (LFSE) and hence no geometric preference. Finally, a 
ligand imposing an axial distortion will stabilize the MnIII state over the MnII state 
[40, 68], and this corresponds to a decrease in redox potential.

7.3.2  Electrostatic Guidance

Superoxide dismutases react with superoxide at a rate close to the diffusion limit. 
This efficiency is most surprising considering that the metal active site represents a 
surface that is less than 1 % of the enzyme [83–85], and that the net charge of SOD, 
which shows an isoelectric point (pI) ranging from 4.6 to 6.8 depending on the lin-
eage, is negative at physiological pH [84, 85]. Calculations of electrostatic potential 
in CuSOD [83, 85] have led to the idea of an electrostatic guidance of the negatively 
charged superoxide by a cluster of positively charged amino acids within the sub-
strate entrance channel [85], with an invariant arginine and the charge-stable Zn2+ 
ion in close proximity to the redox active CuII/CuI metal ion. A decrease in the kcat 
was observed when ionic strength was increased for MnSOD, FeSOD [84, 86], and 
CuSOD [87, 88] in agreement with an electrostatic favorable interaction between 
the protein and its substrate, indicative of a positively charged target for the super-
oxide on the protein. Acylation of lysines eliminates this salt effect [84], and a net-
work of positively charged amino acids, namely histidines, has been identified in 
X-ray structures [89] and by Brownian dynamics [86]. In some sense, we can con-
sider that there is a double topographic effect, with the negatively charged protein 
surface repelling the superoxide and directing it towards the positively charged fun-
nel, which then drives it to the active site (see Fig. 7.5). The electrostatic positively 
charged loops in the SOD proteins are thus important for long-range guidance from 
the protein exterior towards the active site, and attraction of superoxide by positive 
charges is a more general mechanism that can also be effective in low-molecular- 
weight molecules, as it will be described below (see Sect. 7.4.3).

Fig. 7.5 Schematic 
representation of the 
electrostatic guidance: 
superoxide is repelled from 
the negatively charged 
surface towards the 
positively charge funnel 
leading to the active site
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7.3.3  Compartmentalization

Another important feature of SODs is that they are compartmentalized: due to their 
size and negative net charge at physiological pH (see pI above), they are unable to 
cross cell membranes. MnSOD is synthesized in the cytosol, and imported into the 
mitochondria through an appropriate 24-amino acid targeting sequence which is 
then cleaved [90]. As mentioned above, mitochondrial MnSODs are key proteins in 
the protection of mammalian cells from oxidative stress and, indeed, MnSOD 
knockout is lethal to newborn mice [28, 29], whereas murine CuSOD is not crucial 
to survival [30]. Mitochondrial MnSOD expression is known to be altered in a wide 
range of diseases [20]. Mitochondria are the main cellular location at which super-
oxide is produced through uncoupling of the respiratory complexes involved in the 
reduction of dioxygen to water. The uncontrolled production of superoxide, associ-
ated with other ROS and RNS (reactive nitrogen species), induces oxidative damage 
leading to mitochondria dysfunction and contributes to several physiopathological 
processes (see a quick list in Sect. 7.2.1) or to cell death [20, 22, 24–26]. Targeting 
this organelle thus appears to be a key parameter to consider in the design of effi-
cient anti-superoxide agents [24, 91–94].

The mitochondrion or the mitochondrial network is a dynamic structure with 
many shapes, which can take a form ranging from numerous individual capsules, 
most often depicted in textbooks, to a single large interconnected tubular network, as 
a net cast over the cell. They are key organelles: powerhouse of the cell, center of 
respiration and ATP production, and essential in lipid metabolism [95]. Their interior 
is protected by a double membrane, with a large membrane potential of up to 180 mV, 
negative in the interior. Smith and Murphy have set up a strategy to target small 
molecules to the mitochondria, taking advantage of this large membrane potential: 
lipophilic positively charged cations, such as triphenylphosphonium moieties [93], 
can be appended to various molecules in order to encourage the targeting of the mito-
chondria. Other groups have developed oligoguanidinium derivatives, showing a 
hydrophobic positively charged character as vectors to the mitochondria [96]. 
Cellular membranes contain negatively charged phospholipids, with polar and nega-
tively charged groups pointing outward from the membrane and lipophilic chains 
inward. To cross them, a molecule must be neutral or positively charged, and must 
also be amphiphilic to pass through the polar layer and the hydrophobic membrane 
interior. The delocalized positive charge of the triphenylphosphonium or oligoguani-
dinium moieties enables easy crossing and induces an accumulation at the mitochon-
dria. This was applied in the field of SOD mimic design as described in Sect. 7.4.4.

7.4  Mimicking SOD: A Challenge for Chemists

Various strategies have been developed to design efficient metal-based anti- 
superoxide agents [17, 26, 40, 54, 56]. As seen above, the common physicochemi-
cal characteristics shared by SODs from different lineages [1], namely, tuned redox 
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potential, electrostatic attraction of superoxide, and mitochondria localization for 
MnSOD, constitute a guideline for the development of bioinspired SOD mimics. 
The main challenge for chemists in the field is the design of nontoxic stable com-
plexes, with tuned redox potential and charge that would react quickly with super-
oxide, and show good cellular availability and possibly accumulation at the 
mitochondria. Of note, among the four metal ions responsible for the redox process 
at the active site of SODs (Cu, Fe, Mn, and Ni), manganese is most probably the 
least toxic [9, 16, 17], in particular in an oxidative stress context that could activate 
Haber–Weiss chemistry for copper and iron. This is why, although some neurotox-
icity has been described [23], Mn ion is now the leading metal ion in the field of 
SOD mimic design for therapeutic use.

The stability and inertness of complexes are important parameters to keep in 
mind when designing metal-based drugs, as biological environments are rich in 
metal-coordinating molecules. MnII can be in fast exchange when coordinated to 
monodentate ligands, whereas more inert structures are obtained with MnIII. The 
question of the speciation of manganese complexes in biological environments (see 
Sect. 7.2.2) is crucial to their bioactivity. Endogenous biologically available ligands 
have been shown to potentiate the antioxidant activity of Mn ions, most likely by 
modification of the MnIII/MnII redox potential. This is the case with anions such as 
lactate or phosphate [35, 39, 41, 42]. Other ligands, such as citrate or EDTA, are 
thought to inhibit the activity [39, 40]. As MnII is a d5 ion, the ligand field induces 
no stabilization and thus the thermodynamic constants for the association of MnII 
with most ligands are in a low range. Therefore, the requirement in association con-
stants to avoid exchange with endogenous Lewis bases is less drastic for MnII than 
for other metal ions such as copper or iron. Polydentate ligands [40, 97, 98], particu-
larly with a cyclic structure as in MnII cyclic polyamines (M40403) [25, 26, 57, 99] 
or porphyrins, stable at the MnIII state [23], have been described to display associa-
tion constants higher than 106 (or dissociation constants smaller than 10−6), which 
should be enough considering that the archetypal bioligand, human serum albumin 
(HSA), display an association constant for MnII of about 8.4 × 103 (or 1.2 × 10−4 for 
the dissociation) [100].

The next criterion, after stability and inertness, is the kinetics of the reaction with 
superoxide. As stressed by Batinić-Haberle et al. [23], to be therapeutically active, 
a compound must be kinetically competent, which means it should react with super-
oxide with a kinetic constant higher than the autodismutation (see Fig. 7.3a) but, 
even more valuable, be a catalyst of its dismutation and, the faster, the better. There 
is a positive correlation between the catalytic kinetic constant for the superoxide 
dismutation, or log(kcat), and the therapeutic effects [23]. But other parameters are 
also of importance for in vivo efficacy. As shown in a study by Valentine et al., some 
derivatives can display a high intrinsic activity and be inactive in cellular models 
[101]. These authors assayed the ability of an assortment of SOD mimics to rescue 
Escherichia coli and Saccharomyces cerevisiae mutants lacking SOD. Only one of 
the compounds, a positively charged MnIII porphyrin known to accumulate in the 
mitochondria [102], was found to be active in cells. The authors suggested that the 
absence of activity of the other derivatives was due to mislocation. In contrast, the 
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active MnIII porphyrin was able to reach the mitochondria, which is the appropriate 
location for an optimal rescue of these SOD-lacking strains. To be actually bioac-
tive, a SOD mimic must reach its target, which can be the extracellular space, the 
cytosol or various organelles depending on the physiopathological conditions and 
origin of the oxidative stress. More generally speaking, the bioactivity of any kind 
of derivatives is in some sense the combination of its intrinsic activity, related to the 
redox potential in the case of SOD mimics, with the bioavailability and the cellular 
location [23, 103].

In the following section, we will describe (a) design of complexes directly 
inspired by the SOD active site; (b) strategies developed by chemists to tune redox 
potential to the Emidpoint optimal value of 0.36 V vs. NHE, as one of the key param-
eters; (c) strategies developed by chemists to mimic efficient electrostatic attraction; 
and (d) strategies to enhance the bioavailability and control location within the cell. 
Structures discussed in this chapter are depicted in Figs. 7.8 and 7.11a, b.

7.4.1  Complexes Directly Inspired by SOD-Active Site 
(Mn-N3/4O Complexes)

Policar et al. have designed a series of low-molecular-weight manganese complexes 
based on a tertiary amine or 1,2-diamino-ethane, directly inspired by the active site 
of SOD [40, 73, 97, 104–108], to reproduce the chemical environment of the Mn ion 
in SOD (see Figs. 7.6 and 7.8), with the initial goal of characterizing intermediates 
in the catalytic cycle of MnSOD. In native SOD, MnIII is in a trigonal bipyramidal 
(TBP) geometry with an N3O/water coordination core with one monodentate aspar-
tate and two histidine moieties in the median triangle/equatorial plane (in green in 
Fig. 7.6), and a farther histidine with a water molecule (H2O or HO−) in the two 
apical positions.

The particular axial TBP geometry at the active site of SOD is important since it 
geometrically favors MnIII over MnII and thus contributes to the tuning of the redox 
potential (see above) [40, 68], which must be lowered from 1.51 V vs. NHE down to 
ca. 0.36 V vs. NHE. In addition, the coordination number (CN) is lower than six, 
which is favorable for the direct coordination of the superoxide ion to the metal center. 
Indeed, superoxide is thought to coordinate to the active site of SOD as shown by 
experiments with the isostere and isoelectronic analog azide N3

− [1, 110, 111]. Of 
note, superoxide can act either as an L-ligand or as an X-ligand leading to a non- redox 
coordination (L-ligand) or to an oxidative addition (X-ligand) onto the metal ion (see 
Fig. 7.7). Low CN complexes are difficult to prepare with low-molecular- weight 
ligands. In proteins, the polypeptide chain plays the role of a bulky matrix able to 
sterically impose low denticities. But with flexible open ligands, high- denticity struc-
tures are frequently obtained, with the coordination of a solvent molecule or Lewis 
bases acting as bidentate ligands possibly bridging two metal ions from two different 
molecular units. The corresponding complexes are sometimes said to be coordina-
tively saturated. Superoxide coordination will lead to the displacement of a ligand or 

C. Policar



141

Fig. 7.8 Structure of the complexes discussed in Sect. 7.4.1: mononuclear units obtained after 
dissolution (see text). S? corresponds to possible solvent molecule. See: [40, 73, 97, 104–108]. (6) 
indicates a 6-membered metallacycle whereas all the others are 5-membered rings

Fig. 7.6 Allegory of bioinspired chemistry: mimicking SOD from Nature—Active site of SOD, 
structure from [109]

O O + MnII O O MnIII

MnIII-peroxo complex

O O + MnII O O MnII

MnII-superoxo complex

Superoxide as a X-ligand

Superoxide as a L-ligand

Fig. 7.7 Superoxide as a L or X ligand
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to even higher coordination number, achievable if there is not too much steric 
crowding.

Starting from complexes with MnII coordinated by a tripodal amine functional-
ized with two imidazole and one carboxylato moieties, Policar et al. introduced 
modifications (see Fig. 7.8) to increase bulkiness around the metal ion (picolyl moi-
eties in BMPG, hexacoordination in [Mn(TMIMA)2]2+) or to tune the redox poten-
tial of the MnIII/MnII couple to the Emidpoint encountered in SODs (coordinated Lewis 
bases such as imidazole, carboxylate, or phenolato). In the course of this research, 
they isolated original 1D coordination polymers with MnII-OCO-MnII along the 
polymeric chain, with bridging carboxylatos in an unusual syn-anti coordination 
mode [104]; dimeric structures with a bis-μ-carboxylato bridge [97] or a bis-μ- 
phenolato bridge [105]. Some other complexes were isolated in the solid state as 
monomers with two tridentate ligands [40, 106]. Although the ligands in the series 
all offer a denticity lower than six (tetradentate N3O or pentadentate N4O), the struc-
tures observed in the solid state are all hexacoordinated, with carboxylato or pheno-
lato shared between two metal ions or coordinated exogenous Lewis bases, most 
generally the crystallization solvent (methanol, water). This series thus illustrates 
this propensity to acquire a coordinatively saturated coordination sphere in the case 
of low-molecular-weight ligands. In aqueous solution, the bridges are disrupted, 
leading to monomeric MnII complexes, as shown by electron paramagnetic reso-
nance—characteristic 6-line signal for the MnII I = 5/2 S = 5/2 complexes [40, 97, 
105]. Most probably, the coordination sphere is saturated with solvent molecule(s) 
(S in Fig. 7.8). It should be noted that a wave in cyclic voltammetry is not always 
easy to record with this kind of MnIII/MnII complex [40, 112, 113], probably due to 
slow electron exchange. The use of collidine, lutidine, or PIPES buffers may be 
efficient to reveal the wave, which may not be fully reversible [40, 112]. All the 
redox potentials of the complexes in the series presented in Fig. 7.8 are in the range 
expected for the catalysis of superoxide dismutation (see Fig. 7.4). From these stud-
ies, it appears that a phenolato ligand is more efficient to stabilize MnIII than a 
 carboxylato ligand and seems thus to be a better electronic analog for the monoden-
tate carboxylato in SOD. The optimal ligand in the series is enPI2, which offers 
higher pentadenticity with a higher association constant for the Mn complex [168] 

and a MnIII/MnII redox potential very close to that of SOD [105].
The reactivity with superoxide was studied in both anhydrous aprotic medium 

and aqueous solution.

 In Anhydrous Aprotic Medium [40, 97, 107, 114]

Superoxide can be introduced as KO2 in the solid form [107], in solution (dimethyl-
sulfoxide DMSO, acetonitrile ACN) [40, 97], or produced electrochemically by 
reduction of dissolved O2 [97, 114]. In anhydrous aprotic medium, where no pro-
tons are available for the reduction of superoxide into hydrogen peroxide (see 
Fig. 7.3), H2O2 cannot be released and intermediate adducts with the Mn complexes 
can be isolated: by reacting KO2 in DMSO or ACN with MnII-complexes, MnOO 
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adducts were characterized by low-temperature spectroscopies, including UV-visible 
spectroscopy and electron paramagnetic resonance (EPR). These adducts displayed 
a very nice blue color (see Fig. 7.9). For the first time, using parallel mode EPR, an 
MnIII redox state (S = 2) was unambiguously characterized, within a Mn-coordinated 
peroxo species [107]. Clearly, the reaction of MnII with superoxide in these com-
plexes can be rationalized as an oxidative addition onto the MnII ion with superox-
ide being an X-ligand (see Fig. 7.7).

Similar MnIII-peroxo adducts are expected when reacting MnIII with H2O2, which 
is redox-equivalent to MnII + O2

−. Other research groups have also characterized 
similar MnOO intermediates by reacting H2O2 with MnII at low temperature, which 
is clearly not redox-equivalent to MnII + O2

•− or MnIII + H2O2, but there is always an 
excess in H2O2 [115–119] and most probably the first step is a slow oxidation into 
MnIII, which then reacts with H2O2. This kind of adduct can be labeled {MnOO}6 
[73] by analogy with the Enemark-Feltham nomenclature for Fe-nitrosyl [120]. 
These evolve at ambient temperature leading to MnIII-MnIV di-μ-oxo derivatives 

Fig. 7.9 Reaction in anhydrous medium of KO2 with a MnII-tris-pyridyl-bis-amino complex. On 
the left: Photography showing the blue color of the Mn-OO adduct at −25 °C. Set-up to record 
low-temperature UV-vis spectra, with an immersion UV-vis probe (in black) within a double- 
jacket low-temperature cell. On the right, top: parallel mode EPR spectra showing that a MnIII 
species was obtained. Recording conditions: microwave power 2 mW; modulation amplitude 5 G; 
modulation frequency 100 kHz; time constant 40.96 ms; T = 5 K; parallel mode: υ = 9.417 GHz. On 
the right, bottom: UV-vis spectra recorded using the immersion probe (photo on the left) (a) black 
dash line: spectrum of the MnII-tris-pyridyl-bis-amino complex (b) blue plain lines: spectra of 
recorded at different times during the formation of the MnOO intermediate (arrows indicate grow-
ing absorption with time). Adapted from [107]
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that were characterized by their UV-vis and EPR characteristic 16-lines spectra 
[97]. The pathway leading to MnIII-MnIV-di-μ-oxo structures is a dead-end for the 
catalysis of the superoxide dismutation and must be avoided for efficient SOD mim-
ics with a high turnover. This dimerization into MnIIIMnIV derivatives can be steri-
cally precluded and indeed, in the case of coordinatively saturated MnII 
complexes—hexacoordination in [Mn(TMIMA)2]2+—or bulky ligands—picolyl 
moieties in BMPG—no dimer MnIII–MnIV-di-μ-oxo was obtained upon reaction 
with superoxide [40].

The complexes in the series showed different hydration state, with complexes 
bearing zero, one, or two water molecules coordinated to the MnII ion. The con-
sumption of superoxide as a function of this hydration level in anhydrous DMSO 
was studied, providing insight into the capacity of the complexes to cycle between 
the MnII and MnIII redox states in the course of the reaction with superoxide [97]. As 
shown in Table 7.2, only one equivalent was consumed with [Mn(TMIMA)2]2+ and 
[MnII(IPG)(MeOH)]2+ for which no water molecule was bound to the MnII ion. But 
with [MnII(BIG)(H2O)2]+, isolated in water and bearing two coordinated water mol-
ecules, five equivalents of superoxide were consumed. With [MnII(BMPG)(H2O)]2+ 
three equivalents of superoxide were consumed. Note that water introduced in 
DMSO at the same concentration (that is twice that of the complex for a comparison 
with [MnII(BIG)(H2O)2]+, and that of the complex for a comparison with 
[MnII(BMPG)(H2O)]2+) did not react efficiently with superoxide in the absence of 
complex. These observations clearly indicate the ability of the complexes from this 
series to react with superoxide with a stoichiometry higher than one when water is 
present. As rationalized in Fig. 7.10, the numbers of equivalent of superoxide con-
sumed are consistent with the cycling between MnII and MnIII.

 In Water [40, 73, 97, 105, 106]

The reactivity with superoxide was studied in water using the indirect assay devel-
oped by McCord and Fridovich (see insert), which produces a slow and continuous 
flow of superoxide reminiscent of what is found in biological environments. All the 
complexes were found to be active, with kinetic constant kMcCF (see insert) of the 
order of 106–107 mol−1 L s−1. The study in anhydrous conditions with different 
hydration levels suggested the ability of the complexes to react with superoxide 
with several turnovers. But, to ascertain their ability to be true SOD mimics and to 
catalytically dismutate superoxide, which is not straightforward with the Fridovich 

Table 7.2 Superoxide O2
•− consumed by reaction of KO2 with Mn-complexes in anhydrous 

DMSO (eq./complex). See [97]

[MnII(TMIMA)2]2+

[MnII(IPG)
(MeOH)]2+

[MnII(BMPG)
(H2O)]2+

[MnII(BIG)
(H2O)2]2+ H2O

Bound H2O 0 0 1 2 –

Consumed O2
− 1 eq. 1 eq. 3 eq. 5 eq. 0 eq.
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assay (see insert), reactivity was studied using pulsed radiolysis [40, 73]. A pulse of 
high concentration of superoxide can be produced in oxygenated aqueous solution 
in the presence of alcohol [121] upon irradiation. Superoxide disappearance in the 
presence of the SOD mimic at different concentrations can be followed at 270 nm 
(ε = 1479 L mol−1 cm−1) [121–124]. Another way to investigate reactivity in large 
excess of superoxide is to use stopped-flow fast kinetic measurements with a highly 
concentrated solution of KO2 in DMSO and rapid mixing in water [125]. Kinetic 
constants consistent with that from the McCord and Fridovich assay were obtained 
by pulsed radiolysis [40, 73] and more recently by stopped-flow [168].

Within this series, a correlation could be found between the kinetic constants 
derived from the McCord–Fridovich assay and the half-wave MnIII/MnII potentials, 
with a negative slope (see Fig. 7.12, ∆ markers). Within this series, as E½(MnIII/
MnII) > Emidpoint, the SOD activity can be improved by lowering E½ to Emidpoint, and 
hence by a stabilization of the MnIII state [E½ are defined as (Eanodic peak + Ecathodic 

peak)/2]. Increasing the stabilization by imposing a Jahn–Teller distortion through a 
higher size metallacycle was efficient and led to the isolation of stable MnIII com-
plexes but poorer catalysts, probably because of an excessive MnIII stabilization 
([MnIII(PhI)2]+ and [MnIII(PhIIm)2]+, with (6) indicating a 6-membered metallacy-
cle, see Fig. 7.8) [106].

These studies on the reactivity of these true SOD mimics were performed outside 
any cellular context and correspond to the intrinsic activity previously defined (see 
Sect. 7.2.4). As already mentioned, they are necessary, but not sufficient to ascertain 
bioactivity. Understanding and controlling inorganic compounds inside cells 

Fig. 7.10 Schematic rationale for the number of superoxide equivalents consumed in anhydrous 
DMSO upon the number of bound water molecules. See [97]
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requires new approaches to translating our knowledge in inorganic chemistry from 
the round-bottom flask into biological media and cells. Studies in bacteria or cells 
are still scarce, with the exception of SOD-deficient E. coli and S. cerevisiae that are 
potentially rescued by efficient SOD mimics [101, 126–128]. Recently, mammalian 
cellular models have emerged [108, 129, 130]. Macrophages are ideal cells to study 
SOD mimics under oxidative stress conditions. Interestingly, quantification of reac-
tive oxygen species using an ultramicroelectrode can be performed at the single cell 
level [131]. One of the complexes of the SOD-inspired series, namely [MnII(enPI2)]+ 
(see Fig. 7.8), was shown to efficiently reduce the flow of reactive oxygen species 
(ROS) with a major reactivity toward the superoxide radical, evidenced through an 
assay using ferricytochrome c in the extracellular medium (extracellular McCord–
Fridovich assay) [108].

7.4.2  Strategies to Control the Redox Potential

In the series presented above and directly inspired by the active site of MnSOD, the 
variation of activity (log(kcat)) with redox potential shows a negative slope (see 
Fig. 7.12). Other groups have worked on the modulation of the redox potentials of 
MnIII/MnII redox couple. Walton et al. have developed a series of MnIII complexes 
based on a 1,3,5-triaminocyclohexane central scaffold, with three amino moieties in 
cis configuration that were grafted with para-substituted phenols (see Fig 7.11b). 
MnIII complexes were isolated with octahedral Mn coordinated to three amine and 
three phenolato moieties [132]. The redox potentials, measured in DMF, were 
shown to vary over a volt with para-substituents such as methoxy, methyl, chloro, 
nitro [132], and tri-methylammonium [133]. The complexes were reported to dis-
play an SOD-like activity [133].

A thorough study regarding the effects of the modulation of the redox potential 
variation was performed by the group of Batinić-Haberle et al. For more than 15 
years, they have been developing a large family of porphyrins, stable in aerobic 
conditions at the MnIII state. They show a redox potential smaller than the redox 
mid-point optimal for superoxide dismutation, Emidpoint. In this case, increasing the 
redox potential goes with an increase in activity (see Fig. 7.12). Metalloporphyrins 
are interesting molecules for a chemist aiming to mimic biological structures. First, 
porphyrins are valuable and versatile structural scaffolds, with a large range of pos-
sible modifications at the meso- or ß-positions. In porphyrins bearing bulky substit-
uents—ortho-functionalized phenyl, 2-N-alkylpyridyl, or N-alkyl-2-imidazolyl on 
the meso- position, see Fig. 7.11a—the substituents are perpendicular to the average 
porphyrin plane, with atropisomerism and the possibility of constructing a molecu-
lar scaffold above and below the porphyrin. This atropisomery has been used since 
the mid-1970s to develop superstructured porphyrins as mimics of hemoproteins 
[134–137]. In addition, the 3D-structure of these functionalized porphyrins renders 
them less prone to interaction with DNA [126], known to occur with more planar 
porphyrins, such as the para-substituted-pyridinium (see MnIIITM-4-PyP5+ in 
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Fig. 7.11 (a) Structures of the Mn SOD mimics discussed in this chapter: structures of the MnIII 
porphyrins. See: [23, 102, 126, 139, 141–144] and for MnIIITM-4-PyP4+/peptide see [126, 130, 
142]. (b) Structure of the Mn SOD mimics discussed in this chapter: M40403 [99, 140], M40401, 
M40404 [140]; MnIICnMe2Pyane [145]; EUK207 [23]; MnIIIcis-TACH-N3O3 [133]; 
MnII(ABCDSA) [146]. Note that some Cl− ligands have been seen in the solid state, but they are 
not shown here as there is most probably dissociation in water medium
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Fig. 7.11a, [138]). Porphyrins are efficient ligands, with high association constants 
and inertness for the metal complexes, although Mn has been shown to be lost in 
some rare cases for the reduced MnII form [23]. Electronic effects are easily propa-
gated in these aromatic structures and redox potentials of the coordinated metal ions 
can be varied by functionalizing the porphyrin moiety with electroactive groups. 
Batinić-Haberle et al. prepared a wide series of MnIII porphyrins showed to be true 
SOD mimics [23], using pulse radiolysis for instance [139]. Modulation of the 
redox potential over a wide range (800 mV) was achieved by functionalization with 
electron withdrawing groups (EWG) in meso or ß-positions, namely N-alkylpyridyl 
(PyP) or bis-N-alkylimidazolyl (ImP) groups (see Fig. 7.11a).

EWGs increase the electron deficiency on the metal center, which goes against 
oxidation into MnIII. This favors low oxidation state and induces an increase in 
redox potential: the potential moves from negative values into the region of optimal 
E½, i.e., to a redox potential which is closer to the Emidpoint. As expected, this varia-
tion was associated with an increase in activity, as shown in Fig. 7.12. Note that 
electrostatic effects are also important determinants of the activity and they will be 
discussed in Sect. 7.4.3.

Figure 7.12 shows dependence of log(kcat) as a function of E½ for a series of SOD 
mimics based on MnIII/MnII couples (see Table 7.3 for the data and references). 

Fig. 7.12 Redox potentials (in water) and logkcat(O2
−) for a series of MnIII/MnII SOD mimics. 

Triangles, up-ward: MnII complexes directly inspired from SOD active site (see Sect. 7.4.1); tri-
angle, black: M40403 (MnII); triangle blue, down-ward: MnII(ClO4)2 (MnII-hexa-aqua); open- 
squares, purple N: negatively charged porphyrins; square with a cross, pink: MnIII porphyrins, 5+ 
charge. See Table 7.3 for the data and references. Inspired from [23, 40, 126, 139]
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MnIII/MnII SOD mimics can be classified into two subgroups, those displaying a 
redox potential smaller than Emidpoint (0.36 V vs. NHE), which is the case of most 
MnIII porphyrins and for which an increase in potential is favorable to the SOD 
activity, and those with a redox potential higher than Emidpoint, which is the case of the 
MnII-N3O complexes previously described. Interestingly, for MnIII porphyrins, the 
correlation log(kcat) = f(E½) was shown to reflect the Marcus equation for outer- 
sphere electron exchanges [126, 139] with a tenfold increase for each 120 mV 
increase in E½, suggesting an outer-sphere electron transfer.

In the case of the series of the cyclic polyamines series, it was found that the 
redox potentials of the MnIII/MnII couples determined in ACN do not correlate with 
the activity (see M4040x in Fig. 7.11b and Table 7.3), suggesting a mechanism that 
does not involve SOD-like dismutation, but does involve the interaction superoxide 
with a MnIII-peroxo intermediate [140].

Table 7.3 Redox potentials of several manganese-SOD mimics based on a MnIII/MnII redox 
couple

SOD mimics E½ (V vs. NHE) Log kcat References

MnIIITE-2-PyP5+ 0.228 7.76 [126]

MnIIITM-2-PyP5 0.220 7.79 [126]

MnIIITE-3-PyP5+ 0.054 6.65 [23]

MnIIITnHex-2-PyP3+ 0.314 7.48 [23]

MnIIITnBuOE-2-PyP5+ 0.277 7.83 [23]

MnIIITMOE-2PyP5+ 0.251 8.04 [139]

MnIIITDMOE-2-ImP5+ 0.365 7.59 [139]

MnIIITCPP3- −0.194 4.56 [126]

MnIIITFTMAP5+ 0.058 6.02 [126]

MnIIITTMAP5+ −0.100 5.11 [126]

MnIII(2,6-Cl2-3-SO3-P)3− 0.088 6.00 [126]

MnIIIBr8TCPP3− 0.213 5.07 [144]

MnIIIsalen(EUK207)+ −0.130 6.30 [23]

M40403 (MnII) 0.525 (ACN) 7.08 [140]

M40404 (MnII) 0.452 (ACN) 6.55 [140]

M40401 (MnII) 0.464 (ACN) Inactive [140]

MnIIIcis-TACH-N3O3 0.31 5.95 [133]

MnII(BIG)+ 0.80 6.18 [40]

MnII(IPG)+ 0.77 6.28 [40]

MnII(TMIMA)2
2+ 0.71 6.55 [40]

MnII(BMPG)+ 0.56 6.68 [40]

MnIII(PI)2
+ 0.52 6.82 [40]

MnII(enPI2)+ 0.45 6.85 [105]

Self-dismutation – 5.7 [23]

SOD 0.2–0.40 8.8–9.3 See 
Table 7.1

MnII(ClO4)2 1.51 6.11 [23, 40]

E½ = (Eanodic peak + Ecathodic peak)/2
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Although the compounds presented in Fig. 7.12 are of quite different molecular 
structures (see Fig. 7.8 and 7.11a, b), with porphyrinic and 1,2-amino-based ligands, 
they fall on the same bell curve with a maximum activity recorded for compounds 
with a redox potential close to that of SOD, as expected. The correlation also extends 
to corroles or billiverdins through their MnIV/MnIII redox potential, FeIII/FeII porphy-
rins, stoichiometric scavengers such as nitroxides oxidized into oxo-ammonium, 
and CeIV/CeIII in nanoparticles of cerium oxide (CeO2) [23, 126, 128, 138, 139, 
141]. These observations strengthen, if necessary, the idea that activity can be opti-
mized by tuning the redox potential.

7.4.3  Electrostatic Attraction and Other Effects Modulating 
the Intrinsic Activity

All the pairs (E½, log(kcat)) do not fall exactly on the correlation in Fig. 7.12. The 
scatter reflects factors other than the thermodynamic E1/2 impacting the reactivity, 
such as electrostatic effects, shape, or local dipolar effects [23, 142, 144]. 
Electrostatic effects associated with superoxide attraction and interplay with the 
lipophilicity inducing solvation/desolvation effects come into play to modulate the 
redox potential [139, 144].

An exception in the previous correlation is seen in Fig. 7.12 with the negatively 
charged MnIII porphyrins. For instance, the porphyrin [MnIIIBr8TCPP]3− shows a 
redox potential for the MnIII/MnII redox couple very close to that of [MnIIITE-2- 
PyP]5+ but with a kinetic constant 100-fold smaller. This was rationalized by an 
impaired interaction between the negatively charged porphyrin and the negatively 
charged superoxide [142].

In the case of the porphyrins series developed by Batinić-Haberle et al., the qua-
ternarization of the pyridyl and imidazolyl in the ortho position, leading to posi-
tively charged pyridinium or imidazolium moieties conjugated with alkyl or 
polyether chains, was proven to be quite a valuable strategy with cumulative favor-
able effects [23]. In this series of positively charged MnIII porphyrins with N-alkyl 
in ortho-position and for each individual MnIII porphyrin, a decrease in kcat upon 

increase in ionic strength (I) was observed with linear correlation between log(kcat) 

and 
I

I1+
 [139, 142, 147]. This observation, similar to that observed for proteins 

themselves, clearly reveals a favorable electrostatic interaction between the nega-
tively charged superoxide and the positive MnIII porphyrins catalysts that is shielded 
when I increases. A very weak dependence of kcat on I was recorded in the case of 
para and meta-substituted porphyrin [142]. This brings out the role of the charge 
topography: with ortho-alkylpyridinium (MnIIITE-2PyP5+), the charge is distributed 
over a donut above the metal center mimicking closely the topography of the funnel 
in the proteins. In contrast, with the para-alkylpyridinium (MnIIITM-4PyP5+), attrac-
tion is that of an overall charge distributed at the far periphery of the porphyrin, 
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which was proven to be less efficient and a much weaker shielding is observed with 
increase in ionic strength [142]. It appears thus that it is necessary, in this biomi-
metic or bioinspired approach, to reproduce not only the charges but also their 
topology, with attraction along a funnel [147]. Recently, the SOD bio-inspired series 
(see Sect. 7.4.1) was conjugated to oligo-arginine moieties, with 1, 3, 6 and 9 Arg. 
Analyses of the dependence of the kcat with ionic strenght showed that only the two 
or three first arginines were effective in the enhancement of kcat associated with an 
electrostatic effect. This was rationalized by the fact that the long peptide chain was 
most probably topologically disordered [168]. These examples are reminiscent of 
the double topographic effect suggested above in the case of SODs: their overall 
negative charge repels the superoxide ion towards the attractive positively charged 
funnel (see Sect. 7.3.2 and Fig. 7.5).

Some interesting local effects have also been observed with porphyrins function-
alized with alkyl and ether chains. More lipophilic porphyrins were found less sen-
sitive to changes in ionic strength, revealing the importance of local dielectric 
environment [139]. This is an important consideration also for proteins, for which 
dielectric constants are not uniform but modulated by the amino acid side chains 
nearby. In addition, porphyrins functionalized with ether groups were found to dis-
play higher kinetic constants (see Table 7.3) with a stronger dependence on ionic 
strength, probably associated with a higher solvation [139]. As observed in the 
1980s in the course of mimicking myoglobin with iron porphyrins [135], ether 
groups, able to accept hydrogen bonds, either from Fe-hydroperoxo adduct or from 
water, create a local hydration [139] that can play a role in superoxide dismutation 
especially in the reduction reaction, for which protons are necessary.

7.4.4  Bioavailability and Localization

Bioavailability and cellular distribution are also strong determinants of the bioactiv-
ity of the SOD mimics [23]. Water insolubility can be an issue preventing bioactiv-
ity from being revealed, and strategies have been developed to improve water 
solubility. In parallel, the complexes need to efficiently penetrate into cells, which 
requires amphiphilic properties.

Several groups have developed strategies to conjugate SOD mimics with moi-
eties favoring water solubility. A MnIII salen complex was built onto a cyclodextrin 
(CD) scaffold to efficiently improve the solubility and to take advantage of the CD 
HO•-scavenging properties (MnABCDSA, see Fig. 7.11b, [146]). Functionalization 
of porphyrins by negatively charged moieties, such as sulfonato in MnIII(2,6-Cl2-3- 
SO3-P)3—, or carboxylato in MnIIITCCP3−, meant to provide good water solubility, 
is detrimental for electrostatic attraction of superoxide, as discussed above [144]. 
In contrast, quaternarization of the pyridyl or imidazolyl moieties leads to efficient 
water-soluble positively charged SOD mimics, with redox potential tuned by the 
strong electrowithdrawing properties of pyridinium and imidazolium groups [23]. 
Increasing the amphiphilicity by long alkyl chains was shown to be favorable for 
the bioavailability and therapeutic efficacy, but some toxicity associated with 
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detergent effect was observed at concentrations lower than that of lower-alkyl-
chain analogs [128]. Interestingly, substituting the long alkyl chains with ether 
chains led to an increased intrinsic activity (kcat), probably due to a solvation cavity 
and local polarity with an efficiency to restore normal growth in SOD-deficient 
yeast [143].

In a similar approach aimed at modulating lipophilicity, MnII-cyclic polyamine 
complexes were conjugated with long alkyl chains in MnIICnMe2Pyane [145]. The 
authors showed a tendency of the resulting compounds to form aggregates or 
micelles. Despite a lower thermodynamic stability and a lower reactivity toward 
superoxide, as determined by stopped-flow measurements, in comparison with the 
unsubstituted analog, cell studies revealed a beneficial effect on preventing lipid 
peroxidation at low concentration of the lipophilic complex [145].

Para-substituted pyridinium porphyrins (MnIIITM-4-PyP5+) were also associated 
with a catalase-polyethyleneglycol (cat-PEG) moiety [148, 149] with the double 
objective of enhancing the MnIII porphyrin half-life in blood circulation and conju-
gating SOD with catalase activity for antioxidative stress applications in the plasma, 
such as ischemia-reperfusion injuries. In these physiopathological conditions, ROS 
are produced when blood circulation is re-established again in a de-perfused tissue, 
causing oxidative damages to proteins and lipid membranes.

Cellular recognition is also a key parameter of bioactivity. M40403 was conju-
gated to a galactose moiety [150] to encourage interaction with lectins, proteins that 
play an important role in recognition processes at the cell-membrane surface. 
Porphyrins functionalized with lactose were also developed with the same goal 
[151].

Intracellular targeting to mitochondria can be favorable for bioactivity, since 
superoxide potential overproduction occurs primarily in mitochondria. Asayama 
et al. have developed a porphyrin functionalized with a mitochondria-targeting pep-
tide (MnIIITM-4-PyP-peptiden+), which showed a sixfold decrease in kcat in compari-
son with the unsubstituted porphyrin (1.8 × 106 and 11 × 106 mol−1 L s−1, respectively, 
measured by stopped-flow technique), but with mitochondrial accumulation. 
Protection against lipopolysaccharide toxicity on murine macrophages was more 
efficient than with the non-conjugated analog [130].

More generally, MnIII porphyrins developed by Batinić-Haberle et al. are posi-
tively charged, exhibiting hydrophobic to amphiphilic characteristics and spontane-
ous accumulation at mitochondria [102], which was suggested as the reason for 
their efficiency in restoring growth in SOD-deficient E. coli and yeast mutants (see 
Sect. 7.4) [101].

Smith and Murphy have functionalized antioxidants like vitamin E with triphe-
nylphosphonium moieties showing strong accumulation at mitochondria [93]. 
Recently, they have functionalized M40403 (TPP-M40403) with the same moiety 
[152]. The resulting derivative showed an intrinsic activity tenfold higher than the 
non-conjugated M40403, a 3000-fold accumulation in isolated mitochondria with 
an efficiency to protect mitochondrial aconitase from inactivation upon paraquat 
stress [152].
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The subcellular distribution of MnSOD mimics are actually key to the antioxi-
dant activity and new techniques are emerging to better characterize them [153]. 
These are important directions for future research in this field.

7.5  Conclusion

Superoxide dismutases are proteins that have been gradually carved by evolution to 
perform very effective catalysis of the superoxide dismutation aimed at protecting 
cells against damages from oxidative stress associated with superoxide. On the one 
hand, understanding the determinants for efficient activity at the molecular level is an 
important fundamental challenge. Tuning of redox potential, metal selectivity (not 
discussed here, see [1, 65]), and electrostatic attraction are crucial characteristics and 
mechanisms involved in SODs that have been analyzed along the years. On the other 
hand, in a bioinspired approach, chemists have taken advantage of what has been 
understood from these mechanisms to convey and apply them to the design of effi-
cient catalysts for superoxide dismutation, with potential therapeutic perspective. This 

Intrinsic Activity of SOD Mimics: Assays for SOD Activity in Water
The evaluation of the reaction kinetics of superoxide with a putative SOD 
mimic can be performed using direct or indirect tests. In the indirect methods, 
superoxide is provided at a constant rate and at concentrations close to what 
is encountered in biological systems under oxidative stress, providing a test 
for the ability of the putative SOD mimic to be useful in physiological condi-
tions. However, in some cases it is difficult to distinguish between a catalyst 
and a scavenger (see below). In direct methods, since superoxide can be pro-
vided in large excess in comparison to the putative SOD mimic, unambiguous 
characterization of a catalyst versus a scavenger can be obtained.

Indirect assay: McCord and Fridovich test
The paradigmatic indirect assay is the McCord Fridovich test, which was origi-
nally set up to establish the activity of SOD [51]. In indirect assays, a continu-
ous flow of superoxide is produced, usually by an enzymatic system, as in the 
McCord–Fridovich test: xanthine-oxidase oxidizes xanthine to urate, with spe-
cific conditions (pH, O2) chosen in order to maximize the re- oxidation of the 
reduced enzyme with the release of superoxide [154]. The assay is based on a 
kinetic competition between the putative SOD mimic or SOD itself and a redox 
indicator that changes in color upon reacting with superoxide. The UV-vis. 
indicator is necessary since the flow in superoxide (1.2 μM min−1 [155]) is too 
low and the absorption coefficient of superoxide too weak to enable a direct 
spectrophotometric detection. The most frequently used indicators are cyto-
chrome c FeIII reduced in cytochrome c FeII, or nitro- blue tetrazolium (NBT) 
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reduced into formazan. Because NBT is not very soluble new tetrazolium salts 
leading to more soluble formazan forms have been developed [156]. A 50 % 
inhibition concentration (IC50) is determined, which corresponds to the con-
centration in the SOD mimic or SOD that reduces by 50 % the speed of the 
reduction of the indicator. IC50 values are dependent both on the nature of 
the indicator used and on its concentration: for a given putative SOD mimic, 
the smaller the detector concentration, the smaller the IC50 value. An impor-
tant consequence is that IC50 values are not appropriate for comparisons 
across the literature. But from the measured IC50 values, an apparent kinetic 
constant value (kMcCF) can be calculated, which is independent of both the con-
centration and the nature of the detector [40].

At the IC50 concentration, superoxide reacts at the same speed with the 
detector and the putative SOD mimic:

 
k IC kMcCF detectorO detector O× × éë ùû = ×[ ]× éë ùû

- -50 2 2
• •

 

Then, kMcCF = kdetector · [detector]/IC50 [40, 157].
In the case of cytochrome c FeIII as the detector, kCyt c (pH = 7.8; 

21 °C) = 2.6 × 105 mol−1 L s−1 [158]. In the case of NBT, kNBT (pH = 7.8) = 5.94 
× 104 mol−1 L s−1 [159].

Reliability of the McCord–Fridovich Assay [40, 160, 161]:
It is necessary to check that the putative SOD mimic does not inhibit the pro-
duction of superoxide by xanthine oxidase. This can be performed by the 
determination of the rate of conversion of xanthine to urate. The putative SOD 
mimic should not react with ferri or ferrocytochrome c. Ideally, this should be 
checked for both redox states of the SOD mimic, but is not always possible.

A second important point to consider is the steady state in superoxide in 
this assay. Under canonical conditions, the test produces about 1.2 μM min−1 
[155] and lasts about 10 min [162]. During this 10-min period, 12 µM of 
superoxide will have been produced and half of the superoxide has reacted 
with cytochrome c FeIII and half with the putative SOD mimic. Hence, at IC50 
higher than 6 μM, the turnover of the SOD mimic in the experiment per-
formed at the IC50 concentration is not more than one. To ensure a catalytic 
nature would require high turnover number and this is obtained for IC50 much 
smaller than μM. This is the case with SOD but generally not for most SOD 
mimics.

The cyt c assay has been shown to be free of artifacts in the large majority 
of cases and worked with a wide range of SOD mimics tested so far and its 
validity has been checked by stopped-flow and pulse radiolysis [73, 163]. The 
frequently used NBT (nitrobluetetrazolium) assay has artifacts as the assay 
also produces superoxide [164]. Moreover, NBT can be reduced to NBT• radi-
cal (which disproportionates to blue formazan) by superoxide and numerous 
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is at the very heart of the bioinspired approach, with dual interest: to develop chemical 
models to improve the understanding of physicochemical processes in natural sys-
tems, and also to learn lessons from Nature to generate efficient artificial systems. 
SOD mimic designing is a paradigmatic field in realizing these goals.

References

 1. Sheng Y, Abreu IA, Cabelli DE, Maroney MJ, Miller A-F, Teixeira M, Valentine JS. Superoxide 
dismutases and superoxide reductases. Chem Rev. 2014;114:3854–918.

 2. Sessions AL, Doughty DM, Welander PV, Summons RE, Newman DK. The continuing puzzle 
of the great oxidation event. Cur Biol. 2009;19(14):R567–74.

 3. Pierre J-L, Crichton RR. Old iron, young copper: from Mars to Venus. BioMetals. 
2001;14:99–112.

enzymes as well as by nonenzymatic reductants [165]. Thus, the assay with 
NBT is not superoxide specific. Once reduced, NBT• radical can be oxidized 
back with oxygen-producing superoxide and regenerating NBT, which would 
falsely suggest that NBT reduction is inhibited. Good controls as well as 
expressing the activity in terms of rate constants (see above) and not IC50 is 
important to have meaningful data readily available. For comparison with lit-
erature data on available SOD mimics, one needs to express results on SOD- 
like activity in terms of rate constants and not in terms of IC50 values.

Direct assays
Direct methods, which test the activity at a superoxide concentration that is 
much higher than the SOD mimic concentration, are important in ascertaining 
the catalytic nature of an SOD mimic. Two main techniques can be used. The 
first one consists of rapid mixing of solution in high superoxide concentration 
(typically KO2 in DMSO or ACN) using a stopped-flow system [125, 166, 167]. 
The superoxide radical can also be produced in oxygenated aqueous solutions 
by pulsed radiolysis [122–124]. High-energy ionizing radiation generates pri-
mary radicals (H, e−

aq, HO•) that are rapidly and quantitatively converted into 
either superoxide O2

•− or its protonated form hydroperoxyl HO2
•, in the presence 

of either formate or alcohols, since formate might coordinate to manganese 
[61, 121]. See for example: [40, 73].

Concluding remark: In the indirect methods, superoxide is provided at a con-
stant slow rate and at concentrations close to that encountered in biological 
systems. This provides a test for the ability of a putative SOD mimic to be 
useful under physiological situations. However, in most cases it is difficult to 
distinguish between a catalyst and a scavenger. With the direct methods, since 
superoxide can be used in large excess relative to the putative SOD mimic, 
unambiguous characterization of an SOD mimic as a catalyst or a scavenger 
can be obtained. Indirect and direct methods are thus complementary [56, 73].

C. Policar



157

 4. Valentine JS. Dioxygen reactivity and toxicity. In: Bertini I, Gray SJ, Stiefel EI, Valentine JS, 
editors. Biological inorganic chemistry, structure and reactivity. Mill Valley: University 
Science Books; 2007. p. 319–31.

 5. Koppenol WH. Oxygen activation by cytochrome P450: a thermodynamic analysis. J Am 
Chem Soc. 2008;129:9686–90.

 6. Que LJ. Dioxygen activating enzymes. In: Bertini I, Gray SJ, Stiefel EI, Valentine JS, editors. 
Biological inorganic chemistry, structure and reactivity. Mill Valley: University Science 
Books; 2007. p. 388–413.

 7. Koppenol WH, Stanbury DM, Bounds PL. Electrode potentials of partially reduced oxygen 
species, from dioxygen to water. Free Radical Biol Med. 2010;49:317–22.

 8. Kirkinezosa IG, Moraesa CT. Reactive oxygen species and mitochondrial diseases. Semin 
Cell Dev Biol. 2001;12:449–57.

 9. Halliwell B, Gutteridge JMC. Free radicals in biology and medicine. New York: Oxford 
University Press; 2007.

 10. Goldberg IH. Mechanism of neocarzinostatin action: role of DNA microstructure in determi-
nation of chemistry of bistranded oxidative damage. Acc Chem Res. 1991;91(7):191–8.

 11. Dix TA, Hess KM, Medina MA, Sullivan RW, Tilly SL, Webb TLL. Mechanism of 
 site- selective DNA nicking by the hydrodioxyl (perhydroxyl) radical. Biochemistry. 
1996;35(14):4578–83.

 12. Nelson SK, Bose SK, McCord JM. The toxicity of high-dose superoxide dismutase suggests 
that superoxide can both initiate and terminate lipid peroxidation in the reperfused heart. Free 
Radical Biol Med. 1994;16:195–200.

 13. Gardner PR, Fridovich I. Superoxide sensitivity of the Escherichia coli 6-phosphogluconate 
dehydratase. J Biol Chem. 1991;266:1478–83.

 14. Gardner PR, Fridovich I. Inactivation-reactivation of aconitase in E. coli: a sensitive measured 
of superoxide radical. J Biol Chem. 1992;267:8757–63.

 15. Gardner PR, Raineri I, Epstein LB, White CW. Superoxide radical and iron modulate aconitase 
activity in mammalian-cells. J Biol Chem. 1995;270:13399–405.

 16. Charrier JG, Anastasio C. Impacts of antioxidants on hydroxyl radical production from indi-
vidual and mixed transition metals in a surrogate lung fluid. Atmos Environ. 2011;45: 
7555–62.

 17. Iranzo O. Manganese complexes displaying superoxide dismutase activity: a balance between 
different factors. Bioorg Chem. 2011;39:73–87.

 18. Aguirre JD, Culotta VC. Battles with iron: manganese in oxidative stress protection. J Biol 
Chem. 2012;287:13541–8.

 19. Theil EC. Ferritin. In: Bertini I, Gray SJ, Stiefel EI, Valentine JS, editors. Biological inor-
ganic chemistry, structure and reactivity. Mill Valley: University Science Books; 2007; 
p. 144–50.

 20. Holley AK, Dhar SK, Xu Y, St. Clair DK. Manganese superoxide dismutase: beyond life and 
death. Amino Acids. 2012;42(1):139–58.

 21. Inoue M, Sato EF, Nishikawa M, Park AM, Kira Y, Imada I, Utsumi K. Mitochondrial 
generation of reactive oxygen species and its role in aerobic life. Curr Med Chem. 
2003;23:2495–505.

 22. McCord JM, Edeas MA. SOD, oxidative stress and human pathologies: a brief history and a 
future vision. Biomed Pharmacother. 2005;59:139–42.

 23. Batinic-Haberle I, Tovmasyan A, Roberts ER, Vujaskovic Z, Leong KW, Spasojevic I. SOD 
therapeutics: latest insight into their structure-activity relationships and impact on the cellular 
redox-based signaling pathways. Antioxid Redox Signal. 2014;20(15):2372–415.

 24. Batinic-Haberle I, Reboucas Julio S, Spasojevic I. SOD mimic: chemistry, pharmacology and 
therapeutic potential. Antioxid Redox Signal. 2010;13(6):877–918.

 25. Muscoli C, Cuzzocrea S, Riley DP, Zweier JL, Thiemermann C, Wang ZQ, Salvemini D. 
On the selectivity of SOD mimetics and its importance in pharmacological studies. Br 
J Pharmacol. 2003;140:445–60.

7 Mimicking SOD, Why and How: Bio-Inspired Manganese…



158

 26. Salvemini D, Muscoli C, Riley DP, Cuzzocrea S. Superoxide dismutases mimetics. Pulm 
Pharmacol Ther. 2002;15:439–47.

 27. Fridovich I, Imlay JA. Assay of metabolic superoxide production in Escherichia coli. J Biol 
Chem. 1991;266:6957–65.

 28. Melov S, Coskun P, Patel M, Tuinstra R, Cottrell B, Jun AS, AZastawny TH, Dizdaroglu M, 
Goodman SI, Huang TT, Miziorko H, Epstein CJ, Wallace DC. Mitochondrial disease in 
superoxide dismutase 2 mutant mice. Proc Natl Acad Sci U S A. 1999;96:846–51.

 29. Li Y, Huang T-T, Carlson EJ, Melov S, Ursell PC, Olson JL, Noble LJ, Yoshimura MP, 
Berger C, Chan PH, Wallace DC, Epstein CJ. Dilated carbiomyopathy and neonatal lethality 
in mutant mice lacking MnSOD. Nat Genet. 1995;11:376–81.

 30. Reaume AG, Elliott JL, Hoffman EK, Kowall NW, Ferrante RJ, Siwek DR, Wilcox HM, 
Flood DG, Beal MF, Brown Jr RH, Scott RW, Snider WD. Motor neurons in Cu/Zn superox-
ide dismutase-deficient mice develop normally but exhibit enhanced cell death after axonal 
injury. Nat Genet. 1996;13:43–7.

 31. Yost FJ, Fridovich I. An iron-containing superoxide dismutase from Escherichia coli. J Biol 
Chem. 1973;248(14):4905–8.

 32. Youn H-D, Kim E-J, Roe J-H, Hah YC, Kang SO. A novel nickel-containing superoxide 
dismutase from Streptomyces spp. Biochem J. 1996;318:889–96.

 33. Niviere V, Fontecave M. Discovery of superoxide reductase: an historical perspective. J Biol 
Inorg Chem. 2004;9:119–23.

 34. Austin FE, Barbieri JT, Crorin RE, Grigas KE, Cox CD. Distribution of superoxide dis-
mutase, catalase, and peroxidase activities among Treponema pallidum and other spirochetes. 
Infec Immun. 1981;33(2):372–9.

 35. Archibald FS, Fridovich I. Mn and defenses against oxygen toxicity in Lactobacillus planta-
rum. J Bacteriol. 1981;445:442–51.

 36. Seib KL, Tseng H-J, McEwan AG, Apicella MA, Jennings MP. Defenses against oxidative 
stress in Neisseria gonorrhoeae and Neisseria meningitidis: distinctive systems for different 
lifestyles. J Infect Disease. 2004;190:136–47.

 37. Jones DP, Go YM, Anderson CL, Ziegler TR, Kinkade JM, Kirlin WG. Cysteine/cystine 
couple is a newly recognized node in the circuitry for biologic redox signaling and control. 
Faseb J. 2004;18(9):1246–8.

 38. Latour J-M. Manganese, the stress reliever. Metallomics. 2015;7:25–8.
 39. Archibald FS, Fridovich I. The scavenging of superoxide radical by manganous complexes: 

in vitro. Arch Biochem Biophys. 1982;214:452–63.
 40. Durot S, Policar C, Cisnetti F, Lambert F, Renault J-P, Pelosi G, Blain G, Korri-Youssoufi H, 

Mahy J-P. Series of Mn complexes based on N-centered ligands and superoxide—reactivity 
in an anhydrous medium and SOD-like activity in an aqueous medium correlated to MnII/MnIII 
redox potentials. Eur J Inorg Chem. 2005;3513–23.

 41. Barnese K, Gralla EB, Cabelli DE, Valentine JS. Manganous phosphate acts as a SOD. J Am 
Chem Soc. 2008;130:4604–6.

 42. McNaughton RL, Reddi AR, Clement MHS, Sharma A, Barnese K, Rosenfeld L, Butler 
Gralla E, Valentine JS, Culotta VC, Hoffman B. Probing in vivo Mn2+ speciation and oxida-
tive stress resistance in yeast cells with electron-nuclear double resonance spectroscopy. Proc 
Natl Acad Sci U S A. 2010;107(35):15335–9.

 43. Reddi AR, Culotta VC. Regulation of manganese antioxidants by nutrients sensing pathway 
in saccharomyces cerevisiae. Genetics. 2011;189:1261–70.

 44. Mann T, Keilin D. Haemocuprein and hepatocuprein, copper protein compounds of blood 
and liver in mammals. Proc R Soc Ser B. 1938;126:303–15.

 45. Markowitz H, Cartwright GE, Wintrobe MM. Studies on copper metabolism: XXVII. 
An Erythrocyte cuproprotein. The isolation and properties of an erythrocyte cuproprotein 
(erythrocuprein). J Biol Chem. 1959;234:40–5.

 46. Pauling L. The discovery of superoxide radical. Trends Biochem Sci. 1979;4(11):N270–1.
 47. Pauling L. The nature of the chemical bond. IV The energy of single bonds and the relative 

electronegativity of atoms. J Am Chem Soc. 1932;54:3570–82.

C. Policar



159

 48. Neuman EW. Potassium superoxide and the three-electron bond. J Chem Phys. 
1934;2:31–3.

 49. Bray RC, Knowles PF. Electron spin resonance in enzyme chemistry: the mechanism of 
action of xanthine oxidase. Proc Roy Soc A. 1968;302:351–53.

 50. Knowles PF, Gibson JF, Pick FM, Bray RC. Electron-spin-resonance evidence for enzymic 
reduction of oxygen to a free radical, the superoxide ion. Biochem J. 1969;111:53–8.

 51. McCord JM, Fridovich I. Superoxide dismutase. An enzymatic function for erythrocuprein 
(hemocuprein). J Biol Chem. 1969;244(22):6049–55.

 52. Carson S, Vogin EE, Huber W, Schulte TL. Safety tests of orgotein, an antiinflammatory 
protein. Toxicol Appl Pharmacol. 1973;26:184–202.

 53. Babior BM, Kipnes RS, Curnutte JT. The production by leukocytes of superoxide radical, a 
potential bactericial agent. J Clin Invest. 1973;52:741–4.

 54. Miriyala S, Spasojevic I, Tovmasyan A, Salvemini D, Vujaskovic Z, St. Clair D, Batinic- 
Haberle I. MnSOD and its mimic. Biochim Biophys Acta. 2012;1822(5):794–814.

 55. Axthelm F, Casse O, Koppenol WH, Nauser T, Meier W, Palivan CG. Antioxidant nanoreac-
tor based on SOD encapsulated in SOD permeable vesicles. J Phys Chem B. 
2008;112(28):8211–6.

 56. Riley DP. Functional mimics of superoxide dismutase enzymes as therapeutic agents. Chem 
Rev. 1999;99:2573–87.

 57. Salvemini D, Riley DP, Cuzzocrea S. SOD mimetics are coming of age. Nat Rev Drug 
Discov. 2002;1(5):367–74.

 58. Abreu IA, Cabelli DE. Superoxide dismutases—a review of the metal-associated mechanistic 
variations. Biochim Biophys Acta. 2010;1804:263–74.

 59. Basolo F, Pearson RG. Mechanisms of inorganic reactions: a study of metal complexes in 
solution. New York: Wiley; 1967.

 60. Barrette WCJ, Sawyer DT, Fee JA, Asada K. Potentiometric titration and oxidation-reduction 
potentials of several iron superoxide dismutases. Biochemistry. 1983;22(3):624–7.

 61. Bielski BHJ, Cabelli DE, Arudi RL, Ross AB. Reactivity of HO2/O2
− radicals in aqueous 

solution. J Phys Chem Ref Data. 1985;14(4):1041–100.
 62. Azab HA, Banci L, Borsari M, Luchinat C, Sola M, Viezzoli MS. Redox chemistry of 

superoxide- dismutase- Cyclic voltammetry of wild-type enzymes and mutants on function-
ally relevant residues. Inorg Chem. 1992;31(22):4649–55.

 63. Lawrence GD, Sawyer DT. Potentiometric titrations and oxidation-reduction potentials of 
manganese and copper-zinc superoxide dismutases. Biochemistry. 1979;19:3045–50.

 64. Herbst RW, Guce A, Bryngelson PA, Higgins KA, Ryan KC, Cabelli DE, Garman SC, 
Maroney MJ. Role of conserved tyrosine residues in NiSOD catalysis: a case of convergent 
evolution. Biochemistry. 2009;48(15):3354–69.

 65. Miller A-F. Redox tuning over almost 1 V in a structurally conserved active site: lessons from 
Fe-containing superoxide dismutase. Acc Chem Res. 2008;41(4):501–10.

 66. Marshall NM, Garner DK, Wilson TD, Gao Y-G, Robinson H, Nilges MJ. Rationally tuning 
the reduction potential of a single cupredoxin beyond the natural range. Nature. 
2009;462:113–7.

 67. New SY, Marshall NM, Hor TSA, Xue F, Lu Y. Redox tuning of biological copper centers 
through non-covalent interactions: same trends but different magnitude. Chem Commun. 
2012;48:4217–9.

 68. Drew MGB, Harding CJ, McKee V, Morgan GG, Nelson J. Geometric control of manganese 
redox state. J Chem Soc Chem Commun. 1995;10:1035–8.

 69. Garcia L, Cisnetti F, Gillet N, Guillot R, Aumont-Nicaise M, Piquemal J-P, Desmadril M, 
Lambert F, Policar C. Entasis through Hook-and-Loop factening in a glycoligand with cumu-
lative weak forces stabilizing Cu(I). J Am Chem Soc. 2015;137(3):1141–6.

 70. Suh J, Chei WS. Metal complexes as artificial proteases: toward catalytic drugs. Curr Opin 
Chem Biol. 2008;12:207–13.

 71. Lombard M, Fontecave M, Touati D, Nivière V. Reaction of the desulfoferrodoxin from 
Desulfoarculus baarsii with superoxide anion—Evidence for a superoxide reductase activity. 
J Biol Chem. 2000;275:115–21.

7 Mimicking SOD, Why and How: Bio-Inspired Manganese…



160

 72. Pianzzola MJ, Soubes M, Touati D. Overproduction of the rbo gene product from 
Desulfovibrio species suppresses all deleterious effects of lack of superoxide dismutase in 
Escherichia coli. J Bacteriol. 1996;178:6736–42.

 73. Durot S, Lambert F, Renault J-P, Policar C. A pulse radiolysis study of superoxide radical 
catalytic dismutation by a manganese(II) complex with a N-tripodal ligand. Eur J Inorg 
Chem. 2005;2789–93.

 74. Quinn R, Mercer-Smith J, Burstyn JN, Valentine JS. Influence of hydrogen bonding on the 
properties of iron porphyrin imidazole complexes. An internally hydrogen bonded imidazole 
ligand. J Am Chem Soc. 1984;106:4136–44.

 75. Haga M-A, Ano T-A, Kano K, Yamabe S. Proton-induced switching of metal-metal interac-
tions in dinuclear ruthenium and osmium complexes bridged by 2,2′-bis(2-pyridyl)-bibenz-
imidazole. Inorg Chem. 1991;30:3843–9.

 76. Carina RF, Verzegnassi L, Bernadinelli G, Williams AF. Modulation of iron reduction poten-
tial by deprotonation at a remote site. Chem Commun. 1998;24:2681–2.

 77. Brewer C, Brewer G, Luckett C, Marbury GS, Viragh C, Beatty AM, Scheidt RW. Proton 
control of oxidation and spin state in a series of iron tripodal imidazole complexes. Inorg 
Chem. 2004;43:2402–15.

 78. Lambert F, Policar C, Durot S, Cesario M, Yuwei L, Korri-Youssoufi H, Keita B, Nadjo L. 
Imidazole and imidazolate iron complexes: on the way for tuning 3D-structural characteris-
tics and reactivity. Redox interconversions controlled by protonation state. Inorg Chem. 
2004;43:4178–88.

 79. Anxolabéhère-Mallart E, Costentin C, Policar C, Robert C, Savéant J-M, Teillout A-L. Proton- 
coupled electron transfers in biomimetic water bound metal complexes. The electrochemical 
approach. Faraday Discuss. 2011;48:83–95.

 80. Vallee BL, Williams RJP. Metalloenzymes-entatic nature of their active sites. Proc Natl Acad 
Sci U S A. 1968;59(2):498–505.

 81. Jahn HA, Teller E. Stability of polyatomic molecules in degenerate electronic states. I. Orbital 
degeneracy. Proc R Soc London Ser A. 1937;161(A905):220–35.

 82. Deeth RJ. The ligand field molecular mechanics model and the stereoelectronic effects of d 
and s electrons. Coord Chem Rev. 2001;212:11–34.

 83. Koppenol WH. The physiological role of charge distribution on SOD. In: Rodgers MAJ, edi-
tor. Oxygen and oxy-radicals in chemistry and biology. New York: Academic; 1981. 
p. 671–4.

 84. Benovic J, Tillman T, Cudd A, Fridovich I. Electrostatic facilitation of the reaction catalyzed 
by the manganese-containing and iron-containing SOD. Arch Biochem Biophys. 
1983;221:329–32.

 85. Getzoff ED, Tainer JA, Weiner PK, Kollman PA, Richardson JS, Richardson DC. Electrostatic 
recognition between superoxide and copper-zinc SOD. Nature. 1983;306:287–90.

 86. Sines J, Allison S, Wierzbicki A, McCammon JA. Brownian dynamics simulation of the 
superoxide-superoxide dismutase reaction: iron and manganese enzymes. J Phys Chem. 
1990;94:959–61.

 87. Cudd A, Fridovich I. Electrostatic interactions in the reaction mechanism of bovine 
Erythrocyte superoxide dismutase. J Biol Chem. 1982;257:11443–7.

 88. Allison SA, Bacquet RJ, McCammon JA. Simulation of the diffusion-controlled reaction 
between superoxide and superoxide dismutase. II. Detailed models. Biopolymers. 
1988;27:251–69.

 89. Parker MW, Blake CCF. Crystal structure of MnSOD from Bacillus stearothermopilus at 2.4 
Å resolution. J Mol Biol. 1988;199(2):649–61.

 90. Wispe JR, Clark JC, Burhans MS, Kropp KE, Korfhagen TR, Whitsett JA. Synthesis and 
processing of the precursor for human mangano-superoxide dismutase. Biochim Biophys 
Acta. 1989;994:30–6.

 91. Durand G, Polidori A, Pucci B. La vectorisation de pièges à radicaux libres. Nouvelle straté-
gie thérapeutique. Act Chimique. 2003;26–29.

C. Policar



161

 92. Favier A. Le stress oxydant. Intérêt conceptuel et expérimental dans la compréhension des 
mécanismes des maladies et potentiel thérapeutique. Act Chimique. 2003;11–12:108–15.

 93. Smith AJ, Porteous CM, Gane AM, Murphy MP. Delivery of active molecules to mitochon-
dria in vivo. Proc Natl Acad Sci U S A. 2003;100:5407–12.

 94. Dhanasekaran A, Kotamraju S, Karunakaran C, Kalivendi SV, Thomas S, Joseph J, 
Kalyanaraman B. Mitochondria superoxide dismutase mimetic inhibits peroxide-induced 
oxidative damage and apoptosis: role of mitochondrial superoxide. Free Radical Biol Med. 
2005;39:567–83.

 95. Rafelski S. Mitochondrial network morphology: building an integrative, geometrical view. 
BMC Biol. 2013;11:71.

 96. Fernandez-Carneado J, van Gool M, MMartos V, Castel S, Prados P, de Mendoza J, Giralt E. 
Highly efficient, nonpeptidic oligoguanidinium vectors that selectively internalize into mito-
chondria. J Am Chem Soc. 2005;127:869–74.

 97. Policar C, Durot S, Lambert F, Cesario M, Ramiandrasoa F, Morgenstern-Badarau I. New 
Mn(II) complexes with N/O coordination sphere from tripodal N-centered ligands. 
Characterization from solid state to solution and reaction with superoxide in non-aqueous and 
aqueous medium. Eur J Inorg Chem. 2001;1807–18.

 98. Dees A, Zahl A, Puchta R, van Eikema Hommes NJR, Heinemann FW, Ivanovic-Burmazovic 
I. Water exchange on seven-coordinate Mn(II) complexes with macrocyclic pentadentate 
ligands: insight in the mechanism of Mn(II) SOD-mimetic. Inorg Chem. 2007;46:2459–70.

 99. Salvemini D, Wang Z-Q, Zweier JL, Samouilov A, Macarthur H, Misko TP, Currie MG, 
Cuzzocrea S, Sikorski JA, Riley DP. A non-peptidyl mimic of SOD with therapeutic activity 
in rats. Science. 1999;286:304–5.

 100. Xingcan S, Hong L, Zhiliang J, Xiwen H, Panwen P. Binding equilibrium study between 
Mn(II) and HSA or BSA. Chin J Chem. 2000;18(1):35–41.

 101. Munroe W, Kingsley C, Durazo A, Butler Gralla E, Imlay JA, Srinivasan C, Valentine 
JS. Only one of a wide assortment of manganese-containing SOD mimicking compounds 
rescues the slow aerobic growth phenotypes of both Escherichia coli and Saccharomyces 
cerevisiae strains lacking superoxide dismutase enzymes. J Inorg Biochem. 2007; 
101:1875–82.

 102. Spasojevic I, Chen Y, Noel TJ, Yu Y, Cole MP, Zhang L, Zhao Y, St. Clair DK, Batinic- 
Haberle I. Mn-porphyrin-based superoxide dismutase mimic, [Mn(III)TE2PyP]5+ target 
mouse heart mitochondria. Free Radical Biol Med. 2007;42:1193–200.

 103. Clède S, Lambert F, Saint-Fort R, Plamont MA, Bertrand H, Vessières A, Policar C. Influence 
of the side-chain length on the cellular uptake and the cytotoxicity of rhenium triscarbonyl 
derivatives: a bimodal infrared and luminescence quantitative study. Chem Eur 
J. 2014;20:8714–22.

 104. Policar C, Lambert F, Cesario M, Morgenstern-Bararau I. An inorganic helix [Mn(IPG)
(MeOH)]n[PF6]n: structural and magnetic properties of a syn-anti carboxylate-bridged 
manganese(II) chain involving a tetradentate ligand. Eur J Inorg Chem. 1999; 
(12):2201–7.

 105. Cisnetti F, Lefevre AS, Guillot R, Lambert F, Blain G, Anxolabéhère-Mallart E, Policar C. A 
new pentadentate ligands forms both a di- and mononuclear Mn(II) complex: electrochemi-
cal, spectroscopic and SOD activity studies. Eur J Inorg Chem. 2007;4472–80.

 106. Cisnetti F, Pelosi G, Policar C. Synthesis and superoxide dismutase-like activity of new 
manganese(III) complexes based on tridentate N2O ligands derived from histamine. Inorg 
Chim Acta. 2007;360:557–62.

 107. Groni S, Blain G, Guillot R, Policar C, Anxolabéhère-Mallart E. Reactivity of Mn(II) with 
superoxide. Evidence for a [MnIIIOO] + unit by low-temperature spectroscopies. Inorg Chem. 
2007;46:1951–3.

 108. Bernard A-S, Giroud C, Ching HYV, Meunier A, Ambike V, Amatore C, Guille Collignon M, 
Lemaître F, Policar C. Evaluation of the anti-oxidant properties of a SOD-mimic Mn-complex 
in activated macrophages. Dalton Trans. 2012;41:6399–403.

7 Mimicking SOD, Why and How: Bio-Inspired Manganese…



162

 109. Borgstahl GOE, Parge HE, Hickey MJ, Beyer WF, Hallewell RA, Tainer JA. The structure of 
human mitochondrial manganese superoxide dismutase reveals a novel tetrameric interface 
of two 4-helix bundles. Cell. 1992;71:107–18.

 110. Tabares LC, Cortez N, Hiraoka BY, Yamakura F, Un S. Effects of substrate analogues and pH 
on manganese superoxide dismutases. Biochemistry. 2006;45(6):1919–29.

 111. Whittaker MM, Whittaker JW. Low-temperature thermochromism marks a change in coordi-
nation for the metal ion in manganese superoxide dismutase. Biochemistry. 1996;35(21): 
6762–70.

 112. Yamato K, Miyahara I, Ichimura A, Hirotsu K, Kojima Y, Sakurai H, Shiomi D, Sato K, Takui 
T. Superoxide dismutase mimetic complex of Mn(II)/N, N-bis(2-pyridylmethyl)-(S)-
histidine. Chem Lett. 1999;28:295–6.

 113. Nishida Y, Tanaka N, Yamazaki A, Tokii T, Hashimoto N, Ide K, Iwasawa K. Novel reactivity 
of dioxygen molecule in the presence of Mn(II) complex and reducing agents. Inorg Chem. 
1995;34:3616–20.

 114. Ching HYV, Anxolabehere-Mallart E, Colmer HE, Costentin C, Dorlet P, Jackson TA, Policar 
C, Robert M. Electrochemical formation and reactivity of a manganese peroxo complex: acid 
driven H2O2 generation vs. O-O bond cleavage. Chem Sci. 2014;5(6):2304–10.

 115. Kitajima N, Komatsuzaki H, Hikichi S, Osawa M, Moro-Oka Y. A monomeric side-on peroxo 
Mn(III) complex: Mn(O2)(3,5-iPr2pzH)(HB(3,5-iPr2pz)). J Am Chem Soc. 1994; 
116:11596–7.

 116. Primus J-L, Grunenwald S, Hagedoorn P-L, Albrecht-Gary A-M, Mandon D, Veeger C. 
The nature of the intermediates in the reaction of Fe(III) and Mn(III)-microperoxidase 8 with 
H2O2: a rapid kinetics study. J Am Chem Soc. 2002;124(7):1214–21.

 117. Seo MS, Kim JY, Annaraj J, Kim Y, Lee Y-M, Kim S-J, Kim J, Nam W. [Mn(tmc)(O2)]+: a 
side-on peroxido manganese(III) complex bearing a non-heme ligand. Angew Chem Int Ed 
Engl. 2007;46:377–80.

 118. Groni S, Dorlet P, Blain G, Bourcier S, Guillot R, Anxolabehere-Mallart E. Reactivity of an 
aminopyridine LMnII complex with H2O2. Detection of intermediates at low temperature. 
Inorg Chem. 2008;47(8):3166–72.

 119. Leto DF, Chattopadhyay S, Daya VW, Jackson TA. Reaction landscape of a pentadentate 
N5-ligated MnII complex with O2

•− and H2O2 includes conversion of a peroxomanganese(III) 
adduct to a bis(μ-oxo)-dimanganese(III, IV) species. Dalton Trans. 2013;42:13014–25.

 120. Enemark JH, Feltham RD. Principles of structure, bonding, and reactivity for metal nitrosyl 
complexes. Coord Chem Rev. 1974;13(4):339–406.

 121. Bielski BHJ, Arudi RL. Preparation and stabilization of aqueous/ethanolic superoxide solu-
tions. Anal Biochem. 1983;133:170–8.

 122. Bielski BHJ. Reevaluation of the spectral and kinetic properties of HO2 and O2
− free radicals. 

Photochem Photobiol. 1978;28:645–9.
 123. Cabelli DE, Bielski BHJ. Pulse radiolysis study of the kinetics and mechanisms of the reaction 

between Mn(II) complex and HO2/O2- radicals. 1. sulfate, formate and pyrophosphate com-
plexes. J Phys Chem. 1984;88(14):3111–5.

 124. Cabelli D. Probing superoxide dismutases through radiation chemistry. Isr J Chem. 
2014;54(3):272–8.

 125. Friedel FC, Lieb D, Ivanovic-Burmazovic I. Comparative studies on manganese-based SOD 
mimetics, including the phosphate effect, by using global spectral analysis. J Inorg Biochem. 
2012;109:26–32.

 126. Batinic-Haberle I, Spasojevic I, Hambright P, Benov L, Crumbliss AL, Fridovich 
I. Relationship among redox potentials, proton dissociation constants of pyrrolic nitrogens 
and in vivo SOD activities of Mn(III) and iron(III) water soluble porphyrins. Inorg Chem. 
1999;38:4011–22.

 127. Okado-Matsumoto A, Batinic-Haberle I, Fridovich I. Complementation of SOD-deficient 
Escherichia coli by manganese porphyrin mimics of superoxide dismutase activity. Free 
Radical Biol Med. 2004;37(3):401–10.

C. Policar



163

 128. Tovmasyan A, Carballal S, Ghazaryan R, Melikyan L, Weitner T, Maia CGC, Reboucas JS, 
Radi R, Spasojevic I, Benov L, Batinic-Haberle I. Rational design of superoxide dismutase 
(SOD) mimics: the evaluation of the therapeutic potential of New cationic Mn porphyrins 
with linear and cyclic substituents. Inorg Chem. 2014;53(21):11467–83.

 129. Ndengele MM, Muscoli C, Zhi QW, Doyle TM, Matuschak GM, Salvemini D. Superoxide 
potentiates NF-kappa B activation and modulates endotoxin-induced cytokine production in 
alveolar macrophages. Shock. 2005;23(2):186–93.

 130. Asayama S, Kawamura E, Nagaoaka S, Kawakami H. Design of Mn-porphyrin modified 
with a mitochondrial signal peptide for a new antioxidant. Mol Pharm. 2006;3:468–70.

 131. Amatore C, Arbault S, Guille M, Lemaitre F. Electrochemical monitoring of single cell 
secretion: vesicular exocytosis and oxidative stress. Chem Rev. 2008;108:2585–621.

 132. Lewis EA, Lindsay-Smith JR, Walton PH, Archibald SJ, Foxo SP, Giblin GMP. Tuning the 
metal-based redox potential of manganese cis, cis-1,3,5-triaminocyclohexane complexes. 
J Chem Soc Dalton Trans. 2001;1159–61.

 133. Lewis EA, Khodr HH, Hider RC, Lindsay-Smith JR, Walton PH. A manganese superoxide 
dismutase mimic based on cis-cis-1,3,5-triaminocyclohexane. Dalton Trans. 2004;2:187–8.

 134. Collman J. Synthetic models for the oxygen-binding hemoproteins. Acc Chem Res. 
1977;10:265–72.

 135. Momenteau M. Synthesis and coordination properties of superstructure iron-porphyrins. 
Pure Appl Chem. 1986;58(11):1493–502.

 136. Collman J, Fu L. Synthetic models for hemoglobin and myoglobin. Acc Chem Res. 
1999;32:455–63.

 137. Collman J, Ghosh S. Recent applications of synthetic model of cytochrome c oxidase: beyond 
functional modeling. Inorg Chem. 2010;49:5798–810.

 138. Batinic-Haberle I, Benov L, Spasojevic I, Fridovich I. The ortho effect makes Mn(III)por-
phyrins a powerful potentially used SOD mimic. J Biol Chem. 1998;273(38):24521–8.

 139. Batinic-Haberle I, Spasojevic I, Stevens RD, Hambright P, Neta P, Okado-Matsumoto A, 
Fridovich I. New class of potent catalysts of superoxide dismutation. Mn(III) ortho- 
methoxyethylpyridyl- and di-ortho-methoxyethyl-imidazolylporphyrins. Dalton Trans. 2004; 
11:1696–702.

 140. Maroz A, Kelso GF, Smith RAJ, Ware DC, Anderson RF. Pulse radiolysis investigation on 
the mechanism of the catalytic action of Mn(II)—Pentaazamacrocycle compounds as super-
oxide dismutase mimetics. J Phys Chem A. 2008;112(22):4929–35.

 141. Batinic-Haberle I, Liochev SI, Spasojevic I, Fridovich I. A potent SOD mimic: Mnßoctabromo 
meso tetrakis(Npyridinium4yl)porphyrin. Arch Biochem Biophys. 1997;343(2):225–33.

 142. Spasojević I, Batinic-Haberle I, Rebouças JS, Idemori YM, Fridovich I. Electrostatic 
Contribution in the catalysis of superoxide dismutation by SOD mimics. J Biol Chem. 2003; 
278:6831–7.

 143. Rajic Z, Tovmasyan A, Spasojevic I, Sheng H, Lu M, Li A-M, Batinic-Haberle I, Benov 
LT. A new SOD mimic, Mn(III) ortho N-butoxyethylpyridylporphyrin, combines superb 
potency and lipophilicity with low toxicity. Free Radical Biol Med. 2012;52:1828–34.

 144. Rebouças JS, DeFreitas-Silva G, Spasojević I, Idemori YM, Benov L, Batinić-Haberle 
I. Impact of electrostatics in redox modulation of oxidative stress by Mn porphyrins: 
Protection of SOD-deficient Escherichia coli via alternative mechanism where Mn porphyrin 
acts as a Mn carrier. Free Radical Biol Med. 2008;45:201–10.

 145. Friedel FC, Kenkell I, Miljkovic JL, Moldenhauer D, Weber N, Filipovic ML, Gröhn F, 
Ivanovic-Burmazovic I. Amphiphilic pentaazamacrocyclic manganese superoxide dismutase 
mimetics. Inorg Chem. 2014;53:1009–20.

 146. Puglisi A, Tabb G, Vecchio G. Bioconjugates of cyclodextrins of manganese salen-type with 
superoxide dismutase activity. J Inorg Biochem. 2004;98:969–76.

 147. Rebouças JS, Spasojevic I, Tjahjono DH, Richaud A, Méndez F, Benov L, Batinic-Haberle I. 
Redox modulation of oxidative stress by Mn porphyrin-based therapeutics: the effect of 
charge distribution. Dalton Trans. 2008;9:1233–42.

7 Mimicking SOD, Why and How: Bio-Inspired Manganese…



164

 148. Asayama S, Hanawa T, Nagaoka S, Kawakami H. Design of the complex between manga-
nese porphyrins and catalase-poly(ethylene glycol) conjugates for a new antioxidant. Mol 
Pharm. 2007;4(3):484–6.

 149. Hanawa T, Asayama S, Watanabe T, Owada S, Kawakami H. Protective effects of the com-
plex between manganese porphyrins and catalase-poly(ethylene glycol) conjugates against 
hepatic ischemia/reperfusion injury in vivo. J Controlled Release. 2009;135(1):60–4.

 150. D’agata R, Grasso G, Iacono G, Spoto G, Vecchio G. Lectin recognition of a new SOD mimic 
bioconjugate studied with surface plasmon resonance imaging. Org Biomol Chem. 
2006;4:610–2.

 151. Asayama S, Mizushima K, Nagaoka S, Kawakami H. Design of metalloporphyrin- 
carbohydrate conjugates for a New superoxide dismutase mimic with cellular recognition. 
Bioconjugate Chem. 2004;15:1360–3.

 152. Kelso GF, Maroz A, Cocheme HM, Logan A, Prime TA, Peskin AV, Winterbourn CC, James AM, 
Ross MF, Brooker S, Porteous CM, Anderson RF, Murphy MP, Smith RAJ. A mitochondria- 
targeted macrocyclic Mn(II) superoxide dismutase mimetic. Chem Biol. 2012;19(10): 
1237–46.

 153. Aitken JB, Shearer EL, Giles NM, Lai B, Vogt S, Reboucas JS, Batinic-Haberle I, Lay PA, 
Giles GI. Intracellular targeting and pharmacological activity of the SOD mimics MnTE-2- 
PyP(5+) and MnTnHex-2-PyP(5+) regulated by their porphyrin ring substituents. Inorg 
Chem. 2013;52:4121–3.

 154. Fridovich I. Quantitative aspects of the production of superoxide anion radical by milk 
xanthine oxidase. J Biol Chem. 1970;245(16):4053–7.

 155. Castello PR, Drechsel DA, Day BJ, Patel M. Inhibition of mitochondrial hydrogen peroxide 
production by lipophilic metalloporphyrins. J Pharmacol Exp Ther. 2008;324:970–6.

 156. Okado-Matsumoto A, Fridovich I. Assay of superoxide dismutase: cautions relevant to the 
use of cytochrome c, a sulfonated tetrazolium, and cyanide. Anal Biochem. 2001; 
298:337–42.

 157. Pasternack RF, Halliwell B. Superoxide dismutase activities of an iron porphyrin and other 
iron complexes. J Am Chem Soc. 1979;101(4):1026–31.

 158. Butler J, Koppenol WH, Margoliash E. Kinetics and mechanism of the reduction of ferricy-
tochrome c by the superoxide anion. J Biol Chem. 1982;257(18):10747–50.

 159. Liao Z-R, Zheng X-F, Luo B-S, Shen L-R, Li D-F, Liu H-L, Zhao W. Synthesis, characteriza-
tion and SOD-like activities of manganese-containing complexes with N, N, N′, N′-tetrakis(2′-
benzimidazolyl methyl)-1,2-ethanediamine (EDTB). Polyhedron. 2001;20:2813–21.

 160. Weiss RH, Flickinger AG, Rivers WJ, Hardy MM, Aston KW, Ryan US, Riley DP. Evaluation 
of activity of putative superoxide dismutase mimics. Direct analysis by stopped-flow kinetics. 
J Biol Chem. 1993;268(31):23049–54.

 161. Faulkner KM, Liochev SI, Fridovich I. Stable Mn(III) porphyrins mimic SOD in vitro and 
substitute for it in vivo. J Biol Chem. 1994;269(38):23471–6.

 162. Note that after 10 min. the concentration in dioxygen drops too much and the OD as a func-
tion of time is no longer linear.

 163. Spasojevic I, Batinic-Haberle I, Stevens RD, Hambright P, Thorpe AN, Grodkowski J, Neta P, 
Fridovich I. Mn(III) biliverdin IX dimethylester: a powerful catalytic scavenger of superox-
ide employing the Mn(III)/Mn(IV) redox couple. Inorg Chem. 2001;40:726–39.

 164. Liochev SI, Fridovich I. Superoxide from glucose oxidase or from nitroblue tetrazolium? 
Arch Biochem Biophys. 1995;318:408–10.

 165. Batinic-Haberle I, Rebouças Julio S, Spasojevic I. Response to Rosenthal et al. Antiox redox 
signal. 2011;14(6):1174–6.

 166. Bull C, McClune GJ, Fee JA. The mechanism of Fe-EDTA catalysed superoxide dismutation. 
J Am Chem Soc. 1983;103:5290–300.

 167. Riley DP, Rivers WJ, Weiss RH. Stopped-flow kinetic analysis for monitoring SO decay in 
aqueous systems. Anal Biochem. 1991;196:344–9.

 168. Ching HYV, Kenkel I, Delsuc N, Mathieu E, Ivanović-Burmazovic I and Policar C, 
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Chapter 8
Mn Porphyrin-Based Redox-Active 
Therapeutics

Ines Batinić-Haberle, Artak Tovmasyan, and Ivan Spasojević

8.1  Introduction

The Mn porphyrin (MnP) story as superoxide dismutase (SOD) mimics started in the 
late 1960s when Irwin Fridovich and his then Ph.D. student, Joe McCord, discovered 
that an already known copper protein was able to catalyze O2

•− dismutation at a dif-
fusion-limited rate of ~109 M−1 s−1, thus acting as superoxide dismutase enzyme [1]. 
While O2

•− had been already known to the chemical audience, the seminal discovery 
of the superoxide dismutase enzyme marked the beginning of O2

•−-based biology and 
medicine. Irwin Fridovich got recognized as a Father of the field of Free Radical 
Biology and Medicine and became a co-founder of the related Society (originally 
Oxygen Society and presently Society for Redox Biology and Medicine) and of the 
famous yellow Journal of Free Radical Biology and Medicine. Soon upon the discov-
ery of SOD enzyme, it became obvious that O2

•− and its progenies, when beyond 
physiological nM concentrations, induce oxidative stress which subsequently 
impacts cellular metabolism giving rise to different pathological conditions. The dis-
covery of different isoforms of SOD followed. The existential importance of mito-
chondrial isoform, MnSOD, became obvious with the studies on MnSOD knock-out 
mice. The Cu,ZnSOD knock-out mice, though, live longer than MnSOD knock-out 
mice but develop multiple cancers later in their lives. The experimental evidence col-
lected over years demonstrated that nearly all diseases, including aging, have at least 
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some component of oxidative stress in common. Very early on, with the growing 
awareness of the critical impact that the SOD enzymes have on our health, the idea 
that an SOD mimic, which is of small molecular size, able to enter the cell, may be 
an excellent therapeutic was inaugurated. The earliest work on SOD mimics was 
done on iron (Fe) porphyrin by Pasternack and Halliwell [2], followed by Fridovich 
et al. [3]. Why are metalloporphyrins the compounds frequently studied? Nature has 
used macrocyclic porphyrin ring as a ligand for Fe in different proteins and enzymes. 
Macrocyclic porphyrin ring affords vast stability to the metal complex, thereby 
assuring high integrity of the metal site where all actions of interest occur. The most 
critical bodily proteins, such as hemoglobin, myoglobin, cytochrome oxidase, cyt 
P450 family members, nitric oxide synthase, and guanylyl cyclase, have Fe porphy-
rin (Fe protoporphyrin IX) as active site. The first SOD mimics studied by Fridovich 
and collaborators were complexes of Mn with simple biological ligands (such as 
malate and citrate) [4] and with desferrioxamine B (which provides semicyclic struc-
ture around Mn). Porphyrin was introduced in the early 1990s as an SOD- based 
ligand for transition metals Mn, Fe, Cu, Ni, and Zn [3, 5].

It was not been before Ines Batinić-Haberle joined the Irwin Fridovich’s Lab in 
early 1995 that the critical porphyrin features that gave rise to powerful SOD-like 
properties were identified [5–18]. The four cationic charges on pyridyl nitrogens, with 
their electron-withdrawing power, and their ortho positions close to the Mn site, appear 
to be necessary for the appropriate metal-centered reduction potential, E1/2 (of ~ +200 
to +300 mV vs. NHE) and in turn for the high SOD-like activity [7, 11]. Ortho cationic 
Mn(III) N-substituted pyridylporphyrins were established as the most powerful SOD 
mimics (Fig. 8.1). Such “ortho” effect provides nearly identical  thermodynamics for 
the catalysis of O2

•− dismutation by MnP as it does for SOD enzyme. On kinetic side, 
similar to SOD enzyme, cationic charges afford  electrostatic facilitation for the 
approach of anionic O2

•− towards the metal site. Thus the pentacationic MnTE-2-PyP5+ 
is about 100-fold more potent SOD mimic than monocationic MnBr8T-2-PyP+ which  

Fig. 8.1 Main stages of development of Mn porphyrins. The first lead drug, MnTE-2-PyP5+, is 
presently in Canadian Clinical Trials on protection of islets during transplantation. The second lead, 
MnTnBuOE-2-PyP5+, has entered First-in-Human Phase I/II Trials at Duke University as a radio-
protector of normal tissue with cancer patients (NCT02655601). Based on “ortho” effect the di-
ortho imidazolyl analog, MnTDE-2-ImP5+ (AEOL10150) was designed and is under aggressive 
development towards Clinical Trials as a radioprotector also. Lack of the intellectual property rights 
precludes the clinical development of MnTnHex-2-PyP5+. M=methyl, E=ethyl, nHex=n-hexyl, 
nBuOE=n-butoxyethyl, 4=para position on pyridyl ring, 2=ortho position on pyridyl ring. Adapted 
from [14]
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is neutral at the periphery, while both have the same E1/2 for the MnIIIP/MnIIP redox 
couple [19]. Relative to small MnP molecule, the SOD protein structure affords the 
high specificity towards O2

•−. Both SOD and MnP can undergo the same reactions 
including the catalysis of O2

•− dismutation as they have the same reduction potential 
(i.e., thermodynamics) of the metal site. Yet, the MnP reactions with species other than 
O2

•− are few orders of magnitude faster than those of SOD enzyme due to the lack of 
steric hindrance towards the approach of such species. For example, MnTE-2-PyP5+ 
reduces ONOO− with kred(ONOO−) > 107 M−1 s−1, while MnSOD reduces ONOO− with 
kred(ONOO−) ~104 M−1 s−1. The diverse modifications of MnP structure aimed at finely 
tuning its bioavailability and, in particular, accumulation in mitochondria and brain. 
Also, the experiments were conducted to understand how the modification of MnP 
structure impacts its toxicity. MnP structure allowed for nearly limitless modifications 
at meso bridges and beta sites of pyrrolic rings. The progress on the design of Mn 
porphyrins as SOD mimics paralleled the growing insight into the key impact the 
small and large reactive species have in cellular redox biology. In addition to ONOO−, 
and due to the biologically compatible E1/2, we demonstrated that SOD mimics react 
with many different reactive species and with high rate constant such as O2, •NO, 
CO3

•−, ClO−, lipid radicals, H2O2, GS−, RS− (R being protein), ascorbate, and HNO 
[15]. We anticipate that many more reactions occur in vivo that have not yet been 
explored. We further demonstrated that on thermodynamic and kinetic grounds, the 
properties of MnPs that favor the SOD-like activity, favor all other reactions. In turn 
the rate constant for the catalysis of O2

•−, kcat(O2
•−) parallels the rate constants for other 

reactions of MnPs [14, 20, 21]. The diverse redox reactivities of cationic MnP-based 
SOD mimics are in large part due to their ability to easily adopt four oxidation states 
in vivo, +2, +3, +4, and +5. The electron deficiency of the Mn site favors binding of 
the reactive species which frequently precedes the electron transfer. The mere fact that 
most of the reactive species are anionic (such as monodehydroascorbate, thiols, and 
peroxynitrite) further contributes to the high in vivo reactivity of cationic MnPs. The 
metal-centered reduction potential of cationic MnPs assures that they are only mild 
pro- and antioxidants. In summary, the possibilities of their in vivo interactions are 
limitless. While the type of the species, its size, and charge would control the outcome, 
only those reactions, where MnP and a particular reactive species are co-localized at 
high concentrations at the site of interest, have the highest likelihood to occur. In addi-
tion to appropriate redox properties, therefore, the bioavailability of MnP at the site of 
interest and at high concentration is the second major factor that controls their thera-
peutic effects. We are still far away from fully grasping the biology of MnPs. We 
however know, based on the existing data in animal models of diseases, that the reac-
tivities of MnPs thus far identified and quantified parallel their therapeutic effects. Via 
four main phases of development, going from unsubstituted MnT-2-PyP+, over our 
first lead  compound, MnTE-2-PyP5+ (BMX-010, AEOl10133) over lipophilic 
MnTnHex- 2- PyP5+ to MnTnBuOE-2-PyP5+ (BMX-001) (Fig. 8.1), we have reached 
our major milestone—First-in-Human Trial—with the ultimate goal of effectively 
treating patients.

While chemistry was primarily explored at Duke University, numerous groups of 
researchers, including those at Duke University, contributed to the growing insight 
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into the biochemistry and biology of Mn porphyrins and their therapeutic effects. 
Several recent reviews addressed the chemistry, biology, and medical aspects of Mn 
porphyrins [6, 8–10, 13–18]. All studies combined helped identify compounds and 
conditions to be eventually tested in Clinical Trials. In addition to Mn porphyrins 
other redox-active drugs have also been addressed herein.

8.2  Design of an SOD Mimic

Dismutation of O2
•− and its catalysis by SOD enzyme and its mimic. The best 

approach in mimicking the SOD-like activity is to mimic both the thermodynamics 
and kinetics of SOD-catalyzed O2

•− dismutation. All isoforms of SODs, including 
Mn-, Fe-, Cu,Zn-, and NiSOD enzymes, operate at the same metal-centered 
 reduction potential of ~ + 300 mV vs. NHE which is in between the potentials for the 
1e− reduction (+890 mV vs. NHE) and 1e− oxidation of O2

•−(−180 mV vs. NHE). 
Such E1/2 assures that both steps of dismutation process (oxidation of O2

•− to O2 and 
reduction of O2

•− to H2O2) occur with similar rate constants of ~109 M−1 s−1 (Fig. 8.2) 
[11, 12, 14]. We started our design from an unsubstituted compound, MnT-4-PyP+, 
which has unfavorable E1/2 of −200 mV vs. NHE. Under such conditions Mn is 
 stabilized in the +3 oxidation state and cannot be reduced with O2

•− in a first step of 
dismutation process. The compound however possesses pyridyl nitrogens which 
allow quaternization with alkyl or modified alkyl substituents. Consequently the 
nitrogens become cationic and therefore impose electron-withdrawing effect upon 
the Mn site, reducing its electron density. In turn, Mn starts favoring the acceptance 
of electron from O2

•−.

Dismutation process involves oxidation and reduction of O2
•−. Like an SOD enzyme, 

MnP must be equally good anti- and prooxidant to be a good catalyst of O2
•− dismuta-

tion. That in turn means that viewing SOD enzyme and its mimic solely as an anti-
oxidant (reductant) [15] may be incorrect. Further, if H2O2 produced during reduction 
of O2

•− is maintained at nM levels by enzymes such as catalase and glutathione per-
oxidase (GPx), the SOD enzyme and/or its mimic would be considered antioxidative 
defenses. If such conditions are not met, such as in cancer or grave conditions (such 
as exposure to high radiation), H2O2 gets accumulated and SOD enzyme does not 
function anymore as an antioxidative defense. In cancer  H2O2-removing enzymes 
are frequently either downregulated or upregulated but inactivated ([16, 22, 23] and 
refs therein). For example, if three out of four thiols of thioredoxins/peroxiredoxins 
are oxidized, these enzymes lose their ability to reduce H2O2. Under such conditions, 
SOD enzyme contributes to the accumulation of H2O2 and may enhance the dis-
ease—in case of cancer SOD therefore may act as an oncogene.

Adjusting the thermodynamics and kinetics of the catalysis of O2
•− dismutation.  

In Phase 1 the para MnT-4-PyP+ was substituted with methyl groups in MnTM-4-
PyP5+ (Fig. 8.1). The methylation shifted E1/2 from −200 to +60 mV vs. NHE. Such 
shift allowed the compound to be a modest SOD mimic with log kcat(O2

•−) of 6.58 
[3]. When the nitrogens are moved from para (4) to ortho (2) positions, as in 
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MnTM-2-PyP5+, a stronger electron-withdrawing effect was imposed upon Mn site. 
In turn, E1/2 is shifted from +60 to +220 mV vs. NHE and Mn starts favoring the 
acceptance of electron from O2

•− more than it does in para MnTM-4- PyP5+. Starting 
from unsubstituted MnT-2-PyP+ to MnTM-2-PyP5+ a total shift in E1/2 of 500 mV 
(from -280 mV to +220 mV vs. NHE) was achieved. The SOD-like activity was 
largely enhanced, log kcat(O2

•−) = 7.79 [7]. In Phase 2, the ethyl analog, MnTE-2-
PyP5+, was synthesized [11] (log kcat(O2

•−) = 7.76, E1/2 = +228 mV vs. NHE), and 
became the most studied Mn porphyrin in vitro and in vivo [6–18].

Further, para MnTM-4-PyP5+ is fairly planar and thus associates with nucleic 
acids, whereupon it loses SOD-like activity and becomes toxic [7]. Yet the bulkiness 
of ortho compound, where the methyl groups are located above or below the porphy-
rin plane, reduces such interactions; in turn ortho MnTM(and E)-2-PyP5+ is less toxic 
and has preserved in vitro and in vivo SOD-like activity relative to MnTM-4- PyP5+ 
[7]. Such “ortho” effect associated with four positive charges in the close vicinity of 
the Mn site electrostatically facilitates the approach of anionic O2

•− to cationic MnP. It 
was soon demonstrated that such electrostatic facilitation could account for about 
two orders of magnitude increase in kcat(O2

•−) going from a MnP that is neutral on 
periphery (MnBr8T-2-PyP+) to a compound that has four positive charges on periph-
ery, MnTE-2-PyP5+; importantly both compounds have same E1/2, i.e., same thermo-

Fig. 8.2 Tuning of the thermodynamics of O2
•− dismutation catalyzed by Mn porphyrins. Starting 

from MnT-4-PyP+, over MnT-2-PyP+, the derivatization (quaternization) of pyridyl nitrogens 
resulted in creation of the most powerful synthetic ortho isomeric cationic Mn porphyrin-based 
SOD mimics, MnTE-2-PyP5+ and MnTnHex-2-PyP5+. Adapted from [15]
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dynamics for dismutation process [19]. Next, in Phase 3, several ortho analogs (such 
as MnTnHex-2-PyP5+, Fig. 8.1) were synthesized where length of alkyl chain varied 
from methyl to nonenyl [28, 29]. As they all possess positively charged nitrogens in 
ortho positions they have similarly high log kcat(O2

•−) as does MnTE-2-PyP5+. The 
small variations in E1/2, log kcat(O2

•−) and log kred(ONOO−) among the analogs with 
different number of CH2 groups in pyridyl substituents (methyl to n-octyl) are due to 
the interplay between hydrophobicity of alkyl chains and steric effects [12, 20]. 
Among the long- chained ones, MnTnHex-2-PyP5+ (log kcat(O2

•−) = 7.48 and 
E1/2 = +314 mV vs. NHE) has been the most frequently studied compound [12]. Steric 
and hydrophobic effects, imposed by different alkyl substituents, largely affected the 
lipophilicity of such compounds and to a smaller extent the magnitude of log kcat(O2

•−) 
[12]. Lipophilicity in turn has largely affected the bioavailability and toxicity of 
MnPs [30]. Long hydrophobic lipophilic chains in association with positively 
charged nitrogens provide MnTnHex-2-PyP5+ with micellar property which in turn 
makes this compound fairly toxic at high concentrations. Yet its high bioavailability 
compensates for its toxicity widening its therapeutic window relative to hydrophilic 
MnTE-2-PyP5+ [31]. A comprehensive mouse toxicity study was carried out with 
MnTnHex-2-PyP5+ ([32], Cline, Batinić-Haberle, unpublished), which was given 
subcutaneously (sc) for a month at doses ranging from 0.1 to 2.5 mg/kg/day. The 
brain toxicity was demonstrated with 1 month of sc injections at 0.25 mg/kg. The 
toxicity was eliminated when the mice were left for another month without MnP 
injections. In addition, the coloration of the liver Kupffer cells was also seen (Batinić-
Haberle, Vujaskovic, Cline et al., unpublished). To overcome the micellar-based tox-
icity of MnTnHex-2- PyP5+, oxygen atoms were inserted deep into its alkyl chains in 
Phase 4 of the drug development (Fig. 8.1). Indeed, the butoxyethyl analog 
MnTnBuOE-2-PyP5+ (BMX-001, log kcat(O2

•−) = 7.83 and E1/2 = +277 mV vs. NHE) 
(Fig. 8.4) is ~4–5-fold less toxic than MnTnHex-2-PyP5+, while equally lipophilic 
and equally powerful SOD mimic; it is now in aggressive development towards 
Clinic [35]. MnTnHex-2- PyP5+, but not MnTnBuOE-2-PyP5+ (Warner, Sheng et al., 
unpublished), is particularly suited for the suppression of stroke infarct volume as it 
crosses blood brain barrier to a large extent [36]. Yet, the inferior intellectual prop-
erty rights of MnTnHex-2-PyP5+ preclude its development towards Clinic. Numerous 
compounds were since synthesized by us and others where different meso and pyr-
rolic sites on porphyrin core were modified (Figs. 8.3 and 8.4).

Structure–activity relationship. Based on numerous compounds synthesized 
(Fig. 8.4) and many obtained from commercial sources, the structure–activity rela-
tionship (SAR) was established (Fig. 8.5); it is still the only available relationship 
of that kind for any class of SOD mimics [11, 14, 15, 19] The first SAR was estab-
lished for Mn and Fe porphyrins of different properties [11]; it was later modified to 
account for the differences among those compounds with respect to their electro-
statics, bulkiness and shape [19]. Most importantly we showed that such SAR is 
valid for different classes of redox active drugs and for different types of metal 
couples involved (Fig. 8.5) [14, 15]. What that basically means is that O2

•− does not 
care with whom it exchanges electron as far as it happens at appropriate reduction 
potential. Thus O2

•− can  couple with MnIII/MnII redox couple in porphyrins, salens, 
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and cyclic polyamines, and with MnIV/MnIII redox couple in biliverdins and cor-
roles. It is further irrelevant whether the compound starts the dismutation process 
with reduction of O2

•− to H2O2 in a first step while oxidizing MnII to MnIII, such as 
with cyclic polyamines, or with oxidation of O2

•− to O2 in a first step while being 
reduced from MnIII to MnII, as in MnPs.

Besides Mn(III) alkyl- and alkoxyalkylpyridylporphyrins, texaphyrins [24], por-
phyrazines, biliverdin and biliverdin analogs [26, 27]), several other types of com-
pounds have been explored over the last 25 years (Fig. 8.4). Those are: Mn salen 
derivatives (EUK-8, EUK-132, EUK-207), Mn cyclic polyamines (M40403 and 
GC 4419), Mn and Fe corroles, Fe(III) polyethyleneglycolated  porphyrin (FP-15), 
Fe(III) porphyrin with carboxylato substituents on pyridyl nitrogens (INO-4885) 
and metal oxides, such as CeO2 [10, 14]. Non-metal based nitrones and nitroxides 
were often incorrectly described as SOD mimics since under physiological pH they 
lack SOD-like activity. However, when nitroxide is oxidized to oxoammonium 

Fig. 8.3 Numerous compounds, bearing porphyrin core, were explored and used for mechanistic 
and therapeutic purposes. Over decades, the different sites on porphyrin core (meso and pyrrolic 
positions) were modified by us and others. Jonathan Sessler et al. worked on compounds with 
extended porphyrin core, texaphyrins [24], while Zeev Gross’s group explored the compounds 
with shrinked core, corroles [25]. Our choice fell on porphyrins [14, 15]. We also studied linear 
tetrapyrroles, biliverdins and their analogs [26, 27]. For the sake of scientific pleasures we also 
briefly explored N-confused Mn porphyrins and Mn porphyrazines [27]
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Fig. 8.4 Structures of compounds that have been tested in vitro and in vivo and produced thera-
peutic effects. Indicated in circles are those compounds which are the most studied ones (blue) 
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Fig. 8.4 (continued) and those which are in or are advancing towards Clinical Trials (red). Some 
of those ((a), (b), and (e)) are SOD mimics but the others are not (c). MnTE-2-PyP5+ is in Clinical 
Trials on islet transplants in Canada. MnTnBuOE-2-PyP5+ is entering two Phase I/II Clinical Trials 
at Duke University in spring of 2016 as a radioprotector of normal tissue with cancer patients: 
normal brain (with glioma patients) (NCT02655601) and salivary glands and mouth mucosa (with 
head and neck cancer patients) [33, 34]. Most metalloporphyrins are Mn complexes but few Fe 
porphyrins (d) have been tested also, and one of those, Fe(III) ortho N-substituted pyridyl analog, 
INO-4885 is in Clinical Trials. We have also listed the structures of Mn(III) salen derivatives and 
Mn(II) cyclic polyamines [GC4403 (also known as M40403, SC-72325 and KM40403), and 
GC4419] in (e). GC4419 is in Clinical Trials as a radioprotector of mouth mucosa with head and 
neck cancer patients (https://clinicaltrials.gov/ct2/show/NCT01921426). In (e) are also listed com-
pounds which are not metal complexes such as nitrone, nitroxides, and MitoQ-based compounds. 
For other compounds please consult reviews in references [10, 14–18]. (a) Powerful SOD mimics. 
(b) Mild SOD mimics. (c) Non-SOD mimics. (d) Fe porphyrins and Fe corrroles, some of them 
potent SOD mimics. (e) Non-Mn porphyrin- based compounds, some of them potent SOD 
mimics
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Fig. 8.4 (continued)

 cation with reactive species, such as carbonate radical, it could be reduced back 
with O2

•−; in vivo this process could thus affect the levels of O2
•−. For review on 

SOD mimics and other redox-active therapeutics see also other reviews [6, 8–10, 
13–18], the whole Issue of Antioxid Redox Signal 2014 of “SOD therapeutics” dedi-
cated to SOD mimics where chemistry and different therapeutic effects of Mn por-
phyrins are reviewed and other chapters of this “Redox-Active Therapeutics” book.
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8.3  Evaluation of Prospective Therapeutics 
in Unicellular O2

•−-Specific Models

Once the MnPs with good thermodynamic and kinetic properties were identified, they 
were tested in O2

•−-specific in vivo models, the aerobic growth of prokaryotic 
Escherichia coli and eukaryotic Saccharomyces cerevisiae. The SOD-deficient organ-
isms cannot grow aerobically as they lack the protection against oxygen toxicity. As 
E. coli is more sensitive to the toxicity of lipophilic MnPs, the S. cerevisiae was intro-
duced as an additional model for the evaluation of lipophilic long alkyl- chained Mn 
porphyrin-based SOD mimics [39]. Compounds that are not SOD mimics, such as 

Fig. 8.5 Structure–activity relationship between the thermodynamic parameter, E1/2 and the kinetic 
parameter kcat(O2

•−) for O2
•− dismutation. Listed are different classes of redox-active compounds. 

While some are aggressively developed towards clinic, the others are frequently used as mechanis-
tic tools. At very negative values of E1/2, compounds cannot be reduced with O2

•− in a first step of 
dismutation process; such is the case of MnTBAP3−. In turn they are not SOD mimics. At highly 
positive potentials the compounds are so electron-deficient, that they grabbed the electron ending in 
Mn2+ resting state, such as MnTBr8TM-4-PyP4+. While still very potent compound, its low stability 
constant of log K = 8.08 precludes its therapeutic development. Consequently at microM concentra-
tions and at pH 7.8 the complex falls apart. At even higher positive potentials compounds are so 
stable in Mn +2 oxidation state that they cannot be oxidized with O2

•− in a first step of dismutation 
process. It is generally true that the E1/2 of redox-active compounds should be as close as possible 
to the potential which is in the middle between the potential for reduction (+890 mV vs. NHE) and 
oxidation of O2

•−(−180 mV vs. NHE). Yet, in certain cases the kinetic facilitation overcomes the 
inferior thermodynamics. Thus, M40403, a Mn(II) complex with aza crown ether (cyclic poly-
amine) operates at an inferior E1/2 (close to the limit of +890 mV window); its favorable conforma-
tion though facilitates the dismutation process and compounds is among the most potent SOD 
mimics. Since Mn is in +2 oxidation state, the complex is not very stable; its log K is only 13.6, 
lower than the stability constant of Mn(II) with EDTA, log K = 14.04 [37, 38]. Adapted from [14]
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MnTBAP3−, were not protective to such organisms [39]. M40403, despite high 
kcat(O2

•−), was not protective either, which may be due to its low accumulation and/or 
low metal-ligand stability [39]. The ability of MnPs to protect those unicellular SOD-
deficient organisms to grow aerobically parallels their kcat(O2

•−). The overly lipophilic 
MnPs with alkyl chains being n-hexyl and longer, accumulate to a higher extent in 
cellular walls/membranes thereby inflicting toxicity at high concentrations [30]. Of 
note, their higher bioavailability compensates for their toxicity as its high uptake 
makes them therapeutically efficacious at lower concentrations [31].

Based on aqueous chemistry, SAR and E. coli and S. cerevisiae studies, the first lead 
compound, MnTE-2-PyP5+, was identified and forwarded to numerous in vitro and in vivo 
studies. Yet, biologists and medical audience questioned its high cationic charge, i.e., high 
hydrophilicity, and doubted its transport across the membrane into the cell and into its 
organelles. To address such issues and improve its lipophilicity, the ethyl chains were 
replaced by longer alkyl chains, ranging from n-propyl to n-nonenyl; MnTnHex-2-PyP5+ 
being the most frequently studied compound (Figs. 8.1 and 8.4) [12]. The lipophilicity of 
alkyl analogs, expressed as log POW (partition coefficient between the n-octanol and water) 
differs by ~6 orders of units ranging from −2.32 (for n-octyl analog) to −8.16 (for 
methyl)—~1 log unit per CH2 group [17]. It appears, though, that MnTnHex-2-PyP5+ with 
long hydrophobic alkyl chains and polar cationic pyridyl heads has strong micellar char-
acter and accumulates at high levels within the cells and exhibits thus fair toxicity [30]. 
Some toxicity, however, seems to be related to the factors other than lipophilicity and are 
not yet fully understood; fluorescent analog of identical lipophilicity, ZnTnHex-2- PyP4+, 
but a potent photosensitizer, is not toxic to membranes if cells are grown in the dark [40]. 
To suppress the toxicity of MnTnHex-2-PyP5+, oxygen atoms were introduced into alkyl 
chains. Oxygen atoms were firstly introduced at the end of the alkyl chains in meta (3) 
isomeric methoxyhexyl analog, MnTMOHex-3-PyP5+ [41]. However, the lipophilicity 
was largely reduced due to the interactions of polar oxygens with water molecules. In 
addition to the significant loss in lipophilicity, the synthetic problems were encountered 
due to the in situ reorganization of the alkylating agent during MnP synthesis. This resulted 
in an impure compound when the synthesis of ortho analog MnTMOHex-2-PyP5+ was 
attempted [Rajic et al., submitted]. However, when the oxygen atoms are buried deeper 
into the alkyl chain, such as in butoxyethyl  derivative, MnTnBuOE-2-PyP5+ (Fig. 8.4), the 
lipophilicity was fully preserved and the micellar character suppressed. This was accom-
panied by ~4–5-fold reduced mouse toxicity of MnTnBuOE-2-PyP5+ in comparison with 
MnTnHex-2-PyP5+ [35]. Moreover a pure compound was isolated. The mechanism of the 
synthesis of alkoxyalkyl  porphyrins including MnTnBuOE-2-PyP5+ has been studied 
[Rajic et al., submitted].

8.4  Exploring the Bioavailability of Mn Porphyrin-Based 
SOD Mimics

Mitochondrial accumulation. As soon as the excessive hydrophilicity of MnPs was 
questioned, HPLC/fluorescence and LC-MS/MS methods were developed to assess 
the bioavailability of different Mn and Fe porphyrins in different tissues and differ-
ent cellular organelles [32, 42–44]. Given the critical role of mitochondria, most 
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Fig. 8.6 The impact of lipophilicity of MnPs on their mitochondrial distribution. Two MnPs of 
nearly identical SOD-like activity [log kcat(O2

•−) is 7.76 for ethyl (E) and 7.83 for butoxyethyl 
(BuOE) analog] have orders of magnitude different lipophilicities (expressed in distribution between 
n-octanol and water, POW) [28]. In turn only lipophilic MnTnBuOE-2-PyP5+ (log POW = −4.10) 
reaches brain mitochondria where it accumulates to a similar extent as in heart mitochondria. 
MnTE-2-PyP5+ (log POW = −7.79) was only found in heart but not in brain mitochondria [17, 44]

studies were aimed to quantify MnPs in these organelles. Independent studies of 
Skulachev and Murphy [45–47] showed that compounds must possess lipophilic 
character and positive charge(s) to accumulate in mitochondria, driven there by 
negative mitochondrial membrane potential. MnPs have excessive, pentacationic, 
charge; so we expected that such high cationic charge would compensate for the 
insufficient hydrophobicity and allow MnPs to accumulate in mitochondria. The 
ability of MnTE-2-PyP5+ and MnTBuOE-2-PyP5+ to accumulate in mitochondria 
was tested in mouse heart and brain. Mice were injected with MnPs for 5 days sc at 
2 mg/kg/day [14, 44, 48]. Mice were perfused, organs extracted 6 h after last injec-
tion, and mitochondria isolated. Regardless of the type of organ (heart or brain), 
lipophilic MnTBuOE-2-PyP5+ was distributed between mitochondria and cytosol at 
similar ratio of ~3 (Fig. 8.6). The hydrophilic MnTE-2-PyP5+ accumulated 50 % 
more in mouse heart mitochondria than in cytosol—the same was true for its 
 accumulation in the mitochondria of S. cerevisiae [49]. MnTE-2-PyP5+ was, 
 however, not found in brain mitochondria (Fig. 8.6) [44, 50]. In an independent 
study on submitochondrial particles of bovine heart, Ferrer-Sueta et al. showed that 
MnTE- 2- PyP5+ offers protection against ONOO−-mediated damage [51].

Mn porphyrins mimic mitochondrial isoform MnSOD. Once it was shown that 
cationic MnPs are in mitochondria [17, 44] the question was asked: do they protect 
mitochondria? Several studies were performed, most of those in collaboration with 
St. Clair’s group. The studies provided unambiguous evidence that cationic MnPs 
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(MnTE-2-PyP5+, MnTnBuOE-2-PyP5+, and MnTnHex-2-PyP5+) mimic MnSOD 
[52–56]. The cellular studies on cardiomyocytes showed that lipophilic MnTnBuOE- 
2- PyP5+ was somewhat more efficacious in protecting mitochondria than MnTE-2-
PyP5+ [54].

The most fascinating stories on the ability of Mn porphyrins to mimic mitochon-
drial MnSOD enzyme are the ones reported by Miriyala et al. (Fig. 8.7) [54] and the 
one by Zhao et al. (Fig. 8.8) [55]. In a first study, cardiomyocytes were exposed to 
doxorubicin which resulted in lipid peroxidation and formation of 4- hydroxynonenal, 
4-HNE. 4-HNE forms an adduct with mitochondrial apoptosis-inducible factor 
AIFm2, which then translocates from mitochondria into nucleus to start transcrip-
tion and upregulate apoptosis. When the cells were treated with MnPs prior to expo-
sure to doxorubicin, lipid peroxidation was reduced and AIFm2 remained to a large 
extent in mitochondria (Fig. 8.7).

In a second study, it was shown that MnTE-2-PyP5+ suppressed skin carcinogen-
esis to a larger extent than MnSOD in MnSOD overexpressor mice (Fig. 8.8) [55]. 
In an MnSOD-overexpressor mouse, the MnSOD enzyme suppressed both apopto-
sis and proliferation pathways. However, MnTE-2-PyP5+ was administered after 
cell underwent apoptosis but before proliferation started. Thus the effect of an 
MnSOD mimic occurred only at the level of proliferation. Tumor was induced by 
the mutagenic chemical initiator 7,12-dimethylbenz(α)-anthracene (DMBA), and 

Fig. 8.7 MnP accumulates in mitochondria where it reduced doxorubicin toxicity and suppressed 
proapoptotic pathways. Upon exposure of heart cells to doxorubicin, the wild type apoptosis- 
inducible factor, AIFm2, or mutant AIFm2C187T forms adduct with product of lipid peroxidation, 
4-NHE. Such event signals AIFm2 to translocate to nucleus (a) and starts transcription. In the 
presence of Mn porphyrins lipid peroxidation and thus 4-NHE and subsequent 4-NHE-AIFm2 
adduct formation was reduced. In turn less AIFm2 (AIFm2C187T) was seen in nucleus (a) and 
cytosol (b); it stays in mitochondria. The effect is the largest with lipophilic MnTnBuOE-2-PyP5+. 
Histidine 174 plays role in 4-HNE adduction of the AIFm2 protein; the H174R mutant did not bind 
to DNA even after exposure to 4-HNE [54]. (c) Immunofluorescence imaging of H9C2 cardiomyo-
cytes transfected with lentiviral wild-type AIFm2 or H174 and C187 mutants treated with DOX 
and Mn porphyrins. AIFm2 proteins were linked to GFP (green dye). MitoTracker® was used to 
stain mitochondria (red dye), and DAPI to stain nuclei (blue dye). Mn1=MnTE-2-PyP5+, 
M2=MnTnHex-2-PyP5+, Mn3=MnTnBuOE-2-PyP5+. Adapted from [54]
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was promoted by 12-O-tetradecanoylphorbol-13-acetate (TPA). Apoptosis peaks 
6 h after TPA addition while proliferation peaks at 24 h. MnTE-2-PyP5+ was applied 
to the skin (5 ng/mouse) either at 30 min prior to TPA (SOD/TPA) or at 12 h follow-
ing the TPA application (TPA/SOD) 5 days per week for 14 weeks. The suppressive 
effect was much more significant when MnTE-2-PyP5+ was given 12 h following 
TPA treatment. TPA is known to cause the activation of activator protein-1 (AP-1), 
and activates the expression of several genes required for the cell proliferation in the 
skin, such as proliferating cellular nuclear antigen, PNCA [55].

Bioavailability of Mn porphyrins in different cellular organelles. The accumula-
tion studies have been conducted on simple unicellular and complex organisms 
(Fig. 8.9) [30, 40, 57–60]. In addition to mitochondria, Mn porphyrins localize in 
other cellular organelles. Accumulation of Mn porphyrins in nucleus vs. cytosol 
was done on macrophages [13], while localization of Zn porphyrins was reported in 
different organelles of human colon adenocarcinoma, including plasma membrane, 
lysosomes, and endoplasmatic reticulum [40, 58]. Distribution of ortho  isomeric 
Mn porphyrins, bearing alkyl chains of different length, in mitochondria, cytosol 
and cell wall were studied in unicellular eukaryotic and prokaryotic S. cerevisiae 
and E. coli [30, 49]. Finally, the levels of Mn porphyrins were also determined in 
mitochondria and cytosol of mouse heart and mouse brain [14, 42, 44]. In all stud-
ies, either cellular or animal, the increase in the length of alkyl chains increases the 
mitochondrial-to- cytosolic ratio. Few studies, carried out on Zn  porphyrins, 

Fig. 8.8 MnSOD mimic, MnTE-2-PyP5+ (MnP) (a and c), and MnSOD enzyme (b) suppressed 
carcinogenesis as demonstrated by the reduced number of papillomas. The timing of the MnSOD 
expression in MnSOD overexpressor mice cannot be adjusted over the course of experiment. Thus 
MnSOD suppressed both apoptotic and proliferative pathways. Yet the timing of the exogenous 
administration of MnP was adjusted so that it did not affect apoptosis but prevented cell prolifera-
tion only. Thus the effect of MnP (a) was more profound and suppressed skin carcinogenesis to a 
larger extent than MnSOD enzyme (b). Tumor was induced by the mutagenic chemical initiator 
7,12-dimethylbenz(α)-anthracene (DMBA), and was promoted by 12-O-tetradecanoylphorbol-13-
acetate (TPA). Apoptosis peaks 6 h after TPA addition and proliferation at 24 h. The suppression 
of AP-1 activity was much more significant when MnTE-2-PyP5+ was given 12 h following TPA 
treatment (not shown). MnP also suppressed proliferating cellular nuclear antigen expression (not 
shown) [55]. MnTE-2-PyP5+ was applied to the skin (5 ng/mouse) either at 30 min prior to TPA 
(SOD/TPA) or at 12 h following the TPA application (TPA/SOD) 5 days per week for 14 weeks. 
Adapted from [55]
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employed imaging techniques thereby taking the advantage of their fluorescent 
properties [40, 58]. LC-MS/MS technique was used to measure the bioavailability 
of Mn porphyrins in yeast [49] and mammalian systems [14, 32, 42, 44, 50], while 
uv/vis spectroscopy in E. coli [30]. Zn(II) and Mn(III) porphyrins differ with respect 
to a single charge on metal site. When the pyridyl substituents are long, such as is 
the case with n-hexyl chains, they hinder a single positive charge on metal site; in 
turn pentacationic MnPs are felt by their surrounding similarly to tetracationic ZnP 
as they are of identical lipophilicities. Moreover, Mn(III) porphyrins are in vivo 
likely reduced to their Mn(II) analogs, which have the same overall charge as Zn(II) 
porphyrins [59]. Therefore the knowledge obtained from the accumulation studies 
of fluorescent ZnPs may provide a good insight into the accumulation of Mn 
porphyrins.

As soon as the first in vitro and in vivo bioavailability studies were performed, 
the obvious question arose: does MnP act at the site of its accumulation? At this 
point we have substantial evidence that cationic MnPs mimic the mitochondrial 
matrix MnSOD enzyme, which in turn suggests that such action happens in mito-
chondria (see under Mn porphyrins mimic mitochondrial isoform MnSOD) [51, 53, 
54]. We also have fair evidence that MnPs act in nucleus upon the cysteines of p50 
subunit of NF-κB preventing its DNA binding [13]. The action upon the p65 subunit 
of NF-κB presumably happens in cytosol [61]. Accumulation within lipid mem-
branes, and the toxicity associated with their damage, was also observed and to a 
much larger extent with lipophilic long-chained- than short methyl- and ethylpyri-
dyl analogs [30, 62].

Bioavailability of MnPs in organs and tissues. MnPs are bioavailable when given 
subcutaneously (sc), intraperitoneally (ip), intravenously (iv), intramuscularly, trans-
dermally, via inhalation but only slightly when given orally [32, 42, 44, 50]. The sc 
route will be used in Clinical Trials. The manuscript is in preparation to explain the 
artifacts that accounted for high oral availability reported [32]. The oral availabilities 
are re-evaluated to be 0.6 % for MnTE-2-PyP5+, 2.9 % for MnTnHex- 2- PyP5+, and 
3.9 % for MnTnBuOE-2-PyP5+ (Spasojevic et al., in preparation).

Fig. 8.9 The intracellular bioavailability of Mn porphyrins. Mn porphyrins were found in different 
organelles of single-cell organisms—prokaryotic bacteria Escherichia coli and eukaryotic yeast 
Saccharomyces cerevisiae. They were also found in mammalian normal and cancer cells. Studies 
demonstrated that MnPs act at the sites of their accumulation (noted  as “action”). The fluorescent 
property of Zn analogs allows for the use of imaging techniques in order to confirm their accumula-
tion in different cellular organelles. Such studies also provided insight into the accumulation of 
non- fluorescent Mn analogs. It is highly likely that MnPs accumulate and act at other cellular sites 
not assessed yet. The lipophilicity, charge and size control the site and magnitude of MnP 
accumulation
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MnPs were found in all mouse and rat tissues thus far studied: liver, kidney, 
heart, lungs, spleen, colon, stomach, prostate, brain, spinal cord, tongue, and  salivary 
glands [32, 42–44, 48]. The highest levels were found in liver and kidney, which are 
organs that serve as a depot for maintaining MnPs levels in other organs. The more 
lipophilic compounds accumulate in tissues more than the hydrophilic MnPs. Under 
same dosing regime, the highest liver concentration was found for MnTnHex-  
2-PyP5+, and the lowest for MnTE-2-PyP5+. While MnTnBuOE-2-PyP5+ is as lipo-
philic as MnTnHex-2-PyP5+, it accumulates to a much lower extent in liver 
presumably due to the presence of four polar oxygen atoms in its pyridyl substitu-
ents (Huang, Spasojevic et al., unpublished). For the same reason, presumably, the 
brain levels of MnTnBuOE-2-PyP5+ are lower than those of MnTnHex-2-PyP5+ 
 presumably limiting its efficacy in reducing infarct size ([36], Sheng, Warner, 
Spasojevic et al., unpublished). Yet, on positive side, less brain toxicity would be 
imposed by MnTnBuOE-2-PyP5+ than by MnTnHex-2-PyP5+.

Bioavailability of MnPs in normal vs. tumor tissue. A mouse study on a 4T1 mam-
mary tumor growing on a flank showed ~7-fold higher concentration of MnTE-2-
PyP5+ in tumor than in normal tissue [63].

The redox-active drug must have proper thermodynamic of Mn site (E1/2 for 
MnIIIP/MnIIP redox couple) and kinetic properties (shape, size, charge) to undergo 
reactions of interest. The bioavailability is the second major factor that controls the 
therapeutic efficacy of MnPs. David Warner and Huaxin Sheng provided recently 
the clear evidence that those compounds, which have identical SOD-like properties, 
produce identical therapeutic effects in reducing (stroke) infarct volume ONLY 
if they reach the same target (brain) at similar concentrations (Sheng, Warner, 
unpublished). Thus, only when injected intracerebroventricularly (directly into the 
brain), hydrophilic MnTE-2-PyP5+ reduced stroke volume and improved neuroscore 
to a same degree as lipophilic MnTnHex-2-PyP5+ and MnTnBuOE-2-PyP5+. Yet, 
when given subcutaneously, only MnTnHex-2-PyP5+ shows significant efficacy in 
suppressing stroke injury post middle cerebral artery occlusion (Warner, Sheng, 
unpublished). The LC-MS/MS analysis showed that, when those three MnPs were 
given subcutaneously, MnTnHex-2-PyP5+ accumulated in brain to the highest extent 
(Spasojevic, Sheng et al., unpublished).

8.5  MnPs and Reactive Species

Due to its evolved large protein structure, the SOD enzyme is O2
•− specific, while 

small MnP molecule of ~1000 Da is not. As SOD and its mimic have the same ther-
modynamic properties, i.e., they operate at same metal-centered reduction potential, 
they can undergo same reactions yet at different rates. The reactivities of SOD 
enzymes toward species other than O2

•− are orders of magnitude slower than those 
of MnPs. Thus, cationic MnPs reduce ONOO− with kred(ONOO−) > 107 M−1 s−1, 
while the kred(ONOO−) of MnSOD is ~104 M−1 s−1. Listed in Fig. 8.10 are those 
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reactions of MnPs that have been thus far addressed and quantified [15]. In Fig. 8.11 
rate constants are listed for reactions of MnTE-2-PyP5+. All ortho cationic Mn(III) 
N-substituted pyridyl porphyrins that bear positive charges on pyridyl nitrogens 
have similar E1/2 for MnIIIP/MnIIP redox couple and similar electrostatics. The E1/2 
controls their SOD-like activity which in turn reportedly parallels all other activities 
thus far studied [14, 15, 21]. Thus such compounds react with the same reactive 
species at similar rates, which are also similar to those of MnTE-2-PyP5+ shown in 
Fig. 8.11. The differences in size and lipophilicity give rise to only minor differ-
ences in rate constants. MnPs can adopt in vivo four oxidation states, +2, +3, +4, 
and +5; all of those are apparently involved in their in vivo reactions. Given the 
complex biological milieu and complex reactivity of MnPs one may imagine that 
many more reactions, than those thus far explored, are possible. Many of the reac-
tions listed have reportedly an impact on cellular transcription. The prominent roles 
in actions of MnPs occupy H2O2 and GSH. MnPs are not efficacious catalyst for 
H2O2 dismutation (i.e., they are not mimics of catalase): the 2-electron reduction 
of H2O2 to water and its 2-electron oxidation to oxygen [64]. However, MnPs 
employ H2O2 in oxidizing or S-glutathionylating protein thiols thereby exercising 
glutathione peroxidase, GPx-like activity; H2O2 gets reduced to H2O in such a pro-
cess [14, 15, 65, 66] ((8.10)–(8.16)). S-Glutathionylation was reported to occur with 
NF-κB and complexes I and III of mitochondrial respiration and lead to their inac-
tivation. If the extent (yield) of S-glutathionylation of NF-κB is moderate (under 

Fig. 8.10 MnPs undergo reduction and oxidation reactions with different species acting as either 
antioxidants (reductants) or prooxidants, respectively. With reactive species, listed in left column, 
MnPs act as antioxidants (reductants), while with those listed in right column as prooxidants. Such 
reactions result in suppression of oxidative stress presumably via affecting cellular transcription [14, 
15, 63–66]. This is mostly true for the reaction of MnP with protein thiol (RS−)—pro- oxidative in 
nature, resulting in their oxidation or S-glutathionylation. Subsequently the activation of signaling 
proteins such as NF-κB, and complexes I and III of mitochondrial respiration is suppressed, while 
Nrf2 gets activated. The magnitude of the suppression depends upon the levels of reactants: MnP, 
H2O2, thiols (GSH and protein thiols). The reaction of MnP with protein thiol was shown to require 
both H2O2 and glutathione. It demonstrates that in vivo MnP likely mimics the GPx enzyme [65]
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moderately high levels of H2O2 produced in the course of oxidative stress injury), 
the moderate suppression of NF-κB activation would result in a suppression of 
inflammation and would give rise to cell healing. The effect has been demonstrated 
in diabetes and stroke models [22, 36, 67, 68]. If the S-glutathionylation and subse-
quent inhibition of NF-κB is massive, the cell would undergo apoptosis (see under 
Therapeutic effects of Mn porphyrins in cancer—radio- and chemosensitization of 
tumor while radioprotection of normal tissue). MnPs can also react with thiols in 
the absence of H2O2, acting as cysteine oxidase giving rise to thiyl radical while 
reducing themselves from MnIIIP to MnIIP [13].

The reactions of Mn porphyrins that are most likely to occur in vivo, are listed 
below. Those MnIIIPs that are potent SOD mimics and have E1/2 in the region of 
+100 to +400 mV vs. NHE get readily reduced in vivo to MnIIP and re-oxidized with 
different species, (8.1)–(8.9). The species involved in reactions of MnIIIP/MnIIP are  
oxygen (O2), superoxide (O2

•−), ascorbate (at pH 7.8 it exists mostly as monodepro-
tonated species, HA−), glutathione (GSH, partly  deprotonated in vivo), nitric oxide 
(•NO, MnIIIP reacts also with reduced •NO, nitroxyl HNO, giving rise to the identical 
product as with •NO [69]), protein thiol (RSH, partly deprotonated in vivo), per-
oxynitrite (ONOO−), carbonate anion radical (CO3

•−), hypochlorite (ClO−), and 
H2O2 (likely the deprotonated peroxide is a reacting species). The reactions of MnPs 

Fig. 8.11 The reactivity of MnTE-2-PyP5+ towards different reactive species. Mn in MnTE-2-
PyP5+ exists in four different oxidation states (+2, +3, +4, +5) which are involved in its in vivo 
reactions with different reactive species. Such complex reactivity is enabled by biologically com-
patible reduction potential of Mn site which allowed MnP to act as either mild prooxidant or anti-
oxidant depending upon the type of the species it encounters. Rate constants of all reactions of 
MnPs, that have ortho pyridyl nitrogens substituted with alkyl or alkoxyalkyl groups, are similar 
and thus similar to those of MnTE-2-PyP5+. All are controlled by their (similar) metal-centered 
reduction potentials for MnIIIP/MnIIP redox couple. The reactions involving high oxidation states 
often involve binding of reactive species (such as ONOO− and H2O2) to Mn site prior to electron 
transfer. The E1/2 values for the couples involving Mn in high +4 and +5 oxidation states are very 
similar for all Mn porphyrins [14, 15, 21]. Thus the rates of such reactions are controlled by the 
binding of the species which is controlled by the electron density of the Mn site, which in turn is 
dependent upon the E1/2 for MnIIIP/MnIIP redox couple. Adapted from [15]
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with those species are listed below and in other reviews [14, 15]. The MnPs that 
have E1/2 > +400 mV have Mn in +2 oxidation state, are not stable complexes and 
readily lose Mn [5].
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The catalase-like activity of MnPs is insignificant [64]. Yet MnPs would undergo 
critical in vivo reactions, involving H2O2 and GSH, giving rise to oxidative modifi-
cations of thiols of signaling molecules (presumably mimicking GPx), which in 
turn would affect cellular transcription. Further, when H2O2 oxidizes MnIIIP to O = 
MnVP = O, in order to act in a GPx-like fashion, the levels of H2O2 get decreased 
due to its reduction to water (see (8.10)–(8.16)). The possible reactions, starting 
from reduced MnIIP involved in the formation of S-glutathionylated protein, RSSG, 
are listed below, (8.10)–(8.16) [70–72]. Reactions starting from MnIIIP with H2O2 
resulting in (O)2MnVP3+ species are possible also [93], but somewhat less likely due 
to high in vivo reducibility of MnIIIP in the presence of excessive levels of cellular 
reductants such as ascorbate and glutathione.
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 RS RS RSSR disulfide formation• •+  ,  (8.12)
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 RSSR GSH RSSG+   (8.13)

 RS GSH RSS G H• •+ +- +  (8.14)

 RSS G O RSSG O• •- -+ +2 2  (8.15)

 R SOH GS RSSG OH− + +− −  (8.16)

The rate constants for all the reactions thus far determined are dependent upon 
the E1/2 of MnIIIP/MnIIP redox couple (Fig. 8.12). That is true even when reactions 

Fig. 8.12 The reactivities of MnPs thus far assessed correlate well with the thermodynamic prop-
erty of Mn center, E1/2 for MnIIIP/MnIIP redox couple. Because the log (kcat(O2

•−)) is linearly related 
to E1/2, all other reactivities are proportional to the log kcat(O2

•−) [21, 63]. Here are listed: (a) the log 
kcat(O2

•−) vs. E1/2; (b) the log kred(ONOO−) vs. E1/2; (c) the log kcat(H2O2) vs. E1/2; (d) the v0(Asc)ox 
vs. E1/2 [15, 21, 63]. At pH 7.8 ascorbate is present predominantly as HA− and peroxynitrite as ONOO−
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involve the O = MnIVP/MnIIIP or O = MnV = O/MnIIIP redox couple. The reason lies in 
the fact that reaction of MnP with strong oxidizing reactive species such as ONOO− 
or H2O2 involves binding of those species in a first step prior to electron transfer. 
Binding is controlled with the electron density of Mn site which is described by the 
protonation equilibrium of axially bound water depicted by pKa1. The pKa1 is in turn 
proportional to the E1/2 of the MnIIIP/MnIIP redox couple. The E1/2 values for the 
redox couples, that involve MnIII and either MnIV or MnV, are nearly identical for all 
MnPs (E1/2 are discussed in refs [21, 64]). Thus the reaction of MnP with ONOO− 
and H2O2 is primarily dependent upon the electron density of the Mn site character-
ized either as pKa1 or E1/2 of the MnIIIP/MnIIP redox couple. On the other side the 
reaction of MnP with O2

•−, though predominantly outer-sphere (does not involve 
binding of O2

•− to the Mn site) is also dependent upon E1/2 of MnIIIP/MnIIP redox 
couple, for the reasons discussed earlier. In turn, the log kcat(O2

•−) parallels log 
kred(ONOO−) and log kcat(H2O2) [20, 21]. Finally the same is also valid for the ability 
of MnP to catalyze ascorbate oxidation: the initial rates, vo(Asc)ox, are proportional 
to E1/2 and would thus be proportional to log kcat(O2

•−) (Fig. 8.12).

8.6  MnPs and Transcription Factors

MnP modulates activities of transcription factors thereby affecting cellular prolif-
erative and apoptotic pathways. Thus far the impact of MnPs on several transcrip-
tion factors was reported as shown in Fig. 8.13. Mostly studied are effects on 
hypoxia inducible factor-1alpha, HIF-1α [73, 74] and nuclear factor-kappaB, NF-κB 
[13, 22, 61].

HIF-1α. Normal tissue. Several of the studies were done on the effect of MnP- 
based SOD mimics on pulmonary radioprotection. Either MnTE-2-PyP5+ or 
MnTnHex-2-PyP5+ were tested as radioprotectors. Upon radiation (RT), the increase 
in reactive species resulted in the activation of HIF-1α, which upregulated 
VEGF. Also TGF-β and macrophage recruitments were activated, all of which favor 
pro-fibrotic processes. When MnP was administered either at 2, or 6 or 12 h after 
radiation and continued for different time periods (up to 2 weeks), HIF-1α, TGF-β, 
VEGF, and macrophage recruitments were all downregulated which resulted in nor-
malized lung histology [73, 79, 80].

Tumor. In a 4T1 mammary cancer sc flank mouse model, MnP given at 15 mg/kg/
day (but not at 2 mg/kg/day) for the duration of the study suppressed tumor growth. 
MnP reduced HIF-1α and VEGF levels, preventing tumor angiogenesis [81]. Also 
NADPH oxidase 4 (NOX4) expression was suppressed presumably via suppression 
of NF-κB transcription by MnP. HIF-1α could have been alternatively controlled 
via NF-κB pathway. Dewhirst’s group studied the effects of radiation on tumor 
angiogenesis and demonstrated that HIF-1α is activated either via H2O2

− or via radi-
ation-induced oxidative stress [74]. The HIF-1α regulated cytokines- enhanced 
endothelial cell radioresistance. At concentrations as low as 2 μM, MnTE- 2- PyP5+ 
fully inhibited HIF-1α-mediated secretion of the cytokines from tumor cells which 
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would have otherwise protected irradiated endothelial cells. In a mouse study, when 
combined with radiation, MnTE-2-PyP5+ (and not amifostine) reduced vascular 
density by 78.7 % at 72 h post-RT and delayed tumor growth by 9 days [82].

Based on our most recent understanding, MnP suppressed NF-κB transcription 
via H2O2/GSH-driven S-glutathionylation of protein cysteines. Tumor suppression 
could be driven thermodynamically with high concentrations of either or all of reac-
tants: H2O2, MnP, protein thiol, or GSH. The 15 mg/kg/day dose was high enough 
for MnP to produce the anticancer effect in the presence of endogenous H2O2. In 
more recent studies [33, 63, 83] when MnP was given along with radiation and/or 
ascorbate, the antitumor effect was produced with either 0.2 or 2 mg/kg/day of 
MnP. Under such conditions of up to ~100-fold lower levels of MnP, the increased 
tumor H2O2 levels, via exogenous sources, accounted for the effects observed [63].

Nrf2. Normal tissue. In a rat kidney ischemia/reperfusion (I/R) model, the Dorai’s 
group showed that GMP treatment, which contained growth factors (G), amino 
acids of Krebs cycle (M), and MnTnHex-2-PyP5+ (P), upregulated numerous 
 endogenous antioxidative defenses (Fig. 8.14) - a suggestive of Nrf2 activation [77]. 

Oxidative
stress

REDOX-ACTIVE
THERAPEUTICS

HIF-1a, AP1, SP-1

Nrf2/Keap1

NF-kB

VEGF, EGF, NHE

SOD, CAT, HO-1,
GPx, GST, Trx, GR

TNF-a, IL-4, IL-8, MCP-1

PTEN, MMP

p53

Kinases
Phosphatases

Fig. 8.13 MnP affects several transcription factors. MnPs suppressed activation of HIF-1α [73, 
74], NF-κB [13, 22, 36, 61], AP-1 (activator protein-1), SP-1 (specificity protein-1), p53, phos-
phoinositide 3-phosphatase (PTEN), that antagonizes phosphoinositide 3-kinase (PI3K)-Akt sig-
naling to mediate apoptosis [75] and matrix metalloproteinases (MMP). The study on rat kidney 
ischemia/reperfusion injury showed the upregulation of endogenous antioxidative defenses by 
MnPs indicating that Nrf2 (Nuclear factor (erythroid-derived 2)-like 2)) had likely been activated 
[76, 77]; the preliminary data on a rat spinal cord ischemia/reperfusion model point to the effect of 
MnP at the level of Nrf2 also [78]. Adapted from [15]
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MnTnHex-2-PyP5+ was given intramuscularly at 0.1 mg/kg 24 h before and at the 
time of the surgery, which involved the clamping the left renal artery for 40 min. In 
a following study [76], where N-acetylcysteine (NAC) was added to the treatment, 
even larger upregulation of endogenous antioxidative defenses was observed. While 
NAC in its own right acts as an antioxidant, when it redox cycles with MnP it gives 
rise to a H2O2 production. Subsequently, MnP/H2O2/GSH presumably activated 
Nrf2 by oxidizing/S-glutathionylating thiols of Keap1 [76, 77]. Study in a progress 
indicates the impact of MnPs on Nrf2 activation in a spinal cord ischemia/reperfu-
sion model [78]. Carroll et al. reported that MnTnBuOE-2-PyP5+ upregulates 
Nrf2 in normal hematopoietic stem cells [87].

Tumor. However, Nrf2 is a double-edge sword. In numerous cancer studies Nrf2 
upregulated antioxidative defenses thereby suppressing the effects of anticancer drugs. 
Studies are in progress exploring the expression of Nrf2 in 4T1 flank tumors of mice 
that were treated with MnP/H2O2/RT (see under New anticancer strategies involving 
MnPs) [63]. While MnTnBuOE-2-PyP5+ upregulates Nrf2 in normal hematopoietic 
stem cells, it does not activate Nrf2 but activates AP-1 in myelodysplastic cells from 
patients with myelodysplastic syndrome (MDS), a malignant blood disorder [87].

NF-κB. Normal tissue. Once the powerful MnP-based SOD mimic MnTE-2- PyP5+ 
was identified in the late 1990s, the first stroke study was performed to evaluate its 
efficacy; stroke was induced via middle cerebral artery occlusion. The assumption 
was made that MnP is solely an SOD mimic and scavenges superoxide produced 

Fig. 8.14 Rat kidney ischemia/reperfusion injury suggests upregulation of Nrf2 by MnTnHex-2- 
PyP5+. The Nrf2 controls endogenous antioxidative defenses [84–86]. The GPM treatment, which 
included MnTnHex-2-PyP5+ (porphyrin P), mitochondrially protective amino acids (M) and growth 
factors (G), resulted in upregulation of numerous endogenous antioxidative defenses (some of 
which are listed here). The MnTnHex-2-PyP5+ was given intramuscularly at 0.1 mg/kg 24 h before 
and at the time of the surgery which involved the clamping the left renal artery for 40 min. Such data 
are clear sign that MnP itself (A) did not act as an SOD mimic, but rather activated Nrf2 which in 
turn upregulated those defense enzymes [76]. MnP protected kidney tubules from acute ischemic 
damage (A), showed significant reversal of I/R induced morphological changes and a significant 
decrease in specific ischemic markers: lipocalin-2, mucin-1, and galectin-3. (B), ischemic necrotic 
kidney, (C), treatment reversed kidney ischemia, (D) normal kidney. Adapted from [77]
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 during short period post-reperfusion. Indeed the protection of O2
•−-sensitive enzyme, 

aconitase, by MnTE-2-PyP5+ was demonstrated [36]. More comprehensive studies 
followed and demonstrated that MnP can reduce infarct size even when given at 6 h 
(but not at 12 h) post-reperfusion [88, 89]. Such effects questioned the exclusive role 
of MnP as an SOD mimic. The impact of MnP on secondary oxidative stress was 
hypothesized. To prove it, the activity of NF-κB as impacted by MnP was assessed; 
indeed MnP suppressed inhibition of NF-κB and in turn the inflammatory processes 
[68]. In a diabetes study MnP suppressed NF-κB activation reducing thereby the lev-
els of inflammatory cytokines and chemokines such as TNF-α (tumor necrosis factor-
alpha), IL-1β (interleukin-1 beta), IL-6 (interleukin-6), IFN-γ (interferon-gamma), 
and NADPH oxidase-dependent superoxide production [90]. The more recent studies 
provided the insight into the mechanism of NF-κB inhibition by MnP during an oxida-
tive stress event [61, 91, 92]. Rather than SOD mimicking, the predominant action of 
MnP in suppressing the oxidative injury to normal tissue (such as stroke, I/R injury, 
radiation, and diabetes) seems to be the oxidation of signaling protein thiols by the 
combined action of MnP/H2O2/GSH in a GPx fashion [61, 65, 91, 92].

Tumor. The comprehensive mechanistic studies on NF-κB helped us understand 
the radio- and chemosensitizing effects of MnPs [61, 91, 92]. In combination with 
dexamethasone, MnP produced high levels of reactive species, induced 
S-glutathionylation of p65 subunit of NF-κB, and thereby inhibited NF-κB activa-
tion. Under such conditions, the activity of proapoptotic caspases-3 was largely 
enhanced (Fig. 8.15) [91]. None of this happened when either H2O2 or GSH had been 
eliminated (Fig. 8.15) [91]. The data provided the basis for understanding the mecha-
nism of S-glutathionylation depicted in equations (8.10)–(8.16). Other possible 

Fig. 8.15 The effect of MnTE-2-PyP5+ (indicated  as Mn) on NF-κB S-glutathionylation. MnP 
S-glutathionylates p65 and to a smaller extent p50 subunit of NF-κB whereby suppressing anti-
apoptotic pathways in cellular lymphoma model [61]. The effects are much larger if MnP is com-
bined with dexamethasone (Dex)—chemosensitization was observed: higher oxidative stress, 
higher caspases-3 activity, and higher level of S-glutathionylation. When GSH synthesis is inhib-
ited with buthionine sulphoximine, BSO, or if catalase was overexpressed (not shown), the 
S-glutathionylation was nearly fully eliminated. Adapted from [61]
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pathway involves binding of H2O2 to Mn3+ (in MnIIIP) site with subsequent 2-elec-
tron transfer between Mn+3 and H2O2 resulting in (O)2MnVP3+ formation [15, 64]. 
This species is a strong oxidizing agent and oxidizes glutathione, GSH to GS• radi-
cal. The GS• radical could combine with another GS• radical and form GSSG disul-
fide. GSSG could then exchange glutathione with protein thiol giving rise to 
S-glutathionylated protein.

When combined, MnP and ascorbate cycle, produce H2O2 and, in turn, affect also 
the activation of NF-κB such as with SUM-149 and SUM-190 inflammatory breast 
cancer cell lines [93] (see under New anticancer strategies involving MnPs).

Tome’s group further looked if other proteins bearing exposed cysteines may 
be  glutathionylated. Indeed mitochondrial complexes I, III, and IV were modified, 
and complexes I and III subsequently inactivated, which resulted in suppression 
of ATP production (Fig. 8.16) [91]. Moreover when coupled with 2-DG (2-deoxy-
glucose), MnTE-2-PyP5+ suppressed glycolysis-based ATP production; in turn, 
both mitochondrial and glycolytic energy resources of lymphoma cell were 
reduced [Fig. 8.16]. S-Glutathionylation of glycolytic proteins might have also 
been involved. Importantly, MnP/dexamethasone was not cytotoxic to normal 
lymphocytes [91].

8.7  Therapeutic Effects of Mn Porphyrins in Cancer: Radio- 
and Chemosensitization of Tumor While Radioprotection 
of Normal Tissue

MnP-based SOD mimics demonstrated remarkable efficacy in numerous diseases that 
have oxidative stress in common. Many of those effects have been recently reviewed 
in Special Forum Issue of Antioxidants and Redox Signaling on “SOD therapeutics” 
and in several other reviews [6, 8–10, 13–18]. Herein we will concentrate on two 
effects—radioprotection of normal tissue while radio-, chemo-, and ascorbate-driven 
sensitization of tumor. Such differential effects enabled MnTnBuOE-2-PyP5+ to enter 
Phase I/II Clinical Trials. The other analog, MnTE-2- PyP5+, is in Canadian Clinical 
Trials on the protection of beta cells during the transplant of islets. The related effects 
are reviewed in Special Forum Issue mentioned above [14, 39, 94–97] and in this Book 
on “Redox-Active Therapeutics” by Piganelli’s group.

Prostate cancer. The remarkable therapeutic efficacy of MnPs has been demon-
strated in nearly any model thus far studied. Efficacy and mechanistic studies were 
frequently done in parallel. Most recently due to the increase in aging population, 
we have concentrated our efforts on the treatment of cancer and protection of  normal 
tissue exposed to radiation and chemotherapy. Among the most remarkable radio-
protective effects thus far seen is the radioprotection of erectile function, protection 
of testes and preservation of prostate architecture during prostate radiation. This has 
been first demonstrated by Oberley-Deegan’s and Crapo’s groups using MnTE-2-
PyP5+ (Fig. 8.17) [98] and then recapitulated by those groups [Oberley- Deegan 
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et al., unpublished] and Koontz’s and Batinić-Haberle’s groups using MnTnBuOE-
2-PyP5+ [98, 99].

Head and neck cancer. The radiation-induced injury to salivary glands and mouth 
mucosa are serious side effects of radiation therapy of head and neck cancer patients. 
In a non-tumor bearing mouse model, MnTnBuOE-2-PyP5+ showed efficacy as a 
radioprotector of those tissues (Fig. 8.18) [33]. Importantly, in a mouse sc xenograft 
model of head and neck FaDu cancer cell line, MnP radiosensitized tumor suppress-
ing its growth [33]. Accompanying pharmacokinetic studies performed with a sin-
gle sc injection of 10 mg/kg provided evidence of MnTnBuOE-2-PyP5+ accumulation 

Fig. 8.16 S-Glutathionylation of NF-κB p65 subunit in cytosol and complexes I, III and IV of 
electron transport chain in mitochondria. The study was performed on MnTE-2-PyP5+ [61, 91, 92] 
and in part on MnTnBuOE-2-PyP5+ (Jaramillo et al., unpublished). Such modifications results in 
inactivation of thiol-containing proteins: NF-κB and complexes I and III (shown here). This 
resulted in suppression of cellular energetic and apoptotic pathways inducing lymphoma cell 
death. No cytotoxicity was observed in normal lymphocytes. Likely, the glycolytic proteins were 
modified by MnP/H2O2/GSH also. In combination with dexamethasone (DEX) and 2-deoxyglu-
cose, MnP increases intracellular H2O2 which resulted in oxidation of either Mn(III) to Mn(V) or 
Mn(II) to Mn(IV) state. Subsequent reduction of Mn results in oxidation of glutathione to thiyl 
radical which couples with another thiyl radical to produce disulfide, GSSG. One possible way of 
protein thiol glutathionylation is the exchange of GSH between GSGG and protein thiol [91]. See 
(8.10)–(8.16) for the reactions that may be involved in S-glutathionylation of proteins, starting 
from reduced MnIIP which due to high levels of cellular reductants is a more likely reactant in vivo 
than MnIIIP. Though reactions including MnIIIP [93] can not be excluded
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at sites of injury in tongue and salivary glands. In a dose-escalation study the dose- 
modifying factor was determined to be 0.77 for radioprotective and 1.30 for radio-
sensitizing action of MnP [33].

Glioma. Several groups at Duke University (Dewhirst and Batinić-Haberle), 
University of Montreal (Beausejour), and Stanford University (Huang) assessed the 
ability of MnPs to protect brain white matter, neurocognition, and hippocampal 
 neurogenesis but not tumor (Fig. 8.19) [100–102]. In studies on hippocampal 
neurogenesis by Huang’s group mice were injected sc with MnTnBuOE-2-PyP5+ 
starting a week before radiation and continuing for 4 weeks post-RT. Production 
of new neurons, including the immature neurons (Dcx+) and mature neurons 
(BrdU+/NeuN+), in the subgranular zone (SGZ) of hippocampal dentate gyrus was 
monitored. MnP also protected interneurons which are essential for neurogenesis 
[102]. The Duke University team dealt with different aspects of normal brain 
 radioprotection. Mice were injected sc with MnTnBuOE-2-PyP5+ before and after 
RT and evaluated 3 months later. Mice treated with MnTnBuOE-2-PyP5++RT vs. 
mice treated with saline/RT have much higher preservation of myelin and lower loss 
of axons in corpus callosum (Fig. 8.19) [83]. The Beausejour’s group demonstrated 
the radioprotection of neurogenesis and prevention of the loss of neurospheres by 
another lipophilic analog, MnTnHex-2-PyP5+ [100, 101]. The radioprotective effect 
occurred at least in part at the level of p16 pathway. The p16 is an apoptotic protein 
involved in senescence. With p16 knockout mice, neither RT nor MnP affected the 
number of neurospheres (Fig. 8.19).
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Fig. 8.17 The radioprotective effect of MnTE-2-PyP5+ on prostate architecture (a), erectile function 
(b), and testes (c). Rats were treated with MnTE-2-PyP5+ (ip, 5 mg/kg) or PBS 24 h before the start 
of radiation. MnTE-2-PyP5+ (2.5 mg/kg ip) or PBS was then administered every other day for the 
following 2 weeks. The animals were then injected MnTE-2-PyP5+ (5 mg/kg) or PBS once a week 
until 12 weeks post-irradiation. Erectile function, prostate pathology, and testes size were assessed at 
12 weeks post-irradiation (rats received 7.5 Gy/day for 5 days) [98, 99]. Adapted from [98]
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Fig. 8.18 Radiosensitization of head and neck FaDu tumor growth ((a) and (b)), radioprotection 
of salivary glands (c) by MnTnBuOE-2-PyP5+ and its pharmacokinetics with particular relation to 
its biodistribution to tissues of interest, tongue, and salivary glands (d). MnTnBuOE-2-PyP5+ was 
injected sc twice daily at 1.5 mg/kg in both radioprotection and tumor suppression studies [33]. 
The study indicated that the higher the radiation, the higher is the inflammation of salivary glands 
as measured by prosense marker; MnP suppressed inflammation at all RT doses (c). ProSense 750 
EX is a fluorescent in vivo imaging agent and inflammatory marker that is activated by the protease 
Cathepsin which is elevated in lysosomes of tumors and inflammatory cells. The dose escalation 
study indicated that with MnP the radiation dose may be increased by ~30 % without producing 
radiation-induced damage—dose modifying factor was identified as 0.77. The dose- escalation 
study on sc xenograft mouse flank model of FaDu head and neck cancer showed that MnP radio-
sensitizes tumor—the tumor suppressing effect occurs at ~30 % lower RT dose if combined with 
MnP [33]. (d) The maximal tolerable dose (MTD) for sc dosing of MnP, 10 mg/kg, was used to 
study the 24-h single dose pharmacokinetics. The initial drug absorption in plasma (Cmax = 7 μM at 
Tmax = 2 h) was followed by an organ distribution phase. Liver and kidney profiles showed that their 
high concentrations were responsible for drug disappearance from the plasma early after injection. 
This fastest process consumed over 90 % of drug, and together with the distribution into other 
organs, left only 2 % of plasma MnP at 10 h postinjection. Very slow elimination of the remain-
ing drug in plasma was observed between 1 and 7 days (t1/2 = 4.8 days). Salivary glands and 
tongue levels followed the plasma profile initially (Cmax = 0.5 μM at Tmax = 2 h), and then the slow 
elimination profile observed in liver and kidney. Adapted from [33] and Spasojevic I et al, in 
preparation (Fig. 8.18d)
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The glioma radio- and chemosensitization (with temozolomide) by MnTnHex-2- 
PyP5+ and MnTnBuOE-2-PyP5+ was seen with D-245 MG glioblastoma multiforme 
in a sc patient-derived xenograft mouse model (Fig. 8.20) [14, 83]. The magnitude of 
tumor suppression was identical when MnP was combined with either radiation or 
temozolomide [103]. The following pathways were shown to be involved: metastatic 
(ctss, catepsin L, becn1, beclin1), antiapoptotic [NF-κB (Nfkb1, Bcl211, Bcl2) and 
PI3 kinase and mTOR (Rsp6kb1)] and protein translation (EIF5b and Rsp6kb1) [14].

Fig. 8.19 MnP radioprotects normal brain tissue. (a) C57BL6/J (WT) mice were injected with 
MnTnHex-2-PyP at 1.6 mg/kg twice daily, starting 1 week before and continuing for 7 weeks after 
the 6 Gy whole brain RT. MnP protected neurogenesis; (b) Next experiment with p16 knock-out 
(KO) mice showed that the protection of neurogenesis by MnP is in large part dependent upon p16 
pathway. The effect is eliminated when p16 knockout mice were radiated, the  number of neuro-
spheres was affected neither by RT nor with MnP [100, 101]; (c) Large preservation of myelinated 
axons in the corpus callosum of C57BL6/J mice was seen with MnBuOE-2-PyP5+; (d) Improved 
neurobehavior (as measured by running wheel) was demonstrated with MnBuOE-2-PyP5+. In (c) 
and (d) the  twice daily sc injections of MnP at 1.5 mg/kg started 1 week before radiation and 
continued for the first 4 weeks and at 0.5 mg/kg/day for another 4 weeks [83]. At that time point 
the brain concentration of MnP was found to be 25 nM. Adapted from [83, 101]
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Rectum. Remarkable radioprotection of rectum by MnTE-2-PyP5+ was demon-
strated in a rat model. Rats were radiated with single 21 Gy proton beam. The 
 suppression of radiation-based damage was demonstrated at both acute (reduction 
in loss of crypts at 10 days post-RT) and chronic level (suppression of rectal dilation 
at 150 days post-RT) (Fig. 8.21) [104].

Fig. 8.21 MnTE-2-PyP5+ (a) protects rectum against radiation. Rats were radiated with single 
21 Gy proton beam. (b) MnP reduced loss of crypts at 10 days post-RT. (c) MnP also suppressed 
chronic damage, reducing RT-induced rectal dilation at 150 days post-RT. (i) control; (iii) RT only; 
(ii) MnP given sc 1 h prior to RT; (iv) MnP given sc 1 h post-RT [104]. Adapted from [104]

Fig. 8.20 MnTnBuOE-2-PyP5+ radio- and chemosensitizes tumor in a mouse sc xenograft model. 
BalbC nu/nu mice with sc patient-derived D-245 MG glioblastoma multiforme xenografts were 
injected sc with MnP at 1.6 mg/kg twice daily (throughout the study, starting 24 h before radiation) 
and/or treated with 1 Gy/day for 3 days, and/or temozolomide at 5 mg/kg/day injected ip for 5 days 
[103]. The animals were sacrificed at same time point to address mechanistic issues, while tumor 
regrowth was followed in a second study. The 10-day tumor growth delay was seen with 
MnP + Radiation vs. Radiation, the 17.5-day tumor growth delay with MnP + Radiation vs. control, 
and the 19.5-day tumor growth delay with MnP + Radiation vs. MnP
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Breast. Several cellular studies confirmed the therapeutic potential of MnPs in the 
treatment of breast cancer. When combined with source of H2O2, such as is the pres-
ence of ascorbate, MnP was able to induce apoptosis of triple negative mammary 
4T1 cell line, MCF-7 and inflammatory breast cancer lines SUM-149 and SUM-
190. Based on such data the mouse sc flank tumor model was explored as described 
below under New anticancer strategies involving MnPs.

8.8  New Anticancer Strategies Involving MnPs

Once substantial evidence was provided that H2O2 is a major player in therapeutic 
actions of MnPs [91, 93, 105], an opportunity for another anticancer therapeutic ap proach 
has emerged. It was driven by the fact that Mn(III) N-substituted pyridylporphyrins 
readily cycle with ascorbate thereby producing ascorbyl radical and MnIIP. Subsequently, 
MnIIP cycles back to MnIIIP thereby reducing oxygen or superoxide to O2

•− or H2O2, 
respectively [12, 106]. Due to higher concentration of oxygen than of O2

•−, the oxida-
tion of MnIIP with oxygen is more likely than with O2

•−. In either case H2O2 will be 
eventually formed. Therefore, in addition to MnP and RT as a source of H2O2, the 
exogenous ascorbate (Asc) could be administered via intraperitoneal or intravenous 
routes to cycle with MnP giving rise to H2O2, thereby increasing the total intratumoral 
peroxide level [63, 93, 105, 107–113]. The impact of MnP/chemotherapy- and MnP/
ascorbate-derived sources of H2O2 was explored in cellular studies on several breast, 
ovarian, lymphoma, glioma, and CaCo cell lines. Normal breast counterpart, fibro-
blasts, normal lymphocytes, and normal human astrocytes were also studied [14, 105, 
114] (Fig. 8.22). Cytotoxicity was seen with cancer but not with normal cells [14, 63, 
91, 93, 105, 114]. It was further shown that catalase eliminated toxicity of MnP/

Fig. 8.22 MnP combined with ascorbate is cytotoxic to cancer (red bars) (a) but not to normal 
cells (blue bars) (b). Studies were conducted on following cancer cell lines: human breast 
MDA-MB-231, ovarian HeLa, glioma dG36, and mouse breast 4T1. Normal cell lines studied 
were: breast epithelial cancer cell line HBL-100, normal human astrocytes iNHA, dermal fibro-
blast NHDF, and breast cell line MCF-10A. Data are taken from [14, 63, 105, 114] and relate to 
either MnTE-2-PyP5+ or MnTnHex-2-PyP5+ or MnTnBuOE-2-PyP5+
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ascorbate indicating that it is entirely due to the production of H2O2, predominantly at 
extracellular level [63, 93, 105, 115, 116]. GSH plays a major role in H2O2-driven 
actions of MnPs. MnP/Asc system was able to reduce cellular GSH levels and phos-
phorylation of NF-κB and ERK (extracellular signal-regulated kinase) in a study on 
inflammatory breast cancer cell lines, SUM-149 and SUM-190 [93]. The X-linked 
inhibitor of apoptosis protein, XIAP, was decreased and annexin V increased, indicating 
the apoptosis-related cytotoxicity imposed by MnP/Asc system [93].

In addition, the translocation of apoptosis-inducible factor, AIF, into nucleus 
implicates AIF-mediated and caspase-independent SUM 149 cell death pathway. 
Conversely (in normal cells), when cardiomyocytes were exposed to doxorubicin-
mediated oxidative stress, MnTE-2-PyP5+, MnTnHex-2-PyP5+, MnTnBuOE-2-
PyP5+ suppressed doxorubicin- induced lipid peroxidation and 4-HNE formation 
thereby preventing AIFm translocation into nucleus and in turn apoptosis (see under 
Mitochondrial accumulation) [54]. Different redox environments of normal vs. can-
cer cell presumably contribute to such differential outcome. Even prior  to antican-
cer therapy, the tumors are under higher oxidative stress than the normal tissue; 
oxidative stress is further enhanced with anticancer treatment. Moreover, MnP was 
found to accumulate in tumor much more than in normal tissue (Fig. 8.23). Higher 

Fig. 8.23 The ability of MnP to catalyze ascorbate oxidation is described by the initial rates of 
ascorbate oxidation, v0(Asc)ox, and oxygen reduction, v0(O2)red ((a) and (b)). Such ability of MnP 
parallels its ability to exhibit cytotoxicity to 4T1 tumor cells when combined with ascorbate (c). 
Both are correlated in identical manner to the metal-centered E1/2 of MnIIIP/MnIIP redox couple 
((a), (b), and (c)) [63]. The study was done on 14 different MnPs; only the representative MnPs are 
plotted here. Among MnPs explored, MnTE-2-PyP5+ was identified as the best catalyst and was 
thus tested in a mouse model of tumor growth (Fig. 8.24). The MnPs plotted are: (#1) MnTE-2- 
PyPhP5+, (#2) MnTE-3-PyP5+, (#3) MnTE-2-PyP5+, (#4) MnTPhE-2-PyP5+, (#5) MnTnHexOE-2- 
PyP5+, and (#6) MnTnOct-2-PyP5+

8 Mn Porphyrin-Based Redox-Active Therapeutics



198

H2O2 and MnP tumor levels jointly contribute to the differential effects (see below 
for further discussion). To substantiate such statements further, the redox environ-
ment of 4T1 cell, treated with MnP and ascorbate, was explored [63, 117]. The 
glutathione and cysteine redox couples were assessed (GSSG/GSH and Cys/CySS) 
and the related cellular  reduction potentials, E1/2 calculated. Indeed MnP/Asc treat-
ment increased levels of oxidized thiols (GSSG and CySS) giving rise to less nega-
tive reduction potential and in turn less ability of a cell to provide reducing 
equivalents for its functioning; such data indicated that oxidative burden had indeed 
been imposed on cell via MnP/ascorbate redox cycling (Fig. 8.24) [63].

The ability of MnP to catalyze ascorbate oxidation in an aqueous solution was 
characterized in terms of initial rates of ascorbate oxidation, vo(Asc)ox. The 
vo(Asc)ox relates to the metal-centered reduction potential, E1/2 of MnIIIP/MnIIP 
redox couple, in the same manner as all other reactions of MnPs do (Fig. 8.12). 
Importantly, vo(Asc)ox relates also in the same manner to the cytotoxicity exhibited 
upon the 4T1 cancer cell line (Fig. 8.23).

Ascorbate had been in Phase I Clinical Trials as an anticancer agent and showed no 
toxicity with marginal efficacy [112]. Its cytotoxicity was attributed to its oxidation 
catalyzed by endogenous metalloproteins. Yet those metalloproteins have neither the 
appropriate thermodynamics nor kinetics for the catalysis of ascorbate oxidation. 
Thus the effect had been only marginal. We believed that our MnPs which readily 
undergo cycling with ascorbate [12, 106] may be better catalysts of its oxidation. Our 
cellular and mouse studies supported the anticancer therapeutic potential of MnPs/
ascorbate system [105]. Others subsequently also showed the benefit of combined 
MnP/ascorbate therapy [115, 118]. We then conducted a comprehensive study to iden-
tify which parameters control the catalysis. We showed that the efficacy of MnPs in 

Fig. 8.24 MnTE-2-PyP5+ sensitizes tumor to ascorbate in a 4T1 mouse breast cancer flank model. 
MnP/asc treatment started at 24 h before RT and continued throughout the study accompanied with 
tumor volume measurements (b). RT was given at 2.5 Gy/day for 3 days. MnP was administered 
sc at 0.2 mg/kg/day and ascorbate ip at 4 g/kg/day throughout the study. Similar data were obtained 
with 2 mg/kg of MnP. Mice were sacrificed 24 h after the last injections, tumor and muscle tissues 
extracted and analyzed on levels of MnP (c) [63]. Data showed that MnP accumulates ~7-fold 
more in tumor than in normal tissue. The MnP/Asc treatment induced significant increase in cel-
lular reduction potential determined based on GSGG/GSH couple (a). The less negative reduction 
potential obtained with MnP/Asc vs either control or MnP or Asc treatments suggests less reducing 
equivalent available for cellular metabolism when the cells were exposed to MnP/Asc. At day 15, 
all mice have tumor volumes higher than 1500 mm3 except those from MnP/Asc treatment group 
(b). Adapted from [63]
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terms of SOD mimicking parallels its ability to catalyze ascorbate oxidation; both are 
dependent upon E1/2 of MnIIIP/MnIIP redox couple (Fig. 8.12) [63]. We then showed 
that those MnPs, which are the best catalysts for ascorbate oxidation, are the most 
cytotoxic in cellular studies where cells were threated with MnP/Ascorbate (Fig. 8.23). 
MnTE-2-PyP5+ appeared to be the most successful among MnPs thus far studied and 
was therefore forwarded into a 4T1 sc mouse flank tumor model [63, 117]. This model 
is particularly useful in evaluation of drugs due to its short duration and the high suc-
cess of tumor growth, approaching 100 %. The 4T1 cell line is a triple negative and an 
aggressive cell line and thus such studies are relevant to those breast tumors that are 
highly resistant to treatments. When the tumor volume reaches on average ~80 mm3, 
the experiments are completed in a short period of ~2 weeks (Fig. 8.24). Once we 
showed that MnP/ascorbate treatment suppresses tumor growth, another study fol-
lowed where RT was combined with MnP/ascorbate to account for an additional 
increase in tumor H2O2 levels. The triple MnP/ascorbate/RT treatment caused the 
most profound tumor suppression [117]. The study was terminated at 24 h after the 
last MnP injection to allow for the clearance of MnP from the blood not to interfere 
with determination of MnP tumor levels. At that time point mice were sacrificed, the 
tumors and muscles collected and MnP levels determined by LC-MS/MS method. 
MnP was found at ~7-fold higher concentration in tumor than in muscle (Fig. 8.22) 
[63]. Much higher levels of MnP in tumor than in normal tissue along with higher 
intratumoral levels of H2O2 (enhanced by RT or MnP/ascorbate cycling or chemo-
therapy) accounted for the higher yield of the reaction of MnPs with  signaling protein 
thiols in tumor than in normal tissue. In turn, apoptotic processes are promoted in 
tumor and antiapoptotic processes in normal tissue. For additional discussion see 
under Differential effects of MnPs on tumor vs. normal tissues.

8.9  Differential Effects of MnPs on Tumor vs. 
Normal Tissues

Differential effects observed in a number of cellular and animal studies support 
therapeutic anticancer potential of MnPs and enable their development towards 
Clinical Trials. Our present understanding of such effect is as follows. It is highly 
likely that those tissues that are deficient in MnSOD would eventually develop 
tumor. Once normal cells undergo carcinogenesis, they may start upregulating 
MnSOD to fight oxidative stress. Yet production of H2O2 by MnSOD may not 
always be accompanied by its removal. Indeed studies showed that tumors have 
frequently upregulated MnSOD while catalase, GPx and  peroxiredoxins were 
either downregulated or upregulated but inactive (Fig. 8.25) ([16, 63] and refs 
therein). Thus tumor is ill-equipped to handle additional increase in oxidative 
stress. Initially, tumor may take advantage of high levels of reactive  species for 
activating signaling pathways that support its progression. Once overwhelmed 
with high H2O2 levels, tumor will undergo apoptosis and/or necrosis; meanwhile it 
will undergo metastases.
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Such compromised state of cancer redox environment has been taken advantage 
of in cancer therapy. Additional oxidative stress has been imposed by radiation 
 therapy, chemotherapy, or MnP/ascorbate treatment, which are all good sources of 
reactive species, H2O2 being the most relevant due to its neutrality and long half-life 
[14, 15, 105]. Thus, if exposed to radiation, chemotherapy, or MnP/Asc, tumor will 
undergo death much sooner than normal tissue. The co-localization of MnP, ascor-
bate, and H2O2 at much higher level in tumor than in normal tissue, resulted in 
higher yield of MnP reactions at the level of signaling protein thiols. In other words, 

Fig. 8.25 Differential redox environment of cancer vs. normal cell affects the outcome of MnP 
action. Tumor has frequently overexpressed MnSOD in order to fight the perturbed cellular metab-
olism which gives rise to oxidative stress. If H2O2 produced during O2

•− dismutation is not removed 
by H2O2-removing enzymes, such as catalase and GPx, its steady state levels start increasing. Such 
scenario has been frequently reported in tumors where catalase, GPx and other H2O2-removing 
enzymes are frequently downregulated or inactive ([16, 63] and refs therein). Initially, cancer uses 
the subsequent increase in oxidative stress for its own advantage, enhancing proliferative path-
ways. Yet cancer has only limited ability to handle oxidative stress and will eventually undergo 
apoptosis or necrosis while metastasizing meanwhile. Such scenario is used for therapeutic pur-
poses where additional exogenous oxidative stress is imposed upon cancer via radiation and che-
motherapy or quite recently via exogenously administered ascorbate. Monodeprotonated ascorbate, 
HA−, predominant species at physiological pH 7.8, is oxidized by MnP to protonated ascorbyl radi-
cal, HA•. HA• is readily deprotonated giving rise to A•−. During that process MnIIIP undergoes 
reduction to MnIIP which is subsequently re-oxidized with either oxygen or superoxide; in either 
case H2O2 will be eventually produced. Mn site in MnP must have appropriate thermodynamics to 
undergo such reaction. We have reported that MnP accumulates ~7-fold more in tumor than in 
normal tissues [63] which along with high H2O2 and high ascorbate tumor levels drives tumor kill-
ing presumably via inducing massive inhibition of antiapoptotic NF-κB transcription. It was also 
reported that, when combined with sources of reactive species (radiation or chemotherapy or 
ascorbate), MnP (MnTnHex-2-PyP5+ and MnTnBuOE-2-PyP5+) reduced cancer cell invasiveness 
and migration [119, 120] and lung metastases in orthotopically grown 4T1 mammary carcinoma 
model [119]. Conversely, lower degree of NF-κB inhibition results only in suppression of inflam-
mation of normal cells. Adapted from [14]
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while rate constants for MnP reactions are identical regardless of the tissue in 
 question, the thermodynamics (yield of reactions) rather than kinetics drives the 
differential effects in tumor vs normal tissue. Therefore, the massive oxidation/ 
S- glutathionylation of NF-κB thiols in tumor resulted in NF-κB inactivation and 
suppression of anti-apoptotic pathways. During tumor irradiation, normal tissue 
experiences a moderate increase in oxidative stress. That would allow for the inac-
tivation of NF-κB to a modest extent so that inflammatory processes will be sup-
pressed. We have reported supporting evidence for the inhibition of NF-κB 
activation in our stroke and diabetes studies resulting in lower levels of inflamma-
tory cytokines [13, 22, 36, 68]. To clarify further the impact of the extent of NF-κB 
inhibition, let’s look at the studies done by Takada and colleagues on the compari-
son of three anti-inflammatory drugs: aspirin, ibuprofen, and steroid. All three drugs 
are NF-κB inhibitors but are of different efficacies [121]. In the case of moderate 
inflammation, aspirin will be efficacious, while ibuprofen is needed to suppress 
larger inflammation. For massive inflammation, such as major low back pain or 
brain tumor, steroids would be the only drugs of choice. Due to the fact that NF-κB 
is our master transcription factor, if steroids are used at higher levels and/or for a 
prolonged period of time, the bodily metabolism would be greatly affected [13–15, 
22, 36, 68]. Diabetes would often kick in. One can now draw a parallel concluding 
that MnP-driven inhibition of NF-κB in a normal tissue is of moderate extent such 
as is case with aspirin/ibuprofen; in turn the anti-apoptotic, anti-inflammatory path-
ways are promoted. Conversely, in cancer, the vast suppression of NF-κB by MnP 
results in massive suppression of antiapoptotic, survival pathways.

8.10  Toxicity

Among the FDA requirements for a drug aimed at clinical development is a good 
safety/toxicity profile. The safety/toxicity profile of our first lead, MnTE-2-PyP5+, 
has been reported [122]. It is the safest Mn porphyrin thus far aimed at clinical 
development. Yet it is also the most hydrophilic compound among Mn porphyrins 
and is therefore not prospective for treatment of CNS injuries and neurodegenera-
tive disorders. The lipophilic analogs, MnTnHex-2-PyP5+ and to a lesser extent the 
oxygen-modified MnTnBuOE-2-PyP5+, have micellar properties and accumulate 
within tissues, cell and mitochondria to a high level. Such high bioavailability con-
tributes to low toxicity of MnTnBuOE-2-PyP5+ which occurs at high doses; its 
mouse toxicity is 4–5-fold lower than that of MnTnHex-2-PyP5+. The DNA comet 
assay was performed on rat and has demonstrated the lack of mutagenicity of 
MnTnBuOE-2-PyP5+ [Gad et al., unpublished]. Safety/toxicity studies of 
MnTnBuOE-2-PyP5+ have just been reported [129].
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8.11  Summary

H2O2 occupies central role in in vivo actions/therapeutic effects of MnPs. The fol-
lowing Scheme (Fig. 8.26) summarizes our present knowledge on differential 
impact of MnP on the redox environment of cancer and normal cell when combined 
with H2O2 and thiols. MnPs use H2O2 and GSH for the critical modifications of 
transcriptions factors (TF) which result in either suppression of their activities, such 
as NF-κB and mitochondrial complexes I and III, or their activation such as Nrf2. 

Fig. 8.26 The impact of H2O2 on MnP-driven pathways in cancer and normal cell. MnP couples 
with H2O2 and simple and protein thiols in both cancer and normal cell. Co-localized and higher 
tumor levels of MnP and H2O2 (both initial and enhanced by radiation and/or chemotherapy) con-
tribute to the higher yield of reactions in cancer than in normal cell. Consequently cancer undergoes 
apoptosis/necrosis while redox environment of normal tissue gets restored after being exposed to 
some degree of radiation and chemotherapy which has been primarily targeted to cancer. The larg-
est number of data has been collected on the impact of MnP on NF-κB and HIF-1α transcription 
factors, while effects may occur at the levels of other transcription factors (AP-1, SP-1, Nrf2, p53) 
and proteins, including those not yet studied
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The co-localization of MnP, H2O2, and GSH and their levels control the fate of the 
cell—its death or survival. Indeed, the studies demonstrated that the differential 
impact on normal vs. tumor tissue primarily results from much higher levels of MnP 
and H2O2 in tumor than in normal tissue [63, 117].

Still little is known about the complex chemistry of MnPs within complex cellular 
milieu. We have extensively addressed the aqueous chemistry of MnPs and to a 
lesser extent their biology. The reason for the variety of reactions MnPs can undergo 
(thereby interfering with different pathways) lies in the fact that the Mn center can 
adopt four oxidation states (+2, +3, +4, and +5) in vivo, i.e., the related reduction 
potentials are biologically compatible. In addition, the pentacationic MnPs accumu-
late readily in different cellular organelles, being attracted to the negatively charged 
phosphates of cellular membranes and/or nucleic acids. Due to MnP complex chem-
istry and  bioavailability and the also complex (and not fully grasped) biology of 
normal vs. cancer cell, it is very likely that we have only marginally addressed the 
MnP-based redox biology. What we know is that MnP has profound effect on resto-
ration of the physiological environment of a diseased but normal cell while promot-
ing the death of a tumor cell. We have also learned that the SOD-like potency of 
MnPs parallels (a) their ability to undergo all reactions thus far studied (in either 
stoichiometric or catalytic fashion) and (b) their therapeutic efficacy.

Cationic ortho Mn(III) N-substituted pyridylporphyrins vs. anionic para Mn(III) 
carboxylatophenyl-porphyrin. The story of an anionic compound, MnTBAP3−, 
reminds us repeatedly that still little we know about the chemistry and biology of 
Mn porphyrins [123]. The log kcat(O2

•−) of MnTBAP3− is 3.16, thus it is not an SOD 
mimic. Further, MnTBAP3− does not protect SOD-deficient E. coli when growing 
aerobically, another proof that it is not an SOD mimic [39]. Yet the researchers, 
including us, are repeatedly reporting that MnTBAP3− is therapeutically efficacious 
[78, 124]. We have dealt with this compound for over 20 years and still are not able 
to comprehend its biology. Often researchers use commercial samples which con-
tain different impurities, ranging from a tiny fractions to as much as 25 % [123, 
125]. While these commercial impurities complicate the discussion of the data, a 
pure MnTBAP3− sample was also efficacious in some models [78, 124, 126]. Most 
recently we undertook the 4T1 mammary carcinoma sc flank tumor mouse study 
where the anticancer effect of MnP/ascorbate was assessed. The fact that MnTBAP3− 
cannot be reduced with ascorbate in an aqueous solution agreed well with the lack 
of its anticancer effect in this mouse model [117]. However in an ongoing study on 
I/R  spinal cord injury, MnTnHex-2-PyP5+ performed as well as MnTBAP3− at both 
high and low doses of 1.5 and 0.15 mg/kg [78, 124]. Actions of MnTBAP3- at the 
level of peroxynitrite, ONOO-, may be involved [126]). Such findings confirm that 
we are still far away from fully understanding the actions and effects of not only 
MnTBAP3− but of other MnPs also. Therefore, caution needs to be exercised when 
drawing the conclusions on the pathways involved in the actions of MnPs. 
Pharmacological and genetic studies need to be done in parallel to gain more accu-
rate insight into the nature of the effects of MnPs.
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On enthusiastic side, we almost ambiguously see favorable therapeutic outcomes 
of Mn porphyrins, even if we do not fully understand them, or misinterpret mechanis-
tic data. Remarkable efficacies of MnPs in cellular and animal models motivate us to 
continue with our endeavors aimed at (a) understanding the underlying mechanisms of 
MnPs actions and (b) treating patients.

Antioxidative therapeutic effects vs. pro-oxidative actions of MnPs. As indicated 
here and elsewhere [15], the therapeutic effects of MnPs in normal tissue may 
appear antioxidative, yet may arise from pro-oxidative actions such as is the MnP/
H2O2/GSH-driven S-glutathionylation of thiols of NF-κB and Nrf2/Keap1 [15, 65]. 
Modulation of the transcription activities of NF-κB and Nrf2 would result in sup-
pression of inflammation and upregulation of endogenous antioxidative defenses, 
respectively. Thus the pro-oxidative actions at the levels of both transcription fac-
tors would translate into antioxidative effects. What we would detect in our in vitro 
and in vivo studies would be the reduction in the levels of O2

•− and H2O2, yet not 
primarily as a consequence of MnP directly scavenging those species, though the 
direct removal of those species by MnP cannot be excluded. Further, when H2O2 
oxidizes MnIIIP to (O)2MnVP, in order to act in a GPx-like fashion, the levels of H2O2 
get decreased due to its reduction to water but not to its dismutation to water and 
oxygen in a catalase-like fashion (see equations (8.10)–(8.16)).

Development of MnPs towards Clinic. We have established the straightforward 
relationship between the SOD-like activity and therapeutic effects of MnPs. Our 
data teach us that designing compounds to be potent SOD mimics, while tuning 
their bioavailability and toxicity, is still the most valid drug development approach. 
Based on the “ortho” concept established with Mn(III) N-substituted pyridylpor-
phyrins, the di-ortho imidazolyl analog, MnTDE-2-ImP5+ (AEOL10150), was syn-
thesized. The Phase I Clinical Trial on ALS patients demonstrated the lack of the 
toxicity of MnTDE-2-ImP5+ (AEOL10150) at doses well above the therapeutic ones 
[127]. MnTDE-2-ImP5+ is now under aggressive development towards Clinical 
Trials as a radioprotector. The Phase I/II Canadian Clinical Trial on protection of 
beta cells during islet transplants with MnTE-2-PyP5+ (BMX-010, AEOL10113) is 
in progress (NCT02457858). The Phase I/II Clinical Trial on MnTnBuOE-2-PyP5+ 
(BMX-001), as a radioprotector of normal brain with glioma patients has started. 
Another Phase I/II Clinical Trial on radioprotection of salivary glands and mouth 
mucosa with head and neck cancer patients will commence later in 2016. The poly-
amine-based SOD mimic, GC4419, and Fe ortho substituted porphyrin, INO-4885, 
are also in Clinical Trials [15, 128]. First enthusiastic data on the efficacy of GC4419 
(Fig. 8.4e) as a radioprotector of mouth mucosa in Clinical Trial have just emerged 
(Anderson CM et al, ASCO 2016). Therefore, we may soon gain further insight into 
the therapeutic effects of metal-based SOD mimics in humans and therefore justify 
their considerations both as therapeutics and mechanistic tools.
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MnTE-2-PyP5+ Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
MnTM-2-PyP5+ Mn(III) meso-tetrakis(N-methylpyridinium-2-yl)porphyrin
MnTM-3-PyP5+ Mn(III) meso-tetrakis(N-methylpyridinium-3-yl)porphyrin
MnTM-4-PyP5+ Mn(III) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin
MnTnBuOE-2-PyP5+ Mn(III) meso-tetrakis(N-n-butoxyethylpyridinium-2-yl)

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

porphyrin
MnTPP+ Mn(III) meso-tetraphenylporphyrin
NADP+ Nicotinamide adenine dinucleotide phosphate
NADPH Reduced form of nicotinamide adenine dinucleotide 

phosphate
P450 Cytochrome P450
PhIO Iodosylbenzene
RH A generic organic substrate usually an alkane
SOD Superoxide dismutase

9.1  Highlights on Metalloporphyrin-Based Biomimetic 
Chemistry

Iron porphyrins (FePs) are ubiquitous in living organisms. Naturally occurring por-
phyrins, such as protoporphyrin IX (Fig. 9.1) or a closely related tetrapyrrole ligand, 
are able to bind Fe(II) or Fe(III) ions very tightly, yielding the well-known “heme” 
groups [1–3]. Heme is rarely free in biological systems [4, 5], being often bound to 
or associated with specific proteins collectively known as hemeproteins (or hemo-
proteins) [1–3]. These resulting metalloproteins play a variety of diverse and critical 
roles in many biological processes, in which the heme unit acts as the prosthetic 
group (e.g., hemoglobin, myoglobin, and cytochrome c) [1–3, 6–8]. Many impor-
tant redox-based metalloenzymes, such as cytochromes P450, nitric oxide 
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synthases, cytochrome c oxidase, and some peroxidases and catalases, are also 
hemeproteins [2, 3, 8–13]. The reactivity of the heme group is, thus, largely con-
trolled by the apoprotein moiety, which ultimately dictates the heme biological 
function [6–11].

These hemeproteins have fascinated chemists and biochemists for more than a 
century [14]. The attempts to model their structural features, their electronic struc-
ture and corresponding spectroscopic signatures, and their reactivity have been under 
the scrutiny of biomimetic chemists before biomimetic chemistry was even termed 
as such. The term “biomimetic chemistry” was coined by Breslow [15, 16] in the 
early 1970s to describe a scientific investigation strategy that uses Nature as inspira-
tion either to develop a chemical process related to those found in the natural sys-
tems, or to prepare a compound that imitates a biological material in its structure and/
or function. The goal is not to merely reproduce Nature, but, nevertheless, to draw 
inspiration from it, which allows experimentations with ligands and metals not asso-
ciated with biology, including non-naturally occurring ligands, and a full range of 
different metals, including those biologically uncommon ones (e.g., Ru [17–19]).

During the past 50 years or so, chemists have been quite busy using metallopor-
phyrins as biomimetic models of metalloproteins and/or metalloenzymes [6–14, 
17–24]. Historically, most of the initial studies were devoted to the modeling of 
dioxygen transport and storage by hemoglobin and myoglobin, respectively [6, 7, 
14]. In the 1970s, many groups (e.g., Collman, Baldwin, Momenteau, James, 
Dolphin, Traylor, and Basolo) carried out elegant studies on synthetic metallopor-
phyrins as models for describing the reversible coordination of O2 to hemoglobin 
and myoglobin [6–8, 25–27]. The most promising systems as O2 carriers were those 
of Fe(II); some success was also achieved with Co(II), but Mn(II) and Mn(III) were 
ineffective as O2 carriers (of note, reversible O2-coordination to Mn(II) porphyrins 
could be achieved under unsuitable conditions, i.e., in toluene at −78 °C [28]). The 
main challenges in these systems, in particular the Fe(II) ones, were [6, 7]: (a) to 
avoid the irreversible O2-oxidation of FeIIP to FeIIIP, which may be achieved by 
preventing the approximation of water to the metal site; and (b) to prevent the irre-
versible formation of μ-oxo complexes, i.e., PFeIII–O–FeIIIP, which resulted from 
the reaction between the (O2)FeIIP adduct and a second molecule of FeIIP. In the 
hemeproteins, the bulky protein moiety, which is not present in the model systems, 
creates not only a hydrophobic region around the metal center but also prohibits the 
formation of μ-oxo species by sterically hindering the approximation of two heme 
groups [6, 7]. In this regard, the search for architecturally structured porphyrin mac-
rocycles bearing bulky substituents with hydrophobic cavities around the metal cen-
ter originated the classic “picket fence” [25], “capped” [26], and “basket handle” 
[27] porphyrins. Eventually, FePs were able to model hemoglobin and myoglobin 
with respect to reversible O2-coordination, provided a good description of the spec-
troscopic characteristics of these systems, and revealed subtle details on the role 
played by the protein on modulating the reactivity of heme to yield reversible and 
selective O2-coordination [6, 7]. The technological applications of these complexes 
as O2-carriers or air fractioning devices, however, have been hindered by the 
 complexity and fragility of the systems. Whereas the development of FePs as O2-
carriers for artificial blood formulations is still pursued [29], the drawbacks that 
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need to be solved include concepts such as oxidative and nitrosative stress [30, 31]. 
Looking at these systems retrospectively, the early attempts to use simple FeP com-
plexes as O2-carriers in vivo in the 1970s were bound to fail, given that these “naked” 
systems are prone to side-reactions and side-effect complications associated with 
the implications of some reactivity patterns unforeseen then and still much of a 
challenge now: the reactivity of FePs toward NO [32], a molecule whose biology 
and biologically relevant chemistry blossomed from the 1980s on [33]. Coordination 
of O2 to ferrous FePs yields the adduct (O2)FeIIP, which, by internal electron trans-
fer, exists as a ferric superoxide-bound complex, (O2

−)FeIIIP [6]; superoxide may 
react with NO at diffusion limiting rates to yield the powerful oxidant peroxynitrite 
[34]. Despite the stress associated with peroxynitrite on its own [34], a high concen-
tration, bolus dose of FePs (as artificial red blood cell substituent) would scavenge 
NO directly (via coordination to FePs) or indirectly (via FeP-derived superoxide 
pathways), leading to cardiovascular alterations, to the least.

The 1979 seminal paper by Groves and coworkers [35] on the use of a synthetic 
FeP as a biomimetic model of the cytochromes P450, which is a ferric heme- 
containing metalloenzyme, revealed that the same (or even simpler) FePs that used 
to be studied as hemoglobin/myoglobin models could also be investigated as P450 
models [20]. The mechanism of the cytochromes P450 is rather complex [36] (see 
Sect. 9.2.1) and the use of model compounds appeared as an alternative to dissect 
the structural aspects, electronic features, and reactivity behavior of these enzymes 
[11, 37]. These possibilities were quickly taken by many groups worldwide and the 
results on these P450 model systems inaugurated the chemistry of metalloporphy-
rins as biomimetic oxidant catalysts, which remains quite an active and dynamic 
field of research since then [37]. Among the most studied metalloporphyrin-based 
catalysts are those of Mn(III), Fe(III), and Ru(VI) porphyrins [17, 20, 21, 38–40]. 
Upon the success in exploring metalloporphyrin complexes as biomimetic P450 
models [37], the studies expanded rapidly to include other redox-active heme-based 
proteins, such as peroxidases, catalase, and nitric oxide synthase [11, 24, 38, 41].

Another very active area of research on using metalloporphyrins as biomimetic 
models is that of modeling of the superoxide dismutase (SOD) enzymes [22, 23, 
42] (see Chap. 8 by Batinić-Haberle et al.), even though none of the four known 
isoforms of SOD (i.e., Cu,ZnSOD, MnSOD, FeSOD, and NiSOD) contains the 
porphyrin ring in their structure nor uses porphyrin as cofactor at all (see Chap. 7 
by Policar). Despite SOD and metalloporphyrins being structurally unrelated, 
FePs and Mn porphyrins (MnPs) are among the most active models of SOD [22, 
23, 43, 44], i.e., FePs and MnPs can model the SOD function, but, obviously, can-
not account for any of the enzyme spectroscopic features. At this point, it is worth 
pointing out that along this chapter, the word “mimic” will be reserved for a 
model compound that is able to perform at rates meaningfully comparable to that 
of the modeled enzyme. For example, cationic MnPs, such as MnTE-2-PyP5+ 
(Fig. 9.1), are SOD mimics, as their catalytic rate constant (log kcat) are close to 
that of SOD; additionally, MnTE-2-PyP5+ is able to substitute for the SOD enzyme 
in vivo in SOD-deficient microorganisms such as bacteria (Escherichia coli) and 
yeast (Saccharomyces cerevisiae) [23, 45]. Conversely, whereas FePs and MnPs 
are able to emulate the reactions of catalase, their catalase activities are rather low 
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(as low as 0.006 % of that of the enzyme, in the best case scenario) [41]; these 
metalloporphyrins may, thus, be suitable biomimetic models of catalase, but are 
not catalase mimics [41].

The first studies on the SOD activity of metalloporphyrins appeared also in 
1979 with the work by Pasternack and Halliwell [46], who showed that simple 
water- soluble metalloporphyrins could model the reactions of SOD on dismuting 
the superoxide radical ion to H2O2 and O2. The metalloporphyrin-based SOD 
mimic field remained relatively dormant [47–52] as compared to the develop-
ments witnessed at P450 biomimetic systems. Of note, Meunier published in 1992 
a classical review with already more than 600 references on P450-type reactions 
associated with metalloporphyrins [20]. The breakthrough in developing potent 
porphyrin- based SOD mimics appeared in 1998 with the work by Batinić-Haberle 
et al. [53] where the ortho substituted Mn(III) meso-tetrakis(N-methylpyridin-
ium-2-yl)porphyrin, MnTM-2-PyP5+ (Fig. 9.1), was found able to dismutate 
superoxide at a, then, unusually high rate constant (log kcat = 7.72). The SOD-
based biomimetic chemistry of metalloporphyrins flourished and soon became 
clear that a good SOD model should emulate the reduction potential of SOD 
enzymes (ca. +300 mV vs. NHE) [54–57] and bear positive charges in close 
vicinity to the metal center, in order to guide the superoxide anion to the reactive 
site via electrostatic facilitation [58, 59], in a similar fashion to the role that cat-
ionic amino acids residues play on SOD enzymes themselves. The first empirical 
structure–activity relationships on Mn-porphyrin-based SOD mimics accounting 
for both thermodynamic (reduction potential, E½ [54]) and electrostatic facilita-
tion (i.e., the impact the charges of cationic, anionic, and neutral porphyrins exert 
on SOD activity, log kcat [58]) emerged [60] and have recently been extended to 
include many non-porphyrin complex models [42, 61]. Some MnP complexes are 
as SOD active as the SOD enzymes themselves [43], which represents a success-
ful achievement in biomimetic chemistry: designed, nonstructurally related, 
small-molecule complexes mimicking closely the reactivity patterns and rates of 
Nature’s own SOD enzymes.

Nowadays, water-soluble Mn porphyrins comprise the class of metalloporphy-
rins most investigated in biological systems [22, 23, 42, 45, 62, 63]. Their use 
in vivo spams a wide range of organisms, from microorganisms (e.g., bacteria, 
yeast) to animals, such as rodents, dogs, and primates, including humans [22, 23, 
42, 45, 62, 63]. Historically, the development of MnPs for medicinal applications 
was initiated and had relied considerably on exploring the SOD mimic properties 
of the complexes. Their in vivo efficiency in a variety of oxidative stress-based 
injuries and pathological states has usually been ascribed to the SOD activity of the 
mimic [22, 23, 61–63]. As SOD enzymes are within the first lines of defense among 
the endogenous antioxidant enzymes against oxidative damage (see Chap. 8 by 
Batinić- Haberle et al.), these MnPs have, thus, been often referred to as catalytic 
antioxidants [64, 65].

In this chapter, we put forward an emerging concept on which the therapeutic 
action of some MnPs used in vivo might not be restricted to an SOD-type antioxi-
dant catalytic role per se, but involve P450-type oxidation catalysis. In the next 
sections, a brief description of the general mechanism of the cytochromes P450 and 
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related enzyme systems will be followed by the presentation of selected aspects of 
the 30+ years of biomimetic chemistry of MnPs as P450 models. It is not the goal 
of this chapter to provide a full account on the MnP-based biomimetic oxidation 
systems, but highlight some of the main features of P450-type MnP reactions that 
may become relevant on interpreting some of the biological results on the use of 
MnPs as redox-active therapeutics.

9.2  A Brief Overview on Cytochrome P450-Catalyzed 
Oxidations and Related Systems

9.2.1  Cytochrome P450 Family

The search for efficient catalysts that are able to promote the selective insertion of 
oxygen atoms (oxygenation reactions) in many organic substrates under mild condi-
tions of temperature and pressure remains a challenge in chemical catalysis. This is 
particularly relevant when developing synthetic routes to the hydroxylation of the 
inert C–H bonds of alkanes or the selective oxidation of aromatic compounds [20, 
21, 38–40, 66].

The direct conversion of an alkane into an alcohol using cheap and environmen-
tally friendly oxidants, such as O2, has been intensely sought after, as this would 
allow the development of novel synthetic routes to convert hydrocarbons, easily 
available and of low cost, in products to fine chemistry and pharmaceuticals [24, 67, 
68]. On industrial settings, C–H bond activation is usually achieved using heteroge-
neous catalysis at high temperature, but polyoxygenation is often observed, which 
renders the systems of compromised selectivity [67].

In biological systems, however, the family of cytochrome P450 enzymes are able 
to catalyze the monooxygenation of a large variety of organic substrates (RH), 
under ambient temperature and pressure, using atmospheric O2 and a biological 
reductant, such as the reduced form of nicotinamide adenine dinucleotide phosphate 
(NADPH), as represented in (9.1) [9, 36]. The cytochromes P450 belong to a super-
family of heme-containing monooxygenase enzymes with similar spectral proper-
ties and that share a distinct spectroscopic feature: they exhibit an intense absorption 
band (Soret band) at ~450 nm in the reduced form in the presence of CO [13, 36, 37, 
69]. They all contain an Fe(III) protoporphyrin IX (Fig. 9.1) in the active site, whose 
binding to the protein is achieved by coordination of the thiolate moiety of a resid-
ual cysteine (the proximal ligand) to the heme Fe(III) center [11, 36]. The heme 
coordination site trans to the cysteine proximal ligand comprises the distal site, 
where binding of O2 takes place. The distal site is often occupied by water  molecules, 
which are easily replaced by O2 in the presence of a suitable substrate [13, 36]. The 
polypeptide protein part has molecular weight of ca. 45,000 Da and is responsible 
for both rendering the catalytic site hydrophilic and directing the substrate toward 
the active metal site [20, 36, 37, 39].
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 RH O NADPH H ROH NADP H O+ + + → + ++ +
2 2  (9.1)

The cytochromes P450 are membrane bound enzymes [70] widely spread among 
the living organisms, including unicellular microorganisms (e.g., bacteria and fungi) 
and complex organisms (such as humans) [71]. They exert important roles in vital 
processes of the organisms, being involved as catalysts for the biosynthesis of pros-
taglandins and steroids and for the oxidative biotransformation of xenobiotics, such 
as drugs, pesticides, carcinogens, polycyclic aromatic hydrocarbons, alkanes, and 
alkenes [12, 71].

The catalytic cycle of P450 is still a matter of intense research, with particular 
focus on the elucidation of the electronic structure and reactivity pattern of the high- 
valent intermediate species [12, 13, 72, 73]. Given the high molecular weight of the 
cytochromes P450, it is rather difficult to determine with accuracy the mechanistic 
details of the oxidation reactions, as well as the molecular structure of all intermedi-
ates involved in the processes. In this context, the use of biomimetic systems helped 
a great deal in shedding some light on the transformations associated with the enzy-
matic processes [37]. Even in simple model systems, the characterization of many 
short-lived intermediates is challenging. Two main issues remain of keen interest in 
the P450 reactions: the mechanism by which O2 is activated to yield the active inter-
mediate species and the mechanism by which the oxygen atom is transferred to the 
substrate [72, 74–78].

A proposed mechanism that accounts for the most likely intermediate species 
during P450-catalyzed oxidation reactions is illustrated in Fig. 9.2 [12, 36, 74–78]. 
The P450 resting state (A) is a hexacoordinate low-spin Fe(III) species with a water 
molecule as distal ligand. Upon the approximation of the substrate RH, the protein 
changes its conformation, releasing the axial water molecule to yield a pentacoordi-
nate high-spin Fe(III) species (B), which accommodates the substrate in a pocket in 
the vicinity of the active site. The degree of low-to-high spin-state transition that 
accompanies iron coordination-sphere change may lead to ca. 80–130 mV increase 
in the P450 Fe(III)/Fe(II) reduction potential [79–82] (see Sect. 9.4), which is cru-
cial for the Fe(III) → Fe(II) reduction that follows. Reduction of (B) by one electron 
leads to a pentacoordinate Fe(II) species (C) with the Fe atom slightly shifted 
toward the proximal cysteine ligand; coordination of O2 to the pentacoordinate fer-
rous species (C) yields the hexacoordinate adduct (O2)FeIIP (D). This species can 
also be described as a superoxide-bound ferric species (D′) resulting from an inter-
nal electron transfer from the ferrous iron to the coordinated O2 in (D) [80, 81]. A 
second 1-electron reduction yields a Fe(III) species containing a peroxide moiety 
coordinated on an end-on (η1) fashion (E) [77]. Protonation of the peroxide moiety 
leads to species (F, where X = H). Heterolytic cleavage of the O–OH bond followed 
by protonation of the resulting hydroxide leads to the release of water and 
 concomitant formation of the high-valent Fe(IV)-oxo porphyrin π-cation species 
(Compound I), formally a Fe(V)-oxo species. Compound I, then, abstracts a hydro-
gen atom from the nearby substrate, yielding an organic radical R• and Fe(IV)-
hydroxo species (G). As the substrate-derived radical R• is kept within the active 
site of the P450 enzyme, this allows a recombination of R• with the coordinated 
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hydroxide moiety and an internal electron transfer to yield the Fe(III) species (H) 
with formation of the oxygenated product ROH. Release of the product and 
 coordination of water restores the resting state species (A). The transformations 
from Compound I to species (H) are also referred to as the “oxygen rebound mech-
anism” [83, 84]. Of note, the reduction of the cytochromes P450 from the ferric to 
the ferrous form in the presence of CO leads to a catalytically dead carbonyl species 
(P450-CO) [13, 20, 36, 37, 69]. As noted previously, this species is the one responsible 
for the characteristic 450 nm absorption band of the cytochromes P450.

Fig. 9.2 Catalytic cycle of the cytochromes P450. The “long cycle” is associated with the follow-
ing general steps, starting from the resting state species (A): exclusion of water from the active site 
upon substrate (RH) approach and accommodation to substrate pocket (A → B), iron reduction and 
O2 coordination (B → D), heterolytic O–OH bond cleavage via proton-dependent reductive elec-
tron transfers to yield the high-valent Fe(IV)-oxo porphyrin π-cation-based active species, com-
pound I (D → Compound I), substrate oxidation via a “oxygen rebound mechanism” (Compound 
I → H), followed by product release and water coordination restoring the enzyme resting state 
(H → A). The “short P450 cycles” are brought upon the use of peroxides XOOH, such as hydrogen 
peroxide (X = H) or alkyl hydroperoxides (X = alkyl), or active-oxygen donors, such as iodosylben-
zene (PhIO), and involve the so-called peroxide shunt or iodosylbenzene shunt pathways, respec-
tively. See text for additional details on the species along the cycle. Adapted from [2, 24, 77]
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Shorter P450 catalytic cycles are available by using some oxygen donors other 
than O2. The use of peroxides, such as hydrogen peroxide (XOOH, X = H) or alkyl 
hydroperoxides (XOOH, X = alkyl), shortcuts the cycle from species (B) into spe-
cies (F) [77]. If oxidation is carried out with iodosylbenzene (PhIO) as oxygen 
donor, the cycle becomes even shorter and species (B) is converted directly into the 
high-valent active species (Compound I) [24]. These shortcuts are named “perox-
ide shunt” or “iodosylbenzene shunt” pathways, after the oxygen donor used, and 
have been the basis for justifying and validating the studies with such oxidants in 
biomimetic model systems [14].

This mechanism describes roughly most of the cytochromes P450 oxidation 
reactions, such as hydroxylations, epoxidations, oxidative dehydrogenation, sulf-
oxidations, N-oxidations, and N-demethylations [13, 24, 36]. These P450 reactions 
are usually 2-electron oxidation processes: the oxygen transfer from the Fe(IV)-oxo 
porphyrin π-cation radical active species Compound I (formally an Fe(V)-oxo spe-
cies) to the substrate is accompanied by the reduction of the Fe center from a formal 
+5 oxidation state to a +3 oxidation state. This is however, not a universal behavior, 
as P450 enzymes may also be involved in two consecutive 1-electron oxidations in 
a similar fashion as peroxidases. Indeed, Hrycay and Bandiera [12] have recently 
reviewed the peroxidase-like activity of cytochromes P450.

9.2.2  Single-Electron Oxidation Systems

Heme-containing peroxidases, such as horseradish peroxidase (HRP), are usually 
associated with 1-electron oxidation of organic substrates (AH) using hydrogen per-
oxide as final electron acceptor (9.2) [85–87].

 
2 2 22 2 2AH H O A H O+ → +•

 (9.2)

Analogously to the P450 systems, HRP also recruits a high-valent Fe(IV)-oxo 
porphyrin π-cation radical (Compound I) intermediate as active species. HRP- 
Compound I reactivity, however, is very different from that of P450-Compound I: 
HRP uses preferentially H2O2 as final electron acceptor for the oxidation of two 
equivalents of substrate by two independent 1-electron oxidations [86, 87]. The 
features that render the oxidation mode of HRP rather distinct from that of P450 
start with the different amino acid residue used as heme proximal ligand: heme- 
Fe(III) in HRP is coordinated to the protein via an imidazole N-atom of a residual 
histidine [87], whereas P450s are Cys thiolate bound hemeproteins [11].

A simplified catalytic cycle for heme-containing peroxidase, such as HRP, is 
depicted in Fig. 9.3 [87]. The resting state in these systems is a pentacoordinate 
Fe(III) species that, upon coordination of a deprotonated hydrogen peroxide anion, 
yields a hexacoordinate Fe(III) species (Compound 0). Heterolytic cleavage of the 
coordinated hydroperoxide moiety in the presence of a proton yields the high-valent 
Fe(IV)-oxo porphyrin π-cation species (Compound I) and water. Compound I, 
reacts via a 1-electron process with a substrate AH (equivalent to A− H+) via a 
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1-electron reduction at the porphyrin π-cation site, to yield a Fe(IV)-oxo porphyrin 
species (Compound II) and a 1-electron oxidized species A− → A•. Compound II 
reacts further with another AH molecule to restore the resting Fe(III) state via a 
1-electron reduction at the meal site, producing a second equivalent of 1-eletron- 
oxidized A− → A•.

9.3  Selected Aspects of Metalloporphyrin-Based  
Biomimetic Oxidations

9.3.1  General Features

The development of synthetic porphyrin-based oxidation catalysts that are able to 
model the reactivity of cytochromes P450 has been the focus of many researchers 
for the past three decades [20, 24, 37, 38, 40, 66, 88–90]. During this period of time, 
the oxidation of a large variety of organic substrates (Fig. 9.4) using many oxygen 

Fig. 9.3 Catalytic cycle of heme-containing peroxidases, such as horseradish peroxidase (HRP). 
Adapted from [87]
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donors (such as iodosylbenzene, hypochlorite, hydrogen peroxide, organic perac-
ids, monopersulfate, amine N-oxides, and O2) have been accomplished [17, 20, 37]. 
Among the metalloporphyrins tested, those of Mn(III) and Fe(III) have yielded the 
most efficient oxidation catalysts [20, 24, 37, 40]. The mechanisms of such reac-
tions are usually ascribed to a putative high-valent metal-oxo species, in close anal-
ogy with Compound I in the hemeprotein systems [21, 90]. The results accumulated 
on the use of metalloporphyrins as oxidation catalysts have been the subject of 
many reviews, books chapters, or entire books over those years. We highlight below 
a few selected aspects of these systems that could be useful for interpreting the bio-
logical effects observed with Mn porphyrins in vivo.

In natural enzyme systems, the wide range of reactivity, quimioselectivity, regi-
oselectivity, stereoselectivity, oxidant preference (e.g., O2 vs. H2O2), oxidant and 
substrate activation mode, and overall oxidation rate of enzymes that share the exact 
same heme cofactor, such as cytochromes P450 [12, 36, 74–78] and horseradish 
peroxidases [9, 85–87], cannot, thus, depend on the heme moiety by itself. In fact, 
the reactivity of the heme group in these systems is modulated by the proximal 
ligand (e.g., Cys vs. His on P450 vs. HRP, respectively), by the distal site amino 
acid envelope, and by the overall protein shape and charge distribution [11, 13, 36]. 
Conversely, biomimetic models lack the protein, which implies that the substrate 
and oxidant accessibility and the reactivity control must be modulated by the design 
of the metalloporphyrin itself, i.e., the metal selection, the nature of the porphyrin 
ring substituents, the choice of axial ligand and, finally, the microenvironment 
around the macrocycle [17, 20, 24, 37, 88, 91, 92].

Although O2 would be the oxidant of choice for catalytic oxidations [24, 67], the 
activation of O2 by the model systems poses some complications. Under aerobic 
conditions, most common Fe and Mn porphyrins exist in the +3 oxidation state. The 
coordination of O2 to these metals is only favored, however, in lower oxidation 
states, such as Fe(II) and Mn(II) [6, 28]. Therefore, Fe(III) and Mn(III) porphyrins 
should first be reduced by some sacrificial reductant to yield their Fe(II) and Mn(II) 
analogues [17, 20]. Upon O2-coordination, an internal 1-electron transfer from the 

Fig. 9.4 Typical oxidation reactions catalyzed by metalloporphyrins

9 Cytochrome P450-Like Biomimetic Oxidation Catalysts Based on Mn Porphyrins…



224

Fe(II) center to O2 yields a Fe(III)-superoxo complex. A further 1-electron reduction 
at the superoxo site is required to yield a peroxo species, which upon O–O bond 
heterolytic cleavage oxidizes the metal(III) center by 2-electrons to give rise to the 
active high-valent Fe(V)-oxo or Mn(V)-oxo species. That is, in order to reach the 
formation of the putative metal-oxo active species, the complex needs to undergo 
two consecutive 1-electron reductions [17]. The highly oxidizing metal-oxo species 
needs, thus, to be formed in the presence of an excess of a sacrificial reductant. 
If the substrate is somewhat unreactive, such as alkanes, some significant O2-
oxidizing equivalents may be lost during the catalysis, by oxidation of the sacrificial 
reductant in detriment of substrate oxidation. Nevertheless, some O2-oxidations 
have been accomplished by metalloporphyrins using various sacrificial reductants 
[93], such as aldehydes [20], Zn metal [20], and ascorbate [94–97]. The O2-oxidation 
of a cancer pro-drug under biologically relevant conditions [97] is described below 
(see Sect. 9.3.2).

In most model systems, given the inherent impossibility to control the orches-
trated access of oxidants and reductants to the metal center [17, 93], the majority of 
the biomimetic studies are carried out with oxygen donors, such as PhIO, sodium 
hypochlorite, alkyl hydroperoxides (LOOH), or hydrogen peroxide, to emulate 
either the peroxide-shunt or the PhIO-shunt pathways of P450 (Fig. 9.2) and yield 
the metal-oxo species equivalent to Compound I [14, 17, 20, 24, 90]. In the enzyme 
systems, the reactivity of Compound I is controlled by the protein moiety: whereas 
P450-Compound I usually carries out formally a single 2-electron substrate oxida-
tion process to return to the resting state, HRP-Compound I carries out two 
1- electron oxidations to reach the resting state [12]. It is worth noting that in the 
model systems, as model-Compound I lacks the protein moiety, its selectivity and 
mode of substrate oxidation cannot be accurately defined a priori. The prevalence of 
the 2-electron oxidation pathway over the two 1-electron oxidation pathway in the 
model-Compound I depends, thus, on a series of factor [20, 24, 90, 93], such as the 
chosen metal center, the porphyrin substituents, the nature of the oxygen donor 
system, and the medium conditions (e.g., pH [98]). It is worth noting that the organic 
transformations carried out by P450-type model reactions are typically of overall 
non-radical nature, whereas HRP-type model reactions are usually associated with 
radical species/products.

Although hemeproteins are naturally Fe-containing biomolecules, Mn(III) por-
phyrins have been considerably versatile oxidation catalysts [20, 37]. The hydrox-
ylation of saturated hydrocarbons using the system Mn(III)-porphyrin/PhIO was 
simultaneously described by Groves and coworkers [99] and Hill and Schardt [100]. 
The advantages of the Mn(III) porphyrin systems over the corresponding Fe(III) 
counterparts are: longer life-time of the catalyst, and higher catalytic efficiency 
[20]. Mn porphyrin-based systems are, however, more prone to be involved in 
1-electron processes (radical-type reactions) which compromise the selectivity of 
the Mn systems as compared to the corresponding Fe analogues [90, 101, 102]. 
Whereas the oxidation of alkanes by Fe(III) porphyrin/PhIO systems usually results 
in the formation of alcohol with little or no amount of the corresponding ketone, 
in the Mn(III) systems ketone is regularly found along with the desired alcohol 
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product [20, 90]. In some systems, even alkyl halides are found as products resulting 
from the abstraction of halide of the MnP counter-ion, the porphyrin ring, or the 
solvent [101, 103]. The increased radical character of Mn(III) porphyrin systems is 
usually invoked to explain, for example, the decreased selectivity toward the alcohol 
[90]. A general reaction mechanism scheme for Mn(III) porphyrin systems is pre-
sented in Fig. 9.5.

A fundamental problem associated with metalloporphyrin catalyzed oxidations 
is the vulnerability of the macrocycle toward bimolecular oxidative  destruction [24, 
38, 104], in which a metal-oxo species generated in situ attacks another metallopor-
phyrin molecule. This is typically a situation where the macrocycle competes with 
the substrate for the active intermediate and is, therefore, accentuated when sub-
strates of low reactivity are used [91, 103, 105, 106]. For example, the oxidation of 
alkanes catalyzed by MnPs is usually accompanied by partial-to-total destruction of 
the porphyrin, whereas if the substrate is an olefin instead, little destruction may be 
noticed under the same oxidizing conditions [105]. In the presence of an active 
oxidant, such as PhIO, ClO−, or H2O2, but in the absence of suitable substrates, FePs 
and MnPs are prone to oxidative destruction [41, 103, 107]. The attempts to develop 

Fig. 9.5 Hypothetical mechanism scheme for the oxidations catalyzed by Mn(III) porphyrins 
using an oxygen donor AO. The box in the left highlights the major oxygenation pathways leading 
to the oxidized substrate ROH. The right top box presents the major catalyst deactivation pathway, 
which is associated with catalyst oxidative destruction. Other competing pathways, including 
those of radical nature, are presented in the right bottom box. Adapted from [100]
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MnP- and FeP-based catalase models are particularly hindered by the destruction of 
the metalloporphyrins by H2O2 [41]. Of note, while H2O2 is a good oxygen donor to 
FePs and MnPs, leading to the corresponding metal-oxo species, H2O2 itself is not 
easily oxidized, being, thus, a very poor substrate to the metal-oxo species; in 
absence of a good substrate, the other metalloporphyrin molecules in the system 
become a suitable substrate to the electrophilic metal-oxo species [41, 104, 107]. 
The vulnerability of the metal-free macrocycle toward oxidation is increased with 
complexation of redox-active metals, such as Fe(III) and Mn(III): whereas bleach-
ing of MnPs and FePs in the absence of a substrate is rapidly observed upon incuba-
tion with H2O2 [41], for example, the metal-free porphyrin is much less susceptible 
to destruction under the same conditions. In fact, incubation of free-base porphyrin 
mixtures with H2O2 [108] or other strong quinone-based oxidants [109, 110] is a 
common procedure in porphyrin synthesis.

A great deal of efforts has been dedicated toward the synthesis of new metallopor-
phyrins, introducing bulky and/or electron-withdrawing groups on the porphyrin 
ring, in an attempt to make the catalyst more efficient, selective, and, especially, 
more stable against oxidative destruction [24, 38, 111]. Another way to decrease the 
likelihood of the bimolecular oxidative destruction processes has been the immobi-
lization of FePs and MnPs onto a solid surface or micelle interface [39, 88, 95, 96]. 
A variety of supports have been studied, such as silica gel (functionalized or not), 
ion-exchange resins, polymers, clays, and zeolite [20, 88]. MnPs immobilized in 
vesicles and micelles have also been studied as oxidation catalysts in liquid-liquid 
microheterogeneous systems exhibiting great regioselectivity, efficiency, and stability 
[95, 102, 112]. Of note, the immobilization of metalloporphyrins may reveal other 
beneficial outcomes induced by the steric and/or electronic effects associated with 
the support, in analogy to the protein moiety of the hemeproteins [39, 88].

9.3.2  Systems of Biological Interest

The P450-based biomimetic models have been increasingly explored for the oxida-
tion of biomolecules or substrates of biological relevance, such as drugs, pro-drugs, 
dyes, pesticides, and many other xenobiotics, as reviewed elsewhere [20, 37, 40, 89, 
113, 114]. Given that synthetic metalloporphyrins are usually more easily accessi-
ble than purified P450 enzymes, the reactions may be carried out in preparative 
scale, allowing isolation and/or full characterization of products. Commonly, the 
goal is to guide the identification of likely metabolites and/or putative intermediates 
in the more analytically demanding biological P450 oxidation systems.

The first studies on the oxidation of drugs under porphyrin-based biomimetic 
conditions were reported in the late 1980s and early 1990s, using the simplest, 
water-insoluble Fe(III) or Mn(III) porphyrins, such as FeTPP+ and MnTPP+ [115–118]. 
The oxidation of nicotine by MnTPP+ using PhIO as oxidant yielded two prod-
ucts, 3-hydroxynicotine and cotinine, that were identical to the P450-oxidation 
metabolites observed in vivo [118]. The variety of drugs studied thus far increased 
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considerably and included, for example, caffeine (the legal drug most universally 
consumed [119]), anti-inflammatory drugs, anesthetics, analgesics, steroids, natural 
products, antibiotics, anticancer drugs, anti-epileptic drugs, anti-psychotic drugs, 
antipyretic drugs, antiarrhythmic drugs, antihistaminic drugs, among others [113–130]. 
These studies are generally carried out under simple reaction conditions: the sub-
strate (drug), the oxygen donor (e.g., H2O2, t-BuOOH, NaOCl, PhIO), with FePs or 
MnPs as catalyst, in a suitable solvent.

Vitamin K3 was prepared in a single step via the oxidation of 2- methylnaphthalene 
with hydrogen persulfate (HSO5

−) in aqueous solution at room temperature 
(Fig. 9.6) [131]. The reaction was catalyzed by anionic or cationic water-soluble 
metalloporphyrins (Fe and Mn). Although the substrate is not biologically avail-
able, it is worth noting that this demonstrates the potential of MnPs and FePs for the 
oxidation of aromatic compounds to biologically relevant quinones under ambient 
conditions. The biomimetic system makes use of HSO5

−, which is prepared from 
sulfate and H2O2.

The rich chemistry of metalloporphyrin-based biomimetic catalysis on a naturally 
occurring substrate using a biologically ubiquitous oxidant can be illustrated by the 
H2O2-oxidation of all-(E)-retinol, a natural form of vitamin A, using the simplest 
Fe(III) porphyrin, FeTPP+ under ambient conditions [132]. This biomimetic approach 
subjected the substrate to a variety of transformations, such as epoxidations, allylic 
hydroxylations, oxidative dehydrogenation, C–C bond cleavage, and isomerizations 
(Fig. 9.7). This is in direct contrast with the P450-catalyzed all-(E)-retinol oxidation, 
which yields primarily the alcohol dehydrogenation product, retinal. The unrelated 
nature of the products of the biomimetic versus the enzymatic systems is worth 
noting while using synthetic metalloporphyrin in vitro or in vivo: in the presence of 
both a suitable substrate and an active oxidant,  metalloporphyrin- based oxidations 
could give rise to products of completely distinct nature from those usually expected 
as naturally occurring metabolites.

Naturally occurring reactive oxygen/nitrogen species, such as lipid hydroperoxides 
(LOOH) and peroxynitrite (ONOO−), are suitable oxygen donors to MnPs under 
biological oxidative-stress conditions [133, 134]. Both oxidants can convert cat-
ionic MnPs (e.g., MnTE-2-PyP5+) into the oxidizing Mn(IV)-oxo porphyrin species 
in aqueous solution. The high-valent species was further demonstrated to be able 
to carry out the oxidation of glutathione, ascorbate, and urate under biologically 
relevant conditions [134].

Fig. 9.6 MnP-based biomimetic oxidation of 2-methylnaphthalene to yield vitamin K3. Adapted 
from [131]
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MnP-based biomimetic systems using O2 to carry out oxidation reactions of bio-
logically relevant substrates is uncommon. The activation of O2 usually requires a 
sacrificial reductant. A biologically available reductant, present in cells at relative 
high concentrations (millimolar), is ascorbate. Mansuy and coworkers [94] used the 
O2/ascorbate system for the MnTPP+-catalyzed oxidations, epoxidations, and dehy-
drogenations of alkanes and olefins under biphasic (water/benzene) conditions. 
Groves and Neumann [95, 96] incorporated steroidal-appended MnPs and FePs into 
phospholipid bilayer vesicles (Fig. 9.8) and showed that the MnP-based catalytic 
constructs were able to carry out the selective hydroxylation of cholesterol at carbon 
C-25 using the O2/ascorbate oxidant system under mild conditions in Tris buffer at 
pH 8.6; the FeP-based catalytic construct catalyzed the O2/ascorbate-oxidation of 
desmosterol (Fig. 9.8). Of note, the corresponding homogeneous (non-vesicle) sys-
tems gave rise to small amounts of many products.

More recently, Spasojević and coworkers [97] showed that water-soluble Fe and 
Mn porphyrins are able to catalyze the hydroxylation of the anticancer pro-drug 
cyclophosphamide to active metabolite 4-hydroxycyclophosphamide using the O2/
ascorbate system (Fig. 9.9) in yields similar or higher than those typically obtained 
by the action of microsomal P450 enzymes in vivo. The cationic Mn porphyrins 
MnTM-2-PyP5+ and MnTM-3-PyP5+ used for the cyclophosphamide oxidation by 
the O2/ascorbate system have regularly been investigated as SOD mimics for the 
development of redox-based experimental therapeutics. Of note, the O2/ascorbate/
MnP systems have recently been forwarded to in vivo studies as a prospective anti-
cancer treatment [107].
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Fig. 9.7 H2O2-oxidation of naturally occurring all-(E)-retinol using FeP as biomimetic catalyst. 
Adapted from [132]
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9.4  Pro-oxidative Role of Mn-Porphyrins Under Oxidative 
Stress Conditions: Biomimetic Oxidation Catalysis 
in Biological Milieu?

The inorganic medicinal chemistry of MnPs is in its infancy as compared to classic 
metal-containing drugs, such as cisplatin. The design of MnP-based therapeutics 
did not follow the standard medicinal chemistry approach of defining a specific 
biomacromolecule target (e.g., protein, enzyme, nucleic acids), but aimed at ubiqui-
tous reactive oxygen/nitrogen species (ROS/RNS) [22, 23, 135] and, thus, at the 
cell Redoxome [136].

The early studies on MnP in vivo were carried out in microorganism (e.g., E. 
coli) to verify their SOD activity in a complex biological matrix or to test them as 
an indirect mechanistic probe for ROS/RNS [45, 53, 137]. The reports on in vivo 
animal studies of MnPs as prospective experimental therapeutics began in the 2000s 
[22, 23]. Despite the short period of time, two of the designed and tested compounds 
(i.e., MnTE-2-PyP5+ [54] and MnTnBuOE-2-PyP5+ [138]) reached translational 

Fig. 9.8 Schematic representation of the incorporation of steroidal-appended MnPs (left) and 
FePs (right) into phospholipid bilayer vesicles for hydroxylation of cholesterol and epoxidation of 
desmosterol by the O2/ascorbate system. Adapted from [95, 96]

Fig. 9.9 The hydroxylation of the anticancer pro-drug cyclophosphamide to active metabolite 
4-hydroxycyclophosphamide using the O2/ascorbate system catalyzed by the MnP- and FeP-based 
biomimetic models. Adapted from [97]
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studies and are now entering phase I/II Clinical Trials [42, 62] (see also Chap. 8 by 
Batinić-Haberle et al.). The MnPs of medicinal interest were primarily designed as 
SOD mimics and/or peroxynitrite scavengers exploiting the radioprotector or cata-
lytic antioxidant properties of the compounds [22, 23].

The overall effect commonly observed in the biological systems was regularly 
equivalent to that expected from the role played by an endogenous/exogenous anti-
oxidant [22]. Because of these overall antioxidant effects, MnPs themselves were 
usually referred to as antioxidant catalyst [64, 65]. However, recent studies chal-
lenged this view by providing solid evidences that the mode of action of SOD mimic 
compounds is frequently pro-oxidative while the effects observed appear antioxida-
tive [62, 139–146] (see also Chap. 8 by Batinić-Haberle et al.).

Early aqueous solution studies revealed that the SOD activity and the peroxyni-
trite decomposition efficacy of MnPs are linearly correlated, and established that 
powerful SOD mimics are also potent peroxynitrite scavengers [22, 23]. Thus, good 
SOD mimics would provide good drug candidates for treating ailments and diseases 
of oxidative-stress nature. Of course, the in vivo efficiency of any particular drug 
depends on its bioavailability, subcellular/cellular/tissue distribution, pharmacoki-
netics, dosing regimen, toxicity, etc. A correlation of animal in vivo efficacy and 
SOD activity of MnPs is emerging (see Chap. 8 by Batinić-Haberle et al.). A rough 
picture in SOD-specific microorganism-based models or in vitro systems indicates, 
however, that little amounts of powerful SOD mimics are needed for protection 
against superoxide-driven oxidative stress [22, 23, 45]. Conversely, the fair-to-low 
SOD activity of some compounds may be compensated by a great accumulation 
within the cell/tissue of interest [147–149]. A puzzling question that arises, however, 
is how to explain the overwhelming amount of biological data on MnPs that are not 
SOD mimics at all, such as MnTBAP3− [150]. Evidences associating MnTBAP3− 
with an oxidant role in biological systems have been recently reported [146].

The rational development of MnP-based SOD mimics have most commonly 
been guided by designing the porphyrin ligand so that the resulting MnP complex 
would exhibit Mn(III)/Mn(II) reduction potential close to that of the SOD enzymes 
[22, 23, 54, 55, 59, 60, 145, 151]. Although electrostatics plays also a major role in 
modulating the approach of superoxide to the metal center [58–60], the use of the 
enzyme reduction potential as a guide has been a rule of thumb. Indeed, cationic 
MnPs whose metal-centered reduction potentials are near ca. +300 mV vs. NHE 
have high SOD activity [22, 23, 42, 138] (Table 9.1). Conversely, MnPs (regardless 
of their overall charge) of moderate to negative reduction potential, such as MnTM- 
4- PyP5+ [53] and MnTBAP3− [150], have moderate to negligible SOD activity, 
respectively [22, 23] (Table 9.1).

Cytochromes P450 exhibit a very rich electrochemical behavior [70, 79–82, 
152]. Their Fe(III)/Fe(II) reduction potential show a remarkable substrate depen-
dency giving that the substrate modulates the high- versus low-spin contributions on 
the Fe center spin state [80]. Table 9.2 exemplifies the dramatic changes in both 
human and bacterial P450 reduction potential with respect to the nature of the sub-
strate [82, 152]. The Fe(III)/Fe(II) reduction potential of the resting state complex, 
a water-coordinated Fe(III) porphyrin thiolate species (Fig. 9.2, A) is very negative, 
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e.g., −220 mV vs. NHE for human cytochrome P450 CYP3A4 [81, 82]. This low 
potential is easily achieved even with the simplest meso-tetraphenylporphyrin deriv-
atives [22, 23], such as MnTPP+ [153] or MnTBAP3− [150]. The reaction of MnP- 
based model compounds with active oxygen donors (e.g., PhIO, H2O2) resembles, 
thus, that of the resting state of P450 to yield the active metal-oxo active species.

Although it is tempting to use the same reduction potential strategy used in the 
development of SOD mimics to guide the design of P450-model design, care must 
be exercised. In the SOD case, the Mn(III)/Mn(II) redox couple represents the exact 
Mn(III)P and Mn(II)P species involved in the dismutation process. In the P450 case, 
the rate-determining step is usually ascribed to the oxygen transfer from the formal 
Mn(V)-oxo species to the substrate. If the oxidation takes place via a typical P450- 
type reaction, the oxo-Mn(V)P species would be reduced directly to the Mn(III)P 
resting state in a single step. This implies, thus, that the redox couple of interest to 
describe this 2-electron process would be the Mn(V)/Mn(III) one, which is available 
for a few MnP systems only [154]. As the model compounds lack the protein moiety 

Table 9.1 Metal(III)/Metal(II) reduction potential (E½) and SOD activity (log kcat) of SOD 
enzymes and selected Mn(III) porphyrins

Compound E½, mV vs. NHEa SOD activity (log kcat)b

SOD enzyme ca. +300 8.84–9.30

MnTnBuOE-2-PyP5+ +277 7.83

MnTnHex-2-PyP5+ +314 7.48

MnTE-2-PyP5+ +228 7.76

MnTM-2-PyP5+ +220 7.79

MnTM-3-PyP5+ +52 6.61

MnTM-4-PyP5+ +60 6.58

MnTPP+ −270 4.83

MnTBAP3− −194 3.16

Data compiled from [22, 23, 138]
aE½ determined in 0.05 M phosphate buffer (pH 7.8, 0.1 M NaCl)
bkcat determined by cytochrome c assay in 0.05 M phosphate buffer (pH 7.8, at 25 ± 1 °C)

Table 9.2 Substrate dependence of the Fe(III)/Fe(II) reduction potential of human cytochrome 
P450 CYP3A4 and bacterial cytochrome P450 CYP101 [81, 152]

Human cytochrome P450 CYP3A4 Bacterial cytochrome P450 CYP101

Substrate E½, mV vs. NHE Substrate E½, mV vs. NHE

–a −220 –a −303

Erythromycin −210 TMCHb −242

Testosterone −140 Norcamphor −206

Bromocriptine −137 l-camphorquinone −183

Adamantanone −175

d-camphor −173
aCorresponds to the water-bound, resting state of the enzyme
bTMCH = 3,3,5,5-tetramethylcyclohexanone
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to favor a P450-type vs. peroxidase-type reaction, it is likely that 1-electron transfer 
processes may be also operative, depending on the nature of the substrate available, 
the porphyrin substituents, and the overall conditions. Irrespective of the mechanism 
being predominately either P450-like or peroxidase-like, if the catalytically relevant 
reactions are significantly dependent on the 2-electron cycling of the Mn(V)P/
Mn(III)P species or the Mn(IV)P/Mn(II)P species, i.e., the rate determining step 
being associated with Mn(V)-oxo/Mn(III) or Mn(IV)-oxo/Mn(II) couples, then the 
electrochemically available Mn(III)/Mn(II) reduction potentials could be eventually 
a surrogate descriptor for the MnP reactivity under catalytic conditions. 
Comprehensive studies on correlating P450-type catalysis and Mn(III)/Mn(II) 
reduction potentials are still limited [105, 106, and references therein], but a bell- 
shape behavior is likely. However, recent data from our laboratories (Falcão, Pinto, 
Reboucas, unpublished) on the hydroxylation of cyclohexane catalyzed by isomeric 
ortho, meta, and para Mn(III) N-methylpyridinium porphyrins (MnTM-2-PyP5+, 
MnTM-3-PyP5+, and MnTM-4-PyP5+, respectively, Fig. 9.1) under conditions of 
low catalyst degradation, resulted in approximately the same total yield of oxygen-
ated products (~91 %) regardless of the isomer used. This suggests that the effi-
ciency of the isomers in this particular oxidation system is essentially independent 
of the Mn(III)/Mn(II) reduction potential, which ranges from +52 mV (meta isomer 
[53]) to +220 mV vs. NHE (ortho isomer [53]): a 168 mV spam (Table 9.1). It is 
worth noting, however, that a more direct correlation between Mn(III)/Mn(II) 
reduction potential and the catalytic activity for metalloporphyrin-catalyzed oxida-
tions should be likely found for radical O2-autoxidation reactions in which the metal 
center cycles indeed between +3 and +2 oxidation states [67, 68, 155], resembling 
the behavior observed in the SOD systems.

Whether or not the Mn(III)/Mn(II) reduction potentials (or any another redox 
couple for that matter) would ever be a good descriptor for biomimetic oxidation 
catalysts is still uncertain. What is worth noting, however, is that even MnPs of very 
low Mn(III)/Mn(II) reduction potentials, which are unable to carry out SOD-like 
reactions in vivo, may give a suitable entry to Mn-oxo species in the presence of an 
oxidative stress-derived oxidant, such as H2O2 or ClO− commonly used in the chem-
ical biomimetic systems [20]. In MnP-loaded cells under oxidative stress, all ingre-
dients needed for MnP-based biomimetic oxidation catalysis are present in the cell 
milieu: a good source of oxygen donor (ROS/RNS), the catalyst (MnP), and a pleth-
ora of substrates (e.g., proteins, lipids, nucleic acids). In such conditions of high 
substrate availability, vulnerability of the MnP toward bimolecular destruction 
should, thus, be minimized, preserving catalytic function [105]. An antioxidant 
overall effect could still be observed via biomimetic oxidation catalysis if ROS/
RNS is intercepted by MnP species, which would then undergo oxidation to the cor-
responding Mn-oxo porphyrin species. Either Mn(V)-oxo or Mn(IV)-oxo porphyrin 
species are still very potent oxidants, being able to oxidize even inert aliphatic C-H 
bonds if better (more reducing) biomolecules are not present. Contrary to regular 
ROS/RNS (e.g., H2O2, ONOO−, LOOH, etc) Mn-oxo porphyrin species are bulky 
oxidants. If the ROS/RNS-sensitive oxidation sites are either cofactors or active 
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centers buried within biomolecules such as enzymes, proteins, and transcription 
factors, the formation of the Mn-oxo porphyrin species would protect these ROS/
RNS-sensitive sites against oxidation under oxidative stress conditions. Again, 
since Mn-oxo species are potent oxidants [154], they are likely to react within the 
cell milieu regenerating the MnP resting state. Given the size of the MnPs, the MnP- 
catalyzed oxidations in the cells is most likely to take place at sacrificial amino acid 
residues (e.g., Met or Cys) on protein surfaces [156–160], or other endogenous 
small molecular weight reductant, such as glutathione, ascorbate, or urate [107, 
134, 161]. This mode of action where MnPs act as biomimetic oxidation catalysts 
of overall protective role is illustrated in Fig. 9.10.

Fig. 9.10 Schematic cartoon illustrating the putative role of MnP-based biomimetic oxidation 
catalysts in protecting the active site (central circle) of a generic enzyme against oxidation by 
ROS/RNS-based oxygen donors (OD). MnP would intercept OD to form Mn-oxo porphyrin spe-
cies, which could then direct the oxidation to sites of less physiological consequences, such as 
sacrificial residues [156–160] at protein surface (triangles). Oxidation of the active site by an 
OD-generated Mn-oxo porphyrin species would be hampered by steric demands. Yellow color 
indicates reduced state, whereas oxidizes sites are colored in red
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9.5  Concluding Remarks

Manganese and iron porphyrins are well-established biomimetic oxidation catalysts 
under purely chemical settings. They have been able to provide an entry to single 
compounds or materials that model remarkably well the electronic structure and 
reactivity profile of many heme-containing oxidation enzymes, such as cytochromes 
P450 and peroxidases. These studies contributed to both unravel the underlying 
species involved in the enzymatic systems and develop attractive oxidation catalysts 
to the functionalization of a number of organic substrates, including the efficient 
activation of inert C–H bonds under mild conditions.

Mn porphyrins are among the metalloporphyrins most studied in vivo. Their 
design and medicinal applications have been largely driven by exploiting the ability 
of MnPs to mimic the activity of the SOD enzymes. This has been proven a remark-
ably efficient strategy to yield potent redox-active therapeutics, in particular those 
derived from cationic porphyrins. However, the large number of studies on the 
in vivo efficacy of MnPs of low SOD activity, such as neutral porphyrins and 
MnTBAP3−, toward ameliorating many oxidative stress-related conditions is unset-
tling; when biological effects do not arise from sample impurities [150, 162, 163], 
the mechanistic association with SOD activity needs, obviously, further revision 
[137]. Catalase-like activity of MnPs in general cannot account for the therapeutic 
effects of MnPs [41].

MnPs uptaken by cell systems under oxidative stress conditions are subjected to 
oxidative pressures similar to those found in standard chemical systems. In MnP- 
treated tissues, all components for biomimetic oxidation catalysis are available in 
the cell milieu: ROS/RNS-based oxidants (hydrogen peroxide, hydroperoxides, 
hypochlorite, etc.), the MnP-based catalyst, and many biomolecules as substrates.

The transformation of ROS/RNS-derived oxygen donor to high-valent Mn-oxo 
species switches the oxidant size from a small reactive species into a bulkier and 
sterically demanding metal-oxo species of equally high oxidation power; such 
larger metal-based oxidant is most likely to react, however, with (sacrificial) surface 
protein-residues, while preserving untouched the buried, active sites of large bio-
molecules. The formation of MnP-based metal-oxo species may render the oxidant 
also less susceptible to diffusion, helping containing the oxidative burst to a 
restricted region of the cell. Conversely, as Mn-oxo porphyrin species react readily 
with thiol and thioether moieties [134, 161, 164], such as those of surface-active 
Cys and Met residues of transcription factors, Mn porphyrin action as biomimetic 
oxidation catalysts may play a significant role in affecting major cell signaling path-
ways (see also Chap. 8 by Batinić-Haberle et al.).

MnPs of low Mn(III)/Mn(II) reduction potential can barely work as SOD mimics 
(if at all) [150, 165], which increases the likelihood of the compounds being 
biologically active via a biomimetic oxidation catalysis pathway. This may be of 
particular relevance to negatively charged and/or neutral porphyrin-based com-
pounds [166, 167], or other metal-based complexes of low reduction potential, such 
as Mn salens, whose biological data as redox-active therapeutics are clearly of 
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undeniable significance [168] (see also Chap. 11 by Doctrow and coworkers). 
On the other hand, for cationic MnPs of high Mn(III)/Mn(II) reduction potentials, 
the contribution of the biomimetic oxidation catalysis versus the standard antioxi-
dant catalysis to the overall biological effects remains uncertain, given that such 
compounds are also potent SOD mimics on their own, and should be of particular 
interest to research in the near future.
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    Chapter 10   
 Nitrones as Potent Anticancer Therapeutics                     

     Rheal     A.     Towner      and     Robert     A.     Floyd    

10.1           Brief  History of Nitrones   as Spin-Trapping Compounds 

  Nitrones have been used for over 50 years as spin- trapping   compounds that allow 
the stabilization of reactive free radicals for further characterization as nitroxides 
with  electron paramagnetic resonance (EPR)   or  electron spin resonance (ESR) 
spectroscopy  . The term “spin trapping” was originally coined by Janzen in the 
1960s [ 1 ,  2 ]. The three major nitrone spin traps that have been used in biological 
systems are  N - tert -Butyl-α-phenyl nitrone (PBN) [ 2 – 15 ], α-(4-pyridyl- N -oxide)- N - 
 tert - butyl nitrone (4-POBN) [ 14 – 16 ], and 5,5-dimethyl-1-pyrroline- N -oxide 
(DMPO) [ 2 ,  4 ,  7 ,  9 ,  10 ,  12 – 21 ]. The spin-trapping reaction regarding the coupling 
of a reactive free radical species (R•) to a PBN-type spin trap is depicted in Fig.  10.1 . 
 DMPO   was found to be the least toxic of several spin traps tested for toxicity in 
Sprague–Dawley rats, whereas PBN was found to have an approximate lethal dose 
100 mg (0.564 mmol)/100 g body weight (or 1000 mg/kg bw) [ 13 ]. Regarding the 
solubility of the three biological nitrone spin traps in 1-octanol/water,  PBN   is more 
hydrophobic and DMPO is the most hydrophilic [ 14 ]. When placed in biological 
media, such as micelles, vesicles or liver microsomes, it was found that PBN was 
intercalated in both hydrophobic and hydrophilic regions, whereas both 4-POBN 
and DMPO were mainly found in hydrophilic regions [ 22 ]. It is important to note 
that the selection of appropriate spin traps is dependent on the site of biological free 
radical production that is being studied. Other considerations regarding the 
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metabolism of nitroxides  in biological systems   include the following principles: (1) 
the reduction of nitroxides by cells occurs mainly intracellularly; (2) the reduction 
by cells occurs usually via enzyme associated reactions; (3) the rate of reduction by 
cells is oxygen dependent; (4) the principle site of reduction is in the mitochondria; 
(5) the microsomal fractions of cells can metabolize nitroxides; (6) the structural 
characteristics (e.g., ring structure, substituents, hydrophilicity/lipophilicity) of the 
nitroxide affect the rate of reduction; (7) the principle products of the metabolism of 
nitroxides are corresponding hydroxylamines; (8) the rate of oxidation of hydroxyl-
amines must be taken into consideration; (9) the oxidation of hydroxylamines 
mainly involves enzymes (e.g., cytochrome oxidase); (10) the enzymatic oxidation 
of hydroxylamines occurs mainly in membranes; (11) the rate of oxidation of 
hydroxylamines is dependent on the concentration of oxygen; and (12) the metabo-
lism of nitroxides/hydroxylamines varies with the physiological state and environ-
ment of the cell [ 15 ,  16 ,  23 – 27 ]. Nucleophile addition to the β-position of nitrones 
(often called the  Forrester-Hepburn mechanism)  , and oxidation of the spin trap and 
subsequent reaction with a nucleophile (inverted spin trapping) are sometimes 
sources of artifacts [ 25 ], but are not very likely to occur in biological systems [ 28 ]. 
Nitrone spin traps can not only react with free radicals, but also nonradicals such as 
peroxynitrite (ONOO–) via electrophilic and nucleophilic addition reactions [ 29 ].

   Another more recent method that involves the fl uorescence visualization of radi-
cal adducts trapped by the nitrone, DMPO, is  immuno-spin-trapping (IST)  , which 
was developed by Mason et al. [ 30 ]. Briefl y, free radicals generated as a result of 
oxidative stress processes can be trapped by 5,5-dimethyl-1-pyrroline  N -oxide 
(DMPO) to form DMPO-radical adducts, which can then be further tagged by IST, 
a method that utilizes an antibody against DMPO-adducts [ 30 – 33 ]. Very recently, 
 IST   has been used in combination with molecular magnetic resonance imaging 

  Fig. 10.1    General chemical structures of PBN-like nitrones, and their reaction to trap free radicals 
(R•) and form nitroxide spin adducts. For PBN,  X  and  Y  are hydrogen (H) atoms whereas for OKN- 
007,  X  and  Y  are sulfonato (SO 3  − ) groups       
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(mMRI) to visualize macromolecular radical adducts trapped with DMPO in vivo 
in various diseases [ 28 ,  34 ,  35 ], including a mouse model for gliomas [ 36 ]. The 
anti- DMPO- adduct antibody is coupled to an MRI contrast agent, rather than a fl uo-
rescent tag. The advantage of the IST approach coupled with mMRI is that hetero-
geneous tissues, such as tumors, can be studied to obtain spatial differences in the 
detection of free radical levels (detected by the presence of the anti-DMPO probe 
via coupling to DMPO-radical nitrone adducts) in vivo noninvasively. For example, 
in the glioma study, we were able to show that free radical adducts are mainly dis-
tributed in localized peripheral tumor regions near necrotic regions, emphasizing 
the heterogeneous nature of gliomas and the varied distribution of macromolecular 
free radicals in a tumor microenvironment [ 36 ]. This methodology can be applied to 
any preclinical models for various cancers to localize macromolecular free radical 
distribution in vivo which can be used to further characterize ex vivo oxidative 
stress-related molecular changes.   

10.2     Brief Introduction of the Role of Free Radicals 
in  Cancer   

  Numerous studies indicate that oxidative stress, a result of an imbalance in levels of 
reactive oxygen and/or nitrogen  species   (RONS) and antioxidative defense systems, 
plays a crucial role in cancer. Free radicals are involved and/or are the causal agents 
in several cancers. RONS may directly oxidize nucleic acids, proteins, carbohy-
drates, and lipids, causing intracellular and intercellular perturbations in homeosta-
sis, including DNA mutations and interference with DNA repair [ 37 ]. High 
concentrations of lipid-derived electrophilic products resulting from the oxidation 
process readily react with proteins, DNA, and phospholipids, generating intra- and 
intermolecular toxic covalent adducts that lead to the propagation and amplifi cation 
of oxidative stress [ 37 ]. The role of  nitric oxide   in the development of many cancers 
has also been well reported on [ 38 ].  

10.2.1      Gliomas      

    Oxidative stress   plays a major role in the growth of gliomas. For instance, the anti-
oxidant status of glioma patients was found to be lowered [ 39 ]. It has also been 
suggested that there is a link between free radical generation and intra- mitochondrial 
cytochrome-c degradation, which could lead to the impairment of the apoptotic 
cytochrome-c-dependent cascade [ 40 ]. In addition, it has been found that manga-
nese superoxide dismutase is over-expressed in most brain tumors, leading to the 
increased activation of mitogen-activated protein kinases and phosphatidylinositol-
3-kinases, which promote migration and invasion in glioma cells [ 41 ]. Oxidative 
modifi cation of cell lipids and proteins also has potential consequences for tumor 
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cell proliferation [ 42 ]. It is also important to note that the distribution of free radi-
cals in gliomas, as in many other tumors, is varied in different regions due to the 
heterogeneous nature of the tumor microenvironment, which Towner et al. (2013) 
demonstrated by using in vivo molecular imaging of DMPO-trapped macromolecu-
lar free radical adducts [ 36 ].    

10.2.2      Hepatocarcinogenesis and            Hepatocellular Carcinoma 

       It is well established that free radicals play an integral role in hepatocarcinogenesis 
[ 43 ], regardless of the induction mode (e.g., chronic hepatitis viral infections, car-
cinogens, toxins, steroid hormones, and dietary intervention) [ 44 ,  45 ]. The choline 
defi ciency model, due to its relatively slow sequential changes in the induction of 
liver cell injury and neoplasia, was determined to be ideal to study free radical 
mechanism-of-action [ 46 ]. Free radical-initiated lipid peroxidation has been well 
documented to be associated with HCC [ 47 ,  48 ]. A study by Floyd and co-workers 
(2000) also found that hydrogen peroxide (H 2 O 2 ) was signifi cantly increased in 
mitochondria isolated from CD rat livers, compared with normal rats [ 49 ]. 
Additionally, oxidative DNA damage in the form of  8-hydroxydeoxyguanosine 
(8-OHdG)   was demonstrated by Floyd et al .  (1990) and Nakae et al. (1998) to be 
elevated in liver DNA of rats continuously fed a CDAA (choline defi cient,  L -amino 
acid-defi ned) diet [ 50 ,  51 ]. High levels of 8-OHdG were also found in liver DNA of 
transgenic mice that express  hepatitis B virus (HBV)   large envelope protein in liver 
[ 52 ]. Hepatic oxidative DNA damage is also considered an increased risk for HCC 
in chronic liver diseases, as established from chronic liver disease and HCC patient 
liver samples [ 53 ,  54 ]. It was also found that  reactive oxygen species (ROS)   damage 
 human serum albumin (HAS)   in HCC patients, and that carbonyl levels in these 
samples were quite elevated [ 55 ]. Other elevated molecular markers in HCC include 
hepatic Nox (NAPDH oxidase) proteins which sensitize mitochondria to generate 
ROS [ 56 ], and xCT (mammalian amino acid transporter also called SLC7A11) 
which is associated in maintaining glutathione (GSH) levels and its dysfunction has 
been shown to increase ROS levels [ 57 ]. Towner et al. (2002a, 2002b, 2003) were 
also able to demonstrate that mycotoxins that are highly associated with HCC inci-
dence, such as afl atoxin [ 58 ,  59 ] or microcystin-LR [ 60 ], are involved in lipid per-
oxidation when administered to rats, which may play a key role in initiating 
hepatocarcinogenesis.        

10.2.3      Colorectal      Carcinoma 

 It is well established that oxidative stress plays an integral role in colorectal cancer 
[ 61 ,  62 ]. A recent study by Nedic et al. (2013) demonstrated that oxidized insulin- 
like growth factor-binding proteins and receptors are elevated in patients with 
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colorectal carcinoma (CRC), and may be associated directly with tumor growth 
[ 61 ]. Another study by Kang et al. (2013) recently reported on the fi nding that ROS 
are involved in silencing the tumor suppressor RUNX3 (Runt-related transcription 
factor 3) which enhances the Akt (protein kinase B)-mediated signaling pathway 
and subsequently promotes the proliferation of colorectal cancer cells (SNU-407 
cells exposed to H 2 O 2 ) [ 62 ].   

10.3     Brief Introduction of Nitrones as  General Therapeutic 
Agents   

  Some of the molecular alterations associated with PBN have been provided by a 
series of papers by Kotake and co-workers regarding its possible therapeutic action. 
Kotake et al. (1998) initially showed in vitro, within macrophage cell cultures 
exposed to lipopolysaccharide (LPS), that PBN inhibits NF-ĸB, iNOS (inducible 
nitric oxide synthase) mRNA, COX2 (inducible cyclooxygenase), mRNA, and 
COX catalytic activity [ 63 ]. In endotoxin (LPS)-induced rodents, PBN was found to 
inhibit the induction of iNOS in mice [ 64 ] and also inhibited apoptosis-associated 
gene expression (e.g., Fas-A, Bax) [ 65 ] and multiple anti-infl ammatory cytokines 
(tumor necrosis factor (TNF-α), interleukins (IL-1α and IL-1β), nuclear factor ĸB 
(NF-ĸB), activator protein-1 (AP-1)) [ 66 ] in rats. PBN was also found to provide a 
neuroprotective effect by reducing nitric oxide production in LPS-induced meningi-
tis within rats [ 67 ], and inhibiting hypoxia-ischemia (HI)-induced up-regulation of 
IL-1β, TNF-α, and iNOS mRNA expression following HI [ 68 ]. For the HI study, it 
was also found that PBN had free radical scavenging activity [ 68 ]. In a streptozoto-
cin (STZ)-induced type I diabetes model in mice, PBN was also found by the Kotake 
group to protect against diabetes in part by prevention of cytokine-induced nitric 
oxide (NO) generation by the pancreatic β-cells [ 69 ]. 

 Other groups have also reported on the chemical properties and bioactivity of 
nitrone spin traps as therapeutic agents which elicit their therapeutic effects by alter-
ing cellular redox status via radical scavenging or nitric oxide donation [ 70 ]. The 
 cytoprotective effects of DMPO   and  PBN   against hydrogen peroxide-induced cyto-
toxicity and  apoptosis   in bovine aortic endothelial cells, investigated by Das et al .  
(2012), found that nitrone treatment-induced phase II antioxidant enzymes via 
nuclear translocation of NF-E2-related factor 2 (Nrf-2), and inhibited mitochondrial 
depolarization and subsequent activation of  apoptosis   via caspase-3 [ 71 ]. PBN and 
2-sulfo-phenyl- N -tert-butyl nitrone (S-PBN) were found to attenuate cognitive 
 disturbance and reduced tissue injury following traumatic brain injury (TBI) in rats, 
more than likely via free radical scavenging [ 72 ]. 

 In 1988, Floyd and co-workers made the novel observation that PBN had neuro-
protective activity in experimental ischemic stroke [ 73 – 76 ]. It was discovered that 
PBN-treated animals were protective from stroke even if the PBN was administered 
up to 1 h after the ischemia/reperfusion insult [ 73 ,  75 ]. These results were quickly 
confi rmed and expanded upon by others [ 77 ,  78 ]. In subsequent studies, it was 
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 discovered that the disulfonyl derivative of PBN (2,4-disulfophenyl- N -tert-butylni-
trone, also referred to as NXY-059, and which we have renamed  OKN-007  ; see 
structure in Fig.  10.1 ) was much more effective than PBN in a stroke model [ 79 ]. 
 NXY-059   was confi rmed by others in rat stroke models (middle cerebral artery 
(MCA) occlusion, and transient focal cerebral ischemia) that it was protective 
against stroke-related complications [ 79 – 81 ]. In an in vitro study by Culot et al. 
(2009), they had established that the possible mechanism for the protective effect of 
 NXY-059   in preclinical stroke models was due to cerebrovascular protection of the 
endothelial cells [ 82 ]. Once in clinical trials it was established that NXY-059 did not 
reveal any serious adverse events from initial pharmacokinetics Phase I and safety 
Phase II studies [ 79 ,  83 – 86 ]. In the fi rst phase III clinical trial (SAINT-1), which 
enrolled about 1700 patients, the results showed signifi cant effi cacy, measured as a 
signifi cant decrease in acute stroke-related injury in patients who received  NXY- 
059   compared with placebo [ 86 ]. In patients, administered NXY-059 (0.5–0.8 mg/
kg/h) intravenous infusion over 24 h resulted in a plasma concentration of 30 μmol/L 
[ 79 ,  85 ]. The initial phase III result subsequently led to a larger phase III trial 
(SAINT-2) that enrolled about 3200 patients [ 87 ]. The second phase III trial showed 
no benefi cial effect or effi cacy of using NXY-059 in stroke patients, and when the 
data from the SAINT-1 and SAINT-2 trials were pooled and analyzed, there was a 
nonsignifi cant effect when the window of administration was 6 h or less after the 
stroke [ 87 – 89 ].   

10.4     Nitrones as  Anticancer Agents      

10.4.1      PBN   and  PBN-Analogues   as Anticancer Agents 
in Hepatocellular Carcinoma 

         Hepatocellular carcinoma (HCC) is the most common primary malignant tumor of 
the liver, the fi fth most common solid cancer worldwide, and the third leading cause 
of cancer-related deaths [ 90 ,  91 ]. Common etiological factors include persistent 
infections by hepatitis B or C viruses, afl atoxin exposure, heavy alcohol drinking, 
tobacco smoking, obesity, and diabetes to mention a few [ 91 ]. 

 It has been known for some time by our groups (Towner and Janzen, Floyd and 
Nakae, Towner and Floyd) that nitrones are potent anticancer agents. Almost 25 
years ago, it was fi rst reported by Towner and Janzen (1990, 1991) that the nitrone, 
PBN, may be a potential anticancer agent when administered prior to hepatotoxin 
exposure (carbon tetrachloride (CCl 4 ) or CCl 4  + ethanol), known to initiate liver car-
cinogenesis, by preventing the free radical initiating process and early tissue injury 
[ 92 ,  93 ]. In a choline defi ciency (CD) diet liver carcinogenesis model, it was ini-
tially reported by Nakae and Floyd (1998) over 15 years ago that PBN when admin-
istered orally (drinking water) was able to inhibit early phase carcinogenesis, such 

R.A. Towner and R.A. Floyd



251

as the development of preneoplastic lesions, formation of 8-hydroxyguanine in 
DNA, and the activities of glutathione S-transferase and inducible cyclo-oxygenase 
(COX2) [ 94 – 97 ]. Hydroxylated derivatives of PBN (4- and 3-hydroxylated ana-
logues of PBN) were also found to prevent hepatocarcinogenesis in a CD diet 
model, thought to be mediated by inducing apoptosis of the  preneoplastic lesions   
[ 95 ]. Another report by Nakae and Floyd (2004) was able to further demonstrate 
that PBN could inhibit the formation of hepatocellular adenomas and carcinomas in 
CD diet fed rats when PBN was also administered, which was thought to occur via 
the exertion of pro-apoptotic and anti-proliferative effects of PBN towards the neo-
plastic hepatocytes [ 96 ,  98 ]. It was also shown by Inoue and Towner (2007) that 
PBN is anti-apoptotic (inhibition of Fas-induced apoptosis) in very early phases of 
CD-induced hepatocarcinogenesis [ 99 ], which apparently switches to a pro- 
apoptotic role when preneoplastic and neoplastic lesions are formed [ 95 ,  98 ]. See 
Fig.  10.1  for a summary of the anticancer effects of PBN and PBN-analogues in 
HCC studies.          

10.4.2      PBN   and  PBN-Analogues   as  Anticancer Agents 
in      Gliomas 

   Gliomas are the most common primary intracranial tumors that make up 81 % of all 
malignant brain tumors [ 100 ]. Gliomas comprise the majority of primary brain 
tumors diagnosed annually in the United States [ 100 – 102 ]. Gliomas are classifi ed 
by the World Health Organization according to their morphologic characteristics 
into astrocytic, oligodendrogial, and mixed tumors [ 103 ].  Glioblastomas (GBM)   
which makes up to ~45 % of all gliomas have a ~5 % 5-year survival rate [ 100 ,  101 ]. 
Approximately 15,000 patients die with glioblastomas in the United States per year 
[ 102 ]. Due to the infi ltrative nature of gliomas, surgery is rarely effective, i.e., after 
surgical removal tumors recur predominantly within 1 cm of the resection cavity 
[ 104 ]. Despite modern diagnostics and treatments the median survival time for 
patients with glioblastomas (GBM) does not exceed 15 months [ 104 ,  105 ]. Prognosis 
is related not only to tumor grade but to glioma subtype, i.e., oligodendrogliomas 
are characterized by a better prognosis [ 103 ]. Other important hallmarks of malig-
nant gliomas are their invasive behavior and angiogenesis [ 104 ]. 

 Towner and Floyd have reported on the anticancer activity of PBN in an ortho-
topic C6 rat glioma model [ 106 – 110 ], as well as the anticancer activity of the 
2,4-disulfonyl derivative of PBN, (2,4-disulfonyl  tert - N -butyl α-phenyl nitrone or 
disodium 4-[(tert-butyl-imino) methyl] benzene-1,3-disulfonate  N -oxide or disuf-
enton, previously called NXY-059, which we have renamed OKN-007 ( OK lahoma 
 N itrone 007)) in various rat glioma models (rat C6 and F98 gliomas, and human 
xenograft U87 in nude rats) [ 108 – 112 ]. In C6 rat gliomas, PBN was found to reduce 
tumor volumes and increase survival in ~50 % of animals treated once tumors were 
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established, as measured by magnetic resonance imaging (MRI) [ 106 ]. In the study 
by Doblas et al. (2008), it was established that the anticancer effect of PBN was in 
part due to an anti-angiogenic activity, as determined from decreased tumor blood 
vessel volumes in treated animals, compared to untreated controls, as measured 
from magnetic resonance angiography (MRA) [ 106 ]. OKN was also assessed in a 
rat C6 glioma model and found to have a dramatic effect on regressing tumor forma-
tion and increasing survival [ 108 ,  111 ]. Rats treated with  OKN-007   after tumors 
were visualized by MRI were found to have signifi cantly decreased tumor volumes 
(~3-fold,  p  < 0.05), decreased apparent diffusion coeffi cients (ADC) (~20 %, 
 p  < 0.05), and increased tissue perfusion rates (~60 %,  p  < 0.05) in tumors compared 
with non-treated rats [ 111 ].  OKN-007   was administered in the drinking water at a 
dose of 10 mg/kg/day starting when tumors had reached ~50 mm 3  in volume (about 
day 15 after intracerebral implantation of rat C6 glioma cells) and continued for a 
total of 10 days [ 111 ]. One group of rats was euthanized after the 10-day treatment 
period, and a second group was monitored for an additional 25 days after the treat-
ment period [ 111 ]. In the cohort of animals that were treated for 10 days and then 
euthanized, percent survival was 100 % ( p  < 0.0001), whereas for the rats that were 
monitored for an additional 25 days the percent survival was greater than 80 % 
( p  < 0.001) [ 111 ]. 

 In a more recent study by Towner and co-workers, both the rat F98 orthotopic 
and the human U87 xenograft models were used to assess the effect of OKN-007 
[ 112 ]. The F98 glioma model was used as it is more infi ltrative and aggressive 
than the C6 model [ 113 ,  114 ] and is also synergetic in Fisher 344 rats [ 113 ,  115 ]. 
The F98 rat glioma model was considered since these gliomas have an infi ltrative 
pattern of growth, have attributes associated with human GBM gliomas, and are 
classifi ed as anaplastic malignant tumors [ 113 ,  116 ]. The F98 glioma cell line was 
obtained as a result of administering ethylnitrosourea (ENU) to pregnant rats, 
whose progeny developed brain tumors [ 113 ], and is commonly used as a pre-
clinical rodent glioma model [ 112 ]. The human U87 xenograft model was used as 
it has some characteristics that are associated with GBM, such as high cellularity 
with atypia (e.g., mitotic fi gures and irregular nucleoli) and profuse neovascular-
ization [ 115 ]. Pharmacokinetics data obtained from Fisher 344 rats indicated that 
OKN-007 reached a plasma level of 1.3 μmol/L in 1 h after a bolus dose of 10 mg/
kg administered by gavage and was essentially cleared after ~4–5 h [ 112 ]. It was 
found by HPLC (high performance liquid chromatography) analysis of tissue 
samples following  OKN-007   administration (oral via gavage; 18 mg/kg) that 
OKN-007 readily reaches the brain (despite its anionic form), lungs, heart, liver, 
spleen, and kidneys (see Fig.  10.2a ). When OKN-007 levels were assessed in 
tumor versus normal brain tissues via HPLC, the compound was found to be 
equally taken up in both tissues, regardless of dose (see Fig.  10.2b ). The route of 
administration, whether it was oral (via drinking water) or via i.v. injections (both 
daily), did not seem to alter the signifi cant reduction in glioma tumor volumes (C6 
rat glioma model) detected in both treatment regimes (see Fig.  10.3 ). 
Immunohistochemistry (IHC) assessment of commonly studied tumor markers 
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for cell proliferation or differentiation, hypoxia, angiogenesis, and apoptosis indi-
cated that OKN-007 was able to signifi cantly decrease cell proliferation (glucose 
transporter 1 (Glut-1) and the cell proliferation marker, MIB-1) but not cell dif-
ferentiation (carbonate anhydrase IX), decrease  angiogenesis   (microvessel den-
sity (MVD; measured as levels of the endothelial marker, CD-31), but not the 
vascular endothelial growth factor (VEGF)), decrease hypoxia (hypoxia inducible 
factor 1 α (HIF-1α)), and increase  apoptosis   (cleaved caspase 3) compared with 
untreated controls [ 112 ]. OKN-007-induced decreases in Glut-1 and HIF-1α lev-
els seemed to be similar in both F98 and U87 glioma models, whereas increased 

  Fig. 10.2    ( a )  HPLC-derived tissue levels   (concentration in μM) of OKN-007 following oral 
administration (via gavage; 18 mg/kg) in normal rats (male Fisher 344). ( b ) HPLC-derived tissue 
levels (concentration in ng/mL of tissue lysate) of OKN-007 following oral administration (via 
gavage; very-low dose (VLD): 18 mg/kg (0.015 % w/v), low-dose (LD): 35 mg/kg (0.035 w/v), or 
high-dose (HD): 75 mg/kg (0.065 %)) in tumor (Tumor) and contralateral normal brain (Control) 
tissues of C6 rat glioma-bearing rats       
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  Fig. 10.3    Tumor volumes (mm 3 ; as measured by MRI) of C6 glioma-bearing rats either untreated 
(Control) or treated with OKN-007 (18 mg/kg daily) in drinking water (DW) or via IV (intrave-
nous) administration. There was a signifi cant decrease in  OKN-treated gliomas   for either DW- 
( p  < 0.001;  n  = 12) or IV ( p  < 0.01;  n  = 5)-treated rats, when compared to untreated control rats ( n  = 9 
for the DW study, and  n  = 6 for the IV study)       
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apoptosis seemed to be more elevated in the F98 gliomas compared to the U87 
tumors [ 112 ]. We concluded that OKN-007 has the ability to cause glioma regres-
sion in aggressive rodent tumor models (F98 and U87), as well as in moderate 
gliomas (C6) [ 108 ,  111 ,  112 ]. The investigational drug, OKN-007, administered 
i.v., is currently in a Phase IIa (effi cacy in a small cohort of patients) clinical trial 
in adult recurrent GBMs, with Phase Ib (pharmacokinetic study; three doses: 20, 
40, and 60 mg/kg three times weekly in the fi rst month, two times weekly in the 
second month, and once per week in subsequent months) recently completed. It is 
anticipated that the Phase IIa trial will be completed in the next 2 years. See 
Fig.  10.4  for a summary of the anticancer effects of PBN and PBN-analogues in 
glioma studies.  

10.4.3           PBN   as an  Anticancer      Agent Colorectal Polyps 

 Colorectal carcinoma (CRC) is one of the most prevalent cancers worldwide and 
has a very high mortality rate [ 117 ,  118 ]. Floyd and Towner have also reported on 
the anticancer activity of PBN in a transgenic mouse model,  Apc  Min/+ , for colorectal 
polyps [ 119 ]. After 3–4 months tumor size and numbers were examined at nec-
ropsy, and gadolinium-contrast-enhanced MRI was used to monitor colon tumors 
[ 119 ]. MRI data showed a time-dependent increase in total colonic signal intensity 
in sham-treated mice, which was noticeably decreased in the PBN-treated mice, 
which was confi rmed by pathology at 10–17 weeks of age [ 119 ]. It is well known 
that iNOS expression is enhanced in colorectal carcinomas, including the  Apc  Min/+  
mouse model for colorectal polyps [ 120 ], and it was speculated that the antitumor 
effect of PBN was via inhibition of iNOS [ 119 ]. See Fig.  10.4  for a summary of the 
anticancer effects of PBN in CRC studies.  

10.4.4     PBN and Other Nitrones as Anticancer Agents in Other 
Cancers 

 In addition to the anticancer effects of PBN in HCC, gliomas and colorectal polyps, 
there are other reports indicating that PBN may be effective in mammary tumors. A 
noticeable decline in tumor incidence ( p  < 0.0001) in rat mammary tumors was 
observed in animals treated with PBN (160 mg/kg), compared to non-treated ani-
mals [ 121 ]. Another study by Ramadan et al. (2006) demonstrated that C-(2- 
chloroquinoline- 3-yl)- N -phenyl nitrone (CQPN) strongly inhibited the growth of 
breast carcinoma MCF-7 cells via induction of apoptosis [ 122 ]. See Fig.  10.4  for a 
summary of the anticancer effects of PBN and PBN-analogues in breast cancer 
studies.   
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  Fig. 10.4    Illustration and summary of the  anticancer effect   of PBN and  PBN-analogues   in cancers 
such as hepatocellular carcinomas (HCCs), gliomas, colorectal carcinomas (CRCs), and breast 
carcinomas. Based on the fi ndings in specifi c tumor models, the most common anticancer effects 
of PBN/PBN-analogues included increasing apoptosis (HCC and glioma studies), decreasing 
angiogenesis (glioma studies), and decreasing cell proliferation (specifi cally in the glioma studies, 
and surmised in all other tumor studies due to decreased tumor/cell growth), which are all con-
trolled by the TGFβ1 pathway.  Abbreviations :  HCC  hepatocellular carcinoma,  PBN N-tert -butyl 
α-phenyl nitrone,  CCl   4   carbon tetrachloride,  CD  choline defi cient,  8-OH-guanine  8-hydroxy gua-
nine,  GST  glutathione S-transferase,  COX2  cyclo-oxygenase 2,  OKN-007  OKlahoma Nitrone, 
 TGFβ1  transforming growth factor β1,  SMAD2  Sma- and Mad (Mother against DPP homolog)-
related protein 2,  GLI1  effector of Hedgehog signaling, originally isolated in human glioblastoma, 
 SUF2  sulfatase 2,  iNOS  inducible nitric oxide synthase,  Glut-1  glucose transporter 1,  HIF-1α  
hypoxia inducible factor 1α. For the HHC studies, the PBN: CCl 4  rat model results are summarized 
from references [ 85 ,  86 ], the PBN: CD diet rat model results are summarized from references 
[ 87 – 91 ], and the OKN-007: HCC cell results are summarized from reference [ 117 ]. For the glioma 
studies, the PBN: C6 rat model results are summarized from references [ 99 – 103 ], the OKN-007: 
C6 rat model results are summarized from references [ 101 – 104 ], and the OKN-007: F98/U87 rat/
xenograft models results are summarized from reference [ 105 ]. For the CRC study, the PBN: 
APC Min/+  mouse model results are summarized from reference [ 112 ]. For the breast cancer studies, 
the results are summarized from [ 114 ,  115 ]       
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10.5      Mechanisms of Action of PBN   and  PBN-Analogues   

 The parent nitrone compound, PBN, is known to inhibit the expression of cyclooxy-
genase- 2 (COX-2), inducible nitric oxide synthase (iNOS), and nuclear factor kap-
paB (NF-κB) [ 100 ].  OKN-007   has been found to be neuroprotective in a rat transient 
middle cerebral artery (MCA) occlusion model for neurological ischemia/reperfu-
sion injury [ 79 ]. The neuroprotective effect of  OKN-007   has been suggested to be 
attributed in part to its ability to restore functionality of the brain endothelium [ 82 ]. 
The anticancer activity of PBN-nitrones has been attributed potentially to the sup-
pression of nitric oxide production, suppression of iNOS expression, suppression of 
S-nitrosylation of critical proteins (caspases, Bcl-2, OGG1 DNA repair enzyme, and 
PTEN tumor suppressor protein, which are respectively involved in shutting down 
apoptosis, enhanced mutation events, and enhanced Akt-mediated signaling in onco-
genesis), and inhibition of NF-κB activation [ 109 ]. The high trapping effi ciency of 
the glutathiyl radical (GS•) by PBN that result in recycling of both nitrone spin trap 
and glutathione are also thought to contribute to the biological activities of nitrones 
[ 123 ].  OKN-007   was shown by the Towner group to decrease cell proliferation 
(MIB-1 and Glut-1), angiogenesis (MVD), and hypoxia (HIF-1α), as well as increase 
 apoptosis   (cleaved caspase 3) [ 112 ]. A common pathway that can effect cell prolif-
eration,  angiogenesis  , and apoptosis during tumorigenesis is the transforming growth 
factor β1 (TGFβ1) pathway (also see Fig.  10.4 ), which plays an integral role in regu-
lating the extracellular matrix [ 124 ]. It is also known that the NF-κB pathway, which 
has been previously shown to be inhibited by nitrones [ 109 ], is integrally linked to 
the TGFβ1 pathway [ 124 ]. Support for the anticancer effect of OKN-007 via the 
TGFβ1 pathway was recently reported by Zheng et al. (2013), where they found that 
OKN-007 mediates its antitumor effect in HCC cells (Huh7) via the suppression of 
TGFβ1/SMAD2 and Hedgehog/GLI1 signaling by inhibiting  sulfatase 2 (SULF2) 
enzymatic activity   [ 125 ]. Due to the inhibitory action of OKN- 007 on SULF2, it is 
speculated this agent may decrease the migration of cancer cells in metastasis, which 
will need to be further investigated. In addition, the Towner research group is cur-
rently investigating the role of OKN-007 on the TGFβ1 pathway.     
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    Chapter 11   
 Salen Manganese Complexes Mitigate 
Radiation Injury in Normal Tissues Through 
Modulation of Tissue Environment, Including 
Through Redox Mechanisms                     

     Susan     R.     Doctrow     ,     Brian     Fish    ,     Karl     D.     Huffman    ,     Zelmira     Lazarova    , 
    Meetha     Medhora    ,     Jacqueline     P.     Williams    , and     John     E.     Moulder   

11.1           Rationale for Testing Salen Mn Complexes 
as Radiation Mitigators 

 There is a need  for   therapeutic agents to reduce injury to normal tissues that can 
occur as a delayed consequence of not only radiation therapy, but also an accidental 
or terrorism-associated radiation exposure. While the mechanisms of delayed radia-
tion injury are not well understood, there is evidence suggesting that oxidative stress 
is involved [ 1 – 3 ]. Therefore, we and others have studied synthetic agents that scav-
enge reactive oxygen species (ROS) such as superoxide and hydrogen peroxide as 
potential therapeutic agents to mitigate [ 4 ] normal tissue injury resulting from ion-
izing radiation. A wide range of antioxidant strategies has been studied for mitiga-
tion of radiation-induced normal tissue injury, including: nutraceuticals [ 5 ], 
free-radical scavengers [ 6 ], superoxide dismutase (SOD) mimetics [ 6 ], fl avones 
[ 6 – 8 ], mitochondrial-targeted nitroxides [ 9 ], iron chelators [ 7 ], NADPH oxidase 
inhibitors [ 7 ], and Mn porphyrins [ 10 – 12 ]. This review focuses primarily on radia-
tion mitigation studies employing one class of synthetic ROS scavenger, synthetic 
metal-containing compounds known as salen Mn complexes [ 13 ]. 
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 It is well known that exposure of  biological materials to   ionizing radiation pro-
duces a short-lived burst of ROS, damaging DNA and other cellular components [ 14 ]. 
Also important, however, is the possible contribution of chronically generated ROS to 
delayed radiation-induced damage [ 1 – 3 ]. Such outcomes, including fi brosis, necrosis, 
atrophy, and vascular damage, can occur months to years after exposure to radiation 
affecting such tissues as skin, kidney, lung, oral mucosa, and brain. Indicators of 
cumulative ROS and reactive nitrogen species (RNS)-mediated damage, for example, 
lipid peroxidation and protein and DNA oxidation, have been found following irradia-
tion in vivo and in vitro [ 3 ]. There is also evidence for pro- infl ammatory processes, 
namely acute activation of stress-sensitive transcriptional events and cytokine pro-
duction [ 3 ,  15 ]. Infi ltrating infl ammatory cells are one likely source of damaging 
ROS, while another is damaged mitochondria. Evidence indicates that radiation 
leads to mitochondrial damage and, intriguingly, delivery of antioxidant enzymes to 
the mitochondria through gene therapy techniques can protect against delayed radi-
ation damage in vivo [ 1 ] Furthermore, a mitochondrially targeted antioxidant 
reduces radiation injury in cell culture [ 9 ]. Therefore, both proinfl ammatory processes 
and mitochondrial dysfunction have been implicated in delayed radiation injury. 
These fi ndings suggest that agents that interrupt these damaging subcellular processes 
might address the long-term effects of radiation exposure. 

 Such considerations led to our  investigation   of salen Mn complexes as potential 
mitigators of radiation-induced late effects. Earlier studies showed that treatment 
with these compounds could suppress proinfl ammatory processes, inhibit mito-
chondrial damage, and reduce oxidative changes in various experimental models of 
injury; and our 2011 review [ 16 ] summarized the ability of salen Mn complexes to 
mitigate radiation injury to lung, kidney, and oral mucosa, and mitochondrial injury 
in cell culture models. The current review builds on those previous fi ndings, provid-
ing more recent data that continue to support the potential for mitigation of normal 
tissue injury by salen Mn complexes. 

 The only FDA-approved drug for preventing radiation  injury   is amifostine 
(Ethylol ® ), which is usually administered intravenously or subcutaneously and, 
according to current clinical guidelines, prior to radiation exposure [ 17 ]. It acts as a 
free radical scavenger, but may have additional mechanisms of action such as mod-
ulation of antioxidant enzymes [ 17 ,  18 ]. Only one agent, granulocyte colony stimu-
lating factor (G-CSF) for hematological injury, has been FDA approved to diminish 
radiation injury when administered after radiation. In the radiation countermeasures 
area, mitigators refer to therapies begun after irradiation, but prior to clinical evi-
dence of injury. This is to distinguish them from protectors, which are given prior to 
irradiation, and from treatment agents, given after clinical evidence of injury [ 4 ]. 
Salen Mn complexes, while not yet approved for human use, are interesting candi-
dates for development with potential advantages over amifostine. One major advan-
tage is their ability to mitigate delayed radiation injury when given  days to weeks 
after irradiation . 

 Salen Mn complexes are synthetic low molecular weight agents that mimic the anti-
oxidant enzymes superoxide dismutase (SOD), catalase, and peroxidases, scavenging 
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superoxide and hydrogen peroxide, respectively [ 13 ]. Their hydrogen peroxide- 
scavenging properties,  namely   catalase and peroxidase activities, are more signifi cant 
parameters than SOD activity in predicting certain cytoprotective effects of salen Mn 
complexes, though other factors such as pharmacokinetics and cytotoxicity are also 
important [ 13 ]. The in vitro ROS-scavenging activities of various salen Mn complexes, 
as well as of some other Mn compounds and native SOD and catalases, have been mea-
sured with a variety of in vitro and cell-based assay systems. Tabular and other data 
summarizing these fi ndings for various analogs have been presented elsewhere [ 13 ,  16 , 
 19 ]. It is important to note that synthetic metal-based complexes have specifi c activities 
that are orders of magnitude lower than those of the native enzymes [ 13 ]. However, 
when administered at suffi cient quantities, they can be demonstrated to have compara-
ble ROS-scavenging effects, for example, when compared to bovine liver catalase in 
protecting cells against exogenous enzymatically generated hydrogen peroxide [ 13 ]. 
Furthermore, evidence that salen Mn complexes act as peroxidases demonstrates that 
they scavenge hydrogen peroxide through mechanisms analogous to those of the heme- 
and Mn-based catalase enzymes [ 13 ,  20 ]. Salen Mn complexes can also scavenge RNS 
through mechanisms analogous to their catalase and peroxidase activities [ 21 ], and 
attenuate protein nitration in oxidative injury models [ 22 ,  23 ]. Overall, this combination 
of properties—low molecular weight, catalytic scavenging mechanism, and activity 
against multiple damaging species—gives salen Mn complexes potential advantages 
over noncatalytic ROS scavengers and antioxidant enzymes [ 24 ,  25 ]. 

  Prototype   salen Mn complexes EUK-8 and the improved catalase/peroxidases 
EUK-134 and EUK-189 (Fig.  11.1 ) are effective in a wide range of models for dis-
eases involving oxidative stress [ 14 ,  26 ]. In many of these models, salen Mn 
 complexes were not only functionally protective, but also suppressed biochemical 
indicators of oxidative stress, such as oxidative modifi cation of protein, lipids, and 
nucleic acids [ 22 ,  27 ,  28 ]. EUK-207 (Fig.  11.1 ) is a “second generation” cyclized 
salen Mn complex with catalytic properties equivalent to EUK-134 and EUK-189, 
but with greater stability [ 19 ,  26 ,  27 ,  29 ], attaining much higher plasma levels than 

  Fig. 11.1    Structures of salen Mn complexes: EUK-8, EUK-134, EUK-189, and EUK-207. SOD 
and catalase activities, cytoprotective, and other properties of EUK-207 [ 26 ,  29 ] and the non- 
cyclized salen Mn complexes [ 13 ] have been described. EUK-8, R = H, X = Cl; EUK-134, 
R = methoxy, X = acetoxy; EUK-189, R = ethoxy; X = acetoxy; EUK-207: OAc = acetoxy       
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EUK-189 when injected in vivo [ 16 ]. Both EUK-189 and EUK-207 improved cog-
nitive performance and suppressed oxidative stress indicators (e.g., nucleic acid oxi-
dation) in a mouse model for age-associated mild cognitive impairment [ 27 ,  30 ].

   Many studies indicate that the  mitochondria   are particularly vulnerable to oxida-
tive damage in various forms of injury, including by radiation. Endogenous antioxi-
dant defense enzymes [ 14 ] include three types of SOD. These are the Cu- and 
Zn-containing cytosolic and extracellular forms of SOD (SOD1 and SOD3, respec-
tively) and the Mn-containing mitochondrial form (SOD2). Mitochondria-targeted 
expression of either SOD2 or SOD1 protects against radiation injury in a mouse 
esophagitis model [ 1 ,  31 ] and mice defi cient in SOD2 ( sod2  −/+  mice) are more vul-
nerable to radiation lung injury [ 32 ]. Such fi ndings suggest that a synthetic antioxi-
dant reaching the mitochondria should have therapeutic benefi ts in radiation. 
Though salen Mn complexes were not designed specifi cally to target the mitochon-
dria, several studies have shown that the compounds are “mito-protective.” For 
example, in  sod2  −/−  mice, an in vivo model for severe mitochondrial oxidative stress, 
salen Mn complexes prolong survival up to threefold, protect mitochondrial 
enzymes, and prevent oxidative pathologies [ 33 ,  34 ], more effectively than several 
other antioxidant agents [ 26 ]. EUK-207 preserved cardiac function and reversed 
mitochondrial impairments caused by ischemia/reperfusion in isolated hearts from 
ABCme −/+  mice, whose mitochondria are particularly vulnerable to oxidative injury 
[ 35 ]. Finally, in rat astrocyte cultures, ionizing radiation caused mitochondrial 
injury, inducing changes in respiratory chain enzyme activity and reduced ATP pro-
duction, and the salen Mn complex EUK-134, given up to 12 h after irradiation, 
signifi cantly protected the mitochondria [ 16 ]. Since salen Mn complexes, unlike 
targeted agents such as MitoQ [ 36 ] and others [ 9 ] are  not  designed to exclusively 
reach the mitochondria, they might have broader therapeutic value because they will 
also address non-mitochondrial injury mechanisms. The “mito-protective” proper-
ties of salen Mn complexes have been reviewed previously [ 37 ]. 

 Irradiation of late-responding tissues leads to acute activation of stress- responsive 
transcription leading to production of cytokines mediating an aberrant chronic 
infl ammatory cascade that can ultimately lead to delayed outcomes such as fi brosis 
or necrosis [ 3 ,  15 ].  Production of   such mediators is controlled by stress-induced 
transcriptional factors including those (e.g., NF-κB and AP-1) which are activated 
by increased ROS. Such events are reminiscent of proinfl ammatory processes that 
mediate tissue injury in many other pathological conditions, such as infection, isch-
emia/excitotoxicity, and environmental stress. Salen Mn complexes are markedly 
protective against such forms of tissue injury in vivo, while concomitantly suppress-
ing activation of stress-induced transcription factors in target tissues [ 22 ,  38 ,  39 ]. 
For example, EUK-134 inhibited the excitotoxic activation of AP-1 and NF-κB in a 
rat seizure model [ 22 ], and EUK-189 inhibited AP-1 activation in aged mice 
 subjected to mild heat-stress [ 40 ]. Salen Mn complex treatment increased the mean 
survival time of allogeneic C57BL/6 skin grafted into BALB/c mice, reduced pro- 
infl ammatory type 1 alloresponse (IFN-γ) while promoting anti-infl ammatory type 
2 alloimmunity (IL-4 and IL-5) [ 41 ]. Recently, Kash et al. [ 42 ] showed that EUK- 
207 treatment improved survival of mice infected with the 1918 strain of infl uenza. 
The surviving mice showed greatly improved lung histopathology and reduced 
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staining for oxidized nucleic acid. EUK-207 treatment did not affect viral titer, indi-
cating that its benefi ts were related not to eliminating the virus, but instead to reduc-
ing the lethal host response that has been attributed to deaths caused by 1918 
infl uenza. High-throughput sequencing and RNA expression analysis showed that 
the EUK-207 treated virus-infected mice had a remarkably different gene expres-
sion profi le in the lung, as compared to vehicle-treated infected mice. Notably, with 
EUK-207 treatment, expression of infl ammatory genes was suppressed and those 
associated with lung metabolic and repair processes were increased. Therefore, the 
suppressive effects of salen Mn complexes against proinfl ammatory, injury- 
associated transcriptional processes and, therefore, their ability to modulate the tis-
sue microenvironment, provide a strong rationale for investigating their benefi ts in 
radiation injury models. 

 Taken together, such fi ndings support the hypothesis that salen Mn complexes 
would mitigate radiation injury to normal tissues. Proposed mechanisms might 
involve preventing mitochondrial injury, suppressing “proinfl ammatory” processes, 
inhibiting other forms of oxidative injury to cellular constituents or most likely, 
complex combinations of the above that essentially modulate the tissue microenvi-
ronment to favor repair and remodeling over chronic injury.  

11.2     Mitigation of Radiation Injury by Salen Mn Complexes 

  Salen Mn  complexes   mitigate radiation injury in several cell culture systems includ-
ing, as described above, mitigating the mitochondrial injury induced by ionizing 
radiation in rat astrocytes [ 16 ]. These fi ndings are not only relevant to long-term 
radiation-related damage to the brain, but also of potentially broader importance, 
given the hypothesized role of mitochondrial damage in other radiation late effects. 
Furthermore, several compounds with SOD and catalase/peroxidase activities, 
including the salen Mn complexes EUK-189 and EUK-207, inhibited radiation- 
induced apoptosis in bovine adrenal capillary endothelial cell cultures [ 43 ], and 
EUK-207 prevented several radiation-induced outcomes in human microvascular 
endothelial cell cultures [ 44 ]. These fi ndings suggest that these agents might have 
broad applicability as radiation mitigators, since the vascular endothelial cell has 
long been regarded as being an important target in the progression to radiation late 
effects [ 45 ]. 

11.2.1     Oral Radiation Mucositis 

 Oral  mucosit  is is a dose-limiting toxicity in patients receiving chemotherapy  or 
  localized radiation treatment for head and neck cancers [ 46 ,  47 ]. ROS have been an 
interventional target for the prevention and treatment of mucositis, with 
 N -acetylcysteine as one agent under study (S. Sonis, personal communication). The 
ability of EUK-189 to mitigate radiation-induced mucositis was tested in a hamster 
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model [ 48 ], using a single exposure of 35 Gy to induce severe to moderate mucositis 
by 15 days. EUK-189, given immediately after irradiation for 14 days, both topi-
cally (via a cheek pouch “wash” protocol, at 10 and 30 mg/mL [ 16 ]) and systemi-
cally (sc injection, 30 mg/kg-day) signifi cantly reduced mucositis severity. The 
prolonged 15-day administration of EUK-189 was effective using both dosing pro-
tocols. In contrast, effi cacy in attenuating oral mucositis by the SOD mimetic Mn 
cyclic polyamine M40403, of a compound class reported to lack catalase activity 
[ 49 ], had a very tight dose-schedule dependence [ 48 ]. For example, while M40403, 
given by ip injections (30 mg/kg) twice per day, from day 1 to day 3, mitigated oral 
mucositis, the mitigation effect was absent with a longer treatment, from day 1 to 
day 15. The investigators speculate that the longer treatment might impair healing. 
It is conceivable that excess hydrogen peroxide could prolong mucositis by impair-
ing mucosal healing, similar to the complex role that this ROS is known to play in 
skin wound healing [ 50 ]. Possibly extended dosing with the SOD mimetic M40403 
resulted in later increases in hydrogen peroxide, whereas EUK-189, as a catalase 
and peroxidase mimetic, lacks this effect. Both mucositis studies do support the 
potential value of an ROS-scavenging Mn complex, dosed appropriately, in mitigat-
ing radiation-induced oral mucositis. Given the commonality in underlying patho-
genesis [ 48 ], it is also likely that both compounds may also be effi cacious in 
attenuating chemotherapy-induced mucositis.  

11.2.2     Pulmonary Radiation Injury 

   The lung is  o  ne of the most susceptible organs to potentially  debilitating   radiation 
injury. The functional effects seen following pulmonary irradiation are normally 
separated into two phases. Radiation pneumonitis generally occurs within 2–4 
months and fi brosis tends to develop 4 months or later after irradiation [ 51 ] depend-
ing on dose. Acute pneumonitis is treated clinically with steroids, but can be life- 
threatening even with treatment. To date, radiation-induced lung fi brosis appears to 
be progressive and can ultimately lead to respiratory distress, pulmonary hyperten-
sion, right heart failure, and even death. Though the mechanisms are not well 
understood, extensive data suggest that pneumonitis and fi brosis may result from a 
cycle of chronic infl ammation and oxidative damage initiated by radiation expo-
sure to the lung [ 3 ,  15 ,  52 ,  53 ]. Several earlier studies examined the ability of salen 
Mn complexes to mitigate lung injury [ 16 ]. In Sprague–Dawley rats subjected to 
partial lung irradiation, EUK-189 given by a single sc injection suppressed micro-
nucleus formation, an indicator of DNA damage in lung fi broblasts, measured 18 h 
later [ 54 ]. This suppression of micronuclei counts did not persist without subse-
quent EUK-189 injections, but it was observed even if the EUK-189 injection was 
delayed until 2 weeks after irradiation, consistent with micronucleus formation 
resulting from an ongoing cycle of injury and repair, that is, a continuous “cas-
cade” of ROS formation after irradiation. This theory also implies that sustained 
treatment with an ROS scavenger such as a salen Mn complex would be required 
to have a signifi cant impact on lung injury. Consequently, successful subsequent 
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studies with salen Mn complexes have used longer periods of therapy, either by 
daily sc injection or by continuous sc infusion utilizing Alzet ®  osmotic pumps. One 
such study [ 55 ], also in Sprague–Dawley rats, administered EUK-207 by continu-
ous sc infusion (~8 mg/kg/day) beginning 1 h after irradiation for 14 weeks. Rats 
received 10 Gy thoracic irradiation and were monitored for indicators of lung 
injury at various time points over 28 weeks. In the EUK-207 treated rats, a reduc-
tion in the radiation-induced increase in breathing rates indicated mitigation of 
pneumonitis. Furthermore, measurements of lung collagen synthesis at 28 weeks 
showed that EUK-207 treatment, although it had been discontinued after week 14, 
had also mitigated fi brosis. Importantly, the lungs from EUK-207 treated rats 
showed a reduction in oxidized nucleic acid, 8-OHdG, indicating that the com-
pound, consistent with its hypothesized mechanism of action, inhibited oxidative 
stress in this model. More details of this study may be found in the original paper 
[ 55 ] as well as in the previous review [ 16 ]. 

 In an alternative rat model for radiation pneumonitis, WAG/RijCmcr rats were 
exposed to 11 Gy total body irradiation (TBI) followed by syngeneic bone marrow 
transplant (BMT). This protocol (TBI/BMT) avoids death from hematopoietic 
injury, with rats developing pneumonitis by 6 weeks post-irradiation and those sur-
viving the lung injury later developing radiation-induced renal injury. Among the 
consequences of this radiation protocol are increased breathing rate, increased right 
ventricular hypertrophy and pulmonary vascular resistance, and microvessel loss as 
indicated by imaging as well as measurements of the vascular marker angiotensin- 
converting enzyme (ACE) in perfused lung. A number of preliminary fi ndings, 
reported in scientifi c abstracts and reviewed previously [ 16 ], indicated that EUK- 
207 mitigated such manifestations of radiation lung injury in this model. A subse-
quent publication [ 56 ] built upon these fi ndings to demonstrate that EUK-207 
mitigates pneumonitis and attenuates damage to the lung microvasculature. 

 Gao et al. [ 56 ] found that treatment with EUK-207 mitigated lung injury in rats 
given a single dose of total body or whole thoracic irradiation. When given TBI, the 
rats also received a BMT. EUK-207 (20 mg/kg, sc 5 days/week) from days 7 to 35 
after 11 Gy TBI signifi cantly decreased morbidity (Fig.  11.2 ). Examined at 42 days 
after irradiation, rats treated with EUK-207 exhibited several signs that vascular 
injury in the lungs was substantially attenuated. These included decreased pulmo-
nary vascular resistance, increased angiotensin-converting enzyme (ACE) activity 
[ 16 ,  56 ] and, by analysis of planar angiograms, increased terminal arteriole counts 
(Fig.  11.3 ). In addition, EUK-207 treated rats had decreased arterial wall thickening 
and reduced numbers of foamy macrophages (Fig.  11.4 ).

     To look at long-term fi brotic changes, rats received 13 Gy whole thoracic irradiation 
and collagen deposition was assessed at 210 days. In these animals, a similar EUK-207 
treatment regimen reduced both pepsin-soluble (newly synthesized) and fi brotic 
 collagen foci to normal, unirradiated levels [ 56 ]. Delivery of EUK-207 for these stud-
ies was started at 7 days after irradiation and stopped before symptoms of pneumonitis 
(30–35 days post-irradiation) were observed [ 56 ]. ACE inhibitors, that have success-
fully mitigated radiation pneumonitis, were not effective in a similar schedule. The 
ACE inhibitor enalapril failed to mitigate radiation pneumonitis or fi brosis when 
started at 7 days and terminated at 30 or 60 days [ 57 ]. The drug mitigated both  endpoints 
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when started at 7 days or even as late as 35 days after irradiation and continued. These 
results suggest that the mechanism of mitigation of the two drugs, EUK-207 and enala-
pril, are different; and further studies are needed to determine if serial mitigation with 
EUK-207 from 7 to 30 days and enalapril from 30 to 90 days will be more effective for 
mitigation than either drug alone. Recent data from a mouse model suggest that such 
would be the case (Williams et al., unpublished data). In that study, a mixed TBI/tho-
racic irradiation model in C57BL/J mice, EUK-207 or captopril were administered 
over an acute (3–10 days  post- irradiation) and/or chronic (8–26 weeks post-irradiation) 
time course with the drugs being administered sc or po, respectively, every other day. 
Endpoints assessed included late survival and pulmonary structural changes (collagen 
accumulation and infl ammatory cell infi ltration). The acute EUK-207 schedule failed 
to show any mitigation activity although the chronic schedule, and both captopril pro-
tocols, demonstrated nonsignifi cant improvement trends in all indices. However, a 
combination of both agents led to 100 % survival and signifi cantly reduced fi brosis. 
Alternative routes of administration, including by inhalation, and more targeted sched-
ul  ing are currently being assessed.  
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  Fig. 11.2    EUK-207 treatment reduces morbidity in a rat radiation lung injury model. Rats received 
a total body irradiation and bone marrow transplantation (TBI/BMT) protocol followed by EUK- 
207 treatment, where indicated, as described in the text. Further details in [ 56 ]       
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11.2.3     Renal Radiation Injury 

   Renal  radiation injury   is a clinical concern months to several years after  patients 
  have undergone BMT when TBI is included in the preparatory regimen [ 58 ]. A TBI/
BMT protocol induces similar radiation nephropathy in WAG/RijCmcr rats that is 
delayed in onset by weeks to months, with loss of renal function indicated by azo-
temia, proteinuria, and hypertension. Moulder and colleagues have reported that 
captopril and other modulators of the renin-angiotensin system mitigate renal injury 
[ 59 ,  60 ], while a variety of other agents, including the antioxidants deferiprone, 
genistein, and apocynin [ 7 ] are ineffective. Despite the lack of effect of other anti-
oxidant approaches, including a genistein diet [ 7 ], salen Mn complexes were tested 
for mitigation of renal injury in this model [ 16 ]. EUK-207, given beginning at 3 
weeks after TBI/BMT, either by continuous subcutaneous (sc) infusion (8–10 mg/

  Fig. 11.3    Radiation-induced loss of  pulmonary vessels and mitigation by   EUK-207. Rats were 
treated as described for Fig.  11.2 . Panels a, b, and c are representative images of high power planar 
angiograms at 42 days after irradiation. Panel D shows terminal arteriole counts. #,  p  < 0.05 vs. 
0 Gy; *,  p  < 0.05 vs. 11 Gy TBI. Further details in [ 56 ]       
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kg/day) or daily sc injection (30 mg/kg/day), mitigated renal injury. EUK-207 was 
effective in this model, but there was no synergy when EUK-207 was given in com-
bination with captopril. Interestingly, the non-cyclized compound EUK-189 was 
ineffective even though it had shown effi cacy comparable to that of EUK-207 in 
other animal models. Based on these and other observations, it was suggested that 
the benefi cial effects of EUK-207 in the renal model might involve mechanisms 
other than its antioxidant properties   [ 16 ].  

11.2.4     Cutaneous Radiation Injury 

   Radiation  dermatitis   is a consequence of radiation therapy, for example, in  breast 
  and lung cancer patients, and cutaneous radiation exposure can impair wound heal-
ing. Cutaneous injury after radiation exposure involves infl ammatory processes, 
alteration of cell proliferation and migration, and abnormal extracellular matrix 
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  Fig. 11.4    Radiation-induced changes in  lung structure with   mitigation by EUK-207. Rats were 
treated as described for Fig.  11.2  and lungs fi xed at 42 days after irradiation for histological analy-
sis. Panels a–c are representative H/E stained sections from a, normal age matched rats; b, rats 
treated with 11 Gy TBI alone; c, rats given 11 Gy TBI and EUK-207.  Solid arrow  indicates 
occluded vessel,  dotted arrow  marks a foamy macrophage. Panel d, vessel thickening and Panel e, 
foamy macrophage counts, determined as described [ 56 ] #,  p  < 0.05 vs. 0 Gy; *,  p  < 0.05 vs. 11 Gy 
TBI. Further details in [ 56 ]       
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synthesis (see review in [ 61 ,  62 ]). Oxidative stress is, in addition, implicated in the 
development of cutaneous radiation syndrome and delayed wound healing follow-
ing radiation exposure [ 2 ,  15 ]. Such data imply that salen Mn complexes could have 
benefi cial effects in models for cutaneous radiation injury, leading us to test EUK- 
207 in a rat model for combined radiation dermatitis and skin wound healing [ 61 ]. 
In this model, WAG/RijCmcr rats received a protocol delivering high doses (10–
40 Gy, defi ned at the upper dermis) to the skin without signifi cant exposure to inter-
nal organs, and then, within 1 h, received full thickness wounds by punch biopsy. 
Dermatitis was assessed weekly with a semiquantitative scoring for skin injury and 
wound closure was monitored by image analysis of traced wound areas. Irradiated 
rats developed, in a radiation dose-dependent manner, cutaneous reactions ranging 
in severity from transient erythema (onset 24 h, duration 1–2 days) to large deep 
erosions and non-healing ulcers (onset day 21, duration up to 90 days), plus alope-
cia (onset day 20, duration up to 90 days) and skin fi brosis (onset day 30, duration 
entire period of study). There was markedly impaired wound healing, also depen-
dent on radiation dose. The peak of acute skin reactions was ~30 days. As reported 
[ 61 ] a number of other assessments demonstrated radiation-induced changes in 
extracellular matrix deposition, blood vessel proliferation, gene expression changes, 
and oxidative stress indicators in the skin. 

  EUK-207   was evaluated in this cutaneous combined injury model [ 62 ] using a 
30 Gy radiation dose that, without drug treatment, induced severe cutaneous injury 
and wounds that failed to heal over the 90-day observation period. EUK-207 
(~1.8 mg/kg/day) or vehicle (water) were given by sc Alzet® infusion pumps begin-
ning 48 h after irradiation and continuing for up to 90 days. EUK-207 mitigated 
radiation dermatitis (Fig.  11.5 ) improved wound healing and increased angiogene-
sis at the wound edge (Fig.  11.6 ). Within 1 month, EUK-207 treated rats had reduced 
moist desquamation, reduced tissue infl ammation, and increased wound contrac-
tion. Unlike the vehicle-treated groups, those treated with EUK-207 showed only 
slight tissue fi brosis at 90 days post-irradiation, and there was even growth of new 
hair within the center of the radiation fi eld (Figs.  11.5  and  11.7 ). Unlike the vehicle- 
treated animals, those in the EUK-207 treatment groups had wounds that became 
fully healed. Skin microstructure evaluated by histopathology appeared substan-
tially normalized with EUK-207, as compared with vehicle treatment (Fig.  11.7 ).

     Data from this study indicated that the benefi cial effects of EUK-207 appeared to 
be due, at least in part, to suppression of oxidative injury to the skin. Skin harvested 
30 days after irradiation showed an increase in expression of a number of genes 
associated with oxidative stress, and these changes were abrogated in groups treated 
with EUK-207 [ 62 ]. In addition, 30 days after irradiation there was increased oxida-
tive injury, as indicated by both protein and DNA oxidation markers, and both were 
inhibited by EUK-207 treatment (Fig.  11.8 ). In another model, examining radiation- 
induced skin damage in the mouse, EUK-207 treatment (sc beginning immediately 
after irradiation) caused suppression of skin lipid peroxidation detectable up to 4 
weeks after irradiation [ 63 ]. In that study, several other agents with reported antioxi-
dant properties, including curcumin, similarly suppressed lipid peroxidation, while 
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  Fig. 11.5     Mitigation of   radiation dermatitis by EUK-207. Rats received a combined skin irradia-
tion exposure and full-thickness wound as described in the text. Radiation dermatitis in representa-
tive animals ( a ) and the entire groups scored semiquantitatively ( b ), receiving EUK-207 (1.8 mg/
kg/day) or vehicle by sc infusion, beginning 48 h after irradiation. In ( b ) data shown are median 
scores, with error bars indicating the range. *, different from vehicle ( p  < 0.01, Wilcoxon–Mann–
Whitney rank sum test). Further details in [ 62 ]       

0

20

40

60

80

100

7 14 21

Pe
rc

en
t o

f o
rig

in
al

 w
ou

nd
 s

iz
e

Days after wounding

30 Gy
30 Gy + EUK-207
0 Gy

a

c

b

30 Gy + EUK-207 30 Gy

*

0

10

20

30

40

50

30 Gy + EUK-207 30 Gy

N
um

be
r o

f b
lo

od
 v

es
se

ls
 p

er
 

op
tic

al
 fi

el
d

*

  Fig. 11.6    Accelerated wound healing and enhanced angiogenesis in irradiated skin with EUK- 
207. Rats were treated as described for Fig.  11.5 . ( a ) Wound areas and ( b ), ( c ) microvasculature 
visualized by staining endothelial cells (CD31) on the wound edge 30 days post-irradiation. Data 
are expressed as means ± SD, *, different from vehicle control “30 Gy,”  p  < 0.01. Bar = 100 μm. 
Further details in [ 62 ]       

 

 



277

  Fig. 11.7     EUK-207   treatment improves skin architecture in irradiated rats. Rats were treated as 
described for Fig.  11.5  and histopathology was conducted 30 and 90 days after irradiation. Further 
details in [ 62 ]       
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  Fig. 11.8     EUK-207   treatment reduces oxidative stress in irradiated skin. Rats were treated as 
described for Fig.  11.5  and skin was assayed for ( a ) protein carbonyl and ( b ) oxidized nucleic acid 
(8-OHdG) content. Further details in [ 62 ]       
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none of the agents appeared to suppress DNA damage to skin fi broblasts if admin-
istration was delayed until after irradiation.

   While, based on its other in vivo effects, the mitigation of radiation dermatitis by 
EUK-207 was expected, the benefi cial effect of an ROS scavenger on wound heal-
ing in the rat combined-injury scenario [ 62 ] was not necessarily predicted. ROS, 
particularly hydrogen peroxide, are thought to play key signaling roles to promote 
wound healing, and localized transfection of catalase delays healing in rodents [ 50 , 
 64 ]. Yet, in other experiments, excess hydrogen peroxide impaired healing [ 50 ] and 
transfection with SOD2 improved wound healing [ 65 ] as did chronic administration 
of a mitochondrially targeted plastoquinone-based antioxidant to aged mice [ 66 ]. 
Thus, the role of ROS, particularly hydrogen peroxide, and of redox regulation in 
cutaneous wound healing is highly complex. Despite this complexity, this study and 
others support the notion that selected ROS-scavenging agents such as EUK-207, 
given under the right circumstances, can mitigate radiation-induced skin injury 
including facilitating wound healing   .   

11.3     Future Directions and Challenges 

  Drug delivery methods : As discussed  in   this review, salen Mn complexes, particu-
larly EUK-207, mitigate radiation injury to normal tissues. One important issue to be 
addressed in their further development as mitigating agents is the method of drug 
delivery. Evidence indicates that systemic use for a number of days, or even weeks, 
may be necessary. With the chronic, continuous nature of the oxidative stress that is 
implicated in delayed radiation injury [ 15 ], these fi ndings are not at all surprising. 
It is promising, however, that mitigating effects of EUK-207 in pulmonary and renal 
models persist weeks after drug therapy has ended. Currently, daily injection or con-
tinuous sc infusion are the most effective means of delivery for salen Mn complexes. 
Such methods of delivery, even portable infusion pumps such as those delivering 
insulin, are tolerated by patients for certain chronic diseases, but are not the most 
desirable. Sustained release injectable formulations might be a more promising 
approach. Oral administration would be more convenient for some of these indica-
tions, especially for treating large populations of subjects. Salen Mn complexes, even 
EUK-207 which has high stability to gastric solutions, are nonetheless not orally 
available in rodents [ 19 ]. We [ 19 ,  67 ] and others [ 68 ] have described low molecular 
weight uncharged Mn porphyrins which have ROS-scavenging properties and also 
can be orally delivered to rodents. The series that we have studied (in particular 
compounds known as EUK-418, EUK-423, and EUK-451) are, like EUK-189 and 
EUK-207, anti-apoptotic in cell culture systems [ 19 ,  43 ] but, as a class, more cytotoxic 
than EUK-189 and EUK-207; and they showed no effi cacy in the rat renal radiation 
injury model (Fish, Moulder et al., unpublished data). An orally available Mn por-
phyrin developed by another group [ 69 ] does show neuroprotective effi cacy in a 
rodent Parkinson’s disease model [ 68 ] suggesting that the approach of investigating 
low molecular weight Mn porphyrins still has the potential to lead to interesting 
orally bioavailable therapeutic agents. 
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 For some normal tissue radiation mitigation indications, a topical means of 
delivering salen Mn complexes, if enabling suffi cient drug distribution throughout 
the skin, might be therapeutically practical. Some studies with these compounds are 
promising in this regard. In the hamster mucositis model, a topical dosing regimen, 
consisting of direct application of EUK-189 to the cheek pouch mucosa, showed 
effi cacy equivalent to that of sc injection. In patients, a lozenge or mouth rinse could 
be useful to mitigate oral mucositis. In the rat cutaneous injury study described here, 
only systemic EUK-207 was tested. However, EUK-189 and EUK-207 can be 
formulated into topical preparations that reduce ear infl ammation in the mouse 
(Doctrow et al., unpublished data). Furthermore, topical application of an EUK-134 
preparation to the skin of human volunteers prevented skin lipid peroxidation caused 
by UVA exposure [ 70 ]. Such data support the future testing of topical preparations of 
salen Mn complexes to mitigate cutaneous radiation injury. Inhaled methods of 
EUK-207 delivery are also under investigation, especially for pulmonary radiation 
injury. Preliminary fi ndings (Williams et al., unpublished data) indicate that mice 
inhaling EUK-207 exhibited detectable drug levels, albeit with considerable vari-
ability, in lung tissue and plasma. Following a daily EUK-207 inhalation regimen, 
mice subjected to total body (5 Gy) plus thoracic (10 Gy) irradiation showed trends 
toward improvement in indicators of lung infl ammation (macrophage infi ltration) 
and fi brosis (collagen and airspace measurements), though they did not rise to the 
level of statistical signifi cance. Studies are ongoing to determine whether inhaled 
administration of EUK-207 can be improved so as to produce results that are at least 
comparable to the lung mitigation effects of sc administered drug. 

   Mechanism of action: role of ROS scavenging in mitigation . As discussed through-
out this review, the mechanisms of  action   of salen Mn complexes, as with any other 
mitigator of delayed radiation injury, are likely to be complex. Increased under-
standing of these mechanisms could help in future development of analogs, as well 
as improved drug delivery and dosing protocols, optimized for each specifi c radia-
tion injury indication. Data in astrocyte cultures support the hypothesis that the 
compounds’ “mito-protective” properties are relevant to delayed radiation injury 
[ 16 ] though this should be further studied in other cell types as well as in vivo. 
Findings in certain models support the hypothesis that salen Mn complexes are act-
ing as ROS scavengers in vivo. For example, in rat lung injury models [ 55 ,  71 ], 
EUK-207 treatment mitigated signs of pneumonitis and fi brosis, while concomi-
tantly decreasing lung levels of oxidized nucleic acid. Similar mitigation of oxida-
tive stress-associated markers was reported in the cutaneous injury model [ 62 ]. 
While such associations do not prove causality, they are promising indicators that 
the ROS-scavenging properties of these agents measured in vitro extend to an abil-
ity to mitigate oxidative stress in vivo. In the renal injury model, however, the role 
of oxidative stress is in question and EUK-207 mitigated renal injury, while numer-
ous antioxidant agents, including EUK-189, did not [ 16 ]. Although there is evi-
dence for chronic oxidative stress after irradiation of lung, skin and brain, that has, 
thus far, not been found in radiation nephropathy [ 72 – 74 ]. Therefore, for the renal 
injury model, other mechanisms, including some hypothetical modulation of the 
renin-angiotensin system, should be addressed in future research. For all models, 
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modulation of gene expression and other aspects of the tissue microenvironment 
might involve a combination of redox and other effects. More generally, however, it 
seems likely that combined therapies using two or more agents with distinct mecha-
nisms of action are likely to be more effective than one agent alone for a complex 
indication such as delayed radiation injury [ 75 ]. In support of this, in their rat model 
for thoracic irradiation, Mahmood et al. [ 71 ] reported that a combination of EUK- 
207 and captopril was more effective than either agent alone in a number of indica-
tors of radiation lung injury and lung oxidative stress. Captopril treatment also 
reduced indicators of oxidative stress in this study, not unexpected because of the 
redox implications of the renin angiotensin system ( e.g. , angiotensin II stimulates 
ROS production by NADPH oxidase [ 76 ]). Whether the effects of the EUK-207 and 
captopril together were additive or synergistic has not yet been determined. Findings 
of Gao et al., as discussed earlier in this review, suggest that the ACE inhibitor 
enalapril [ 57 ] and EUK-207 [ 56 ] mitigate lung injury via mechanisms distinct 
from that of EUK-207, as evidenced by their different therapeutic windows in the 
rat TBI/BMT model . 

 Many other factors need to be considered when developing an antioxidant, 
metal-based compound as a potential therapeutic agent. These include, potentially 
toxic “pro-oxidant” effects, effects due to the metal itself versus the metal-ligand 
complex, and general questions of safety, tolerability, and biodistribution. While the 
doses of salen Mn complexes causing detectable toxicity in animals are at least 
10–100-fold, depending on mode of administration, greater than those mitigating 
radiation injury, formal toxicity studies will be needed to assess the safety of these, 
or any other potential mitigating agent. Such factors, as they pertain to salen Mn 
complexes, are discussed in more detail in our previous review [ 16 ]. Overall, several 
factors such as lipophilicity, inherent stability, potential toxicity and, of course, 
in vivo effi cacy must be weighed against one another in selecting a lead compound. 
The preponderance of data, in vitro as well as in vivo, indicates that EUK-207 
exhibits a number of properties that justify its selection as a lead salen Mn complex 
for further study as a mitigator of radiation injury.  

11.4     Conclusion 

 Synthetic compounds with SOD and catalase/peroxidase activities, particularly the 
salen Mn complexes exemplifi ed by EUK-189 and EUK-207, mitigate radiation 
injury to normal tissues, including lung, kidney, skin, and oral mucosa. These novel 
agents could have potential value in reducing radiation injury, including as adjunct 
therapies after radiation therapy or mitigating agents given to exposed subjects after 
radiological accidents or terrorism. Future development of salen Mn complexes 
should focus on optimizing their methods of delivery, increased understanding of 
their mechanisms of action and potential side effects, and examination of their ability 
to work in combination with other radiation mitigators.     
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12.1  Introduction

Different metal complexes have been described in last years as efficient alternative 
drugs for many diseases involving the organism redox network such as cancer, diabetes, 
and inflammation [1–4]. Complexes containing redox active metal ions that disrupt 
cell metabolism by binding to nucleic acids may also promote oxidative damage, 
influencing the redox imbalance in cells, tissues, or organs by the transfer of elec-
trons, or by the formation of reactive oxygen and nitrogen species (ROS/RNS), 
especially hydroxyl radicals. By adequate design of the coordinated ligands, the 
resulting complexes can also act as inhibitors of specific proteins and enzymes, 
mostly by interactions of its particular ligands or the metal ion itself at the active site 
of such biomolecules. Therefore, a better understanding of the mechanism of action of 
such metal complexes could provide adequate settings for more controlled pharma-
cological and medicinal interventions in pathological conditions.

Among metal-based compounds recently developed for therapeutic purposes, 
copper complexes deserved special attention [5–9], usually due to their wide range 
of appropriate ligands, peculiar structural characteristics, and consequent redox 
potentials. As an essential ion present in two different oxidation states in biological 
medium, copper shows affinity for metal-binding sites with diverse features. 
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Consequently, it can play different functions in many proteins including dismutation 
of reactive species, as in Cu, Zn superoxide dismutase; electron transfer, as in plas-
tocyanin and laccases; catalytic reduction of nitrite, as in nitrite reductase; coordina-
tion and reduction of dioxygen, as in tyrosinases and cytochrome c oxidase; or 
oxidation of specific substrates, as in diverse oxidases. Moreover, copper has been 
lately considered as a key modulator of cell signal transduction pathways [10]. 
Enzymes such as kinases and phosphatases seem to be implicated in cellular mecha-
nisms driven by a sequence of molecular interactions. Since changes in copper 
homeostasis are critical in many diseases, small molecules capable of modulating 
copper-protein interactions could therefore influence cell signaling associated to 
these diseases. Possible coordinating agents for copper ions include various types of 
compounds: carboxylates; thiosemicarbazones, thiosemicarbazides, and dithiocar-
bamates; flavones and naphtoquinones; and mostly nitrogen-containing ligands, 
such as imidazole, pyrazole, triazole, tetrazole, oxazole, and indole derivatives [11]. 
Most of such ligands have been specifically designed to provide adequate coordina-
tion environment to accommodate the two copper oxidation states usually found in 
biological systems, that is, Cu(I) and Cu(II), and result in complexes with proper 
structures, suitable for different targets [12, 13].

Herein, some studies on the reactivity of a particular class of copper complexes 
are discussed. Schiff base ligands derived from 2,3-dioxindoline (isatin), an oxindole 
formed as a metabolite of tryptophan, were designed and synthesized in order to 
further isolate bi-, tri-, or tetradentate coordinating agents, and the corresponding 
copper(II) species [14]. These complexes showed remarkable oxidative properties, 
catalyzing the oxidation of carbohydrates and proteins [15], in the presence of hydro-
gen peroxide, mainly by the formation of other more reactive ROS, and encouraged 
further studies about their influence in impairing the viability of tumor cells [16]. 
Analogous zinc(II) complexes, with no redox properties, were also prepared and 
investigated for comparison reasons. Different intracellular targets for these species 
were investigated, including DNA [17], mitochondria [18], and specific proteins [19] 
that could explain their remarkable proapoptotic properties. Based on these results, 
possible determining factors in the mechanisms of action of such copper and zinc 
complexes are presented, aiming at their potential application as alternative antitu-
mor agents. Further, the influence of their redox properties were also investigated 
regarding their recently noticed antiparasite activity [20]; a controlled generation 
of reactive species that would induce an oxidative stress status with concomitant 
inhibition of certain proteins could be a suitable strategy to get rid of parasites, as in 
Trypanosomiasis or Leishmaniasis.

12.2  Oxindolimine Ligands and Corresponding  
Metal Complexes

Many naturally occurring or synthetic indole derivatives have been reported with 
diverse biological activities, and some of them revealed of medicinal importance [21]. 
Most of their biological activity is due to the presence of an indolin-2-one moiety in 
the molecule [22, 23].
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Inspired by these results, different Schiff base derivatives of 2,3-dioxindoline 
(isatin) were designed and then synthesized by condensation reactions with suitable 
amines or diamines, usually in aqueous methanol or ethanol solutions. Some of these 
imine ligands were isolated, and characterized by NMR spectroscopy, and elemental 
analyses. In many cases, the corresponding metal complexes were prepared by in situ 
metallation of the imine ligand. In Fig. 12.1, some oxindolimine- based copper(II) 
and similar zinc(II) complexes are shown.

When dissolved in aqueous or buffer solutions at physiological pH, these com-
plexes form cationic lipophilic species, a characteristic that is important for their 
application as potential pharmacological agents.

Similarly to the precursor isatin, all the compounds showed a keto-enol equilib-
rium, as illustrated for the complexes [Cu(isaepy)] and [Cu(isapn)] [24], in Fig. 12.2. 
Both complexes, containing the ligand in the corresponding keto- or enol-form can 
be isolated in solid state, depending on the pH used in the synthesis during the 
metallation step; in aqueous solution, however, all the possible tautomeric forms are 
present in different proportions.

By electron paramagnetic resonance (EPR) spectra, different structural features 
around the copper ion could be detected, as indicated by different hyperfine param-
eters, with complex geometry varying from typical tetragonal structure to more 
distorted tetrahedral species as shown in Table 12.1.

Fig. 12.1 Scheme of some oxindolimine–metal complexes, redox-active copper complexes and 
redox-inactive zinc complexes
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Fig. 12.2 Tautomeric equilibria for complexes [Cu(isaepy)] and [Cu(isapn)]

Table 12.1 EPR hyperfine parameters for some oxindolimine–copper(II) complexes

Compound g⊥ g// A//, 10−4 cm g///A//, cm−1

[Cu(isaepy)]

  pH = 3 2.086 2.426 127 191

  pH = 5 2.065 2.259 186 121

  pH = 7 2.058 2.246 181 124

  pH = 10 2.059 2.252 186 121

[Cu(isapn)]

  pH = 4 2.101 2.445 131 187

  pH = 5 2.102 2.444 131 187

  pH = 6 2.102 2.255 194 116

  pH = 7 2.112 2.256 196 115

  pH = 9 2.103 2.258 194 116

  pH = 10 2.092 2.262 194 116

  pH = 11 2.088 2.266 195 116

[Cu(isaenim)]

  pH = 5 2.081 2.437 140 174

2.204 202 109

  pH = 6 2.068 2.437 140 174

2.202 202 109

  pH = 7 2.097 2.202 200 110

  pH = 8 2.099 2.202 202 109

  pH = 10 2.102 2.202 202 109

  pH = 11 2.101 2.202 202 109

Note: A// (10−4 cm−1) = g// β A//(G) = 0.46686 × 10−4 g// A// (G); where β = 1.39969 MHz/G
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According to these data, enol forms tend to supply more tetragonal surroundings 
around the copper ion, while keto forms provide environments more strongly dis-
torted toward tetrahedral geometry for the metal ion. The ratio of spectroscopic 
parameters g///A// is often used to estimate this distortion around the copper ion [25]. 
For all the complexes in Table 12.1, the parameters values indicate that the corre-
sponding enol forms are predominant at pH 7.4. In the case of [Cu(isapn)], with two 
indole moieties, the mixed keto-enol form seems to be prevalent in aqueous solution 
at this pH. For [Cu(isaenim)] both forms are noticeable at pH 5–6.

Complementary data by UV/Vis spectrophotometric titrations of aqueous solu-
tions of the copper(II) complexes with NaOH allowed the estimation of the cor-
responding pK values for the tautomeric equilibria (12.1) [26] as summarized in 
Table 12.2.
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+ +
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ûû  
(12.1)

12.3  Thermodynamic Stability of Oxindolimine–Copper(II) 
Complexes

In order to test the viability of these metal complexes in biological fluids, their rela-
tive thermodynamic stability was verified through circular dichroism (CD) spectra, 
monitoring the competitive equilibria of each complex with human serum albumin 
(HSA). Titrations of HSA (600 mM) with increasing amounts of each copper com-
plex indicated a high stability of all of them, with respect to copper ion dissociation 
from the complexes and further insertion at the selective N-terminal site of the pro-
tein [27]. In these experiments, a standard curve with the aqua complex [Cu(H2O)4]2+ 
was used to calculate the extension of [Cu(HSA)] species formation in each case 
monitored by the characteristic signal centered at 515 nm [(+)490 nm and (−)564 nm] 
[28]. The literature value for the association of copper at the terminal site of HSA, 
log K[Cu(HSA)] = 12.0 [29] was used to calculate the values for the relative stability 
constants (log K[CuL]) of the complexes (Table 12.3), considering the insertion of one 
copper ion per protein.

Similar experiments were carried out with the analogous zinc(II) complexes, 
indicating that the stability of the compounds is of the same order (Table 12.3) [19] 

Table 12.2 pK values for the 
tautomeric equilibria of some 
oxindolimine–copper(II) 
complexes

Complex pK

[Cu(isapn)] 9.50a

[Cu(isaepy)] 8.94

[Cu(isaenim)] 7.86
aValue corresponding to two pro-
tons released
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as that for the binding of zinc ion to the protein; for the [Zn(HSA)] species, log 
K[Zn(HSA)] = 7.1 [31]. In the zinc(II) case, at least two metal-binding sites are detected, 
one at Cys34. Therefore, these values attested that all the complexes in this series 
are of high thermodynamic stability and that they can be transported as metal–
ligand species by blood influx until they reach intracellular targets.

Complementary experiments in the UV range indicated that some of the com-
plexes were also able to modify the α helix content of the protein as verified by the 
decreasing of the band at 208 nm in CD spectra, after addition of increasing amount 
of the metal complex [28].

12.4  Pro-oxidant Properties

Previously, the pro-oxidant properties of the oxindolimine–copper(II) complexes 
have been evaluated toward oxidation of hexoses (glucose, fructose, and galactose), 
in alkaline media, in a process mediated by the formation of ROS, and showing 
first-order dependence on the catalyst, [Cu(isapn)] [15]. The proposed mechanism 
involved base-catalyzed substrate enolization and metal-catalyzed enediol oxida-
tion as rate-determining steps.

This capability of the different copper complexes studied in generating ROS, in 
the presence of hydrogen peroxide, was further estimated by spin trapping EPR 
experiments, using DMPO as spin scavenger [16]. Spectra registered after 15 min of 
incubation with [H2O2] = 2.5 mM in phosphate buffer 50 mM at pH 7.4 using 
[DMPO] = 100 mM and [CuL] = 100 μM indicated concentrations of formed 
DMPO-OH adduct (hyperfine constants, aN = aH = 14.9 G) in the range 0.4–
5.0 μM. This generation of hydroxyl radicals was verified to be very dependent on 
the nature of the ligand, being [Cu(isapn)] one of the most active complexes.

Also, regarding the oxidation of 2-deoxy-d-ribose, a series of oxindoli-
mine–copper(II) complexes were tested, and some of them were more active 
than the aqua-complex such as [Cu(isaenim)], while others showed lower activ-
ity such as [Cu(isaepy)] [26]. In any case, both were able to cause oxidative damage 
to DNA.

Table 12.3 Relative stability constants (log K) for some oxindolimine metal complexes determined 
by CD measurements using HSA as competitive metal ligand

Cu complex log K[CuL] Zn complex log K[ZnL]

[Cu(isaepy)] 11.6 [Zn(isaepy)] 7.5

[Cu(isapn)] 12.8 [Zn(isapn)] 7.2

[Cu(isaenim)] 12.4 [Zn(HSA)] 7.1a

[Cu(HSA)] 12.0b

Experimental conditions as indicated in cited references
a[30]
b[27, 29]
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12.5  DNA as One of the Preferential Targets

All the oxindolimine complexes in the series were able to displace ethidium bromide 
(EB) from DNA, as monitored by fluorescence measurements, in a process modu-
lated by the ligand [32]. Addition of increasing amounts of each complex reduced 
the fluorescence of EB-DNA solutions, suggesting a probable competition for the 
EB-binding site at DNA. Based on these data, using plasmid DNA, values of the 
corresponding binding constant (Ka) in the range 3.64–8.85 × 102 M−1 and binding 
sites number (n) around 0.70 were obtained in the case of copper complexes. These 
values were comparable to those of [Cu(o-phen)] species (Ka = 7.55 × 102 M−1, 
n = 0.60), a known DNA binder [33].

The copper(II) complexes in this series also showed good nuclease activity, 
being able to cause single- and double-strand DNA cleavage in the presence of 
hydrogen peroxide (120 μM). Typical results indicated significant single DNA 
cleavage, after 15 min incubation at complex concentrations 200 nM to 1 μM, and 
remarkable double cleavage in the concentration range 25–50 μM, after 30 min 
incubation [26, 32].

Further studies to verify the occurrence of hydrolytic steps, using DNA or RNA 
oligomers labeled at phosphorus 5′-end, showed no hydrolytic cleavage of the 
32P-phosphate groups [32], indicating that DNA damage occurs predominantly by 
an oxidative mechanism. However, the ability of damaging DNA seems not to be 
directly related to the facility on oxidizing carbohydrates. In spite of being more 
active in the oxidation of 2-deoxy-d-ribose, [Cu(isaenim)] was kinetically less effi-
cient on forming linear DNA species than [Cu(isaepy)], which showed better nucle-
ase properties [26].

12.6  Proapoptotic Activity

Apoptosis represents a cell death program designed to rapidly remove unwanted 
and potentially dangerous cells. In addition, the incorrect regulation of apoptosis 
is associated with a variety of pathologies including cancer, neurodegenerative 
diseases, and ischemic stroke [34]. The process is characterized by morphologi-
cal changes typical of apoptotic cell (plasma membrane blebs, cell shrinkage, 
chromatin condensation, protein aggregates, and apoptotic bodies formation). A 
class of proteases, termed caspases (cysteine proteases that specifically cleave at 
an aspartate residue) [35], were fundamental in order to correctly accomplish the 
death program. Among the different classes of caspases, caspase-3, -6, and -7 
(executioners) are directly involved in proteolysis of cellular macromolecules 
leading to cell death, whereas caspase-2, -8, -9, and -10 (initiators) are funda-
mental in the commitment of apoptosis, as they activate executer caspases. Three 
distinct pathways of induction of apoptosis have been characterized. The first is 
associated with perforin-mediated membrane alteration and granzyme B 
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activation, which leads to direct activation of caspases during the activation of T 
killer lymphocytes on tumoral or viral-infected cells [34]. The second pathway is 
mediated by “death receptors” including tumor necrosis factor (TNF), Fas 
(APO1/CD95), and TNF-related apoptosis inducing ligand (TRAIL) [36]. The 
third pathway is the “mitochondrial pathway”, which is considered the most 
important one because it embodies many apoptotic stimuli (e.g., chemical or 
physical stresses, growth factor withdrawal, and pro-oxidant molecules). 
Particularly, cytochrome c released into the cytosol is the primary event for the 
recruitment and formation of the apoptosome, a multimolecular complex in 
which procaspase-9 is activated and, in turn, activates the downstream execu-
tioner caspases [37]. Moreover, other proapoptotic factors are resident in mito-
chondria. Indeed, the permeabilization of the outer mitochondrial membrane, 
which is mainly controlled by members of the Bcl-2 family protein, is the crucial 
event that results in the release into the cytosol of a second mitochondria-derived 
activator of caspases/direct inhibitor-of-apoptosis (IAP) binding protein with 
low pI (SMAC/Diablo), Omi serine protease (Omi/HtrA2), apoptosis inducing 
factor (AIF), or endonuclease G [38, 39]. Mitochondria are also the place where 
reactive oxygen species (ROS) are mostly produced as by-product of oxygen 
consumption either under physiological conditions or during the execution of 
apoptosis. In fact, several apoptotic inducers are pro-oxidant molecules and some 
apoptotic pathways are inhibited by antioxidants [40].

Beside the key role in organs development, apoptosis serves as a natural 
obstacle to cancer development [41]. The ability of cancer cells to evade apopto-
sis is, therefore, an essential hallmark of cancer [42]. Moreover, tumor-related 
defects in apoptosis not only underpin tumorigenesis but also result in drug resis-
tance [43]. Synthesis and characterization of novel antitumor compounds repre-
sented a forefront of research either for overcoming drug resistance or for 
yielding more specific and less toxic therapies. The principal and oldest targets 
of cancer treatment were DNA and cellular replication. These strategies have, in 
the last years, been enriched by developing drugs targeting other intracellular 
compartments and cell functions, as well as the microenvironment of cancer 
cells [44, 45]. For instance, cancer cells produce levels of ROS higher than nor-
mal cells do due to their more intense metabolic activity, lower levels of antioxi-
dants, and higher mitochondrial defects. This intrinsic oxidative stress status 
selectively targets malignant cells for therapeutic strategies based on further 
ROS production and consequent irreversible oxidative insult finally inducing 
apoptosis [46–48]. Doxorubicin, daunorubicin, and bleomycin are among the 
most used and well-known examples of such chemotherapeutics [49, 50], which 
by easily undergoing one-electron redox cycling with oxygen are efficient medi-
ators of oxidative insult. In this context, copper complexes could exert antitumor 
properties through their capability to efficiently react with molecular oxygen 
producing ROS. The molecular mechanisms underlying the activation of apopto-
sis upon treatment with two of the isatin–diimine copper(II) complexes, 
[Cu(isapn)] and [Cu(isaepy)], were investigated in SH-SY5Y neuroblastoma 
cells. The main results were outlined as follows:

A.M. Da Costa Ferreira et al.



295

12.6.1  [Cu(isapn)] and [Cu(isaepy)] Were Cell Permeable 
and Inducer of Oxidative Stress

These complexes showed preference for mitochondria as intracellular target in addi-
tion to DNA targeting [18]. This was demonstrated by following the copper uptake by 
atomic absorption analyses. Treatments with both compounds resulted in a rapid 
increase of intracellular copper content, with [Cu(isaepy)] being more efficiently incor-
porated within the cells than [Cu(isapn)] was. The extent of apoptosis was consistent 
with the kinetics of intracellular copper uptake, modulated by the ligand. For instance, 
isaepy ligand was able to deliver more copper inside neuroblastoma SH-SY5Y cells 
than isapn, after 12 or 24 h treatment with 50 μM [Cu(isapn)] or [Cu(isaepy)] com-
plexes. The intracellular copper concentrations were of 7.5 and 4.0 nmol/mg protein, 
respectively, after 12 h incubation, in comparison to 1.2 nmols Cu/mg protein in the 
corresponding control experiments with simple copper salt [17].

Moreover, we demonstrated that the complex were chemically stable as no 
changes in the EPR parameters were evidenced under the experimental conditions. 
The most intriguing difference in the behavior of the two copper complexes was on 
their capability to produce ROS, [Cu(isapn)] being the fastest (ROS increase was 
detectable as early as 3 h after treatment) and most efficient (damages to both pro-
teins and lipids was determined by increased carbonyls and malondialdehyde con-
tent). In contrast, [Cu(isaepy)] treatment resulted in oxidative protein damage at a 
later stage without compromising lipid structures [17].

12.6.2  [Cu(isapn)] and [Cu(isaepy)] Induce Cell Cycle Arrest 
and Caspase-Dependent Apoptosis

The cell cycle arrest was assessed by the fact that the p53/p21 pathway was induced 
at 12 h upon [Cu(isapn)] treatment and at 24 h upon treatment with [Cu(isaepy)]. 
Apoptosis was assayed by the identification of the active form of caspase-9 and 
caspase-3 and the proteolyzed PARP, as well as the release of cytochrome c into the 
cytosol. The caspase-dependent apoptotic response that occurred after treatment 
with either copper complex was efficiently inhibited by the pan-caspase inhibitor 
zVAD-fmk, confirming that caspase-mediated apoptosis was the principal mecha-
nism underlying cell death [17] (Fig. 12.3).

12.6.3  [Cu(isapn)] and [Cu(isaepy)]-Mediated Toxicity 
Was a Copper-Mediated Event that Induces Nuclear 
and Mitochondrial Dysfunction

Due to their lipophilic behavior, [Cu(isapn)] and [Cu(isaepy)] could vehicle copper 
and let the catalysis of redox reactions and ROS production to take place also within 
specific intracellular organelles. We demonstrated, by atomic absorption analyses, a 
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significant increase of copper in nuclear and mitochondrial fractions upon treatment 
with both compounds. The degree and the occurrence of the oxidative insult was 
evidenced by staining nuclei with an antibody against the phospho-active histone 
H2A.x, which is phosphorylated on Ser139 after DNA double-strand break. In this 
case, the appearance of discrete foci, indicating the recruiting sites of the DNA 
repair machinery, revealed more DNA-specific damage mediated by [Cu(isaepy)]. 
Concomitantly, by the use of MitoTracker Red probe, a huge number of mitochon-
dria resulted completely depolarized after treatment with [Cu(isaepy)]. These 
results give strength to the hypothesis that although [Cu(isaepy)] does produce less 
ROS, it was more efficient than [Cu(isapn)] in inducing apoptosis, because of its 
ability to specifically accumulate and damage fundamental organelles, such as the 
nucleus and mitochondria [17] (Fig. 12.4).

12.6.4  [Cu(isapn)] and [Cu(isaepy)] Induce Apoptosis 
Via the Mitochondrial Pathway in Different Tumor Cell 
Types

A general proapoptotic activity of the more efficient copper complex [Cu(isaepy)] 
was finally assessed by the results obtained with other human tumor cells such as 
the promonocytoma U937 and the melanoma M14. As previously done with 
SH-SY5Y cells, apoptotic analyses confirmed that the intrinsic mitochondrial path-
way represents the preferential route for the induction of apoptosis.

The conclusion raised by these studies indicate that copper is fundamental in 
mediating [Cu(isapn)] and [Cu(isaepy)] cytotoxicity, because of its capability to 

Fig. 12.3 [Cu(isapn)] and [Cu(isaepy)] induce cell cycle arrest and caspase-dependent apoptosis
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intracellular catalyze one-electron redox cycle reactions with oxygen thus produc-
ing ROS. Moreover, the combine of this property with the chemical structure of the 
organic ligand binding the metal ion seems to give the specificity of the cellular 
damage induced. We suggested that copper could function as iron in the presence of 
bleomycin [51, 52] in nuclear damage, whereas the isatin-imine ligand was funda-
mental to allow copper redox reactions at the mitochondrial level. This hypothesis 
was raised by observing a similarity in the chemical structure of [Cu(isapn)] and 
[Cu(isaepy)] with that of delocalized lipophilic cations (DLC), a class of charged 
molecules able to permeate mitochondria along their negative transmembrane 
potentials [53]. Therefore, taking into account that tumor cells are characterized by 
higher plasma and mitochondrial membrane potentials with respect to normal cells 
[54] by specifically changing the chemical characteristics of the isatin-imine ligand, 
we could modulate the cytotoxic effects induced. Exploiting the plasticity of this 
new class of compounds to improve the therapeutic selectivity to different tumor 
histotypes will be the challenge of next years.

12.6.5  [Cu(isaepy)] as a Delocalized Lipophilic Cations

Following research on the antitumor activity of copper complexes was centered on 
the mitochondrion toxicity exerted by [Cu(isaepy)] for further validating the role of 
mitochondria impairment in the cell commitment to apoptosis. We demonstrated 
that [Cu(isaepy)] increases oxygen consumption, mimicking uncoupling molecules, 
without a concomitant raise in ATP production. Moreover, carbonylated proteins, a 

Fig. 12.4 [Cu(isapn)] and [Cu(isaepy)] induce nuclear and mitochondrial dysfunction
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byproduct of protein oxidation, were mostly occurring at the mitochondria level. 
These results suggested a specific damage to mitochondria that was confirmed by a 
decrease in the levels of respiratory complexes (Fig. 12.5). In fact, the decrease of 
complex I and IV, which we experimentally detected, represents a hallmark of oxi-
dative damage to mitochondria and was previously reported to occur upon copper 
intoxication. Overall, the data indicate that [Cu(isaepy)] can be definitively included 
among DLCs and propose its putative use as a novel DLC compound useful for 
in vivo approaches in cancer treatment [18].

12.6.6  [Cu(isaepy)] in Combining Antitumor Therapy

Several studies demonstrated that cancer cells undergo a complex metabolic and 
bioenergetics reprogramming aimed at sustaining higher rate of proliferation. This 
biochemical reorganization involves mainly an increase in the glycolytic rate even 
under normal oxygen tension (aerobic glycolysis or the “Warburg effect”). 
Therefore, ATP-depleting molecules, such as glycolytic inhibitors (2-deoxyglu-
cose) [55] and 3-bromopyruvate (3BrPA) [56], or compounds able to affect oxida-
tive phosphorylation (e.g., rhodamine 123, dequalinium chloride, etc.) have been 
employed as death inducers of cancer cells [57]. Among chemotherapeutic strate-
gies that of combining two or more drugs able to affect metabolic activity of cancer 
cells at low doses is envisaged as promising in order to enhance the drugs killing 
properties, reduce systemic toxicity, and overcome drug resistance.

We demonstrated that energy deficiency was profoundly implicated in 
[Cu(isaepy)]-mediated toxicity. Indeed, AMPK (AMP-activated protein kinase) was 

Fig. 12.5 [Cu(isaepy)] behaves as a delocalized lipophilic cations
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efficiently activated under the treatment as upstream sensor of energy impairment. 
AMPK is a heterotrimeric serine/threonine protein kinase which acts as a fuel sensor 
in eukaryotic cells. It is activated physiologically when the AMP/ATP ratio increases 
and mediates the phosphorylation of a large number of metabolic enzymes aimed at 
the restoration of ATP levels [58]. Then, by using a combined treatment with low 
doses of [Cu(isaepy)] and 3BrPA, we demonstrated that it was effective and selec-
tive in inducing apoptosis in neuroblastoma cells, without any significant toxicity 
toward differentiated primary cortical neurons (Fig. 12.6).

Overall, the results obtained represent proof-of-principle evidence that anti-
cancer effects can be potentiated by combining drugs that counteract the strategic 
biochemical adaptations of cancer cells and, also in this case, the copper complexes 
are of particular interest [59].

12.7  Inhibition of Specific Proteins

An extensively used strategy to target cancer is the development of new small 
molecules capable of inhibiting specific proteins, participating in vital processes, 
such as topological control of DNA strands or control of cell cycle. In this con-
text, some specific proteins were verified as potential targets for the focused 
metal complexes.

Topoisomerases are enzymes that catalyze topological changes of DNA during 
replication, transcription, recombination, and repair processes [60]. Particularly, 
human topoisomerase IB has been a target for many drugs, classified as poisons 
or inhibitors, depending on its action upon the enzyme [61]. It has been verified 
through enzymatic kinetic assays and molecular docking simulations that the 
oxindolimine–metal complexes here described were able to efficiently inhibit 

Fig. 12.6 [Cu(isaepy)] in combining antitumor therapy
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topoisomerase IB at cleavage reaction, and only partially at the relegation step 
[19]. Copper(II) complexes were more active than corresponding zinc(II) com-
plexes. The fast cleavage kinetics observed in the absence of each complex was 
strongly reduced in the presence of 50 μM [Cu(isapn)] or of 300 μM [Zn(isapn)]. 
If the same concentration of the copper compound was preincubated with the 
enzyme, before the addition of substrate, the cleavage of substrate was completely 
inhibited. However, in the case of zinc, a full inhibition was never observed, even 
after preincubation with high concentration of the complex. Further, molecular 
docking simulations indicated that the almost square planar geometry of the 
[Cu(isapn)] complex allows a direct coordination of the metal with two amino 
acids (Glu492 and Asp563) of the enzyme. In contrast, with analogous zinc com-
pound, which has a more tetrahedral geometry, no direct coordination with the 
protein was observed [19]. This structural difference between copper and zinc 
complexes could be responsible for the diverse reactivity observed toward topoi-
somerase IB.

Kinases are a huge class of phosphate transferase proteins responsible for the 
regulation of cell survival and proliferation through phosphorylation reactions. 
There are approximately 518 kinases encoded in the human genome. Additionally, 
the inhibition of these proteins can often be tolerated by normal cells, and this opens 
a possibility for the selective killing of tumor cells. For this reason, these proteins 
are one of the most intensively pursued classes of drug targets, especially for cancer 
therapy [62]. Some inhibitors of kinases were developed as competitors at the ATP- 
binding site (type I inhibitors, acting at the hydrophobic pockets of activation loop 
of the protein and type II inhibitors, recognizing the inactive conformation of the 
protein) [22], and others were designed to act at an allosteric site [63]. Around 80 of 
those inhibitors advanced to some stage of clinical trial, including compounds with 
indole moieties [64, 65].

Having structural similarity to already tested inhibitors of kinases containing 
indole group, such as SU9516, SU6656 and SU6668 [66], shown in Fig. 12.7, the 
oxindolimine ligands provide similar features to copper(II) or zinc(II) complexes 
and are also expected to inhibit kinases. Theoretical studies were then performed to 
verify possible interactions of oxindolimine ligands at the ATP-binding site of 
kinase CDK2 and corroborate with the assumption of effectiveness of such ligands. 
Density Functional Theory (DFT) [67–70], molecular docking [71], and molecular 
dynamics (MD) [72, 73] were used to build a model that simulates the interaction of 

Fig. 12.7 Scheme of some indole derivatives capable of inhibiting kinases and already tested 
clinically as anticancer therapeutics
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SU9516 and of isapn ligand inserted at the ATP-binding site. SU9516 was used as 
a reference model in the comparison with other ligands. In Fig. 12.8a, the docking 
of isapn ligand at the ATP site of CDK2 is shown as an example, including the 
amino acids (GLU81, LEU83, etc.) which are distant closer than 3 Å. The molecu-
lar docking of SU9516 was also carried out, in order to validate the procedure used, 
revealing that the theoretical conformation matches very well the X-ray determined 
structure as shown in Fig. 12.8b.

In Fig. 12.9, complementing the docking results, some relevant isapn interac-
tions at CDK2 obtained by MD are shown. Figure 12.9a exhibits the number of 

Fig. 12.8 Molecular docking of isapn ligand, in comparison to the SU9516 compound, at the 
ATP-binding site of CDK2. (a) Molecular docking of isapn at the ATP-binding site (white surface), 
exhibiting the potential surface of isapn (grey) and the amino acids localized less than 3 Å from it. 
(b) Comparison between the SU9516 structures obtained by X-ray crystal data (PDB ID: 3PY0), 
[22, 74] and by molecular docking at the ATP-binding site of CDK2. The determined X-ray structure 
is shown in red
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hydrogen bonds formed between isapn and amino acids at the ATP site. The number 
of hydrogen bonds suggests stability of the molecule at the ATP site. Another impor-
tant result, presented in Fig. 12.9b, is the root-mean-square deviation (RMSD) of 
the isapn center of mass, which indicates that the ligand maintains its conformation 
during the MD simulations. The RMSD value is important to pursue the conforma-
tions of isapn during simulations as well as its stability. Figure 12.9c shows the 
amino acids that are most frequently in contact with isapn during simulations. 
Finally, the graph in Fig. 12.9d shows the number of occurrences (frequency) each 
amino acid residue interacts with isapn at the protein pocket. By MD simulations, 
one can perform all this kind of analysis supporting an estimate of the stability, 
conformation, and biological behavior of the oxindolic ligand inserted in the ATP- 
binding site of CDKs.

These simulation studies indicated that this type of ligand is probably very 
efficient on inserting itself at the ATP-active binding site of kinases. 
Experimental studies of kinase inhibition in the presence of oxindolimine metal 
complexes are presently under development in our lab, based on the above-
reported simulation features, and preliminary results (data not shown) are very 
promising [75].

Fig. 12.9 Occurrence of hydrogen bonds involving the ligand isapn at the active site of CDK2. (a) 
Occurrence of numbers of isapn hydrogen bonds in the ATP-binding site of the protein during the 
MD simulations; (b) RMSD of isapn obtained by MD simulations, evidencing the stability and 
equilibration of the molecule at ATP site; (c) amino acids which interact most frequently with 
isapn during the MD simulations; and (d) occurrence of amino acids binding to isapn in the MD 
simulations. The dashed (green, violet, and yellow) boxes are only guide to the eyes to define resi-
due number regions which most frequently interacts with isapn, in less than 3 Å
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12.8  Antiparasite Activity

Chagas disease (American trypanosomiasis) is a neglected tropical disease [76] caused 
by protozoan parasites, whose currently available clinical drugs, N-benzyl- 2-
nitroimidazole-1-acetamide (benznidazole) or 4[(5-nitrofurfurylidene)amino]-3-me-
thylthiomorpholine-1,1-dioxide (nifurtimox), have been developed many years ago 
[77, 78]. The efficacy of these traditional antiparasite drugs seems to be supported by 
reduction of nitro group to a nitroanion radical by nitroreductases, with subsequent 
formation of ROS in the presence of oxygen in the case of nifurtimox [79]. On the 
other hand, the main action of benznidazole seems to be based on interactions of nitro-
reduction intermediates with parasite components, or binding to proteins, lipids, and 
DNA [80–82], catalyzing double-stranded breaks in the parasite DNA [83]. Since these 
drugs are toxic and of limited efficacy, many natural and synthetic compounds have 
been reported in the literature as alternative trypanosomicidal agents [84], including 
some copper complexes [85, 86], based on different modes of action [87].

Based on its chemical properties and biological activities previously described, 
the oxindolimine complexes were tested against trypomastigote and amastigote 
forms of T. cruzi, a flagellate protozoa responsible for Chagas disease, and revealed 
good results, after 24 h incubation at 37 °C, as shown in Table 12.4. The corre-
sponding selective indexes (SI) estimated were of the same order or better than 
those reported for benznidazole, after 24 h incubation of the parasites [90]. These 
results also showed that the activity of the complexes is modulated by the ligand. 
Further, similar values of SI were obtained for copper(II) and zinc(II) complexes, 
coordinated by the same ligand, indicating that redox activity was not crucial for its 
antichagasic action.

Topoisomerases have been already investigated as promising targets of antipara-
site drugs [91], and very recently inhibition of kinases was claimed to be an essen-
tial factor in antitrypanosomiasis activity [92]. Therefore, both types of proteins can 
be important targets for these metal complexes and can explain their trypanosomi-
cidal activity.

Table 12.4 Values of selectivity index (SI) for the tested oxindolimine complexes in comparison 
to benznidazole and other related copper or zinc-based compounds

Selective Indexa (incubation time)

[Cu(isapn)] 4.8 (24 h)

[Cu(isaepy)] 3.7 (24 h)

[Zn(isapn)] 5.6 (24 h)

[Zn(isaepy)] 2.0 (24 h)

Benznidazole 2.7b (24 h) 0.8c (72 h)

[Cu(dmtp)4(H2O)2](ClO4)2 · 2dmtp · 2H2Oc 16.5 (72 h)

[Zn(dmtp)2(H2O)4](ClO4)2 · 2H2Oc 3.8 (72 h)
aSI = 50 % cytotoxic concentration (LD50) obtained with macrophages divided by the 50 % inhibi-
tory concentration (IC50) obtained with T. cruzi
b[88]
c[89]; dmtp = 5,7-dimethyl-1,2,4-triazolo[1,5-a]pyrimidine
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12.9  Concluding Remarks

Based on studies already carried out or under development in our lab, some deter-
mining aspects of possible mechanisms of action of oxindolimine–copper(II) com-
plexes in biological systems were discussed. These metal-based compounds present 
tautomeric equilibria in aqueous solution, with predominance of corresponding keto 
or enol forms depending on the pH. This property is crucial for the modulation of 
biological activity of these metal complexes, defining the charge and the coordina-
tion sphere of the central metal. Keto forms, containing one oxindole moiety, act as 
bidentate ligands, whereas enol forms usually act as tridentate species, providing a 
more tetragonal or planar configuration to the complex.

These complexes showed good pro-oxidant properties, catalyzing the oxidation 
of carbohydrates via formation of reactive oxygen species, mainly hydroxyl radi-
cals. They are able to bind to DNA, probably at major or minor grooves, depending 
on the ligand, causing remarkable oxidative damage with DNA double-strand cleav-
age in the presence of hydrogen peroxide. Inside the cell, they were able to oxidize 
proteins and lipids. Besides DNA, mitochondrion is also a preferential intracellular 
target, with consequent decreasing of membrane potential, and triggering of apop-
tosis. These copper complexes increase oxygen consumption, mimicking uncou-
pling molecules, without a concomitant raise in ATP production. Moreover, 
carbonylated proteins resulting from protein oxidation were mostly occurring at the 
mitochondria level, suggesting a specific damage to mitochondria. This was 
 confirmed by a decrease in the levels of respiratory complexes. Further, it was also 
demonstrated that by using a combined treatment with low doses of an oxindoli-
mine–copper(II) complex and a glycolytic inhibitor, such as 3-bromopyruvate 
(3BrPA), an effective and selective induction of apoptosis occurs in neuroblastoma 
cells, without any significant toxicity toward differentiated primary cortical 
neurons.

Additionally, interactions with certain proteins were verified, with molecular 
recognition of oxindole moieties present in such complexes at the active sites of 
kinases and topoisomerases, probably responsible for substantial inhibition of the 
protein functions. These results could also contribute significantly to elucidate anti-
tumor and antiparasite activities exhibited by this class of metal complexes. 
Therefore, the coordinated ligand is important not only to vehicle copper ion into 
the cell and thus inducing oxidative stress but also to target organelles, and specific 
proteins, being responsible for the recognition of such metal complexes by key 
biomolecules.
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    Chapter 13   
 Small Signaling Molecules and  CO-Releasing 
Molecules  (CORMs) for the Modulation 
of the Cellular Redox Metabolism                     

     Peter   V.     Simpson     and     Ulrich     Schatzschneider   

13.1           Introduction 

 Together with  nitric oxide (NO)   and  hydrogen sulfi de (H 2 S)  ,  carbon monoxide (CO)   
belongs to a class of small endogenously produced signaling molecules which has 
gained steadily increasing attention in the biomedical community over the last two 
decades due to their fascinating properties and potential therapeutic applications in 
human medicine. All three signaling systems are heavily intertwined and show not 
only common properties but also distinct differences [ 1 ]. Usually known to the gen-
eral public as highly toxic gases only, they are sometimes grouped together under 
the term “ gasotransmitters  ” [ 2 ], an unfortunate misnomer given that all three mol-
ecules are fully dissolved in body fl uids at physiological concentrations (solubility 
in water at 20 °C: CO 1 mM, NO 2 mM, and H 2 S 117 mM) [ 3 ] and therefore not 
present as gas bubbles [ 4 ]. 

 In terms of their chemical properties,  hydrogen sulfi de   is distinct from the other 
two since it can be deprotonated in the physiological pH range due to p K  a  values for 
the H 2 S/HS −  and HS − /S 2−  acid/base pairs at 6.8 and 14.1, respectively. Thus,  hydro-
sulfi de (HS − )   is the predominant species under these conditions together with H 2 S and 
only traces of sulfi de (S 2− ) [ 4 ]. This strongly pH-dependent chemistry of H 2 S con-
trasts with that of CO and NO and signifi cantly complicates studies into H 2 S bioactivity 
[ 1 ]. Both HS −  and S 2−  can undergo one-electron redox reactions in a biologically 
accessible range, with the potentials for the HS ⋅ /HS −  and S ⋅− , H + /HS −  redox couples 
in the 0.9–1.0 V range (vs. NHE). Although nitric oxide is a radical, its one-electron 
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reduction according to NO + e −  + H +  → HNO occurs at only about −0.55 V (vs. NHE 
at pH 7). Thus, it is a poor one-electron oxidant that does not have much potential 
for hydrogen abstraction reactions from biological molecules but readily reacts with 
other radical species, in particular dioxygen, as well as metal centers, leading to a 
complicated follow-up chemistry [ 1 ]. In contrast to NO and H 2 S, carbon monoxide 
is generally considered much more inert under physiological conditions, although 
enzymes such as  CO dehydrogenase (CODH)   can oxidize CO in a reaction reminis-
cent of the water-gas-shift reaction  CO H O CO H+ +2 2 2    with the redox poten-
tial for the CO 2 /CO couple at −0.56 V (vs. NHE at pH 7) [ 1 ,  5 ]. 

 Another important issue in small molecule signaling is the distance CO, NO, and H 2 S 
can travel from the site of generation until they are scavenged by the constituents of 
biological systems. This “sphere of action” is also highly relevant in the design of artifi -
cial delivery systems for these molecules for therapeutic purposes, since it will deter-
mine how close to a biological target structure the release from the carrier system has to 
take place. While the diffusion coeffi cients of all three molecules in water are essentially 
identical and in the range of 1.8–2.1 × 10 −5  cm 2  s −1  at 20 °C [ 4 ], very little is known about 
the transport properties of these compounds in cells and tissues and to what extent they 
are able to cross biological membranes. However, in recent work by Alvarez and Möller, 
the partition coeffi cient of H 2 S in models of biological membranes was determined and 
a rapid membrane permeability of 3 cm s −1  derived from this data. Further modeling of 
the diffusional spread of hydrogen sulfi de originating from a single cell demonstrated 
that the sphere of action as defi ned by the distance at which the concentration is still 1/10 
of that at the source is more than 200 neighboring cells at 1 min after formation [ 6 ]. In a 
much more detailed molecular model of a  1,2-dipalmitoyl- sn -glycero-3-phosphocho-
line (DPPC)   bilayer surrounded by explicit water molecules and using  molecular 
dynamics (MD) simulations  , Riahi and Rowley very recently showed that H 2 S 
 experiences essentially no barrier to permeation and easily partitions into the hydropho-
bic interior of the membrane [ 7 ]. Unfortunately, no comparable data is available for CO 
and NO yet. Thus, it remains an open question of how far small signaling molecules can 
travel from the site of their enzymatic generation and how close synthetic carrier sys-
tems have to get to a biological target structure to deliver their “cargo.” 

 This is illustrated in Fig.  13.1  for   CO-releasing molecules  (CORMs)   as carrier 
systems for carbon monoxide, where the pathway at the top right has to be operative 
when the “sphere of action” is small and the CORM consequently must be internal-
ized by the cell; while the one at the lower left would be suffi cient if the extracel-
lularly liberated CO can effi ciently permeate membranes and travel considerable 
distances before getting trapped.

   The mechanisms by which cells generate CO, NO, and H 2 S also differ consider-
ably. While the latter two originate from amino acid sources, namely  L -arginine and 
 L -methionine, respectively, carbon monoxide is generated by enzymatic degrada-
tion of heme by heme oxygenase (HO). NO generation is catalyzed by nitric oxide 
synthase (NOS) enzymes, which oxidize  L -arginine (Arg) via intermediate  N  ω - 
hydroxy-  L -arginine (NOHA) to  L -citrulline (Cit) and NO (Fig.  13.2 ) [ 8 – 10 ]. Three 
NOS isoforms are produced in mammals, endothelial NOS (eNOS) in the 
 cardiovascular system, neuronal NOS (nNOS) in the nervous system, and inducible 
NOS (iNOS) by the immune system.
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    Hydrogen sulfi de (H 2 S)   is also generated from amino acid sources, which can be 
traced back to  L -methionine. However, its biosynthesis and degradation is much more 
complicated since a large number of different intermediates and enzymes are involved. 
A total of four pathways can be distinguished based on the enzymes involved (Fig.  13.3 ) 
[ 11 – 13 ,  15 ]. As the initial step of the  methionine/transsulfuration pathway,   L -methionine   
is converted to   L -homocysteine   via  S -adenosylmethionine and  S- adenosylhomo-cysteine 
(1). The β-elimination reaction of  L -homocysteine with  L -cysteine catalyzed by cysta-
thionine β-synthase (CBS) leads to liberation of H 2 S together with concomitant forma-

  Fig. 13.1    Depending on the “ sphere of action  ,” which is the range a small signaling molecule can 
travel before getting scavenged, synthetic carrier systems have to be internalized by target cell in 
the case of a small sphere of action ( top right ) while it is suffi cient to release the active molecule 
close to the cell but without uptake in the case of high membrane permeability and larger sphere of 
action ( bottom left ). The difference is illustrated for  CO-releasing molecules  (CORMs) as carrier 
systems for carbon monoxide and also shows the distinctive differences in the location of the  inac-
tivated CORM  (iCORM) formed in addition to the small signaling molecule upon CO release from 
the carrier       

  Fig. 13.2    Enzymatic generation of  nitric oxide (NO)   by oxidation of  L -arginine via  N  ω -hydroxy- 
 L - arginine (NOHA) to  L -citrulline (Cit) by activity of nitric oxide synthase (NOS) with H 4 B(F) = tet-
rahydrobiopterin (H 4 B) or tetrahydrofolate (H 4 F) [ 8 ,  9 ]       
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  Fig. 13.3    Enzymatic generation of  hydrogen sulfi de   (H 2 S) from the methionine metabolism with 
involvement of different enzymatic systems, namely cystathionine β-synthase (CBS), cystathionine 
γ-lyase (CSE), cysteine aminotransferase (CAT), 3-mercaptopyruvate sulfurtransferase (3-MST), 
cysteine lyase (CL), thiol  S -methyltransferase (TSMT), and sulfi te oxidase (SO) [ 11 – 14 ]       

tion of  L -cystathionine (2). This enzyme can also utilize two molecules of  L- cysteine as 
the substrate, leading to  L -lanthionine and H 2 S (3), while two molecules of  L -homocys-
teine will give rise to  L - homolanthionine and H 2 S (not shown). Furthermore,  L- homo-
cysteine also reacts with  L -serine to  L- cystathionine but in this case, water instead of 
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hydrogen sulfi de is formed (4). Finally, reaction of  L -cysteine with water leads to forma-
tion of  L -serine and H 2 S (5), which demonstrates the wide range of substrates utilized by 
this enzyme.  L -cystathionine is further converted to  L -cysteine, α-ketobutyrate, and 
ammonium by  cystathionine γ-lyase (CSE)   in an α,γ-elimination (6).  L -Cysteine then 
undergoes a substitution reaction with inorganic sulfi te catalyzed by  cysteine lyase (CL)   
to form  L -cysteate and H 2 S (7). The latter is then further metabolized either to thiocya-
nate by action of rhodanese, converted to methyl mercaptan and then further on to 
dimethylsulfi de by  thiol  S -methyltransferase (TSMT)  , or oxidized via thiosulfate and 
sulfi te to sulfate. In an alternative pathway, the only one also taking place in the mito-
chondria, transamination of  L -cysteine with α-ketoglutarate leads to 3-mercaptopyru-
vate,  L -glutamate, and ammonia under the activity of cysteine aminotransferase (CAT) 
(8). The former is converted to pyruvate under release of H 2 S by  3-mercaptopyruvate 
sulfur transferase (3-MST)   (9). Alternatively, CSE can also utilize  L -homocysteine 
instead of  L -cystathionine, which produces α-ketobutyrate together with H 2 S (10), and 
conversion of  L -cysteine leads to pyruvate, ammonium, and H 2 S (11).

   Furthermore, oxidative coupling of two equivalents of  L -cysteine leads to  L - 
cystine (12). Under catalysis of  cystathionine γ-lyase (CSE)  , this homodisulfi de is 
cleaved to pyruvate, ammonia, and  L -thiocysteine (13). In the presence of a thiol 
reducing agent, the latter is transformed to  L -cysteine under release of hydrogen 
sulfi de (14). While CBS, CSE, CAT, and CL are pyridoxal-5′-phosphate(PLP)-
dependent enzymes [ 15 ], 3-MST contains a zinc active site. The intracellular local-
ization of these enzymes also differs. While CAT and 3-MST are present both in 
mitochondria and the cytosol, CBS and CSE are exclusively found in the cytosol. 
Commonly used inhibitors of H 2 S synthesis to explore these pathway have recently 
been reviewed by Whiteman and coworkers [ 16 ]. 

  Carbon monoxide (CO) biosynthesis   is catalyzed by conversion of heme (iron proto-
porphyrin IX) by  heme oxygenase (HO) enzymes   (Fig.  13.4 ) [ 17 ,  18 ]. The reaction 
sequence starts with regiospecifi c hydroxylation of heme at the α-meso carbon atom 
under consumption of one equivalent of dioxygen and two electrons provided by NADPH 
via an iron(III)-hydroperoxo intermediate. In the second step,  Fe(III)-verdoheme   is gen-
erated upon further oxidation with a second equivalent of dioxygen. It is this spontaneous 
autooxidation step in which a single carbon monoxide molecule, with the carbon atom 
originating from the heme α-meso carbon atom and the oxygen from dioxygen, is liber-
ated. Interestingly, only this step is not inhibited by CO binding to the iron center. Under 
consumption of a third equivalent of dioxygen and another two reducing equivalents 
provided by NADPH, the iron is then released in the reduced ferrous form and the heme 
ring system cleaved to linear tetrapyrrole biliverdin, which is fi nally reduced to bilirubin 
by biliverdin reductase. In mammalian cells, two isoforms of heme oxygenase exists, the 
constitutively expressed HO-2 responsible for baseline production of CO and inducible 
HO-1, which is upregulated in response to stress conditions.

   The three signaling molecules CO, NO, and H 2 S also show important difference in 
their targeting ability. Nitric oxide is a radical species that readily reacts with metal cen-
ters, in particular iron, but can also act via  S -nitrosylation of amino acid side chains [ 2 ]. 
On the other hand, much less is known about the relevancy of direct hydrogen sulfi de 
binding to metalloproteins and the most important target of H 2 S appears to be protein 
side-chain modifi cation. The major covalent adducts result from cysteine thiol 
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 S -sulfhydration, in which –SH is transformed to –S–SH groups, and the sulfane sulfur 
pool [ 11 ]. However, hydropersulfi de –S–SH formation requires oxidation by two elec-
trons and occurs only on low p K  a  cysteine residues [ 19 ,  20 ]. This is probably also the 
molecular basis of hydrogen sulfi de modulation of cellular signaling and metabolic pro-
cesses, although a more direct link is yet to be elucidated. Another interesting aspect of 
H 2 S bioactivity is the targeting of ion channels and receptors, which can either be acti-
vating (K +  channel, cysteine/glutamate antiporter, TRPV) or inhibiting (Cl −  channel, 
L/T-type Ca 2+  channel) [ 11 ]. In contrast, recognition of carbon monoxide is generally 
assumed to be restricted to metal centers and thus this signaling molecule is thought to 
be much more specifi c than the other two. Most work of CO binding to metalloproteins 
has focused on heme coordination while carbon monoxide modifi cation of other metal 
centers, for example,  iron–sulfur clusters  , is more speculative. Although heme proteins, 
such as  soluble guanylate cyclase (sGC)  , are often discussed as the primary target of CO, 
its activation by carbon monoxide is much lower compared to NO and requires addi-

  Fig. 13.4    Regiospecifi c oxidation of heme by  heme oxygenase   (HO) leading to formation of 
carbon monoxide (CO) together with ferrous iron and biliverdin, which is further reduced to bili-
rubin by biliverdin reductase [ 9 ,  17 ,  18 ]       
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tional mediators such as YC-1 (3-(5’-hydroxymethyl-2’-furyl)-1-benzyl indazole), 
although no natural analogue thereof has been discovered to date. More related to the 
cytotoxic than the signaling function of CO seems to be interaction with heme centers in 
the mitochondrial or bacterial electron transfer chain. A particularly fascinating emerg-
ing activity of carbon monoxide is its regulation of ion channel activity [ 21 ,  22 ], but the 
precise molecular nature of its mechanism has remained elusive to date. 

 In addition to potential modulation of these endogenous pathways of CO, NO, and 
H 2 S generation by application of enzyme inhibitors or stimulators, a particular focus in 
recent years has also been on synthetic carrier systems for these small signaling mole-
cules. Nitric oxide  donors   such as organic nitrates as well as metal nitrosyl complexes 
as simple as  sodium nitroprusside (SNP)   Na 2 [Fe(CN) 5 (NO)] have been explored for 
nearly a century and thus will not be covered here [ 23 ]. The same also applies to hydro-
gen sulfi de, where most of the work is still focused on the use of Na 2 S or NaHS, two 
systems that present many drawbacks due to extremely fast and nonphysiological H 2 S 
release [ 11 ,  16 ,  24 ,  25 ]. Thus, the following sections are restricted to CO delivery sys-
tems, commonly referred to as   CO-releasing molecules  (CORMs)  . Also excluded from 
the treatment will be technical solutions for the direct inhalative application of CO gas. 
A number of exogenous and endogenous trigger mechanisms have been developed 
over the last decade to initiate release of carbon monoxide from a stable prodrug that 
can be handled without the dangers associated with the use of CO gas.  

13.2     Ligand-Exchange Triggered CORMs 

   The fi rst two  compounds      explored as  CO-releasing molecules  (CORMs) by Motterlini 
and Mann in their landmark 2002 publication were Mn 2 (CO) 10  and Fe(CO) 5  [ 26 ]. 
However, due to low bioavailability of these neutral metal carbonyls, the need for pho-
toactivation to induce substantial CO transfer to myoglobin, and the formation of ill-
defi ned decomposition products, these were quickly abandoned in favor of ruthenium 
carbonyl complexes. The fi rst such compound evaluated was dimeric [Ru(CO) 3 Cl 2 ] 2 , 
commonly known as  CORM-2   (Fig.  13.5 ). While being nontoxic to vascular smooth 
muscle cells at up to 420 μM, signifi cant vasodilatory effects on precontracted rat aortic 
rings could be observed and considerable in vivo reduction of acute hypertension in 
rats demonstrated [ 26 ]. However, CORM-2 requires addition of dimethylsulfoxide 
(DMSO) to induce the liberation of carbon monoxide in a ligand-exchange triggered 
process leading to  fac -[RuCl 2 (CO) 3 (dmso)], resulting from dimer cleavage, and the 
CO-release product  cis ,  cis ,  trans -[RuCl 2 (CO) 2 (dmso) 2 ] which further slowly converts 
to the more stable all- cis  isomer. Since further CO-release from the dicarbonyl com-
plex does not occur even upon extended incubation [ 27 ], these fi nal decomposition 
products are commonly called  inactivated CORMs  (iCORMs). More than 200 publica-
tions utilizing  CORM-2   have appeared in the literature since then and it is also com-
mercially available now. However, in a recent very thorough study by Romao and 
coworkers, no CO-release to the headspace of a solution of CORM-2 or other com-
pounds of the general formula  fac -[RuCl 2 (CO) 3 (L)] could be observed while signifi -
cant amounts of carbon dioxide were detected by gas chromatography (GC) [ 27 ]. In 
addition, a number of covalent protein adducts of Ru-carbonyl fragments to histidine 
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residues of lysozyme could be identifi ed by X-ray crystal structure analysis [ 28 ]. Since 
such ruthenium-protein adducts are also known to have independent biological activity 
from studies in the fi eld of metal anticancer agents [ 29 ,  30 ], it remains highly question-
able whether the biological activity induced by  CORM-2   is indeed due to carbon mon-
oxide release from the metal coordination sphere or rather results from protein 
modifi cation by the iCORM fragment inevitably also generated. Any biological experi-
ments using this compound will thus require very careful controls preferentially using 
both CO gas as well as alternative CORMs based on nonruthenium core structures. 

 To avoid the use of dimethylsulfoxide to trigger the CO-release from CORM-2 
via dimer cleavage, a monomeric ruthenium(II) carbonyl species was introduced by 
glycinate coordination to the Ru(CO) 3 Cl core fragment, resulting in [RuCl(glycinate)
(CO) 3 ], CORM-3. This compound, now also available for purchase, protects cardiac 
cells from hypoxia-reoxygenation damage and oxidative stress and has emerged as 
a major research tool to the CO bioactivity community [ 31 ]. However, similar to 
CORM-2, it has a very complicated and pH-dependent speciation in aqueous solu-
tion [ 32 ] and was also shown to form covalent protein adducts with surface-exposed 
histidine and to a lesser degree also aspartate side chains [ 33 ]. Furthermore, the 
half-life of CORM-3 is strongly solvent-dependent and ranges from 96 h in pure 
water to only 4 min in plasma [ 32 ]. Although very popular in CO research,  CORM- 
3   thus should also be applied with great caution to exclude potential non-CO bioac-
tivity via carefully designed control experiments. 

 One compound which avoids potential problems from CO-independent biological 
activity of metal-coligand fragments in  iCORMs   is transition metal-free sodium borano-
carbonate Na 2 [H 3 BCOO] CORM-A1 [ 34 ]. Initially prepared as an easy-to- handle carbon 
monoxide source for the preparation of SPECT imaging agents based on the  99m Tc I (CO) 3  
fragment [ 35 ], it not only is a rather slow and spontaneous CO-releaser with a half-life of 
about 20 min at a physiological temperature of 37 °C and pH 7.4, but also shows pro-
nounced vasodilatory effects on rat aortic rings [ 34 ]. Although it can easily be functional-
ized by ester or amide formation [ 36 ,  37 ], only the parent compound was explored in a 
number of biological studies so far with about 45 publications up to early 2015. However, 
even this compound is not  completely benign, since protonation and hydrolysis will lead 
to H 3 B-CO, which quickly decomposes to carbon monoxide with concomitant formation 
of borane (BH 3 ). As a strongly electron-defi cient compound, it will avidly react with 
Lewis bases L to form adducts H 3 B-L. In aqueous medium, alternating addition and 
 substitution steps will ultimately lead to formation of boric acid under release of three 
equivalents of dihydrogen. Although the toxicity of H 3 BO 3  will probably not be much of 
a concern at the low doses required for CO delivery, the dihydrogen can act as a reducing 
agent and inject two electrons into electron transfer chains, a total of six electrons per 
equivalent of CORM-A1, and thus might alter the redox balance of a cell this way. 

 Since then, a large number of other ligand-exchange triggered CO-releasing 
molecules have also been explored, but evaluation of their therapeutic potential has 
usually remained restricted to a very few examples [ 38 ]. 

 For example, Fairlamb and coworkers hypothesized that the combination of nat-
urally occurring 2-pyrones with a proper metal carbonyl fragment would lead to 
promising new CORM lead structures. Thus, pyrone reaction with Fe 2 (CO) 9  or 
[Fe(coe) 2 (CO) 3 ], with coe =  cis -cyclooctene, lead to [Fe(CO) 3 ( η  4 -pyrone)], in which 
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the pyrone is coordinated to the iron(0) tricarbonyl moiety in a diene-like fashion. 
Spontaneous CO-release in solution under the conditions of the myoglobin assay 
and vasodilatory activity were demonstrated for the nonsubstituted pyrone complex 
as well as functionalized compounds with different 4,6-substituents [ 39 – 41 ]. 

 Other core structures have also emerged over the last couple of years. For example, 
 μ  2 -alkyne-bridged dicobalt(0)hexacarbonyl complexes were also evaluated for their 
CO-release properties and allowed tuning of the kinetics via the alkyne substituents [ 42 ]. 
Also, simple metal salts of the general composition [MX(CO) 5 ] −  with M = Cr, Mo, W 
and X = Cl, Br, I were explored as potential CORM lead structures [ 43 – 45 ]. Even some 
CO delivery systems based on the 5d transition metals have been reported. For example, 
different tetrachlorocarbonyliridates of general formula [IrCl 5 (CO)] −  and [IrCl 5 (CO)
(L)] −  with L = H 2 O, pyridine were investigated for their CO-release behavior and found 
to form stable protein adducts with lysozyme characterized by X-ray diffraction analysis 
[ 46 ,  47 ]. A particularly innovative strategy toward targeted CORMs was developed by 
the group of Zobi, who modifi ed  cobalamin   (vitamin B 12 ) as a naturally occurring carrier 
system with a ReBr 2 (CO) 2  CO-releasing moiety via a cyanide bridge [ 48 – 50 ]. 

 A promising alternative to alleviate the problems with ruthenium-based CORMs 
described above might be CORM-401, with a functionalized dithiocarbamate coor-
dinated to a manganese(I) tetracarbonyl moiety. An attached acetyl group makes the 
compound soluble in water upon deprotonation at physiological pH. The reversible 
dissociative CO loss results in relatively stable solutions of the compound, which 
will however be easily captured by heme proteins and other biomolecules that can 
act as CO scavengers [ 51 ]. Iron carbonyl complexes of the same ligand system were 
also explored, but beyond some cell viability studies, not much biological data 
seems to be reported to date on these compounds [ 52 ].

   Interestingly, although iron is the most abundant transition metal in the human 
body, relatively few iron-based CORMs have been reported to date. Mascharak and 
coworkers presented a pentadentate N 5 -chelator which coordinates an iron- 
monocarbonyl moiety of the general formula [Fe(CO)(N 5 )] 2+ . Rapid CO-release 
was observed in aqueous and nonaqueous media under oxygen as well as oxygen- 
free conditions and a vasodilatory effect on mouse aorta rings demonstrated, which 
was interestingly not infl uenced by a common inhibitor of guanylate cyclase (sGC) 
[ 53 ]. Another system with a mixed  N , S -coordination sphere was reported by Mann, 
Motterlini and coworkers, who studied the CO-release behavior of [Fe( L - 
cysteinate) 2 (CO) 2 ]. Due to the different relative orientation of the nitrogen and sul-
fur donor atoms relative to the carbonyl ligands, elucidation of the most stable 
isomeric form turned out to be quite diffi cult. Interestingly, the report speculates 
about the potential relevancy of this binding mode to CO recognition in nonheme 
proteins, in which two protein-derived cysteinate ligands could form a CO-binding 
site in situ by capture of iron(II) followed by carbon monoxide coordination [ 54 ]. 

 Besides the wide range of CORM lead structures described above, very few of them 
have been studied for their biological activity beyond CO-release studies with the myo-
globin assay, assessment of their cytotoxic potential, and the aortic ring contraction 
assay. Thus, the number of CORMs evaluated as viable drug candidates for a specifi c 
therapeutic application has remained very low. A notable exception is the research 
efforts of the researchers at Alfama, Inc., who have explored several hundred metal-
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carbonyl complexes for a wide range of indications. An illustrative case study is that of 
molybdenum(0) tricarbonyl complexes with a range of isonitrile coligands for treat-
ment of acetaminophen(APAP)-induced acute liver failure. Careful optimization of the 
outer ligand periphery, called the “ drug sphere  ,” allowed identifi cation of complexes of 
the general formula [Mo(CO) 3 (CN-R) 3 ] with low general toxicity (LD 50  in mice above 
450 mg/kg) and high liver targeting capacity. Promising biological activity as quanti-
fi ed by a reduction in  alanine aminotransferase (ALT)   levels in serum as an indicator of 
hepatocellular death was observed which warrants further development [ 55 ]. This 
study also highlights the importance of optimizing not only the CO-release properties 
of the so-called CORM sphere, the direct metal-CO coordination environment, but also 
the outer parts of the molecule, the “drug sphere” [ 56 ]. Unfortunately, most CORMs 
reported to date do not pay proper attention to the drug-like features of the compounds 
explored, which will however be essential for further drug development. A particularly 
appealing feature of the molybdenum-based CORMs is fi nal metabolization to hetero-
polyoxomolybdate clusters as demonstrated by X-ray crystallography, which are likely 

  Fig. 13.5    Some important CORM lead structures activated by ligand exchange reactions       
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much more benign fi nal products of the CO-release process than the ruthenium-coli-
gand fragments discussed above [ 57 ]. Beyond these molecular carrier compounds for 
biological CO delivery, a number of more complex systems have also been developed 
in recent years. For example, crystals of the iron-based  metal-organic framework 
(MOF)   MIL-88B were loaded with carbon monoxide gas and the CO-release upon 
controlled degradation of the material studied under physiological conditions [ 58 ]. As 
an alternative strategy to modulate the targeting and carbon monoxide-release proper-
ties, some CORMs such as [RuCl(glycinato)(CO) 3 ] have also been encapsulated in 
micelles and the hollow inner sphere of protein cages such as ferritin [ 59 ,  60 ]. In par-
ticular the latter system resulted in a pronounced biological effect, with NF-κB activa-
tion increased by a factor of about four compared to CORM-3 itself while the systems 
were not cytotoxic in the HEK293 cells studied. While most CORMs studied to date 
have only been applied in cell culture studies and likely will only be applicable by 
intravenous injection, very recently also a fi rst system for oral CORM delivery has 
been reported. In the so-called   oral carbon monoxide-release system  (OCORS)  , 
CORM-2 is encapsulated in an oral tablet composed of sodium sulfi te crystals and a 
fi lling material covered with by a cellulose acetate coating of variable water permeabil-
ity. Diffusion of medium into the tablet leads to dissolution of the sodium sulfi te that 
then triggers carbon monoxide release from CORM-2. A remaining problem is to 
ensure no ruthenium iCORM will leak from the tablet upon gastrointestinal passage to 
minimize detrimental non-CO mediated side-effects [ 61 ].    

13.3     Photoactivated CORMs 

13.3.1     Transition Metal-Based PhotoCORMs 

    Although  the      interaction of metal-carbonyl complexes with solvent or biological com-
ponents such as proteins and enzymes may lead to CO-release, the use of external 
triggers is also being explored. In that context,  photoactivation   is a particularly prom-
ising way to achieve precise spatial and temporal control of biological activity due to 
the availability of focused and pulsed light sources (Fig.  13.6a ) [ 62 ]. Absorption of 
light by a metal carbonyl complex leads to reactive excited states with a weakened 
M-CO bond, thus facilitating CO-release from the metal coordination sphere [ 63 – 67 ]. 
The known photochemistry of some simple metal-carbonyl complexes was initially 
exploited by Motterlini and Mann, who recognized that Mn 2 (CO) 10  and Fe(CO) 5  can 
be used in this context [ 26 ,  68 ,  69 ]. Among a raft of other benefi cial effects, studies 
revealed that Mn 2 (CO) 10  could be used in the treatment of cardiovascular dysfunction 
in isolated rat hearts. These early compounds, however, displayed very poor bioavail-
ability and required a “cold light source” for activation, which is why they were aban-
doned in favor of ligand-exchange triggered CORM-2 and CORM-3.

   Despite the advent of metal-carbonyl complexes as   photoactivatable CO-releasing 
molecules  (PhotoCORMs)  , the inability to tune the properties of these early candidates 
limited their utility, and in fact it was not until several years later that the group of 
Schatzschneider reported the photoactivated release of carbon monoxide from 
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manganese(I) tricarbonyl complex [Mn(CO) 3 (tpm)] + , bearing a facial tridentate 
tris(pyrazolyl)methane (tpm) ligand coordinated to a Mn I (CO) 3  moiety. Upon illumina-
tion of the complex at 365 nm, two of the three carbon monoxide ligands were released 
from the metal coordination sphere [ 70 ]. The authors also showed passive uptake of the 
complex into HT-29 human colon cancer cells by atomic absorption spectroscopy, using 
the manganese as the intrinsic marker. The complex was completely inactive on HT-29 
cell at a concentration of 100 μM over a 48 h incubation time in the dark while illumina-
tion at 365 nm for 10 min in the middle of a 48 h incubation cycle led to a signifi cant 
reduction in cell biomass as shown by the crystal violet assay, with an activity compa-
rable to that of organic standard 5-fl uorouracil. These experiments demonstrated that 
high local concentrations of carbon monoxide could have a marked cytotoxic effect, 
benefi cial in the eradication of aberrant cell populations from the body. Recent studies 
of the [Mn(CO) 3 (tpm)] +  PhotoCORM by UV-pump/IR-probe experiments on the fem-
tosecond timescale revealed a rapid photodissociation of only one CO ligand [ 71 ]. The 
remaining CO, however, is liberated on a much slower timescale following oxidation of 
the metal center to give mononuclear manganese(II) tpm complexes, as evidenced by 
EPR studies, which fi nally dimerise to oxo-bridged manganese(III) dimers [ 72 ]. This 
raises the important questions of what remains of the CORM following CO-release, and 
what effect this fragment has on the overall biological activity. It is conceivable that the 
effect on the biological system is mediated not (or at least not exclusively) by the liber-
ated CO, but instead by the action of the remaining metal-coligand fragment, commonly 
called   inactivated CORM  (iCORM)  . This alternative should, if possible, be excluded 
before any detailed analysis of the biological action, by control experiments using CO 
gas, or at least a CORM based on a different metal center. 

 Along those lines, Schatzschneider and coworkers recently reported the manganese 
tricarbonyl complex [Mn(CO) 3 (tpa- κ  3  N )] + , containing a tris-(2-pyridylmethyl)amine 
(tpa)    ligand bound to the metal center through the tertiary amine and only two of the 
three the pyridyl arms. Upon photorelease of CO, the remaining noncoordinated pyri-
dyl group could fi ll one of the vacant coordination sites, thus forming a well-defi ned 
iCORM [ 73 ]. Internalization of this compound by  E. coli  cells was demonstrated by 
ICP-MS, with subsequent illumination at 365 nm leading to a pronounced and concen-
tration-dependent decrease in the bacterial growth rate via inhibition of the terminal 
oxidases of the electron-transport chain from photo-released CO. Importantly, the com-
pound had no detrimental effect on the bacterial growth rate in the dark. Another 
CORM with interesting antibacterial properties is the manganese complex 
[Mn(CO) 3 (CH 3 CN)(trp)] very recently reported by Fairlamb and coworkers, in which 
trp is tryptophan coordinated via the amino and deprotonated carboxylate groups as a 
 N , O -chelator reminiscent of glycinate in CORM-3, and thus named TryptoCORM 
[ 74 ]. The compound releases two equivalents of carbon monoxide upon illumination at 
400 nm and is nontoxic toward mammalian RAW 264.7 cells in the dark or upon expo-
sure to light. A bactericidal study using  E. coli  showed that, in the dark, the title com-
pound had no effect of the bacterial growth rate, but following illumination, a 99.9 % 
loss of viability was observed. The authors tested whether the potent bactericidal 
effects were in fact due to the action of iCORM species formed following CO-release 
by preilluminating a solution of TryptoCORM and then performing the same antibacte-
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a

b

  Fig. 13.6    ( a ) General concept of CO release by photoexcitation and ( b ) some recent examples of 
 photoactivatable CORMs  (PhotoCORMs)       
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rial assay. The iCORM solution had no effect on the bacterial growth-rate, thus con-
fi rming carbon monoxide as the bioactive species responsible for inhibition. 

 In addition to manganese complexes bearing tpm and tpa ligands, analogous tricar-
bonyl complexes containing  tris(imidazolyl)phosphine (tip) ligands   were also investi-
gated by the group of Kunz to probe the effect of ligand substituents on the CO-release 
profi le [ 75 ,  76 ], while photoactive cyclometalated manganese tetracarbonyl com-
plexes of 2-phenylpyridine were prepared by the group of Fairlamb [ 77 ]. Complexes 
with  bis(pyrazolyl)ethylamine (bpea) ligands   were studied by Schatzschneider and 
coworkers [ 78 ,  79 ], where the aldehyde group in [Mn(CO) 3 (bpea CH2C6H4CHO )] +  was 
coupled to peptides via an oxime ligation reaction with an aminooxy functionalized 
peptide, an attractive method of bioconjugate formation that does not require catalyst 
addition. Furthermore, manganese photoactivatable CORMs have been attached to 
carbon nanomaterials [ 80 ], silica [ 81 ], and fi rst- and second-generation  diaminobu-
tane (DAB) dendrimers   [ 82 ], materials that may selectively accumulate in tumor tis-
sue due to the  enhanced permeability and retention effect (EPR)   [ 83 ]. 

 Tethering a CORM to a nanoparticle, dendrimer, or biological carrier molecule 
such as a peptide or sugar, in order to confer some degree of selectivity to the distri-
bution of the CORM, is an attractive concept. Taking advantage of the natural 
uptake mechanism of vitamin B 12 , Zobi and coworkers have elegantly used such a 
biocompatible scaffold as a carrier for several different CORMs [ 84 ]. One such 
bioconjugate, B 12 -MnCORM-1 contains a photoactive manganese(I) tricarbonyl 
unit coordinated to a 1,4,8,11-tetraazacyclotetradecane unit appended to the periph-
ery of the vitamin via the ribose moiety. The authors demonstrated active uptake of 
the conjugate by 3T3 fi broblasts and then could affect the release of CO by irradia-
tion with visible light, preventing fi broblast death under conditions of hypoxia and 
metabolic depletion. In 2010, Ford and coworkers reported the tris-anionic complex 
Na 3 [W(CO) 5 (tppts)] with tppts = tris(3-sulfanatophenyl)phosphine as a new type of 
light-activated CORM [ 85 ]. The complex, solubilized by the charged tppts ligand, 
was stable in aerated buffer solutions for several hours in the dark, and released one 
equivalent of carbon monoxide upon illumination at 313 nm light to form the aqua 
species, which underwent further irreversible oxidation in the presence of oxygen. 
Although this compound opened up new avenues of potential CORM research, the 
authors also noted that in order to be relevant for biological studies, the photoactiva-
tion wavelength to trigger CO-release must be further shifted to the red part of the 
visible spectrum, in the phototherapeutic window of the cell. 

 Thus, Ford and coworkers followed up 2 years later, with the report of the fi rst 
rhenium(I)-based PhotoCORM [Re(bpy)(CO) 3 (P(OCH 2 OH) 3 )]OTf, a compound 
that again possesses good water solubility, in this case due to the tri(hydroxymethyl)
phosphine ligand [ 86 ]. Illumination at 365 or 405 nm led to the release of the axial 
carbon monoxide ligand  trans  to the phosphine with good quantum yield, forming 
the iCORM aqua complex [Re(bpy)(CO) 2 (P(OCH 2 OH) 3 )-(H 2 O)]OTf. Not surpris-
ingly given the rich photophysical properties of rhenium-bis(imine) species, both 
complexes show a strong emission at 515 and 585 nm, respectively, upon excitation 
at 355 nm. The red-shift in the emission maxima in the aqua relative to the phos-
phine complex is due to the lower amount of M → CO back-donation, resulting in 
destabilization of the HOMO and a subsequent reduction of the HOMO-LUMO 
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gap. In a novel study, the light from a confocal microscope was used to promote and 
also follow the formation of the iCORM from its CORM precursor inside living 
PPC-1 cells. The potential use of this compound in a biological context was strength-
ened by the nontoxic nature of both the CORM and iCORM, with no signifi cant 
effect on PPC-1 cells up to concentrations 100 μM. 

 There is a signifi cant need for materials that release carbon monoxide upon illumi-
nation with low energy, long wavelength light, which can penetrate deep into biological 
tissue [ 63 ]. In a major breakthrough in the fi eld, Ford and coworkers very recently 
reported the release of carbon monoxide from water-soluble, lanthanide- doped  upcon-
version nanoparticles (UCNPs)   using 980 nm near-infrared (NIR) laser light [ 87 ]. The 
UCNPs were prepared by thermal decomposition of rare-earth oleate salts doped with 
the lanthanides ytterbium (20 %) and thulium (0.1 %), then  encapsulated in an amphi-
philic phospholipid functionalized poly(ethylene glycol) polymer. Incubation of 
UCNPs in the presence of the lipophilic manganese PhotoCORM [Mn(bpy)
(CO) 2 (PPh 3 ) 2 ] +  led to the incorporation of the complex into the phospholipid layer of 
the nanoparticle with high affi nity (Fig.  13.7 ). Illumination of the PhotoCORM-loaded 
UCNPs with 980 nm NIR light excites the Yb 3+  present in the core, which then trans-
fers the energy into higher excite-states of Tm 3+ . Various deactivation pathways ensue, 
including emission at 450 and 475 nm, wavelengths that conveniently overlap with the 
absorption of the MLCT band of the complex. The authors show that upon illumination 
at 980 nm in PBS buffer, UCNPs loaded with [Mn(bpy)(CO) 2 (PPh 3 ) 2 ] +  release approxi-
mately two equivalents of carbon monoxide, while being inactive in the dark. This 
unique approach will allow the light-activated release of carbon monoxide at greater 
tissue depths and holds great promise in the delivery of CO to biological targets.

   The group of Mascharak is also involved in the development of PhotoCORMs that 
can release carbon monoxide upon photoactivation with low energy light and have 
reported multiple examples of CORMs based on ruthenium and manganese [ 88 – 91 ]. 
One such example, [MnBr(azpy)(CO) 3 ], containing the 2- phenylazopyridine (azpy) 
ligand, releases carbon monoxide upon exposure to low power 520 nm light due to a 
reduction of the M → CO back-bonding in the MLCT excited state (Fig.  13.8 ).  Time-
dependent density functional theory (TDDFT)   showed a signifi cant bromide → azpy 
charge transfer character of the visible transition, which also gives rise to a photore-
active excited state. To evaluate the anticancer properties of this compound, the 
PhotoCORM was added to HeLa and MDA-MB-231 cells and illuminated with vis-
ible light for 10 min. Following incubation and cell washing steps, a concentration-
dependent decrease in the viabilities of the malignant cells was observed, with a 
75 μM solution resulting in a 45 % reduction in viability. This is comparable to the 
effects of a 10 μM solution of the known anticancer agent 5-fl uorouracil (5-FU) over 
a 74 h period. Interestingly, the morphological changes in the HeLa cells during the 
course of the experiment were typical of apoptosis. As mentioned earlier in this sec-
tion, it is important to understand the fate of the iCORM remaining after release of 
carbon monoxide from the metal center, and whether or not this species remains 
intact or undergoes further reactions. In the case of manganese(I) complexes, the 
reactive nature of the iCORM often leads to dissociation of other ancillary ligands 
and oxidation of the metal to solvated manganese(II). Thus, there is potential release 
of two bioactive species, namely the carbon monoxide and also an ancillary ligand 
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such as a bidentate nitrogen donor. One such molecule in the fi eld of CO-releasing 
molecules, [MnBr(CO) 3 (pbt)] containing the  2-phenylbenzothiazole (pbt) ligand  , 
has very recently been reported by Mascharak and coworkers [ 92 ]. Upon illumination 
with broadband visible light, this remarkable complex releases all three carbon mon-
oxide ligands and also the pbt. This latter process was detected by fl uorescence spec-
troscopy through a growth of the band associated with the gradual formation of free 
pbt (Fig.  13.8 ). Therefore, [MnBr(CO) 3 (pbt)] is a “turn on” CO-donor, where release 
of CO is associated with an increase in luminescence due to free pbt. EPR studies 
also suggested that the manganese(I) undergoes oxidation to form a solvated 
manganese(II) species. MDA-MB-231 cells incubated with [MnBr(CO) 3 (pbt)] in the 
dark were nonemissive, but became highly fl uorescent following a short exposure to 
visible light due to the free pbt in the cytosol, elegantly demonstrating the location of 
CO-release. A viability study of MDA-MB-231 cells in the presence of the complex 
showed a dose-dependent reduction in live cells following exposure to visible light, 
with 100 μM of [MnBr(CO) 3 (pbt)] killing around 50 % of the cells, comparable to 
around 25 μM for 5-fl uorouracil. Repeating the viability study with the pbt ligand 
caused only a slight reduction in cell viability, consistent with the anticancer proper-
ties of this compound. Using this innovative approach, other carbonyl complexes 
could be applied in the eradication of malignant cells through the controlled dual-
release of CO and other bioactive ligands.

   Although most CORMs reported to date are based on manganese, and to a lesser 
extent ruthenium, there are also several examples of iron-based CORMs other than 
the earlier studied Fe(CO) 5  [ 93 – 96 ]. In fact, iron is an attractive metal in this context 
because its distribution is tightly regulated in biological systems. One such example 
is the iron(II)-based PhotoCORM [Fe(CO)(N 4 Py)](ClO 4 ) 2 , a mono-carbonyl com-
plex that releases one equivalent of CO upon photoexcitation and in the process 
generates [Fe(N 4 Py)] 2+ , itself having growth inhibitory properties [ 93 ]. Treatment of 
PC-3 prostate cancer cells with the complex led to a loss in cell viability regardless 
of whether the experiment was carried out in the dark or with light irradiation, with 
a higher kill rate observed in the presence of light due to the cumulative effects of 
CO and [Fe(N 4 Py)] 2+ .     

a b

  Fig. 13.7    ( a ) Manganese(I) PhotoCORM [Mn(bpy)(CO) 2 (PPh 3 ) 2 ] +  and ( b ) representation of 
CO-release mechanism from UCNPs. Adapted with permission from ref. [ 87 ] © 2014 Royal 
Society of Chemistry       
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13.3.2     Organic PhotoCORMs 

    Although PhotoCORMs based on transition metals represent almost the entirety of 
those studied so far,  there         are two recently reported examples of purely organic 
PhotoCORMs [ 97 ,  98 ]. Proponents of such systems argue that organic molecules 
should be more easily taken up by cells compared to metal complexes, and that these 
molecules would not have the same toxicity on normal healthy cells, as is often assumed 
with metal complexes. The groups of Klán and Liao both reported in close succession 
the two organic molecules shown in Fig.  13.9  which release one and two equivalents of 
carbon monoxide upon illumination with 500 and 470 nm light, respectively (Fig.  13.9 ).

   Furthermore, Liao and coworkers showed that the fl uorescent iCORM of the 
anthracene-derived compound, formed upon CO-release, was present inside KG-1 
leukaemia cells, while micelles thereof as well as the anthracene iCORM were non-
toxic toward KG-1 cells up to concentrations of 40 μM. It seems certain that in the 
future more and more organic-based CORMs will be studied, but whether or not 
these systems become more prevalent then metal-based systems remains to be seen.      

13.4     Other CO-Release Mechanisms 

 In contrast to conventional CORMs triggered by ligand-exchange reactions with 
medium and PhotoCORMs that require light as an externally applied stimulus, other 
mechanisms to induce the release of carbon monoxide from a molecular or 

a

b

  Fig. 13.8    ( a ) Structure of some  PhotoCORM   [MnBr(CO) 3 (pbt)] and ( b ) Fluorescence images of 
MDA-MB-231 cells incubated with PhotoCORM.  Left : without light exposure;  Center : after three 
10 s pulses of low power LED light, and  Right : gray scale version of center image. Adapted with 
permission from ref. [ 92 ] © 2014 American Chemical Society       

 

13 Small Signaling Molecules and CO-Releasing Molecules (CORMs)…



328

supramolecular carrier system have been much less explored. However, a particu-
larly interesting approach has recently been introduced by the group of Schmalz in 
the so-called   enzyme-triggered CO-releasing molecules  (ET-CORMs)   which are 
based on an iron tricarbonyl moiety coordinated to a 1- or 2-substituted dienol [ 99 ]. 
In the inactive prodrug form, the molecule is “locked” in the dienol tautomeric form 
by  O -acylation or  O -phosphorylation and the Fe(CO) 3  group is  η  4 -coordinated to the 
diene, which is preferentially incorporated in a ring system such as 1,3- cyclohexadiene 
(Fig.  13.10 ). Cleavage of the ester or phosphate group by esterase or phosphatase 
enzymes leads to isomerization of the enolate to the keto form concomitant with a 
hapticity shift of the Fe(CO) 3  moiety from  η  4  to  η  2 . The resulting 16e − -species is 
much less stable than the 18e − -prodrug and thus facile oxidation leads to release of 
ferric iron and three equivalents of carbon monoxide together with a cyclohexenone 
derivative [ 100 – 102 ]. The activity of ET-CORMs in hypothermic preservation dam-
age and vascular cell adhesion protein 1 (VCAM-1) expression was recently 
explored and allowed structure–activity relationships to be derived based on the 
type of core structure (2-cyclohexenone vs. 1,3-cyclohexanedione vs. dimedone) 
and the ester substituent. VCAM-1 has an important physiological function in cell–
cell interactions with the vascular endothelium and thus might be implicated in 
atherosclerosis and rheumatoid arthritis [ 103 ]. 

 In addition to light, few other external stimuli have been explored for localized 
induction of CO-release. However, recently, Kunz and Janiak decorated maghemite- 
type iron oxide nanoparticles with a CORM-3 analog based on  D / L - 
dihydroxyphenylalanine instead of glycine as the  N , O -chelator to the RuCl(CO) 3  
moiety [ 104 ]. When the CORM-functionalized particles are exposed to an external 
alternating magnetic fi eld, local heating accelerates the rate of ligand-exchange- 
mediated CO-release from the Ru(CO) 3  moiety, with a signifi cant fi eld-dependency 
of the CO-release observed in the standard myoglobin assay (Fig.  13.10 ).

   It remains to be seen whether other external stimuli as well as endogenous differ-
ences in parameters such as cellular pH and redox status can also be explored to 
control carbon monoxide release from CORM prodrugs.  

  Fig. 13.9     Organic PhotoCORMs   reported by the groups of Klán ( top ) and Liao ( bottom )       
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13.5     Conclusion 

 Carbon monoxide (CO), nitric oxide (NO), and hydrogen sulfi de (H 2 S) form a class 
of small signaling molecules endogenously produced in higher organisms, includ-
ing human, by enzymatic activity. They are distinct in their redox and solubility 
properties, ability of bio(macro)molecule modifi cation, and cellular precursors but 
nevertheless heavily intertwined in their biological activity. Their concentration- 
dependent balance between cytoprotective and cytotoxic activity is now increas-
ingly explored for therapeutic applications in human medicine. Exogenous sources 
for these small signaling molecules have already been reviewed for NO and H 2 S and 
thus, the present chapter is restricted to coverage of the use of metal carbonyl com-
plexes as  CO-releasing molecules  (CORMs) only. Different trigger mechanism can 
be utilized to initiate carbon monoxide release from the metal carbonyl prodrug, 
with a particular focus on ligand-exchange mediated and photoinduced CO-release. 
Illustrative examples of important lead structures are presented and requirement for 
further CORM development discussed, in particular the need to carefully tune the 
outer ligand periphery or “drug sphere”, for specifi c biomedical applications.” 
Certainly, CO, NO, and H 2 S have fascinating prospects for the study of fundamental 
biological processes and the development of new medicines.     
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HNO/Thiol Biology as a Therapeutic Target
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Abbreviations

AC Adenylate cyclase
AS Angeli’s salt
ALDH Aldehyde dehydrogenase
cAMP Cyclic adenosine monophosphate
CBS Cystathionine beta synthase
cGMP Cyclic guanosine monophosphate
CGRP Calcitonin gene-related peptide
CHF Congestive heart failure
CLR Calcitonin receptor-like receptor
CSE Cystathionine gamma lyase
CuZnSOD Cooper zinc superoxide dismutase
DTT Dithiothreitol
EDHF Endothelium derived hyperpolarizing factor
EDRF Endothelium-derived relaxing factor
FeSOD Iron superoxide dismutase
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
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GSH Glutathione
IPA/NO Isopropylamine diazeniumdiolate
IR Ischemia/reperfusion
MHC Myosin heavy chain
MLC1 Myosin light chain
MnSOD Manganese superoxide dismutase
NMDA N-methyl-d-aspartate receptor
NOS Nitric oxide synthase
PKA Protein kinase A
PLN Phospholamban
RAMP Receptor activity modifying protein
RyR Ryanodine receptor
SERCA2a Sarcoplasmic reticulum Ca2+ ATPase
sGC Soluble guanylate cyclase
SNP Sodium nitroprusside
TRPA1 Transient receptor potential ankyrin 1
VSMC Vascular smooth muscle cells

14.1  Introduction

Signaling by gasotransmitters is an expanding field of research, which started with 
the seminal discovery that nitric oxide (NO), as a gas, is produced in the endothelial 
cells and that it is responsible for the endothelium-controlled relaxation [1, 2]. The 
advantage of the gaseous signaling molecules is that they can easily diffuse and cross 
cell membranes. They also have a specific “receptor” to which they bind to induce the 
desired biological action. In the case of NO that is guanylate cyclase, a hem- containing 
enzyme, which transforms guanosine triphosphate (GTP) to cyclic guanosine mono-
phosphate (cGMP) [3]. cGMP is a powerful secondary messenger responsible for 
most of the “classical” NO effects, such as vasodilation or neuromodulation [4]. But 
not all actions of nitric oxide proceed via cGMP signaling. NO could be oxidized by 
one electron to form nitrosonium species (NO+), which lead to an oxidative posttrans-
lational modification of cysteine, called S-nitrosation. NO could be reduced by one 
electron to form nitroxyl (HNO). Nitrosyl hydride (hydrogen oxonitrate) or azanone, 
also commonly known as nitroxyl, has recently been recognized as a sibling of NO 
with beneficial effect similar to those ascribed to NO.

First documented indication of HNO dates more than 100 years ago [5, 6] where 
it was proposed by Angeli, that HNO is generated during the decomposition of 
sodium trioxodinitrate (Angeli’s salt). Interestingly, HNO was also the first NO-bond 
containing interstellar molecule ever detected [7]. Its existence was later on  confirmed 
in the Sagittarius Dwarf Galaxy, a satellite galaxy of our Milky Way [8]. The first 
reported attempt to isolate HNO was the one by Paul Harteck at Kaiser- Wilhelm- 
Institut für Physikalische Chemie und Elektrochemie in Berlin-Dahlem in 1933, 
where he managed to prepare HNO in the addition reaction of H• atom with NO• at 
cryogenic temperatures of liquid air (ca. −196 °C) [9]. This forgotten study actually 
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suggests that HNO exists as a gas, which placed in the context of current knowledge 
about its biochemistry and pharmacology could even qualify it as a gasotransmitter.

In this chapter, we provide an overview of HNO pharmacology and discuss the 
new endogenous ways for HNO production. The special emphasis will be on the 
role of thiols and newly identified gasotransmitter hydrogen sulfide (H2S) in the 
HNO generation and signaling.

14.2  HNO Donors

Due to the ephemeric nature of nitroxyl with respect to its rapid dimerization and 
dehydration to produce nitrous oxide (N2O) (Sect. 14.3), nitroxyl solutions cannot 
be applied directly (with the exception of LiNO salt, [10]) for biological experi-
ments or therapeutic treatment, and HNO must be generated in situ from donor 
compounds. Excellent short reviews that summarize information on commonly used 
as well as on promising novel HNO donors appeared recently [11–13].

The HNO donors can be classified into six major groups (Table 14.1): Angeli’s 
salt, Piloty’s acid and its derivatives, cyanamide, diazenium diolate-derived com-
pounds, acyl nitroso compounds, and acyloxy nitroso compounds. To date, two 
major strategies have been used for HNO formation from organic and inorganic 
molecules (a) decomposition of hydroxylamine derivatives with good leaving 
groups attached to the nitrogen atom (such as Angeli’s salt and Piloty’s acid) and (b) 
decomposition of nitroso compounds [12].

Table 14.1 Structure and decomposition products of different HNO donors

HNO donor Structure of HNO donor Additional product released

Angeli’s salt
N N

O

O

ONa+
Na+ NO2

−

Piloty’s acid PhSO2H

Cyanamide HCN

Diazeniumdiolate RNHNO

Acyloxy nitroso RCOOH + R1C(O)R1

Acyl nitroso RCOOH
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Fig. 14.1 Structures and decomposition pathways of different HNO donors (a) Angeli’s salt, (b) 
Piloty’s acid, and (c) cyanamide

Angeli’s salt (sodium trioxodinitrate, Na2N2O3) is historically the first compound 
used for in situ generation of HNO [5, 6] and is currently the most popular HNO 
donor. In aqueous solutions at pH from 4 to 8 Angeli’s salt decomposes to HNO and 
nitrite. A generally accepted mechanism for decomposition of Angeli’s salt at this 
pH range is shown in Fig. 14.1a [14–17]. Briefly, the reaction starts with the 
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 protonation of oxygen in the nitroso group, followed by tautomerization to give a 
monoanion protonated at the nitroso nitrogen atom. By heterolytic  cleavage of the 
N–N bond, this tautomer decomposes to give HNO and nitrite. It is worth noting 
that a recent study demonstrated that small amounts of NO are also generated upon 
Angeli’s salt decomposition at neutral pH [18]. Below pH 3 Angeli’s salt does not 
yield HNO and nitrite but generates exclusively NO [15, 16]. Since NO demonstrate 
distinct effects different from HNO and since reports on biological effects of nitrite 
are rapidly accumulating [19] formation of these two species should be taken into 
account when Angeli’s salt is used in biological experiments.

From pH 4–8 Angeli’s salt decomposes with the first-order rate constant of 
4–5 × 10−3 s−1 at 37 °C (half-life ~2 min) [17]. This rapid kinetics of decomposition 
leads to almost a “bolus dose” of HNO and nitrite, which should be taken into account 
when Angeli’s salt is used for studying biological processes that are much slower.

Piloty’s acid (N-hydroxybenzenesulfonamide, C6H5SO2NHOH) represents 
another long known HNO donor. Its synthesis was first reported in 1896 [20] and 
the substance is commercially available at present. Piloty’s acid releases HNO in 
strongly basic (pH 13) solutions under anaerobic conditions. Since pKa of HNO is 
approximately 11.4 (Sect. 14.1) it is conceivable that nitroxyl anion (NO–) will be 
predominantly formed under these conditions. Under aerobic conditions Piloty’s 
acid decomposes into NO rather than HNO [11].

Figure 14.1b shows generally accepted mechanisms for the decomposition of 
Piloty’s acid at pH 13 under both anaerobic and aerobic conditions. Briefly, initial 
deprotonation occurs at the nitrogen atom, which under anaerobic conditions 
undergoes heterolytic S–N bond cleavage to produce HNO and benzenesulfinate 
[21–23]. The benzenesulfinate anion is a good nucleophile and a modest reducing 
agent [12], which should be taken into account when Piloty’s acid is used in bio-
logical experiments. In the presence of oxygen, a nitroxide radical is formed which 
upon decomposition yields NO (Fig. 14.1b).

At pH 13, Piloty’s acid decomposes with the first-order rate constant of 
1.8 × 10−3 s−1 at 37 °C [22, 23] which is comparable to the rate constant for decom-
position of Angeli’s salt at neutral pH [22, 23]. At neutral pH, the rate of HNO 
release significantly decreases [11, 12], which together with the production of NO 
limit the use of Piloty’s acid as an HNO donor in biological experiments. Considerable 
effort has been devoted to designing Piloty’s acid derivatives, which are better suited 
for biological experiments and potential therapeutic treatments. These include 
 syntheses of Piloty’s acid derivatives with various aromatic or heterocyclic substitu-
ents at different positions, which release significant amounts of HNO at neutral pH 
under anaerobic conditions [24, 25] as well as syntheses of HNO prodrugs based on 
N-,O-diacylated or alkylated derivatives of Piloty’s acid [13].

Cyanamide (NH2CN), which is actually an HNO-releasing prodrug, is used ther-
apeutically as an alcohol deterrent drug (under generic names Dipsan®, Abstem®, 
Temposil®, or Cyanamide Yoshitomi®) for the treatment of chronic alcoholism in 
Europe, Canada, and Japan. In liver, cyanamide is subjected to catalase-catalyzed 
oxidation by hydrogen peroxide to unstable N-hydroxycyanamide, which directly 
decomposes to HNO and HCN (Fig. 14.1c) [26–31]. Nitroxyl subsequently reacts 
with the thiol group of cysteine residue (Sect. 14.3.3) in the active site of aldehyde 
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dehydrogenase (ALDH), which results in the enzyme inhibition. Although cyanide 
is formed upon metabolic activation of cyanamide, the drug shows very modest 
toxicity in humans [32].

Diazeniumdiolates (NONOates) are molecules which contain the N(O)NO– 
group. The secondary amine-derived NONOates release NO under neutral and acidic 
conditions and are traditionally the most commonly used NO donors in chemistry 
and biology (e.g., [33–35]). However, primary amine-derived NONOates (Table 14.1) 
release HNO in addition to NO. Of these, isopropylamine diazeniumdiolate (IPA/
NO) is most extensively studied. IPA/NO decomposes in a pH- dependent manner to 
produce HNO above 7.8, and exclusively NO below pH 7 [36].

At pH 7.4, IPA/NO decomposes with the first-order rate constant of 5.1 × 10−3 s−1 
at 37 °C [12] which is comparable to the decomposition rate of Angeli’s salt at neu-
tral pH. Importantly, a number of studies showed that in biological milieu IPA/NO 
exhibits activities similar to those of Angeli’s salt [36–39].

A new class of potential HNO donors is derived from acyl nitroso [RC(=O)NO] 
compounds [12]. Of these, the most promising for biological praxis seems to be 
cycloadducts prepared from acyl nitroso derivatives and 9,10-dimethylanthracene 
(Table 14.1) which release HNO via a retro-Diels-Alder reaction upon UV-A radia-
tion [40]. The advantages of these compounds in comparison to other HNO donors 
include a possibility for the time control of HNO release as well as the fact that the 
only decomposition byproduct to consider is a primary amine.

Another novel class of HNO donors, bright brilliant blue acyloxy nitroso com-
pounds (Table 14.1) that release HNO upon cleavage of the ester bond has been 
described recently [41]. The rate of HNO release depends on pH and the structure 
of the acyl group of the acyloxy nitroso compound [41]. Biological effects of these 
HNO donors, such as inhibition of platelet aggregation and cGMP-induced dilata-
tion of preconstricted aortic rings were found to be similar to those of Angeli’s salt 
[41]. Major advantages of these HNO donors include controlling the HNO release 
rate and lack of nitrite as a by-product which is formed upon decomposition of 
Angel’s salt. Besides, the blue color of these compounds enables a very convenient 
monitoring of reaction kinetics of HNO release (Switzer et al., 2009). The draw-
back that limits the application of presently developed HNO donors from this class 
in biological experiments is the high reactivity with thiols. Since the biological 
activity of HNO is in the majority of cases associated with thiol reactions,  
the reactivity of “blue” HNO donors with thiols complicates the interpretation of 
biological experiments.

14.3  Biologically Relevant Chemistry of HNO

Nitroxyl is the simplest molecule with nitrogen in the +1 oxidation state and yet its 
aqueous chemistry is surprisingly complex. Even its deprotonation (dissociation) 
(14.1) is not typical.

 
1

2
3

3HNO H O NO H O+ → +−

 (14.1)
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In variance to early studies, which reported pKa values of 4.7 [42] and 7.2 [43], later 
studies documented that pKa value for HNO is approximately 11.4 [44, 45]. 
Therefore, nitroxyl predominantly exists in the protonated, (HNO) form in aqueous 
solutions at physiological pH. Such low acidity of HNO is explained by the fact that 
HNO and NO− have different spin states, ground state of HNO being singlet, 
whereas NO− anion has a triplet ground state. Therefore, the transfer of proton 
requires a change of the spin state, which is forbidden and which makes this reac-
tion extremely slow compared to a spin allowed process (e.g., 2H2O ↔ H3O+ + OH−) 
[43, 45]. Consequently, both 1HNO and 3NO− will take part in other reaction path-
ways (Sect. 14.3) rather than in the proton transfer. In addition to being vastly dif-
ferent chemical entities, HNO and NO− also display very different chemical 
reactivity. While NO− is a nucleophile, HNO can behave as either an electrophile or 
a nucleophile. The nitrogen center of HNO is electrophilic while the lone pair of 
electrons on the nitrogen atom can also be nucleophilic and capable of coordinating 
metals via donation of the nitrogen lone pair to the metal center. Both of these 
activities are highly relevant for the biological chemistry of HNO.

Estimated values of redox potential for a direct reduction of NO into 1HNO/3NO− 
changed significantly as the understanding of HNO chemistry progressed. Based on 
experimental and computational data, the redox potentials of −0.81 and −0.55 V for 
the NO/3NO− couple and for the proton coupled electron transfer at neutral pH (NO, 
H+/1HNO), respectively, were reported in recent studies [44, 46, 47]. Such high 
reduction potentials led to a suggestion that none of the biologically available 
r eductants was capable of reducing NO to HNO directly. However, it was demon-
strated that at pH 7 Angeli’s salt (source of HNO, Sect. 14.2) did not reduce methyl 
viologen (redox potential −0.44 V) [44] which indicates that the redox potential for 
the reduction of NO into HNO should be more positive than −0.44 V. These findings 
question the view that NO cannot be reduced directly to HNO in biological milieu 
and open up a novel perspective for studying biologically relevant mechanisms of 
direct reduction of NO into HNO (Sects. 14.5 and 14.6).

14.3.1  Dimerization and Reactions with Oxygen and NO

This dual reactivity of HNO is responsible for a rapid self-dimerization reaction 
(k = 8 × 106 M−1 s−1) whereby one HNO molecule acts as an electrophile and another 
acts as a nucleophile yielding unstable hyponitrous acid (H2N2O2), which undergoes 
dehydration to form nitrous oxide (N2O) (14.2) [11, 45, 48].

 
HNO HNO HONNOH N O H O+ → [ ]→ +2 2  

(14.2)

Besides fast dimerization of HNO, physiologically relevant reactions of HNO/NO− 
species with other molecules (e.g., NO and O2) additionally contribute to its short 
half-life under biological conditions. Auto-oxidation of HNO is relatively slow 
 process compared with other biologically relative reactions (~103 M−1 s−1, [49, 50]); 
however, in the membranes where concentration of oxygen is higher and the other 
biological scavengers less abundant, the autooxidation could be of relevance.
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 NO O OONO− −+ →2  (14.3)

 
HNO O HOONO+ → [ ]2

*

 
(14.4)

The reaction product of NO− with oxygen is peroxynitrite anion (ONOO−) (14.3) 
[51, 52]. The structure of the reaction product of HNO with oxygen is, however, less 
clear. The extensive studies by Miranda and colleagues showed that the product of 
the reaction of HNO with oxygen is in fact a structural isomer of peroxynitrite but 
not peroxynitrite itself (14.4) [48, 53, 54]. Comparison with the synthetic peroxyni-
trite showed that although peroxynitrite reacts with CO2 the presence of carbonate 
buffer does not affect the aerobic chemistry of HNO [55].

HNO could also react with NO [45, 56, 57]. The initial product of this reaction is 
N2O2

− radical which reacts rapidly with another molecule of NO to form the closed 
shell N3O3

− anion, which decays to the final products N2O and NO2
− with a rate 

constant of ~300 s−1 [11].

 HNO NO HN O+ → 2 2  (14.5)

 HN O NO HN O2 2 3 3+ →  (14.6)

 HN O N O HNO3 3 2 2→ +  (14.7)

Although NO is present in biological milieu at a much lower concentrations than 
oxygen, reaction of NO with HNO is considered biologically relevant since its reac-
tion rate is significantly higher than that of the reaction of HNO with oxygen.

14.3.2  Reaction of HNO with Metalloproteins

In contrast to NO which reacts preferentially with ferrous heme proteins, HNO reacts 
preferentially with ferric heme proteins (k ~ 106 M−1 s−1), while its reaction with ferrous 
heme proteins is approximately 100 times slower (k ~ 104 M−1 s−1) [11, 48, 58]. The 
reaction of HNO with methemoglobin that yields Hb(Fe2+)–NO complex (14.8) [59, 
60] is one of the earliest reactions applied for HNO detection and measurement [61].

 
metHb Fe HNO Hb Fe NO H3 2+ + +( ) + → ( ) − +

 
(14.8)

Interestingly, HNO was found to form unusually stable complex with deoxymyo-
globin. The stability of this complex was partially explained by hydrogen bond-
ing between the proton from HNO and histidine (His64) residue from heme 
pocket of myoglobin [62, 63].

The most widely recognized and extensively studied heme-containing protein 
that interacts with HNO is the soluble guanylyl cyclase (sGC) [47]. Early studies 
demonstrated that HNO donors induce vasodilation as well as that this was associ-
ated with increase of cGMP level, which opened up the possibility that in addition to 
NO, which is well-known activator of sGC [4], HNO behaves as another activator of 
this enzyme [64–68]. However, it is not as yet quite clear whether HNO itself can 
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directly activate sGC or if it is preceded by its oxidation to NO. Namely, a number 
of studies demonstrated that HNO is transformed by CuZnSOD catalyzed oxidation 
to NO, which then binds to ferrous heme in the enzyme’s active site, which leads to 
enzyme activation and consequent production of cGMP [69–71]. However, [72] sug-
gest that like NO, HNO may activate sGC by a direct interaction with the  regulatory 
ferrous heme of the enzyme molecule. Interestingly, the same study has shown that 
at higher concentrations HNO causes enzyme inhibition by modifying enzyme thi-
ols [72]. The authors propose that sGC activity can be regulated by HNO via interac-
tions at both the regulatory heme and cysteine residues of the enzyme molecule.

14.3.3  Reactivity of HNO with Thiols

In variance to other biologically relevant electrophiles (such as hydrogen peroxide 
and peroxynitrite), which react with a variety of biological nucleophiles, HNO 
reacts significantly only with protein thiols. It is increasingly recognized that many 
of unique biological and pharmacological effects of HNO can be attributed to its 
ability to react with specific thiol protein targets in the cell.

That HNO reacts rapidly with thiols is clearly indicated by the rate constant for 
its reaction with glutathione (GSH) reported to be 2–8 × 106 M−1 s−1 [49, 73], while 
the reaction with active site cysteine residues (e.g., papain) was reported to be 
 significantly greater (k = 2 × 107 M−1 s−1) [74]. This makes HNO kinetically a much 
better thiol modifying agent compared to the well-known thiol oxidants/electro-
philes such as hydrogen peroxide and peroxynitrite [47].

The reaction of HNO with thiols involves nucleophilic attack of the thiolate 
(deprotonated thiol anion RS−) to the electrophilic nitrogen of HNO to give unstable 
N-hydroxysulfenamide (14.9). In the presence of excess (or vicinal) thiol, it reacts 
further with a second thiol to give the corresponding disulfide and hydroxylamine 
(14.10). In the absence of thiol, N-hydroxysulfenamide undergoes a rearrangement 
to give a sulfinamide (14.11) [47, 48, 60, 75]. The recent study which demonstrated 
that in BSA treated with Angelis’s salt internal sulfinamide was formed (presum-
ably through the reaction of N-hydroxysulfenamide with a nearby lysine residue) 
may indicate that the N-hydroxysulfenamide formed in protein molecule can pos-
sibly react with other nearby nucleophiles besides cysteine [76]. It was proposed 
that N-hydroxysulfenamide generated in protein active site may by stabilized by 
interactions with amino acid residues and thus have a prolonged life time [47].

 RSH HNO RSNHOH+ →  (14.9)

 RSNHOH R SH RSSR NH OH+ → +’ ’ 2  (14.10)

 
RSNOH RS NH HO RS OH NH RS O NH→ +  → ( ) → ( )+ −

2  
(14.11)

Of these, HNO-induced thiol modifications conversion of thiolate to a disulfide is 
considered to be a reversible process since there are cellular mechanisms which 
reduce disulfides back to thiols [77]. N-hydroxysulfenamide was also proposed to 
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be readily reversible, while sulfinamide is considered to be an irreversible thiol 
modification (e.g., [46, 47]).

Since sulfinamide is a thiol modification exclusively produced by HNO, it is 
considered to be a specific marker of HNO activity (e.g., [46]). Indeed, by investi-
gating thiol modifications in a variety of thiol proteins treated with Angeli’s salt, 
[76] have confirmed that either sulfinamide or disulfide was formed depending on 
the protein microenvironment of the cysteine thiol. This was further confirmed in a 
recent proteomic study, which demonstrated the presence of sulfinic acid (presum-
ably generated by hydrolysis of sulfinamide during the experimental procedures) in 
a number of proteins in platelet treated with Angeli’s salt ex vivo [78]. Besides, 
disulfide bond (between Cys-152 in the enzyme active site and Cys-156) in 
glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) from HNO-treated platelets 
was identified in the cited study [78].

Many of the biological/pharmacological actions of HNO can be explained by 
HNO-induced modifications of crucial cysteine residues in specific thiol proteins in 
the cell. Just to mention that the earliest described example of pharmacological action 
of HNO was the inhibition of aldehyde dehydrogenase in liver through the modifica-
tion of cysteine thiolate in the enzyme active site (presumably by the formation of 
sulfinamide) by HNO produced by catalase action on HNO-prodrug cyanamide 
(Sect. 14.1; [26–31]). Importantly, an inhibition of aldehyde  dehydrogenase in 
 cyanamide-treated hepatocytes did not affect intracellular GSH/GSSG levels [79] 
indicating that HNO can selectively modify certain protein thiols in the cell without 
affecting GSH and, presumably, other thiols in the cell. This was confirmed in the 
subsequent study which demonstrated that in yeast treated with Angeli’s salt a sig-
nificant inhibition of glyceraldehyde-3-phosphate dehydrogenase (by formation of a 
disulfide bond between Cys-152 in the enzyme active site and Cys-156, as mentioned 
above) was associated with minor changes in either GSH levels or GSH/GSSG ratios 
[80, 81]. Flores-Santana and colleagues reported recently an interesting calculation 
that based on the low concentration of GAPDH in the yeast (2 μM), the high concen-
tration of intracellular GSH (1–10 mM) and relatively high rate for the reaction of 
HNO with GSH (2–8 × 106 M−1 s−1) it seems that the reaction of HNO with GAPDH 
in the cells proceeds in a diffusion-controlled rate [46].

Furthermore, we recently demonstrated that HNO selectively modifies critical 
cysteine residues on transient receptor potential channel A1 (TRPA1), leading to 
its activation and subsequent CGRP release ([82]; see Sect. 14.3.2). These studies 
provide an evidence for the ability of HNO to modify crucial cysteine residues in 
specific proteins leaving cellular glutathione levels unaltered. However, the rea-
sons for such high selectivity of HNO, particularly with respect to high intracel-
lular glutathione concentration are not fully clear.

The fact that a reaction of HNO with thiols involves, as mentioned above, the 
deprotonated thiolate anion (RS−) makes the overall reactivity of thiol group strongly 
dependent on the pKa value of the cysteine side chain. Cysteine residue in glutathione 
has a pKa of 9.1, while in proteins pKa values of cysteine thiols are highly influenced 
by their local environment and values as low as 3.4 have been reported for some 
active site cysteines [83]. Low pKa values appear to be primarily due to stabilizing 
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interactions between the cysteine sulfur and the polypeptide backbone or nearby side 
chains. Therefore, it was speculated that that the rate of reaction of HNO with selected 
thiol proteins is significantly faster than, for example, with GSH (e.g., [46, 47]).

14.4  Pharmacological (Biological) Effects of HNO Donors: 
Thiol Modifications as the Main Mechanism of Action

As explained in previous sections, having pure HNO in the solution is not possible 
and the use of HNO donors is required in order to study its potential biological/phar-
macological effects. Most studies done to date have been performed with Angeli’s 
salt, but the recent development of new HNO donors has started contributing to an 
increased variety.

The observed pharmacological effects of HNO donors could be characterized as 
(a) vascular, (b) cardiovascular, (c) anticarcinogenic, and, eventually, (d) neuronal. 
The main mechanism causing all these effects is thiol modification of critical proteins, 
and they will be specifically covered in the sections that follow.

14.4.1  Vascular Effects of HNO

The seminal discovery by Moncada and colleagues showed that endothelium- 
derived relaxing factor (EDRF) is nitric oxide, followed by the later discovery that 
NO is in fact produced in the endothelium by the action of nitric oxide synthase 
(NOS), revolutionized our understanding of the vascular control [1, 2, 84–86]. 
Therefore, it was not surprising when HNO has been shown to do the same, albeit 
via different mechanisms.

First biological effects of Angeli’s salt were related to its ability to induce vaso-
dilation of blood vessels. AS caused vasodilation of large conduit and small resis-
tance arteries, as well as of coronary and pulmonary blood vessels [64, 66, 68, 
87–91]. More importantly, it seems that in vivo HNO causes predominantly venodi-
lation [92, 93]. In fact, some studies suggested that endothelium-dependent vasore-
laxation and nitrergic transmission are not only caused by NO, but also by HNO. In 
the pharmacological experiments using the model of isolated blood vessels, the 
group of Kemp-Harper and colleagues showed that EDRF in large conduit arteries 
of both mice and rats could be scavenged by l-cysteine, suggesting the role of 
HNO. The effects of NO were,  conversely, enhanced by l-cysteine. These studied 
implied that HNO could be part of EDRF [87].

However, even when the NO production is inhibited and endothelial cells stim-
ulated with acetylcholine (Ach), they produce yet unidentified molecule(s), which 
directly causes smooth muscle hyperpolarization characteristic of K+ channel 
opening; the factor is therefore named endothelium-derived hyperpolarizing factor 
(EDHF) [94]. Andrews et al. [87] showed that HNO could be the part of EDHF 
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produced by the Ach-caused stimulation of small resistance blood vessels. The 
group of Kemp-Harper and the colleagues showed that HNO targets Kv and ATP- 
sensitive K+ channels (KATP) in the resistance vasculature [65, 67, 95]. 
4- aminopyridine (Kv channel inhibitor) and glibenclamide (KATP channel inhibi-
tor) attenuated Angeli’s salt-stimulated relaxation of rat mesenteric and coronary 
arteries. Angeli’s salt-induced hyperpolarization of vascular smooth muscle cells 
(VSMC), via cGMP-dependent activation of Kv channels, as ODQ, a selective 
sGC inhibitor, abolished Angeli’s salt-induced VSMC hyperpolarization [67].

In addition to the beneficial hemodynamic effects of HNO donors, these 
 compounds are resistant to the development of nitrate tolerance [67, 96], a major 
limitation of clinically used organic nitrates such as nitroglycerine. Nitrate toler-
ance is defined as a rapid attenuation of the hemodynamic and vasodilatory effects 
of nitrovasodilators following continuous exposure [97]. Studies from the Kemp-
Harper group clearly showed that chronic infusion of Angeli’s salt had no effect on 
subsequent vasorelaxation responses to themselves or to acetylcholine [95, 96].

14.4.2  HNO–TRPA1–CGRP Pathway for the 
Neurovascular Control

One of the main biomarkers of HNO-induced physiological effects, which distin-
guish it from the NO-induced effects, is the release of calcitonin gene-related pep-
tide release (CGRP). CGRP also seems to contribute to coronary vasodilation in 
ex vivo models [98–100]. CGRP is a nonadrenergic/noncholinergic (NANC) type 
peptide, composed of 37-amino acids [100]. In humans, it exists in two forms: 
αCGRP (CGRPI), widely distributed in central and peripheral nervous system, and 
βCGRP (CGRPII), operational within enteric nervous system [101–105].

CGRP is stored in dense-core vesicles that are located in terminal endings of 
sensory nerve fibers [106]. Release of CGRP from terminal vesicles is triggered by 
Ca2+ influx as a consequence of neuronal depolarization. Released CGRP binds to 
its corresponding CGRP receptor, a transmembrane heterodimeric macromolecule 
that is composed of “calcitonin receptor-like receptor” (CLR) protein, one of the 
three peptide isoforms of “receptor activity modifying protein,” (RAMPs; RAMP1, 
RAMP2, and RAMP3) and receptor component protein (RCP) [103, 107–110].

CGRP is the strongest known vasodilator produced in our body. When it binds to 
CGRP receptor, it may initiate several different signaling pathways (Fig. 14.2). 
Vasodilatory activity of CGRP was demonstrated in experiments where injection of 
picomolar concentration of CGRP in human skin [111] was able to provoke long- 
lasting erythema (5–6 h), while the injection of femtomolar CGRP concentration 
was followed by an increase of dermal microcirculation blood flow [99]. With its 
high potency (approx. tenfolds higher than prostaglandins), CGRP represent the 
most potent vasodilator known to date.

Main intracellular signaling molecule in CGRP-mediated cellular response is 
believed to be cyclic adenosine monophosphate (cAMP). Stimulation of CGRP 
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receptor induces activation of adenylate cyclase (AC), an enzyme that generates 
cAMP. Generated cAMP subsequently activates protein kinase A (PKA), an enzyme 
that phosphorylates multiple intracellular molecules (Fig. 14.2) [101, 103].

However, CGRP is shown to induce the rise of cGMP as well, via stimulated NO 
production. CGRP-induced rise in cAMP activates PKA, which upregulates eNOS 
activity by phosphorylation. Consequently, NO generated by NOS diffuses from the 
endothelium to the smooth musculature, where it activates GC and via cGMP, addi-
tionally increasing the global vasodilator response [101, 103]. Furthermore, the 
same signaling could also occur, at smaller extent directly in the smooth muscle 
cells (Fig. 14.2). The essential role of NO/sGC/cGMP signaling cascade in CGRP- 
induced vasodilation was demonstrated in the early study by [112], and more 
recently, [113] examined the CGRP-induced vasodilating mechanism in humans to 
show that CGRP-induced vasodilation is dependent on the release of NO and does 
not involve activation of K+

Ca or K+
ATP channels.

Fig. 14.2 Endothelium-dependent and -independent CGRP-induced vasodilation of blood vessels. 
AC adenylate cyclase, PKA protein kinase A, NOS nitric oxide synthase, sGC soluble guanylate 
cyclase, CLR and RAMP components of CGRP receptor. NO can be produced in both, endothelial 
cell and smooth muscle cells, mainly as a consequence of NOS phosphorylation caused by cAMP-
activated PKA. Smooth muscle cell relaxation could be additionally caused by the K+ channel 
activation and membrane hyperpolarization
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The CGRP vesicles are stored in sensory nerve fibers, which also express a class 
of chemo and thermo sensors, called transient receptor potential channels (TRP). 
Activation of one such member of TRP ion channels, TRPA1, has been shown to 
provoke the CGRP release [114]. Originally discovered as cold temperature sen-
sors [115], TRPA1 channels are Ca2+-permeable channels that can be activated 
by  different gating modes. TRPA1 is expressed in ubiquitous peripheral sensory 
 neurons and get activated by numerous noxious chemicals like pungent natural and 
environmental irritants [116, 117], hypoxia [118], products of oxidative stress 
[119], and mediators of inflammation [120].

The actual mechanism for the chemo sensing of electrophilic agonists is covalent 
modification of particular cysteine residues of ankyrin-repeat domain of N-terminal 
part of the channel [121, 122]. The intracellular N-terminus of human TRPA1 
(hTRPA1) is rich in cysteine residues, of which C621, C641, and C665 are respon-
sible for activation [121]. Recent structural studies of mouse TPRA1 channel 
 suggested that all cysteines (critical and noncritical ones) are in close proximity to 
each other, which could also favor disulfide formation [123, 124].

Serving as a chemosensor for electrophilic compounds TRPA1 could be a target 
for HNO. Indeed, we demonstrated for the first time that HNO-induced CGRP 
release goes via activation of TRPA1 (Fig. 14.3) [82]. We showed that TRPA1 is 
responsible for the AS-induced Ca2+ influx into neurons from dorsal root ganglion 
(Fig. 14.3a), an effect which is completely absent in the cells prepared from TRPA1 
knockout mice. In addition, the authors showed that the intramolecular disulfide 
formation between critical Cys 621 and the neighboring Cys 633, as well as between 
Cys 651 and the critical Cys 665 is responsible for the channel activation. This 
opens the channel to allow Ca2+ influx, an effect that was long lasting and could only 
be reversed by the reducing agent DTT (Fig. 14.3b, c).

CGRP release from mice dura or sciatic nerve preparations was completely 
 abolished in TRPA1−/− mice treated with AS, undoubtedly showing that CGRP 
is released only by the reaction between HNO and TRPA1 cysteine residues 
(Fig. 14.3d). This study finally answered a decade-long dilemma on how HNO 
actually stimulates CGRP release. More importantly, the HNO-induced blood 
 pressure drop in mice was significantly reduced in TRPA1 knockout mice. The 
meningeal blood flow effects of AS were diminished by the application of TRPA1 
antagonist or CGRP receptor antagonists, suggesting that this pathways plays 
important role in the control of meningeal blood flow. The control of the peripheral 
blood flow, in the sites, which are innervated with TRPA1 containing fibers, could 
represent the way by which HNO–TRPA1–CGRP signaling cascade contributes to 
the control of systemic blood pressure.

More interesting observation came from the psychophysics study. Subcutaneous 
injection of Angeli’s salt lead to a rather painful (4/10) sensation followed by the 
axon-flare erythema, characteristic for the CGRP release (Fig. 14.3e). The effect 
was histamine-independent. This suggested that in certain pathologies HNO could 
be a pronociceptive agent.
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14.4.3  Cardiovascular Effects of HNO: The Most Promising 
Therapeutic Target(s)

The most promising of the beneficial pharmacological effects of HNO donors is 
 certainly effect on heart. In the seminal work by Paolocci and colleagues, the 
authors showed previously unknown effect of HNO: an increase of myocardial 
 contractility, known as positive inotropy, in combination with accelerated relax-
ation, known as positive lusitropy [93]. These effects could be of particular impor-
tance when treating congestive heart failure (CHF), a serious and life- threatening 
disease. Paolocci and colleagues also studied the pressure–volume relationship in a 
dog model of CHF [92]. They showed that Angeli’s salt still has positive inotropic 
and lusitropic effects like it does in the control healthy dogs. Furthermore, coad-
ministration of beta-agonist mimetics (beta-agonist are the most used therapeutic 

Fig. 14.3 Experimental dissection of HNO–TRPA1–CGRP pathway (adapted from [82]). (a) AS 
increases intracellular Ca2+ in hTRPA1 transfected HEK cells but not in cells expressing hTRPA1-
 3C; representative pseudocolor images (scale bar = 100 μm). (b) AS-evoked inward currents can be 
reversed by application of DTT, or temporarily blocked by HC030031. Inset: AS-evoked peak 
inward currents are significantly reduced by HC030031 or DTT. (c) Schematic model of TRPA1 
with cysteine-rich region (red dots) and formation of disulfide bonds causing major conforma-
tional changes. Chemical structure (bottom) of two cysteine-SH residues reacting with HNO to 
form hydroxylamine (NH2OH) and a disulfide bond and causing conformational change. Ab initio 
model of the 200 amino acid long polypeptide chain of the N-terminus ofhTRPA1 displaying five 
essential cysteine residues and two indicated disulfides (dotted lines). (d) Histogram showing the 
maximal CGRP released from C57Bl/6 and TRPA1−/− mouse sciatic nerve and dura mater upon 
stimulation with AS. AS effects were reduced by HC030031 and absent in TRPA1−/−. (e) Photograph 
of a subject’s volar forearm with noticeable axon reflex erythema upon intradermal injection of 
AS. Adapted from [82]
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approach to treat CHF) had an additive effect. It is worth mentioning that these 
effects of HNO are completely opposite to what has been reported for NO. This 
sparkled the research in the field of new HNO donor development for the treatment 
of heart failure. One such donor, named CXl-1020, a product of a company 
Cardioxyl, has been recently showed to have the beneficial effects in acute decom-
pensated heart failure in humans, being the first reported example of the HNO 
donors tested in humans [125].

The mechanism by which HNO causes these effects is still a matter of intense 
research. Initial study by [93] showed that the positive inotropy could be completely 
abolished by the administration of CGRP antagonist, CGRP8–37. However in an a 
follow-up study, the same group showed that CGRP-induced inotropic effects in 
dogs are indirect and independent of CGRP receptor activation, but rather caused by 
the release of noradrenaline from sympathetic efferent fibers [126]. Therefore, the 
whole paradigm of CGRP was disregarded in any of the follow-up studies. But the 
evidence accumulated to show that CGRP exerts direct inotropic and lusitropic 
effects on isolated rat cardiomyocytes, which are inhibited by CGRP receptor antag-
onists [127]. Previous experiments on porcine and human myocardial  trabeculae 
have suggested the involvement of both functional CGRP1 and CGRP2 receptors in 
the mediation of CGRP-induced positive inotropic responses [128, 129]. Finally, in 
our recent study [82] we showed, for the first time, a massive expression of CRLR 
in the plasma membrane (and intracellularly) of the human heart tissue (Fig. 14.4). 
Therefore, it is still quite plausible that HNO-induced CGRP release is important for 
the positive inotropic and lusitropic effects, as originally observed in the study by 
[93]. In addition, an increase of the RAMP1 and RAMP3 has also been reported in 
rats with chronic heart failure [130], while in the rats with ischemic heart failure, 
elevations of myocardial adrenomedullin receptor and RAMP-2 mRNA  levels were 
observed [131], offering the alternative CGRP-mediated explanation for the benefi-
cial effects of HNO donors in failing hearts.

Several other non-CGRP-dependent mechanisms have been proposed to explain 
the HNO-induced positive inotropic and lusitropic effects, all of which involve the 
thiol modification on different proteins.

Fig. 14.4 CRLR-staining in human cardiomyocytes. Immunofluorescence image of human car-
diomyocytes in cross section stained for CGRP receptor (CRLR, left) shows membranous and 
cytoplasmic reactivity that spares myofibers; (right) negative control on sections of the same 
patient. Scale bars: 25 μm. From [82]

J.Lj. Miljkovic and M.R. Filipovic



351

The first reports indicated the role of cardiac ryanodine receptors (RyR) (Fig. 14.5) 
[132, 133]. RyRs are known to be redox sensors, suggesting that they could be easily 
modified by the reactive oxygen and nitrogen species [134]. Therefore, it came as no 
surprise that HNO-mediated Ca2+ release from the  sarcoplasmic reticulum is caused 
by the RyR activation, which could be reversed by DTT [133]. Later studies broad-
ened the view by introducing the direct interaction with the sarcoplasmic reticulum 
Ca2+ pump (SERCA). The authors suggested that HNO increases the opening 
 probability of RyR and accelerates Ca2+ reuptake into sarcoplasmic reticulum by 
stimulating SERCA [133, 135]. Contraction therefore improves with no net rise in 
diastolic Ca2+. The mechanism by which HNO activates SERCA has been proposed 
to be the oxidation of cysteine residues in the SERCA’s regulatory protein phos-
pholamban (PLN) (Fig. 14.5). Mutations of critical cysteines in PLN abolished the 
HNO effects, and the DTT treatment reversed them, confirming essential role of 

Fig. 14.5 Proposed mechanism(s) for the HNO-induced positive inotropic and lusitropic effects. 
HNO causes oxidation of cysteine residues on ryanodine receptor 2, opening the channel to pump 
the calcium (Ca2+) out of SR. This makes more Ca2+ ions available for myofilaments. HNO also 
modifies the myofilament proteins: Cys257 in actin subdomain 4 forms a disulfide with Cys190 in 
tropomyosin while Cys81 in myosin light chain (MLC) formed a disulfide with Cys37 in the myo-
sin heavy chain’s (MHC) head region. This leads to the increase of both maximum force and Ca2+ 
sensitivity. Finally, HNO activates SERCA2a either directly, initially forming N-hydroxysulfenamide 
which further reacts with glutathione (GSH) to cause glutathionylation of C674, or by modifying 
cysteines of the SERCA’s regulatory protein phospholamban (PLN). This leads to the pumping of 
the calcium (Ca2+) back to the sarcoplasmic reticulum (SR)
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disulfide formation [136, 137]. Recently Paolocci’s group observed that HNO 
enhances SERCA activity by promoting redox-dependent PLN oligomerization. The 
final effect is therefore the enhanced Ca2+ cycling which can explain both the HNO-
induced increase of contractile force and myocardial relaxation [138].

Conversely, in their attempt to elucidate the mechanism by which HNO exerts 
 inotropic effects, [139] found that HNO causes oxidation of a particular cysteine resi-
due on SERCA. In particular, they observed S-glutathionylation of the channel at the 
cysteine 674. Overexpression of glutaredoxin-1 prevented HNO-stimulated oxidative 
modification and therefore activation of SERCA as it did the cysteine 674 replacements 
with serine. Although the actual mechanism has not been solved, the authors proposed 
that HNO causes N-hydroxysulfenamide intermediate, which then reacts with GSH.

In the most recent, extensive study, [140] have identified 12 sites of HNO- induced 
disulfides in the key myofilament proteins, such as actin, tropomyosin, myosin 
heavy chain, myosin light chain (MLC1), alpha-actinin, myosin-binding protein c, 
and troponin C (Fig. 14.5).

By modifying the myofilament proteins, HNO increases both maximum force and 
Ca2+ sensitivity of force in intact muscles. For example, Cys257 in the actin subdomain 4 
formed a disulfide with Cys190 in the tropomyosin, while Cys81 in the myosin light chain 
formed a disulfide with Cys37 in the myosin heavy chain’s head region. Interestingly, 
HNO also increased Ca2+ sensitivity but not maximum force in skeletal muscle. Skeletal 
muscle cell lack Cys81 in MLC1. This suggests that this particular residue is critical redox 
switch responsible for HNO-stimulated increase in cardiac force production. The study 
also compared two different HNO donors, AS with 1-nitrosocyclohexyl  acetate (which 
release HNO slower and upon cleavage of the ester bond). A fewer modified proteins 
were observed in AS-treated cells suggesting that the rate of HNO release and its location 
could change the overall outcome of HNO donating drugs [140].

Despite all those in vitro studies on cells, the question remains which mechanism 
predominates under in vivo conditions. From a kinetic standpoint, it is unclear how 
HNO would survive all the thiols in the bloodstream and reach the cysteine residues 
of SERCA or myosin filaments, in a concentration sufficient to induce pronounced 
effect. On the other hand, even minor concentrations of HNO would be sufficient to 
modify the TRPA1 present in the membranes of nerve ending resulting in a massive 
Ca2+ influx and subsequent CGRP release.

14.4.4  HNO and Ischemia–Reperfusion Injury

It is worth mentioning that HNO also exhibited certain level of myocardial cardio-
protection. When administrated at a low dose, just before ischemia, AS induced 
powerful cardioprotective actions which protected from ischemia–reperfusion (IR) 
injury [141]. However, when administered during or after the IR injury, HNO had 
detrimental effects [142]. These effects could be explained by the HNO-induced 
redox modulation of intracellular signaling, particularly mitochondrial signaling. 
[143, 144] for example showed that AS is able to induce expression of 
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heme- oxygenase 1, which would be a desirable effects in patients experiencing 
IR injury and it is characteristic for the ischemic preconditioning. On the other hand, 
studies with IPA/NO showed that HNO could inhibit endothelial cell proliferation 
[145]. Antiangiogenic effects of HNO would certainly not be desirable in IR injury.

Shiva et al. [146] tried to unravel the effects of HNO on isolated mitochondria. 
The authors demonstrated that mitochondria are capable of reoxidizing HNO to NO, 
but that HNO exhibits inhibition of mitochondrial respiration through the inhibition 
of complexes I and II, most probably via modification of specific cysteine residues 
in the proteins. The proteomic approach identified extensive modifications of mito-
chondrial protein thiols. The protective effects of HNO in IR injury are reminiscent 
of those seen with diazoxide, a mitochondrial KATP channel opener, which the 
authors later proved to indeed be the case: HNO indeed caused the modifications of 
critical cysteines in mitochondrial KATP channels, leading to the channel opening, 
which is considered to be an important event for ischemic-preconditioning-induced 
cardioprotection [147].

Further studies on how HNO-induced (redox) modifications could cause changes 
in intracellular signaling (in cell types other than cardiomyocytes) might help in 
overall understanding of both beneficial and toxic effects of the HNO.

14.4.5  Anticarcinogenic Effects of HNO

One of the new therapeutic directions for the HNO drugs is their anticarcinogenic 
effect. Several early studies pointed out that in the cell culture HNO could induce 
double-strand DNA breaks [148, 149], albeit the high does of AS were used. 
However, more recent studies pointed out that HNO donors oxidize cysteine  residues 
in GAPDH, which leads to the loss of its activity [80, 81]. Being dependent on 
 glycolysis, cancer cells would be particularly sensitive to the loss of the activity of 
this critical enzyme [150]. More detailed overview of the anticancer effects of HNO 
donors will be covered in the next chapter of this book.

14.4.6  Neuronal Effects of HNO

The neuronal effects of HNO are still not well understood and there are only a few 
studies addressing this topic. One of the early studies showed that HNO, unlike 
NO, reacts mainly with Cys-399 in the NR2A subunit of the N-methyl-d-aspartate 
(NMDA) receptor to restrict excessive Ca2+ influx and thus provide neuroprotec-
tion from excitotoxic insults [151]. The fact that HNO can ameliorate excitotoxic 
 neuronal damage raises the possibility that exogenous donor drugs may be used 
for therapeutic gain. Wide variety of neurologic disorders that are mediated, at 
least in part, by excessive stimulation of NMDA receptors could benefit from the 
HNO treatment.
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On the other hand, injection of AS into cerebral spinal fluid led to motor 
 neuron injury and it reduced striatal dopamine 7 h after treatment [152]. This 
may be due to the oxidation of intracellular GSH levels. In support of neurotoxic 
effects of HNO, another study recently showed that HNO is detrimental if 
Angeli’s salt is infused before cerebral artery occlusion, mainly due to the oxida-
tive damage [153].

Recent characterization of HNO–TRPA1–CGRP pathway opened up a new per-
spective on the potential role of HNO in both central and peripheral nervous system. 
Being a nociceptive transduction channel in the first place, TRPA1 contributes to 
pain/itch sensations [114]. Eberhardt et al. [82] showed the strong and persistent 
HNO-induced activation of TRPA1 due to the disulfide formation, which led to a 
strong pain sensation when injected subcutaneously. Furthermore, the role of CGRP 
release has never been considered outside the cardiovascular system, although 
CGRP is long known as important mediator of migraine attacks.

Neuropeptides that are released by trigeminal ganglion stimulation produce 
vasodilation of the meningeal vessels (mainly due to CGRP), plasma extravasation, 
and mast cell degranulation with secretion of other proinflammatory substances in 
the dura (Fig. 14.6). In humans suffering from migraine, increased level of CGRP 
is found in both the external and internal jugular blood during migraine attacks. 
The most recent development of the drugs to treat migraine goes in two directions 
(a) development of CGRP receptor antagonists and (b) development of anti-CGRP 
antibodies, the latter showing some promise and have moved further in clinical trial 
[154, 155].

All this shed a different light on the potential application of HNO donors and 
further studies are needed in order to clarify whether the drawback of HNO therapy 
could be strong pronociceptive stimulation [156].

14.5  Physiologically Relevant Reactions that Might Lead 
to Intracellular HNO Generation

Until recently there was no evidence for the endogenous HNO formation. This 
was mainly due to the short half-life that HNO is expected to have in the cells, 
which provides a methodological limitation for its intracellular detection. Several 
in vitro observations have suggested a possible endogenous sources of HNO: (a) 
decomposition of S-nitrosothiols (RSNO) [157], (b) l-arginine oxidation by nitric 
oxide synthase (NOS) under specific conditions [158], (c) oxidation of NH2OH 
[159], and (d) reduction of NO by metalloproteins such as MnSOD [160] and 
cytochrome c [161].

Protein S-nitrosation is considered to be a very important posttranslational modifi-
cation of proteins. The number of proteins found to be controlled by this modification 
is constantly increasing. The role of S-nitrosation in controlling the protein function 
has been covered in several extensive reviews [162–164]. To date, S-nitrosation has 
been implicated in the regulation of proteins involved in muscle contractility, neuronal 

J.Lj. Miljkovic and M.R. Filipovic



355

transmission, host defense, cell trafficking, apoptosis, etc. [162–165]. One of the pos-
sible ways for the intracellular HNO generation is the reaction of S-nitrosothiols with 
some other thiol [157, 166]:

 RSNO RSH RSSR HNO+ → +  (14.12)

Ca 2+

Ca 2+

Ca 2+

Ca 2+

Blood
vessel

Sensory neuron

CGRP

SP

TRP A1

HNO

HNO

Fig. 14.6 Potential role of HNO in migraine attacks. HNO activates TRPA1 channels in trigeminal 
ganglion. Neuropeptides that are released (calcitonin gene-related peptide, CGRP, and substance P, 
SP) lead to vasodilation of the meningeal vessels, plasma extravasation, and mast cell degranulation 
with secretion of other proinflammatory substances in the dura (neurogenic inflammation)
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This reaction is, however, considered to occur only in special protein environments 
as the transnitrosation reaction is thermodynamically more favorable [167]:

 RSNO R SH RSH R SNO+ → +1 1

 (14.13)

In addition, the intracellular abundance of RSNOs is quite low [168, 169] which 
therefore significantly limits HNO generation through this reaction.

A significant hype has been generated in the 1990s when several studies sug-
gested that NOS does not produce NO but rather HNO, and that NO production 
from NOS is only possible in the presence of CuZnSOD, which will reoxidize HNO 
back to NO [66, 158, 170]. Further studies, however, showed that this is true only in 
the absence of the tetrahydrobiopterin, which serves as a cofactor of NOS 
(Fig. 14.7a) [171, 172]. It has also been reported that the NOS intermediate, HO–
Arg (NOHA), can be oxidized by catalase (or cytochrome P450 enzymes) and 
hydrogen peroxide to produce HNO [172].

NOHA could be considered as a derivative of NH2OH, which is a two-electron 
reduction product of HNO, formed in reaction with thiols (14.12). Reoxidation of 
NH2OH back to HNO is possible and [159] showed that indeed HNO could be 
formed in a heme protein (peroxidase)-mediated peroxidation of hydroxylamine. 
H2O2 was essential for this process to initiate formation of high-valent iron(IV)oxo 
intermediate which serves as a two-electron oxidant.

Another way to produce HNO in the cells is by the action of manganese super-
oxide dismutase (MnSOD). The absolute selectivity of natural SOD enzymes 
toward superoxide has been tested when [173] demonstrated that MnSOD and 
FeSOD (E. coli), but not CuZnSOD, react with NO under anaerobic conditions to 
transform it to nitroxyl (NO−/HNO) and nitrosonium (NO+) species which cause 
enzyme modifications and inactivation and lead to the cleavage of the enzyme 
polypeptide chain. It is worth mentioning that CuZnSOD reacts in opposite way, it 
reoxidizes HNO to NO [174].

In the follow-up study, [160] readdressed the reaction of NO with MnSOD under 
both aerobic and anaerobic conditions. In this study, we showed that MnSOD 
indeed reacts with NO under anaerobic conditions, which leads to the complete loss 
of the enzyme activity. However, in the presence of glutathione, a possible scaven-
ger of the proposed NO+ and HNO species, the activity of the enzyme remains 
preserved while the amount of removed NO increased, implying the catalytic pro-
cess (Fig. 14.7b). Therefore we proposed that this reaction should be referred to as 
NO dismutation.

The reaction of MnSOD with NO under aerobic (and thus more physiological) 
conditions was also studied, and the second-order rate constant for the reaction of 
MnSOD (E. coli) with NO under aerobic conditions was determined to be 
650 M−1 s−1. It should be mentioned that this rate constant is not the catalytic rate 
constant for NO removal by MnSOD, since the experimental conditions used in the 
study were not catalytic. Further, it is possible that this constant is largely underes-
timated because of the relatively slow response time of the NO electrode used in the 
study to follow the reaction. Nonetheless, nitroxyl generation has been observed. 
We proposed that this reaction can represent a protective mechanism by which cell 
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protects from the stress induced by overproduction of NO. Furthermore we also 
studied the reaction of pentaaza macrocyclic MnSOD mimics with NO in vitro 
[175] and on a cellular model [176] to further confirm the dismutation mechanism 
(Fig. 14.7b).

a

b

Fig. 14.7 Two potential enzymatic pathways for HNO generation. (a) Enzymatic formation of 
HNO, mediated by NOS, takes place only in the absence of tetrahydrobiopterin (BH4). (b) MnSOD 
could use NO as a substrate and catalyze its dismutation to NO+ and HNO
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14.6  H2S/NO Crosstalk as the Main Physiological 
Source of HNO

Ever since the first report of hydrogen sulfide’s potential physiological role [177], 
there has been a growing literature on the subject of H2S signaling. Very fast, H2S 
joined the other two gases, nitric oxide (NO) and carbon monoxide (CO) as the third 
gaseous endogenous signaling molecule [178–180].

H2S is produced by the action of at least three enzymes, cystathionine beta syn-
thase (CBS), cystathionine gamma lyase (CSE), and mercaptopyruvate sulfur- 
transferase [181, 182]. Numerous are the physiological functions assigned to be 
exclusively or partly regulated by H2S some of which are vasodilation, neurotrans-
mission, angiogenesis, inflammation, hypoxia sensing, etc. [183–185]. In addition, 
H2S showed a tremendous pharmacological potential in preventing ischemia–reperfu-
sion injury [186, 187]. Furthermore, H2S is able to induce suspended animation- like 
state in mice [188]. Several pharmacological donors of H2S have been developed with 
hope of their eventual use in disease treatment.

The incredible similarity between H2S and NO signaling effects lead to the several 
important studies addressing the direct crosstalk between H2S and NO signaling 
pathways and the possible regulation of NO redox status by H2S.

14.6.1  H2S-Assisted HNO Generation from S-Nitrosothiols 
and Metal Nitrosyls: Potential Therapeutic Approach

As already mentioned in the previous section, S-nitrosothiols play important role in 
the regulation of protein structure and function. In addition, the reaction of thiols 
with RSNOs has been suggested to be one of the mechanism by which HNO could 
be produced in the cells (14.12).

We therefore studied the reaction of S-nitrosothiols with H2S to observe the gen-
eration of the smallest S-nitrosothiol, thionitrous acid (HSNO) (Fig. 14.8a) [189]. 
The stability of the RSNOs usually decreases as the “size” of the R substituent 
decreases, so in the case of HSNO it was not surprising that HSNO was less stable 
than its cysteine analogue. Despite its intrinsic instability due to relatively low S–N 
bond energy, HSNO lived long enough to cause further transnitrosation, that is, 
transfer of NO+ moiety, from one protein to another (Fig. 14.8a). More importantly, 
when HSNO reacted further with H2S, nitroxyl was formed. The formation of HNO 
was observed by using methemoglobin as a scavenger and by monitoring the hydrox-
ylamine, a final product of the reaction of nitroxyl with thiols.

We were able, using recently developed fluorescence sensor for nitroxyl (CuBOT1) 
[190], to detect HNO generation in the cells. An obvious increase of the CuBOT1 
fluorescence was observed when the cells were treated with the combination of 
S-nitrosoglutathione and H2S, but even stronger intracellular HNO generation was 
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observed in cells pretreated with S-nitrosoglutathione (in order to increase the intra-
cellular content of S-nitrosothiols) and then washed and subsequently treated with 
H2S (Fig. 14.8b). This was the first direct evidence for the intracellular generation of 
HNO, albeit not endogenously but rather pharmacologically. The fact that HSNO 
could freely diffuse from one cell to another (or between cellular compartments 
within one cell) suggests that HSNO could be a “carrier” of HNO. Aside its role in 
transnitrosation, if it would meet another H2S molecule, HSNO would form HNO.

The similarity between metal-nitrosyls and S-nitrosothiols was used by in our 
follow-up study, which addressed the reaction of sodium nitroprusside with H2S 
[191]. Sodium nitroprusside (SNP) is a vasodilator still used in acute hypertensive 
crises. In SNP, Na2[Fe(CN)5(NO)], NO coordinated to iron has an NO+ character 

RSNO + H2S

HSNO
RSH

2

HS + NO

1

+
R'SH

5

3
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+ H2S

R'SNO + H2S

HNO + H2S2

NO + 1/2 H2S2 S8

S8H2S + [H2NO2]+

H3O+
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a

b

Fig. 14.8 HSNO-mediated HNO generation. (a) Reaction paths for HSNO generation (1–3) and 
subsequent biologically relevant reactions (4–6). HNO is generated in the reaction 5. (b) H2S and 
GSNO react in cells to yield HNO. Human umbilical vein endothelial cells, loaded with 10 μM 
CuBOT1, were treated with either 100 μM Na2S, 100 μM GSNO, or both for 20 min. Some cells 
were pretreated with 100 μM GSNO for 20 min to increase intracellular nitrosothiol content and 
then exposed to 100 μM Na2S. A 100 μM DEA/NONOate solution served as a negative control. 
Adapted from [189]
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(similar like in RSNO) and undergoes chemistry that is best described as direct 
nitrosation biochemistry. SNP’s effects are fast and efficient but the problem of 
cyanide toxicity exists, and this limits its application only to situations monitored by 
medical doctors.

Despite a long interest in the reactions of H2S with SNP, the reaction mechanism 
has eluded researchers. The study by [191] is the first study at physiological pH and 
aerobic conditions, which combining the chemical tools with pharmacological/
physiological experiments provided the overall reaction mechanism, depicted in 
Fig. 14.9.

SNP reacts very fast with H2S to form the intermediate [(CN)5FeN(O)SH]3−. In 
the second reaction step H2S actually has a catalytic role. By reducing coordinated 
HSNO/SNO−, it gets initially oxidized to disulfide, which can be further oxidized 
to polysulfides along the reaction progress. As a result of this step the 
[(CN)5Fe(HNO)]3− intermediate is formed, but like any cyanide species it could 
react with sulfane sulfur containing compounds (e.g., polysulfides), resulting in 
the conversion of CN− into SCN−. This process most probably labilizes HNO that 
can be released. The generation of HNO was so obvious in the cells treated with 
SNP and H2S but more importantly, the isolated hearts treated with the  combination 
of SNP and H2S lead to the release of CGRP. CGRP was released from the  primary 
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Fig. 14.9 Combination of SNP and H2S is a good HNO donor. (a) Mechanistic depiction of the 
reaction steps behind sodium nitroprusside and H2S reaction at pH 7.4 and aerobic conditions. SNP 
reacts very fast with H2S to form intermediate [(CN)5FeN(O)SH]3−. In the second reaction step, 
sulfide reduces coordinated HSNO/SNO− and gets initially oxidized to disulfide, which can be 
further oxidized to polysulfides along the reaction progress. As a result of this step, the 
[(CN)5Fe(HNO)]3− intermediate is formed which is unreactive towards H2S but does react with 
polysulfides forming thiocyanate adduct with elimination of HNO. HNO can dimerize to give N2O, 
while the other coordinated cyanides are consecutively transformed to thiocyanate (main reaction 
path, a). Oxygen can induce oxidation of the iron(II) center that would lead to mixed-valent 
bridged complexes, known as Prussian blue, which are short-lived and react further with polysul-
fides to give the final thiocyanate product as well (minor reaction route, b). (b) CGRP release from 
the isolated heart treated with the combination of SNP and H2S. Adapted from [191]
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afferent nerve fibers located in the epicardial surface of the heart suggesting the 
potential therapeutic effect of this combination. Combination of SNP with H2S, 
which causes HNO- induced release of CGRP and transformation of toxic cyanide 
into thiocyanate, could be a new, more effective and less toxic therapeutic alterna-
tive to the SNP alone. Higher efficiency could be achieved even at lower SNP 
concentrations, but in addition, higher SNP doses could be used if needed due to 
the lower cytotoxicity.

14.6.2  H2S-Assisted Iron Porphyrin-Catalyzed Nitrite 
Reduction as a Source of HNO

The past decade has witnessed the recognition of nitrite as an important pool of nitric 
oxide that acts as a vasodilator and intrinsic signaling molecule. Nitrite can be reduced 
in vivo, either nonenzymatically or enzymatically in reactions catalyzed by xanthine 
oxidase, deoxyhemoglobin, deoxymyoglobin, cytochrome c, or by thiols and metal 
center-assisted processes inside the cell [19, 192, 193]. However, H2S, which could 
reach active sites of most of the metalloproteins, had not been con sidered as possible 
regulator of this reaction, until recently. In clinical praxis, nitrite is used as an antidote 
for hydrogen sulfide (H2S) poisoning, being even superior to that of oxygen.

Although we observed that nitrite and sulfide do not react directly, in the cells they 
seem to generate NO [194]. More importantly, we observed very strong intracellular 
HNO generation, which was localized within mitochondria, and absent in Rho0 cells, 
that is, cells depleted of mitochondria. This suggested essential role of mitochondria 
in catalyzing the reaction between NO and H2S. Using iron–porphyrin model we 
proved at the structural level that the reaction proceeds with an intermediate forma-
tion of HSNO, which then probably ends up as HNO (Fig. 14.10).

On one side these data offer an additional explanation for the antidote effect of 
nitrite in H2S poisoning: generation of all three, NO, HNO, and HSNO, would lead 
to an increase of blood flow, and finally, better oxygen delivery to the tissue. 
Furthermore, these results demonstrate that H2S can transform biological metal- 
nitrosyl pools into S-nitrosothiols via HSNO and offer another mechanism for phys-
iological generation of HNO. Finally, this study opens a new perspective for 
potential therapeutic application of iron–porphyrin drugs, which could, combined 
with H2S donor and nitrite, serve as a good intracellular HNO generator.

14.6.3  H2S Reacts Directly with NO to Form HNO:  
The Main Intracellular Source of HNO

Several groups have considered that H2S effects could be linked to NO, including 
the first study that showed physiological effects of H2S [177]. Additionally, Yong 
et al. [195] proposed that H2S and NO together could give HNO and recently 
demonstrated positive inotropic effects of these combined gasotransmitters on 
the heart [196], which is one of the hallmarks of HNO physiology [92, 93].
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Reaction of NO with thiols is considered to be thermodynamically un favorable 
and very slow to proceed at any detectable rate under physiological  conditions 
[197]. The same could be extended to the reaction of NO with H2S, if outer sphere 
electron transfer is to be the mechanism and the −0.81 V is a redox potential for the 
reduction of NO. However, in the study by Eberhardt and colleagues, we show the 
first chemical evidence for the HNO formation from a direct reaction of NO and 
H2S [82]. Using recently developed HNO electrode [198], we demonstrated that 
2 μM combination of NO and H2S yields a peak HNO con centration of ca. 0.5 μM, 
similar to the effects of 1 mM AS concentration (Fig. 14.11a). The reaction proceeds 
even in the absence of oxygen and metal ions, therefore suggesting that it could be 
a major source of HNO in vivo. In fact, the intracellular levels of HNO, detected 
with fluorescence sensor, were  diminished when cells were treated with NOS and 
CSE inhibitors. Furthermore, the combination, just like Angeli’s salt, activated 
HNO–TRPA1–CGRP pathway [82] (Fig. 14.11b).

Unpublished data from our laboratory further support this mechanism. We  managed 
to identify the reaction intermediate and study its decomposition to give HNO. The 
following reaction steps could lead to HNO formation:

 HS NO HSNO− −+ → •

 (14.14)
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Fig. 14.10 Mechanism of iron-heme catalyzed, sulfide-assisted HNO generation from nitrite in 
mitochondria. Two paths could be envisioned and both could explain generation of HNO observed 
in cells, but under physiological conditions the excess of H2S over nitrite would be more common 
situation meaning that intermediate formation of HSNO is probable (path B)
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Fig. 14.11 H2S and NO react directly to endogenously produce HNO and stimulate HNO–TRPA1–
CGRP pathway. (a) Amperometric signal of the HNO-selective electrode after addition of H2S (2 μM) 
to a solution of 2 μM NO (left axis: [HNO] after calibration, right axis: measured current). Inset: 
Signal peak vs. H2S (blue) and NO (red) concentration, while the other reactant concentration is main-
tained constant and in excess. (b) Isometric tension recordings of phenylephrine- preconstricted ring 
segments of rat second-order mesenteric artery branches: Na2S (10 μM)-induced vasodilation was 
reversed by CGRP8–37 and abolished by CGRP8–37. NOS inhibitor, l-NMMA, and TRPA1 antagonist, 
HC030031, pretreatment inhibited vasodilation induced by Na2S. CGRP depletion by capsaicin 
(CAP) also abolished the Na2S-induced blood vessel relaxation. (c) TRPA1/CGRP expressing nerve 
endings in the periphery communicate with the smooth muscle cells surrounding the endothelium of 
blood vessels. Endothelial cells are known to produce NO and H2S, both of which freely diffuse and 
activate guanylyl cyclase and KATP channels, respectively, to induce vasodilatation. However, H2S and 
NO also react with each other to give HNO, which could reach paravascular TRPA1-expressing 
 sensory nerve fibers, inducing Ca2+ influx and CGRP release. Other potential sites of NO–H2S interac-
tion is in neurons (i) TRPA1 channels are coexpressed with nNOS and CBS in primary afferents 
forming a functional signaling complex that leads to confined HNO generation and TRPA1 gating 
upon activation of the gasotransmitter- generating enzymes. Additionally, NO (ii) or H2S (iii) could 
originate from either side of a synaptic cleft (or from nearby axons of passage) and freely diffuse into 
adjacent neurons (or nerve fibers). There, they react with their counterpart producing HNO in vicinity 
of TRPA1. Adapted from [82]. (d) Experiment with intradermal injection of NO and H2S through 
microdialysis tubings in parallel and 2 mm apart from each other: Laser Doppler images (left) and 
hydroxylamine levels (right) in effluate (unpublished data, a curtsey of Dr Barbara Namer)
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A significant portion of H2S-induced vasodilation was inhibited in TRPA1−/− and 
CGRP−/− mice or mice treated with NOS inhibitors. The possibility that H2S/NO 
reaction is the main endogenous source of HNO is further strengthened by the 
observation that TRPA1 and CBS coexpress in small-to-medium-sized sensory 
 neurons and axons, which together with the recent demonstration of the coexpres-
sion of TRPA1 and nNOS [199] suggests the existence of an functional unit for the 
HNO generation and subsequent activation of TRPA1-dependent CGRP release. 
This functional unit can be of importance in the regulation of peripheral blood flow 
[156] and even of systemic blood pressure [82].

All three, NO, H2S, and HNO, are freely diffusible, so several possibilities could 
be envisioned for TRPA1 activation and CGRP release (a) NO and H2S produced in 
endothelium react to give HNO that could diffuse and activate nerve endings 
expressing TRPA1 which would consequently stimulate CGRP release and smooth 
muscle relaxation (unpublished data); (b) production of H2S and NO from 
 colocalized CBS and neuronal NOS leads to intracellular HNO formation and 
TRPA1 activation as shown by [82]; and (c) taking into account that constitutive 
levels of NO in neurons are very low [200], it is also plausible that, for instance, in 
CNS, astrocyte- derived NO, as a paracrine signal, reaches the network of CGRP- 
and TRPA1-expressing nerve fibers that surround small blood vessels, reacts with 
H2S produced in vicinity of TRPA1 to give HNO, which then induces CGRP release 
and vasodilatation in the periphery (Fig. 14.11c). Recent work showed that the NO 
vasodilatory effect on aorta rings is partially blocked by inhibiting H2S production, 
whereas H2S effects were diminished by inhibiting NO production, further strength-
ening the link between these gasotransmitters [201].

HNO–TRPA1–CGRP activation may have important roles in the gastrointestinal 
tract, in particular in chronic inflammation of the bowel, a site with the highest local 
H2S generation provided by commensal bacteria [202]. On the physiological side, it 
is tempting to speculate that the HNO–TRPA1–CGRP pathway could contribute to 
local vasodilatation in the gut and enhanced nutrient resorption, which would be 
achieved by needs-based channel activation. However, in inflammation, character-
ized by high NO production, the pathway appears Janus-faced; it could contribute 
to the completion and resolution of the process by the protective effects of CGRP, 
or it can perpetuate the disease by TRPA1-controlled corelease of substance P that 
turns the immune system autoaggressive [203, 204].

Similar to Angeli’s salt, combination of H2S and NO, when injected subcutane-
ously, induced pain and itch, with an obvious axon-flare erythema, suggestive of 
CGRP signaling. When coinfused (but in close proximity) via separate microdialy-
sis tubes, H2S and NO also induced local vasodilation, but more importantly NH2OH 
was detected in the effluate as a final product (Fig. 14.11d).

These recent data have several implications on the understanding of HNO sig-
naling (a) they offer an endogenous source for HNO formation and complete the 
cycle spanning from HNO production to CGRP release; (b) they offer mechanistic 
explanation of H2S-induced vasodilation and positive inotropic effect; and (c) they 
suggest a potential use of H2S/NO combination as a pharmacological tool for HNO 
generation and treatment of cardiac failure. Interestingly, the simultaneous pharma-
cological NO/H2S donors have been reported and they show anticancer affect, just 
like other HNO donors [205, 206].
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14.7  Future Directions

Nitroxyl is a peculiar molecule with the remarkable (bio)chemical characteristics. In 
addition, its therapeutic potential in the treatment of the failing heart alone is worth 
of further investigation. Many questions of HNO biochemistry remain to be 
addressed. Besides the mechanisms described in this chapter, further studies on iden-
tifying the ways for its intracellular generation could be of great help in understand-
ing how this molecule works and which (patho)physiological states are regulated by 
it. To do so, new and more selective tools for intracellular HNO detection are needed.

HNO also shows a peculiar reactivity. Its ability to specifically react with cyste-
ine residues on a limited number of proteins, despite very high thiol content in the 
cells and around, still baffles the researchers. More detailed proteomic approach 
would help in identifying the potential cellular targets of HNO and maybe help in 
unraveling the nature of this selectivity.

Development of new slow releasing HNO drugs is certainly one of the major 
future directions. However, besides the development of the organic molecules, 
which could decompose and give HNO, new ways to modulate redox status of intra-
cellular NO and convert it to HNO, might prove equally efficient. Metal-center 
based drugs could help in that approach.

Finally, finding the HNO targets could help in identifying some other disease 
states that could be improved by HNO treatment such as cancer. While keeping in 
mind the therapeutic potential, we should also not forget the potential shortcomings 
of HNO-based therapy. HNO–TRPA1–CGRP cascade could prove important for 
the development of migraine attacks. Nonetheless, this field of research will remain 
one of the hot topics for many years to come.
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    Chapter 15   
 Advances in Breast Cancer Therapy Using 
Nitric Oxide and Nitroxyl Donor Agents                     

     Debashree     Basudhar      ,     Katrina M.     Miranda      ,     David     A.     Wink      , 
and     Lisa     A.     Ridnour     

15.1           Introduction 

 The  physiological importance   of nitric oxide (NO), otherwise considered as an 
atmospheric pollutant [ 1 ], was fi rmly established in the early 1990s as endothelium- 
derived relaxing factor that revolutionized the whole fi eld of NO biology. Ignarro, 
Furchgott, and Murad received the Nobel Prize in Medicine in 1998 for their contri-
butions, thus changing the view of the scientifi c society on NO [ 2 ]. NO is an endog-
enous free radical messenger that plays a vital role in numerous physiological and 
pathophysiological processes like modulation of blood pressure, inhibition of plate-
let aggregation, neural transmission, and immune response [ 3 – 10 ]. Pharmacological 
actions of several well-known cardiovascular agents (sodium nitroprusside, nitro-
glycerin, isosorbide dinitrate, etc.) can be explained in terms of their capabilities to 
produce NO upon administration. 

  Biosynthesis of NO   involves fi ve-electron oxidation of  L -arginine to  L -citrulline and 
is catalyzed by NO synthase (NOS) in an NADPH-dependent process (Fig.  15.1 ) [ 11 ].

   Three  NOS   isoforms have been identifi ed: neuronal NOS (nNOS, NOS-1) [ 12 ], 
inducible NOS (iNOS, NOS-2) [ 13 ], and endothelial NOS (eNOS, NOS-3) [ 14 ]. 
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While nNOS and eNOS are constitutively expressed and produce low NO fl ux in 
response to transient changes in calcium levels, iNOS is induced by pro- infl ammatory 
cytokines [ 15 ]. NO production from dietary sources of nitrite and nitrate can also 
contribute to desired NO concentration and can play a crucial role under hypoxic 
conditions [ 16 ]. The biological properties of NO are decided by its chemistry [ 17 ]. 
NO can exert its physiological activities by direct activation of soluble guanylate 
cyclase (SGC) to generate cyclic guanosive monophospase (cGMP) followed by 
downstream signal transduction [ 18 ,  19 ] or by cGMP-independent mechanisms 
mediated by reactive nitrogen species (RNS) that are potent nitrating, nitrosating, 
and oxidizing agents [ 20 – 22 ]. The biological role of NO is complicated. It can play 
crucial roles in various physiological as well as disease processes in a concentra-
tion-dependent manner. Under pathophysiological settings, low levels of NO can 
lead to angina, hypertension, and impotency; while overproduction can lead to sep-
sis, stroke, infl ammatory diseases, and cancer [ 15 ,  23 ,  24 ]. 

  Nitroxyl (HNO)  , the neglected and less understood nitrogen oxide in the pre-
vious century, has emerged as a key player in the last decade. It is a promising 
pharmacological agent with distinct cardiovascular, tumoricidal, alcohol-deter-
rent properties among others [ 25 – 31 ]. Catalase-mediated generation of HNO 
from cyanamide is used clinically for the treatment of alcoholism [ 32 – 34 ]. 
Although mammalian biosynthesis of HNO has been postulated, the subject 
remains highly debatable, in part due to ineffi cient/nonspecifi c  in vivo  detection 
methods. Some of the pathways for possible endogenous production of HNO are: 
(1)  N  ω -hydroxy- L - arginine (NOHA), a critical intermediate during NO biosyn-
thesis, can be uncoupled from NOS and further oxidized by biological oxidants 
to release HNO, (2) absence of the cofactor tetrahydrobiopterin during NO bio-
synthesis, (3) reaction of thiols with  S -nitrosothiols, (4) metalloproteins medi-
ated reduction of NO [ 35 – 41 ]. Compared to NO, HNO has only recently 
generated interest as a promising chemotherapeutic agent [ 30 ,  31 ]. HNO can 
induce DNA double strand breaks under aerobic conditions and can irreversibly 
inhibit enzymes with critical thiols such as glyceraldehyde phosphate dehydro-
genase (GAPDH) [ 42 ,  43 ]. In order to fully harness the potential of NO- and 
HNO-based therapeutics, it is important to understand their biological role in 
cancer. In this chapter, we will discuss developments in the fi eld of NO- and 
HNO-based therapeutic approaches in breast cancer treatment illustrating some 
of their benefi ts and pitfalls.  
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  Fig. 15.1     Biosynthesis of NO   by oxidation of  L -arginine to  L -citrulline catalyzed by NOS       
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15.2     Redox Biology of NO and HNO in Breast Cancer 

 Breast cancer is one of the most prevalent types of cancer among women. In 2015, 
231,840 new cases of invasive and 60,290 new cases of noninvasive breast cancer 
are estimated in the USA alone with 40,290 projected cases of death [ 44 ]. Metastatic 
breast cancer has a high mortality rate among women. It is commonly associated 
with spreading of cancer from breast and lymph nodes to lung, liver, bone, and 
brain. Basal-like breast cancer associated with lack of expression of human epider-
mal growth factor (HER2), estrogen, and progesterone receptor is the most aggres-
sive phenotype. 

15.2.1     Nitric Oxide in Cancer 

 Dysfunction  of    redox homeostasis defi ned as the balance between oxidative/nitro-
sative stress and antioxidants, plays an important role in the development and pro-
gression of cancer. NOS2 is a pro-infl ammatory mediator that generates intermediate 
fl ux of NO (>100 nM) leading to pro-growth signaling in cancer [ 45 – 49 ]. It has 
been established as a biomarker for poor patient survival in basal-like breast cancer 
[ 50 ]. Breast cancer is associated with overproduction of reactive oxygen species 
(ROS) and RNS. Apart from breast cancer, elevated NOS2 is also associated with 
pancreatic, ovarian, melanoma, prostate, oral, head and neck squamous cell cancer 
[ 51 – 56 ]. In addition, eNOS and nNOS are expressed in breast carcinoma [ 57 ], oli-
godendroglioma, and neuroblastoma cell lines [ 58 ]. 

 The role of NO  in   cancer biology is much more complicated than previously 
thought. This is due in part to confl icting fi ndings that have accumulated in the litera-
ture. NO is involved in multiple steps of tumor development with critical roles in 
hypoxia response, survival and metastasis, angiogenesis, and cancer immunology. 
However, it is also involved in cell cycle arrest, apoptosis, and enhances chemo- and 
radiotherapy effects [ 15 ,  59 – 61 ]. NO is involved in tumor suppression as well as pro-
gression and metastasis. Hibbs et al. showed tumoricidal effects of NO in activated 
murine macrophages [ 3 ,  62 ]. Leukemic cells are also susceptible to NO-mediated 
apoptosis [ 63 ]. This dichotomy has puzzled the scientifi c community over the decades. 

 A much clearer picture of the  concentration-dependent role   of NO in cancer 
(Fig.  15.2 ) has begun to emerge. In contrast to ligand-/receptor-dependent signal-
ing, NO mechanisms in cancer are determined by its chemical properties. As such, 
signaling events generated from NO can be dramatically different depending on the 
concentration, duration of exposure, and tissue microenvironment. Most of its bio-
logical signaling is either due to its direct reaction with metal centers or nitrosation 
of biomolecules [ 20 ,  64 – 69 ]. Nitrosylation of metal centers occurs at a low concen-
tration of NO and can be broadly classifi ed as physiological response while protein 
nitrosation is an indicator of nitrosative stress, which is critical for understanding of 
various pathophysiological conditions. Thiol nitrosation is involved in inhibition as 
well as activation of key signaling pathways [ 67 ].
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   One important factor, which is often overlooked, is that solid tumors often have 
hypoxic regions. So even with high expression of NOS2, the bioavailability of NO 
may be low due to the O 2  dependence of NOS for NO production as shown in 
Fig.  15.1 . Hicock et al. showed that the maximum fl ux of NO generated from NOS2 
occurred at O 2  concentrations ranging between 5 and 8 % [ 70 ]. Thus, availability of 
O 2  is a limiting factor in the rate of synthesis of NO. Moreover, for the same reason, 
the half-life of NO is longer under conditions of low O 2  as metabolism of NO is also 
O 2  dependent. Therefore, the O 2  dependence of NO synthesis and half-life is impor-
tant during NO/RNS reaction with multiple cellular targets and downstream signal-
ing [ 71 ]. Under normoxic conditions, NOS2 has the ability to produce a higher fl ux 
of NO. Moreover in hypoxic tumors, which typically have <3 % O 2 , NO can inhibit 
mitochondrial function to control bioavailability of O 2  [ 70 ]. The interplay between 
O 2  and NO was recently reviewed [ 72 ]. In cancer biology under hypoxic conditions, 
the fl ux of NO is half of that under normoxic conditions suggesting that sGC signal-
ing is a key mediator under hypoxic conditions. 

 Solid tumors often display hypoxic regions that are associated with more aggres-
sive phenotypes and increased metastasis [ 73 ] and are harder to treat with both 
chemo and radiation therapy [ 74 ].  Hypoxia inducible factor 1α (HIF-1α)  , which 
 plays   a critical role in cell survival during hypoxia, is stabilized by NO-mediated 
S-nitrosylation at Cys 533 (Cys 520 in humans) even in the presence of oxygen 
[ 75 ]. A seminal study by Thomas et al., demonstrated the role of NO fl ux during the 
regulation of distinct signaling pathways in breast cancer cell lines; HIF-1α stabili-
zation occurred at NO fl ux ranging from 100 to 500 nM using both macrophage 
induction and SPER/NO as NO donor [ 76 ]. Importantly, this study identifi ed key 
pro-survival signaling pathways that were modulated by NO. 

 In addition to pro-survival signaling, low NO fl ux (50–100 nM) leads to increased 
angiogenesis and metastasis [ 76 ,  77 ].  Angiogenesis   is a complex process that involves 
cellular proliferation, migration, and tube formation to replenish nutrient and oxygen 
requirements of growing tumor, thus playing a key role in shaping the tumor microen-
vironment. Several studies show NOS to be associated with tumor growth, invasion, 

  Fig. 15.2     Concentration-dependent effects   of NO in cancer. Intermediate levels of NO >100 nM 
leads to pro-survival signaling and high levels in excess of 800 nM induces tumoricidal 
properties       
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and angiogenesis [ 77 – 79 ]. Elevated NOS2 tumor expression predicts poor disease-
specifi c survival in ER-negative breast cancer patients [ 50 ]. Interestingly, elevated 
eNOS, which produces sustained low levels of NO (<10 nM) during angiogenesis 
induction, has also been shown to predict poor breast cancer survival [ 57 ,  80 ]. 

  Thrombospondin-1 (TSP-1)   is a glycoprotein known to exhibit anticancer and 
anti- angiogenic   properties. The examination of NO regulation of TSP-1 during 
angiogenic response identifi ed a novel cross-talk relationship between NO and 
TSP-1, where low fl ux NO suppressed TSP-1 levels during angiogenic response, 
which was ERK dependent. Importantly, exogenous TSP-1 blocked NO-induced 
angiogenic response [ 81 ,  82 ]. 

 Dysregulation  of    matrix metalloproteinases (MMPs)  , a group of structurally simi-
lar endopeptidases that play a key role in controlling homeostasis of extracellular 
matrix (ECM) proteins, have long been implicated in various pathophysiological 
conditions like neurodegenerative diseases, stroke, arthritis, and cancer invasion and 
metastasis [ 83 ,  84 ]. MMP-9-defi cient mice show reduced cancer-cell proliferation 
and metastasis compared to wild-type mice [ 85 ,  86 ]. Regulation of MMP-9 by NO 
during cerebral ischemia was shown to involve S-nitrosylation of Cys residue and 
further oxidation to stable sulfi nic or sulfonic acid, which in turn led to neuronal 
apoptosis [ 87 ]. We have recently shown a dose-dependent, biphasic regulatory effect 
of NO on the activity of MMPs (MMP-9, -1, and -13) secreted from murine macro-
phages [ 88 ]. A concentration-dependent activation and inactivation of purifi ed latent 
MMP-9 was observed on exposure to NO. Moreover, low fl ux NO-modulated MMP/
tissue inhibitor of metalloproteinase (TIMP)-1 levels in cGMP-dependent manner by 
enhancing MMP activity and suppressing the endogenous inhibitor TIMP-1 [ 88 ]. 
Later studies demonstrated TIMP-1 nitration on specifi c tyrosine residues in hydro-
phobic pockets that abated the inhibitory function of TIMP-1 against active MMPs 
[ 89 ,  90 ]. In breast cancer, TIMP-1 predicted poor disease-specifi c breast cancer sur-
vival, which was restricted to patients with high tumor NOS2 expression. In contrast, 
TIMP-1 did not predict poor survival in patients with low tumor NOS2 expression. 
Importantly, elevated TIMP-1 increased the association between NOS2 and pAkt in 
these tumors, which suggests that elevated NOS2 and TIMP-1 promotes more 
aggressive tumor growth by Akt activation [ 90 ]. 

 Higher NO concentrations similar to that produced by activated macrophages 
have been shown to induce p53 phosphorylation, which led to apoptosis in malig-
nant cells (Fig.  15.2 ) [ 91 ,  92 ]. This elevated NO fl ux and downstream apoptotic 
signaling is key to the development of NO-releasing therapeutics and extended 
understanding of the role of high fl ux of NO in tumor cell death.  

15.2.2     Nitroxyl and Cancer 

 Recently,  nitroxyl (HNO)   has received signifi cant attention due to its distinct 
biological properties and potential as a pharmacological agent in the treatment of 
alcoholism, cardiovascular diseases, and cancer [ 25 ,  27 ,  28 ,  30 ,  31 ,  93 ]. While 
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the biological effect(s) of HNO is largely unexplored, recent studies have shown 
that HNO reduces angiogenesis by reducing HIF-1α and VEGF [ 30 ]. Toward this 
end, the chemotherapeutic properties of HNO have recently gained interest 
(Fig.  15.3 ) with additional studies showing cytotoxic effects [ 43 ] that are in part 
due to DNA double strand breaks caused by the formation of reactive nitrogen 
oxide species [ 94 ,  95 ]. HNO inhibited growth of breast cancer xenografts [ 30 , 
 31 ] and neuroblastoma cells [ 96 ]. HNO also inhibited aldehyde dehydrogenase 
(ALDH), an enzyme key in metabolism of alcohol, and a marker of breast cancer 
stem cells (BCSC). While the effect of HNO on various signaling pathways is 
not well studied, much of its biological effects are based on its heme chemistry 
and the ability to modify critical thiol residues such as GAPDH [ 42 ], an enzyme 
involved in glycolysis, and other cellular process such as apoptosis and response 
to oxidative stress [ 97 ]. Cancer cells have a higher dependence on glycolysis 
than normal cells [ 98 ], which makes HNO an attractive chemotherapeutic candi-
date [ 99 ]. HNO also showed inhibition of poly(ADP)ribose polymerase (PARP), 
which is an important component of DNA repair mechanisms [ 100 ]. Thus, HNO-
based pharmaceutical agents can not only be effective as single agent drugs but 
may also be useful in combination with chemo- and radiotherapy. In addition to 
the direct effects of HNO on cancer cells, HNO donors may be useful adjuvant 
agents to chemotherapy.

15.3         Development of Redox Therapeutics 

 The role of NO in tumor progression versus carcinogenesis is very complex and 
depends on factors including tumor type and response to NO and NO fl ux within the 
tumor microenvironment. Therefore, the choice of NOS inhibition or NO donors as 
effective therapeutic options must be based upon the tumor type and stage. Given 
the metastability of HNO, donor compounds have been developed to study its 
chemotherapeutic potential. 

  Fig. 15.3     Effect of HNO   on different signaling pathways associated with cancer       
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15.3.1     Inhibition of NOS 

 Recent  clinical   studies have identifi ed NOS2 as a biomarker of prognosis, where 
elevated tumor NOS2 expression predicted poor outcome in ER(−) breast cancer 
patients (Fig.  15.2 ) [ 50 ,  51 ,  101 – 104 ]. Similarly, elevated tumor NOS2 (of ~300 nM 
NO) predicted poor survival in colon [ 105 – 107 ], lung cancers [ 108 ], as well as 
melanoma [ 109 ] and glioblastoma [ 110 ]. 

 These observations generated the platform that launched the development of 
multiple classes of NOS2 inhibitors. Over the past few years, multiple NOS2 inhibi-
tors have been patented and investigated [ 111 – 113 ]. As  L -arginine is substrate of 
NOS, several structural analogs of arginine were developed with the idea of com-
petitive inhibition of NOS. Well-known nonspecifi c NOS inhibitors that are most 
commonly used include  L - N  ω -nitroarginine ( L -NNA) and its methyl ester,  L - N  ω - 
nitroarginine methyl ester ( L -NAME). They have been extensively used  in vitro  and 
 in vivo  in part due to their chemical stability, water solubility, and low toxicity 
[ 114 – 116 ]. In a murine breast cancer model, NOS inhibition by  L -NAME dramati-
cally reduced the neovascular response [ 117 ]. In combination with tumor necrosis 
factor (TNF) and melphalan, administration of  L -NAME inhibited growth of adeno-
carcinoma signifi cantly in a renal subcapsular CC531 adenocarcinoma rat model 
[ 118 ]. Slight differences in the arginine binding domain for NOS isoforms can be 
exploited for developing therapeutically viable NOS-selective inhibitors and has 
attracted much attention [ 111 – 113 ]. In a non-obese diabetic/severe combined 
immunodefi cient xenograft model, NOS2-selective small molecule antagonist  N (6)-
(1-iminoethyl)- L -lysine-dihydrochloride ( L -nil) inhibited growth of human mela-
noma in vivo with an increased survival and was shown to synergize with cytotoxic 
cisplatin chemotherapy. NOS2 inhibition decreased the density of CD31+ microves-
sels and also enhanced number of apoptotic cells in tumor xenografts [ 119 ]. 
Chemopreventive properties of highly selective NOS2 inhibitors  L -N(6)-(1- 
iminoethyl)lysine tetrazole-amide (SC-51) and aminoguanidine (AG) were assessed 
in a model of azoxymethane-induced colonic aberrant crypt foci (ACF), which 
showed dose-dependent inhibition of the incidence of colonic ACF by SC-51, while 
AG abated ACF at high concentrations [ 107 ]. In a separate study, AG signifi cantly 
reduced tumor growth and metastases in MB-231 breast cancer xenografts [ 120 ]. 
Other NOS2 inhibitor including 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic 
acid (CDDO) and its methyl ester (CDDO-ME),  S , S ′-1,4-phenylene-bis(1,2- 
ethanediyl)bis-isothiourea (PBIT), 7-nitroindazole,1-(2-trifl uoromethylphenyl)
imidazole (TRIM),  N -(3-(aminomethyl)benzyl)acetamidine (1400 W) have shown 
promising inhibitory activity both  in vitro  and  in vivo  [ 121 – 126 ]. More recently, 
nanoparticle-based delivery vehicles have been explored in site-specifi c delivery of 
NOS inhibitors. Intravenous delivery of CDDO-Me using poly-lacticglycolic-acid 
nanoparticle in combination with subcutaneous tyrosinase-related protein 2 (Trp2) 
vaccine resulted in increased antitumor effi cacy compared to Trp2 vaccine alone in 
B16F10 melanoma. CDDO-Me delivery resulted in remodeling of tumor-associated 
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fi broblasts, collagen and vessel in tumor microenvironment, as well as enhanced 
Fas signaling, which can sensitize the tumor cells for cytotoxic T lymphocyte- 
mediated killing [ 127 ].  

15.3.2     Donors of NO 

 NO  donors   have the potential to produce high intracellular concentrations of NO 
and act as tumor cytotoxic agents. Moreover, their potential as sensitizing agents to 
chemo-, radio-, and immunotherapies increases their utility as anticancer agents. 
Based on the potential pharmacological benefi ts that NO can offer, various classes 
of NO donors have been developed. 

15.3.2.1     Organic Nitrates 

  Organic nitrates, the   oldest class of NO donors,    have long been used for clinical 
treatment of pain associated with angina [ 128 ]. Biochemical pathways leading to 
release of NO are not yet fully understood and several mechanisms have been pos-
tulated that can promote NO release [ 129 – 131 ]. Figure  15.4  shows some of the 
common examples of organic nitrates.

    Glyceryl trinitrate (GTN)   is the most studied nitrate and has been safely employed 
in the clinic for angina-related pain relief for more than a century, which makes 
GTN an attractive candidate for chemotherapeutic applications. Numerous studies 
have shown therapeutic potential of GTN in a variety of cancers and as an adjuvant; 
GTN can improve tumor response to other chemotherapeutic agents [ 132 – 136 ]. 
Reduced lung metastases of B16F10 murine melanoma cells were observed in mice 
treated with GTN [ 132 ]. Similarly, the therapeutic effi cacy of doxorubicin was 
improved by GTN in prostate tumor xenografts [ 134 ]. A Phase II clinical study in 

  Fig. 15.4    Examples of  organic nitrates         
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prostate cancer patients demonstrated increased time to relapse after surgery or 
radiotherapy, in patients that received low-dose GTN [ 137 ]. Also, small cell lung 
cancer patients that received GTN showed improved tumor response to chemothera-
peutic drugs such as vinorelbine and cisplatin [ 138 ] or docetaxel and carboplatin 
regimen with no severe adverse effect [ 133 ]. 

 Hypoxia-mediated acquisition of resistance to doxorubicin and 5-fl uorouracil in 
human breast carcinoma and mouse melanoma cells was abated by low concentra-
tions of GTN or diethylenetriamine-NO adduct (DETA/NO) [ 139 ]. Further studies 
demonstrated that hypoxic cancer cell overexpressed ADAM10, a key enzyme that 
limits immune surveillance [ 140 ]. However, treatment with NO donor agent, such 
as GTN, reduced tumor hypoxia, and abated resistance to immune system attack. 
The results implicate low-dose NO in boosting the body’s natural immune response 
to cancer. Given the clinically established safety of GTN, additional clinical trials 
are required to establish anticancer applications of GTN.  

15.3.2.2      S -Nitrosothiols 

   S -Nitrosothiols (RSNO)   are  the   class of unstable organic compounds containing a 
nitroso group attached to thiol sulfur. They are potential vehicles for NO storage and 
delivery under physiological conditions [ 141 ,  142 ].  S -nitroso- N -acetylpenicillamine 
(SNAP) and  S -nitrosoglutathione (GSNO) are two relatively stable RSNO agents 
(Fig.  15.5 ) that have been extensively utilized for studying the biological effects of 
RSNOs.

   Decomposition of RSNO compounds yield one of the three species NO, NO + , or 
NO − , which can be triggered by light, thiol activation, heat, or metal ions [ 143 ]. It is 
now fi rmly established that a large number of proteins undergo S-nitrosylation 
 in vivo , which plays an important role in various biological processes. Similar to 
GTN, SNAP and GSNO have demonstrated therapeutic potential in several cancer 
models [ 144 – 148 ]. For example, SNAP-induced p53-sensitive apoptosis in a Bcl-2/
BAX-independent fashion in human neuroblastoma cells [ 145 ]. As a  radiosensitizing 
agent, SNP-sensitized Fas-induced apoptotic cell death of HeLa human cervical 
cancers [ 146 ]. Pretreatment with GSNO suppressed doxorubicin resistance in 
MCF7/Dx breast cancer cells, which involved enhanced glutathionylation of his-
tones [ 147 ]. GSNO treatment has also been shown to inhibit proliferation of several 
chemo-responsive and chemo-resistant ovarian cancer cell lines. Moreover, GSNO 

  Fig. 15.5    Examples of stable   S -nitrosothiols         
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not only attenuated tumor growth  in vivo , but also potentiated cisplatin toxicity in 
an A2780 ovarian carcinoma nude mouse model [ 148 ]. These promising preclinical 
data fi ndings warrant further investigation of  S -nitrosothiols in cancer treatment.  

15.3.2.3     Diazeniumdiolate 

  Diazeniumdiolates      (also known as  NONOates  ) are versatile NO donors with the 
basic structure: X-[N(O)NO] −  where X can be C, N, O, or S-based nucleophilic 
center [ 149 ,  150 ]. These compounds dissociate spontaneously at neutral pH with 
half-life range from 2 s to 20 h and are widely used to study the time- and 
concentration- dependent biological effects of NO. Their popularity arises from the 
ability to produce NO over a broad timescale, and derivatization of the terminal 
oxygen to yield prodrugs that can be tuned to achieve site-specifi c NO delivery 
[ 143 ,  150 – 153 ]. Among the NO donors, diazeniumdiolates are the most extensively 
studied donors for cancer treatment. Keefer et al. pioneered the chemotherapeutic 
applications of diazeniumdiolates [ 154 – 158 ]. Several studies have shown diazeni-
umdiolates to enhance cytotoxicity of chemo drugs such as melphalan, doxorubicin, 
cisplatin, and carboplatin [ 159 – 163 ]. In prostate cancer cells, DETA/NO induced 
TRAIL-mediated apoptosis via inactivation of NF-κB and down-regulation of 
Bcl-xl expression [ 164 ]. While the cytotoxicity of ionic diazeniumdiolates in vari-
ous cancer cells lines is low (typical IC 50  > 1 mM) [ 154 ,  165 – 167 ], several deriva-
tized diazeniumdiolates have been shown to exert antitumor activity at low 
concentration [ 154 – 156 ]. DETA/NO, for instance, induced cytostasis and cell-cycle 
arrest in human breast cancer cells MDA-MB-231 at 1 mM concentration [ 168 ]. 
In contrast, esterase-sensitive acetoxymethyl protected DEA/NO (AcOM-DEA/NO) 
signifi cantly decreased proliferation of leukemia cells at a concentration of 50 μM 
compared to >600 μM of parent donor in 24 h [ 154 ]. Also, AcOM-DEA/NO dose- 
dependently induced apoptosis in MB-231 breast cancer [ 169 ]. The most widely 
studied derivatized diazeniumdiolates with potent antineoplastic activity is JS-K 
(Fig.  15.6 ) [ 155 ,  170 – 178 ].

   JS-K releases NO upon activation by glutathione transferase and was found to 
be cytotoxic at low micromolar concentrations in several cancer models [ 173 ]. 
JS-K also showed potent anti-angiogenic activity in vitro and at a concentration of 
0.5 μM, completely inhibited vessel growth in multiple myeloma model in vivo 

  Fig. 15.6    Structure  of 
  NO-releasing JS-K       
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[ 174 ]. It also enhanced toxicity of existing cancer drugs such as cisplatin by 
increasing cellular accumulation [ 179 ]. JS-K thus represents a novel NO-based 
platform with therapeutic potential.   

15.3.3     HNO Donors and Their Potential Usage 

 The role of HNO as a key pharmacological agent in the treatment of alcoholism, 
cardiovascular disease, and cancer has generated much interest. However, HNO 
chemical biology has been limited due to its irreversible dimerization, thus neces-
sitating use of donor compounds for production of HNO in situ. Increasing interest 
in HNO has led to the development of various classes of HNO donors.  

15.3.3.1    Diazeniumdiolate based HNO donors 

 Angeli’s salt (AS, Na 2 N 2 O 3 ) was synthesized by Angeli in 1896 [ 180 ] and is one of 
the most commonly used HNO donors in the pH range of 4–8 with a fi rst- order rate 
of decomposition of 4–5 × 10 −3  s −1  at 37 °C [ 34 ,  181 ,  182 ]. Dose-dependent anti-
proliferative effects of Angeli’s salt were shown in human breast cancer cell lines 
[ 30 ]. While Angeli’s salt has been used extensively in cancer cell models, its phar-
macological utility as an anticancer agent is limited by its short half-life and milli-
molar concentrations required for cell killing. Moreover, being an inorganic salt, its 
structure cannot be modifi ed to fi ne tune these properties. Toward this end, the 
structurally similar primary amine-based diazeniumdiolates have been developed 
[ 183 ] that release different ratios of NO and/or HNO depending upon the amine 
backbone and pH of the solution [ 165 ]. When compared to the large number of 
stable secondary amine-based diazeniumdiolates, only a few stable primary amine-
based diazeniumdiolates have been isolated and studied including isopropylamine 
diazeniumdiolates (IPA/NO), cyclopentylamine diazeniumdiolates (CPA/NO), 
cyclohexylamine diazeniumdiolates (CHA/NO), cycloheptylamine diazeniumdio-
lates (CHPA/NO), and cyclooctylamine diazeniumdiolates (COA/NO), the struc-
ture of which are shown in Fig.  15.7  [ 183 ,  184 ]. Like Angeli’s salt these donors have 
a short half-life in the range of 2.3–6.1 min [ 182 ,  184 ,  185 ] under physiological 
conditions and were shown to inhibit proliferation of MCF-7 breast cancer cells in 
millimolar concentrations [ 184 ].

  Fig. 15.7    Stable primary amine-based  diazeniumdiolates         
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   A major challenge for the use of primary amine diazeniumdioate-based HNO 
donors for pharmaceutical purposes involved increasing their stability to achieve higher 
HNO delivery. Previously, O 2 -alkylated secondary amine-based diazeniumdiolates 
were synthesized that exhibit increased half-lives and are activated  enzymatically, 
photolytically or by hydrolysis [ 151 ,  154 ,  155 ,  186 – 189 ]. Saavedra et al. demonstrated 
that O 2 -derivatization of primary amine diazeniumdiolates with alkyl, MOM, and 
glycosyl can also increase stability and purifi cation (Fig.  15.8 ) [ 190 ].

   The controlled release of NO and HNO/NO at pH 5 and pH 7.4, respectively, 
upon enzymatic cleavage of glycosylated IPA/NO demonstrated the ability to mod-
ulate IPA/NO release in a site-directed manner [ 190 ,  191 ]. However, care needs to 
be taken during the O 2 -derivatization of primary amine diazeniumdiolates, as excess 
derivatizing agent can lead to the formation of N,O-derivatized product due to labile 
NH proton, where N is susceptible to electrophilic attack and this product cannot 
generate HNO [ 190 ]. 

 Recently, Knaus et al. reported O 2 -sulfonylethyl (–CH 2 CH 2 SO 2 R where R = OMe, 
NHOMe, NHOBn, Me) protected IPA/NO that can undergo a β-elimination reaction 
to release IPA/NO [ 192 ] (Scheme  15.1 ). These compounds exhibited half-lives of 
6.6–17.1 h depending upon R substituent under physiological conditions and pro-
duced 46–61 % HNO. The cardiovascular effects of O 2 -methylsulfonylethyl- 
derivatized IPA/NO were studied as HNO and NO show different pharmacological 
signatures. Positive ionotropic and antihypertensive effects of this compound veri-
fi ed HNO release under physiological conditions [ 192 ].

   One of the most interesting compounds in the series of O 2 -derivatized primary 
amine diazeniumdiolates was O 2 -acetoxymethylated IPA/NO (Fig.  15.8 ) [ 193 ], 
which is a pure HNO donor with a half-life of 41 min at physiological temperature 
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and pH in the absence of esterase as shown in Scheme  15.2 . The fi rst step involved 
deprotonation of the NH proton, which has previously been shown to be acidic 
compared to traditional amines [ 190 ]. 1–4 acyl migration through a cyclic interme-
diate followed by expulsion of formaldehyde molecule and fragmentation led to 
the formation of an acylnitroso intermediate. Acylnitroso compounds are a well-
studied class of HNO donors and intermediate in various HNO-releasing prodrugs. 
The increased half-life and the ability to release HNO without NO and nitrite production 
is an important step forward to investigate chemical and pharmaceutical properties 
of HNO.

   O 2 -acetoxymethylated CPA/NO (AcOM-CPA/NO) was also synthesized using a 
similar synthetic protocol and showed a half-life of 21 min and 96 % HNO release at 
pH 7.4 and 37 °C [ 184 ]. Thus, O 2 -acetoxymethylation of primary amine diazenium-
diolates can be used to synthesize molecules with signifi cantly increased half- lives 
[ 184 ,  193 ]. AcOM-CPA/NO was shown to inhibit proliferation of human breast 
cancer cells in micromolar concentration [ 184 ].  

15.3.3.2     Hydroxamic Acid 

 Piloty’s  acid   ( benzenesulfohydroxamic   acid, C 6 H 5 SO 2 NHOH) produces HNO 
under basic condition ( 15.1 ) [ 194 ].
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 (15.1)      

  This limiting factor for biological use was compounded by its susceptibility to 
one-electron oxidation in air, which converts it to an NO donor ( 15.2 ) [ 195 ].

   
C H SO NHOH O C H SO NHO C H SO H NO6 5 2 6 5 2 6 5 2+ [ ] → → +·

  
 ( 15.2 ) 

   

  Over the years, various structural modifi cations have made this class of com-
pounds very lucrative as pharmaceutical agents.  N -Hydroxycyanamide (HONHCN), 
an N-substituted hydroxylamine with cyanide leaving group is clinically used as an 
alcohol deterrent in Europe, Canada, and Japan [ 93 ,  196 ,  197 ]. The pharmacologi-
cal effects of this class of molecule have been explored in various disease states 
such as HIV, allergies, tuberculosis, asthma, arthritis, malaria, cardiovascular dis-
ease, Alzheimer’s, infection, psoriasis, hypertension, enzymatic disorders, and inhi-
bition of tumor growth [ 198 ]. 

 Acyl nitroso moiety generated as an unstable intermediate upon oxidation of 
hydroxamic acid has been known to generate HNO upon hydrolysis [ 199 ]. Suberoyl- 
anilide hydroxamic acid (SAHA) (histone deacetylase inhibitor) and hydroxy urea 
(used for sickle cell anemia) can potentially generate both NO and HNO (involve-
ment of acyl nitroso species) and are the most studied compounds for their  anticancer 
properties [ 200 – 202 ]. Both SAHA and hydroxy urea are clinically approved as anti-
cancer agent. In conclusion, HNO chemical biology is as rich as NO and offers 
tremendous potential as chemotherapeutic agents.   

15.3.4     NO/HNO Hybrid Drugs 

  The   benefi cial role of NO as a vasodilator, mucosal defense, and as an antineoplas-
tic agent has led to the development of NO-hybrid drugs. This novel approach 
focuses on retaining the pharmacological activity of the parent compound along 
with synergistic activities with NO while minimizing the side effects that may be 
caused by the parent drug alone. NO donors have been covalently conjugated to 
anticancer drugs such as 5-fl uorouracil (5-FU) [ 203 ], doxorubicin [ 204 ], and PARP 
inhibitor olaparib [ 157 ]. A 5-FU derivative was shown to have greater cytotoxicities 
than parent drug in human prostate and HeLa cancer cells [ 203 ], whereas doxorubi-
cin derivative induced high toxicity in doxorubicin-resistant human colon cancer 
cells [ 204 ]. Olaparib derivative was based on JS-K analog thereby conjugating two 
active moieties into a single molecule. This derivative was shown to reduce growth 
rates of A549 human lung adenocarcinoma xenografts without any apparent sys-
temic toxicity [ 157 ]. 

 The most well-studied NO-conjugate drugs belong to the family of nonsteroidal 
anti-infl ammatory drugs (NSAIDs) [ 205 ]. Several NO-NSAIDs have recently been 
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developed and examined with organic nitrates [ 206 – 208 ] and diazeniumdiolates 
[ 209 – 211 ] being the frequent choice of NO donors. The NSAID Aspirin is exten-
sively used worldwide to reduce pain, fever, and infl ammation [ 212 ]. However, it is 
associated with serious side effects, including gastric ulceration and renal toxicity 
[ 213 ], resulting from nonspecifi c targeting of both COX-1 (constitutive isoform) and 
COX-2 (inducible isoform) [ 214 ]. NCX-4040, an NO-releasing aspirin analog was 
shown anti-proliferative activity against colon cancer [ 215 ]. NCX-4016, yet another 
NO-aspirin hybrid was shown not only to reverse sensitivity to cisplatin in recurrent 
human ovarian cancer cells [ 216 ] but also showed no toxicity when administered to 
healthy human subjects while retaining COX-1 and platelet inhibitory activity [ 217 ]. 
Given the tolerance issues related to NO donor nitrate esters, possibilities exist for 
the development of tolerance toward nitrate ester-based NO-NSAIDs [ 218 ]. Several 
other groups have developed other NO donor-based NO-NSAIDs [ 208 ,  211 ]. This 
concept was also used to synthesize diazeniumdiolates based HNO-releasing drug 
hybrid molecule IPA/NO-aspirin structure of which is shown in Fig.  15.8  [ 210 ]. IPA/
NO-aspirin harnessed the benefi cial effects of both HNO and aspirin. In the absence 
of serum, it showed a half-life of 7.5 h, which was reduced to 18 min when guinea 
pig serum was added. The protecting group facilitated cellular uptake as demon-
strated by DAF-FM-2DA assay compared to IPA/NO, which mostly decomposes in 
the media followed by diffusion of HNO in the cell [ 210 ]. IPA/NO-aspirin and 
NO-releasing diazeniumdiolate-based NSAID analog DEA/NO-aspirin signifi cantly 
inhibited the proliferation of A549 lung adenocarcinoma cells [ 210 ]. IPA/NO-aspirin 
also showed decreased angiogenesis, increased DNA damage, increased ROS pro-
duction, and inhibition of GAPDH in various breast cancer cell lines [ 31 ]. Further 
investigation of the therapeutic applications of these prodrugs showed a decrease in 
growth and metastasis of breast cancer xenografts in mice with a high degree of 
cancer-specifi c sensitivity thereby suggesting signifi cant pharmacological potential 
for these analogs [ 31 ]. IPA/NO-aspirin not only retained the anti-infl ammatory prop-
erties of parent aspirin but was safer than aspirin in terms of gastrointestinal safety 
[ 210 ] and markedly reduced growth of breast cancer cells more effectively than IPA/
NO while being nontoxic in a related non-tumorigenic cell line MCF-10A [ 31 ]. The 
high cytotoxicity of IPA/NO-aspirin can be explained in terms of increased ROS 
levels leading to DNA damage, inhibition of GAPDH, and reduced angiogenesis.   

15.4     Conclusions 

 During the last decade, multitude of evidence suggests that elevated NOS levels 
are indicative of poor clinical prognosis. Role of NO in cancer have resulted in 
several controversies with groups claiming both pro- and anti- tumorogenic prop-
erties of NO. Only recently the importance of the level and duration of NO fl ux 
has been fi rmly established as a key player in explaining this dichotomy. 
Regardless of the dichotomy, there is a defi nite place for NO-based therapeutics 
in the fi eld of oncology. Largely misunderstood and neglected redox sibling HNO 
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has rapidly gained importance, and its potent chemotherapeutic potential has 
started to gain attention. A variety of versatile NO and HNO donors, as well as the 
rapid development of specifi c NOS inhibitors promises continued exploration and 

warrants further investigation as novel therapeutic agents.     
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    Chapter 16   
 Mechanisms by Which Manganese Porphyrins 
Affect Signaling in Cancer Cells                     

     Rebecca     E.     Oberley-Deegan       and     James     D.     Crapo     

16.1           Introduction 

 This chapter will explore the role of metalloporphyrins in cancer growth and pro-
gression. It will focus on the effect of metalloporphyrins on signaling events in 
cancer cells. In order to understand the mechanisms by which these porphyrins 
affect signaling in cancer cells, it is critical to understand how the redox environ-
ment modulates signaling in cancer cells.  

16.2     Cancer Cells Are Under Metabolic Oxidative Stress 

   Cancer cells  , as compared to normal cells, display increased levels of oxidative 
stress.  In   general, cancer cells have dysfunctional mitochondria, which results in 
metabolic changes and leakage of reactive oxygen species (ROS) [ 1 ]. To compen-
sate for the dysfunctional mitochondria, cancer cells commonly rely on glucose 
metabolism to produce pyruvate and NADPH to detoxify ROS [ 2 ] as well as other 
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types of reactive species [ 2 ]. Cancer cells also use the intermediates of glycolysis 
for nucleotide and amino acid synthesis to support the rapidly dividing cells [ 3 ]. 
Besides mitochondrial leakage, there appears to be many sources of oxidative 
stress, which vary across cancer types.  Endogenous antioxidant enzymes   can be 
reduced in cancer cells and, therefore, shift the redox balance to a more oxidized 
state [ 4 ]. It has been shown that cancer cells overexpress NADPH oxidases (NOX) 
enzymes, which generate superoxide [ 5 ]. Levels of other antioxidant enzymes, 
such as glutathione peroxidases, peroxyredoxins, and catalase, that detoxify 
hydrogen peroxide, can be increased or decreased in cancer cells [ 6 ,  7 ]. This 
 oxidative environment is instrumental in shaping multiple aspects of the cancer 
cell such as altering cell signaling, supporting uncontrolled cancer growth, and 
cancer invasion. 

 There are multiple studies demonstrating that reducing the oxidative environ-
ment of a cancer cell results in a more normal phenotype.  Superoxide dismutase 
(SOD)   enzymes, enzymes that scavenge the free radical superoxide and produce 
hydrogen peroxide, are downregulated in many primary cancers. Accordingly, 
when SOD activities are artifi cially enhanced in cancer cells, tumor growth is 
inhibited. This has been documented in cell and animal models of prostate, 
 sarcoma, breast, liver, melanoma, skin, head and neck, leukemia, and lymphoma 
cancers by a variety of labs across the world [ 8 – 26 ]. There are also some cancers, 
especially highly metastatic cancers, that have very high levels SOD activities and 
usually very low levels of the hydrogen peroxide scavenger, catalase [ 27 – 32 ]. 
Thus, even though these tumors have high levels of SOD activity, the tumor redox 
environment may be oxidizing due to the buildup of hydrogen peroxides [ 27 – 29 , 
 32 ,  33 ]. Accordingly, when these tumors are treated with catalase, which removes 
hydrogen peroxide, the tumors become less oxidatively stressed and return to a 
more normal phenotype [ 27 – 29 ,  32 ,  33 ]. Thus, reducing the oxidative environment 
of a cancer cell results in a cell that behaves more normally by reducing prolifera-
tion, invasion, and migration of the cancer. This large body of data suggests that 
targeting the oxidative environment of a cancer cell should provide an effective 
means to inhibit cancer progression while not causing damage to the normal cells 
in the human body .  

16.3     Redox Regulation of Cell Signaling 

 In  normal   cells, low levels of ROS are required for signaling. The  redox   environ-
ment affects everything from gene transcription to post-translational modifi cation 
[ 34 ]. For example, many transcription factors are redox-sensitive primarily through 
cysteine residues present in DNA binding domains. Nuclear factor-κB (NF-κB) 
and activating protein-1 (AP-1) demonstrate increased activity inside cells under 
oxidative stress [ 35 ]. Other transcription factors, such as Sp-1, glucocorticoid 
receptor (GR) and early growth response-1 (Egr-1), have reduced affi nity for DNA 
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binding under oxidizing conditions [ 35 ]. Under oxidizing conditions, in general, 
protein kinases are activated and protein phosphatases are inhibited. Protein modi-
fi cations, such as phosphorylation, methylation, and glutathionylation, can all be 
affected by the redox environment. Epigenetic modifi cations that regulate gene 
transcription are also sensitive to oxidative stress [ 36 ]. Sirtuins are redox-sensitive 
histone deacetylases (HDACs) that remove acetyl groups from histones, which 
allows the chromatin to have a high affi nity for histones, resulting in an overall 
reduction in gene transcription [ 37 ]. Conversely, the histone acetyl transferase 
(HAT) enzyme, p300, is also redox-sensitive and enhances gene transcription. 
Besides p300 acting as a HAT enzyme, p300 also acts as an enhancer for other 
redox-sensitive transcription factors such as NF-κB and hypoxia inducible 
factor-1α (HIF-1α) [ 38 ,  39 ]. Thus, normal cell signaling involves  multiple redox-
sensitive pathways   and given that cancer cells have increased oxidative stress, it is 
logical to surmise that changes in the redox environment directly affect signaling 
in cancer cells. The next several sections provide greater detail as to how oxidative 
stress affects tumor progression through alterations of redox-sensitive signaling 
pathways in cancer cells.  

16.4     Redox Environment Alters Cell Cycle in Cancer Cells 

 Normal  cell   growth requires  a   burst of ROS to progress through the cell cycle. For 
example, in mammalian cells, a burst in cellular pro-oxidant levels in G1 are 
required to transition to the S phase in the cell cycle [ 40 ]. Also, growth factors can 
stimulate cell division by increasing ROS production by activating NOX enzymes 
[ 41 ]. In addition, there are several redox-sensitive cell-cycle proteins. Cyclin D1 
drives the cell from G1 to S phase. Oxidative stress promotes cyclin D1 levels and 
conversely, manganese superoxide dismutase (MnSOD), a potent scavenger of 
superoxide, inhibits cyclin D1 levels [ 42 ]. Overexpression of MnSOD in many can-
cer cells inhibits proliferation as well as induces quiescence [ 25 ,  43 ]. Another cell 
cycle protein that is sensitive to ROS is the cell division cycle 25 (CDC25) phospha-
tase. CDC25 specifi cally dephosphorylates cyclin-dependent kinases (CDKs) and 
activates the cyclin-CDK activity, which allows the cell to progress through the cell 
cycle [ 40 ]. CDC25 has two cysteine sites that are able to undergo thiol redox reac-
tions [ 44 ]. The reduced form of CDC25 has phosphatase activity, while the oxidized 
form loses activity. 

 When cells are exposed to high levels of ROS to the point of near cell death, cell 
cycle arrest has been observed [ 45 ]. Extremely high ROS levels can activate the 
p38/JNK/MAPK signaling cascade and cause the downregulation of cyclins and 
activation of CDK inhibitors, which result in cell cycle arrest [ 46 ]. 

 In conclusion, ROS levels produce a biphasic response in cell cycle. Moderate 
levels of ROS drive the cell cycle while scavenging of ROS results in inhibition of 
cell division, and extremely high levels of ROS also can inhibit the cell cycle.  
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16.5     Oxidative Environment Promotes Angiogenesis 

 The  tumor   needs to establish and maintain a suffi cient blood supply  to   support the 
quickly growing mass. In areas of the tumor that are hypoxic, ROS are produced [ 47 ]. 
ROS, mainly produced by NOX enzymes, serve as a signal that more blood supply is 
needed at the hypoxic region of the tumor. Increased ROS levels, in particular 
 superoxide levels, help stabilize the transcription factor, HIF-1α, which regulates the 
gene expression of  vascular endothelial growth factor (VEGF).   VEGF is the major 
mediator of blood vessel formation and can also induce proliferation, migration, and 
 rearrangement of the extracellular matrix of endothelial cells. Accordingly, overex-
pression of MnSOD or ECSOD results in decreased VEGF levels [ 23 ,  48 ,  49 ]. 
However, a biphasic response is observed with SOD expression [ 49 ,  50 ]. When SOD 
is expressed in physiological concentrations, inhibition of HIF-1α is observed, but 
when SOD is expressed at very high levels, HIF-1α is stabilized. HIF-1α stabilization 
was caused by a buildup of hydrogen peroxide in the cells with high SOD expression 
[ 49 ]. When the high SOD expressing cells were treated with hydrogen peroxide-
removing proteins, HIF-1α stabilization was signifi cantly reduced. These data indi-
cate that both superoxide and hydrogen peroxide levels can affect HIF-1α activity. 

 Another component of the redox environment, the  thioredoxin (Trx)   system, also 
affects VEGF signaling in tumors [ 47 ]. Trx-1 proteins act as antioxidants by facili-
tating the reduction of signaling proteins by cysteine thiol-disulfi de exchange and 
are not direct ROS scavengers. Overexpression of Trx-1 enhances VEGF expression 
and tumor revascularization while inhibiting Trx-1 expression decreases VEGF, 
angiogenesis, and tumor growth [ 51 ,  52 ]. Presumably, Trx-1 is regulating VEGF by 
directly reducing proteins involved in the HIF-1α signaling pathway resulting in 
enhanced VEGF expression. Trx-1 is not an ROS scavenger; in contrast, SOD 
enzymes and catalase inhibit the stabilization of HIF-1α and VEGF expression 
through superoxide and hydrogen peroxide scavenging, respectively [ 53 ]. Thus, 
ROS serves as direct signaling molecules to enhance angiogenesis in cancers and 
inhibition of the ROS signal inhibits angiogenic pathways related to tumors.  

16.6     Redox Environment Affects Cancer Cell Migration 
and Invasion 

 In order for  a   tumor to grow and invade,  cancer cells   need to alter their extracellular 
environment. Hydrogen peroxide is a key signaling molecule that affects many 
aspects of cancer cell migration and invasion [ 33 ]. Hydrogen peroxide is a highly 
diffusible and relatively stable ROS, which makes it a good signaling molecule both 
inside and outside of the cell. Extracellular ROS affect a variety of components on 
the outside of the cell: cell surface receptors, actin cytoskeleton rearrangement, cell 
adhesion, and extracellular matrix degradation. 

 Hydrogen peroxide activates cell surface receptors on cancer cells, such as epi-
dermal growth factor (EGF) receptors and platelet-derived growth factor (PDGF) 
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receptors [ 54 ]. When these growth factor receptors are stimulated they in turn 
release intracellular ROS (through either NOX, lipoxygenases (LOX), or the elec-
tron transport chain), which result in signal amplifi cation inside the tumor cell that 
promotes tumor progression. An example of this is the activation of protein kinase 
C (PKC) by ROS released by the growth factor, PDGF, binding to its receptor 
embedded in the cell membrane [ 55 ]. The  activated   PKC then activates the MAPK 
kinase signaling cascade, which leads to the activation of matrix metalloproteinases 
(MMPs) and ultimately tumor progression. When cell adhesion molecules, such as 
integrins, are activated by changes in the extracellular matrix, ROS are also released 
inside the cancer cell. The ROS result in phosphorylation of the focal adhesion 
kinase (FAK), which activates other signaling molecules downstream, resulting in 
membrane ruffl ing and cell migration [ 56 ]. Thus, ROS can act both as an extracel-
lular and intracellular signaling molecule to promote tumor progression. 

 Another key component in cell migration is cytoskeleton alternation. Many dif-
ferent types of cellular protrusions have been documented while cancer cells 
undergo migration, such as membrane ruffl ing, blebs, and lamellipodia [ 54 ]. These 
cellular protrusions are largely controlled by the signaling molecule, Rac, which 
ultimately affects actin remodeling through ROS. Rac activates NOX enzymes that 
are responsible for producing intracellular superoxide. The increased superoxide 
levels promote actin polymerization [ 57 ]. ROS can also directly oxidize actin, 
which promotes actin-myosin disassembly and results in cell spreading [ 58 ]. 

 ROS are also involved in promoting the invasion of cancer cells. In order for a 
cancer cell to invade, the cell has to degrade the surrounding extracellular matrix 
[ 54 ]. Hydrogen peroxide promotes aberrant activation of extracellular matrix prote-
ases: MMPs and urokinase plasminogen activators (uPAs) [ 59 ,  60 ]. ROS trigger 
MAPK signaling, which leads to activation of transcription factors (AP-1, Ets-1 and 
NF-κB) that regulate gene expression of MMPs and uPAs [ 61 ,  62 ]. Not only do 
ROS enhance extracellular matrix proteases, they also inhibit the activity of tissue 
inhibitors of metalloproteinases (TIMPs) [ 63 ]. ROS can also directly control the 
activity of MMP through the oxidation of critical cysteine residues on MMPs, which 
causes the autocatalytic cleavage of the MMP protein and results in an active MMP 
[ 64 ]. Thus, ROS are involved in multiple metabolic processes that infl uence migra-
tion and invasion of cancer cells. This is of critical importance since a metastasized 
tumor is more diffi cult to treat than a localized tumor.  

16.7     Enhancing Antioxidant Activity Inhibits Tumor 
Progression 

 As demonstrated by  the   previous sections in this chapter, there is a wealth of data, 
both in cultured cells and in animal models, showing that oxidative stress helps to 
drive cancer progression. There is an imbalance in the production of ROS and the 
ability of these cells to detoxify ROS as compared to normal cells, which results 
in a more oxidized cellular redox state and facilitates proliferation and metastasis 
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of cancer cells. Many tumor types have reduced levels of antioxidant activity 
coupled with enhanced pro-oxidant enzyme activity. Cancer types that have low 
levels of antioxidant enzyme activity include: prostate, breast, and oral cancers 
[ 23 ,  65 – 67 ]. In most cases, the addition of antioxidant enzymes reduces oxidative 
stress in cancers and inhibits the pro-oxidant signaling that the tumor depends on 
to survive, proliferate, and metastasize (Fig.  16.1 ). Over-expression of antioxi-
dants such as SOD enzymes, catalase, and glutathione peroxidases causes many 
forms of cancer to grow more slowly and behave less aggressively both in vitro 
and in vivo [ 23 ,  25 ,  48 ].

  Fig. 16.1    Schematic illustrating how antioxidant and pro-oxidant therapies can reduce cancer cell 
growth. All  cancer cells   are under oxidative stress and the redox imbalance in these cells helps to 
promote the cancerous phenotype. The goal of antioxidant therapy is to change the redox state of 
the cancer cell from oxidizing to a more reduced state. The addition of antioxidants (superoxide 
and/or hydrogen peroxide scavengers) to an oxidatively stressed cancer cell will make these cells 
proliferate more slowly and be less metastatic. It is postulated that antioxidant enzymes alter cell 
signaling in cancer cells which leads to a more normal phenotype. Standard treatments for cancer 
include radiation and chemotherapy, which kill cancer cells by releasing extremely high levels of 
ROS in cancer cells over a short period of time and/or through other mechanisms not related to 
redox state. The major limitation of radiation and chemotherapy is that the therapies also injure or 
kill normal cells. The use of antioxidants in combination with radiation and/or chemotherapy 
should produce additive antitumor effects and protect normal cells from radiation and chemothera-
peutic damage       
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   Clinical trials using dietary  antioxidants   have displayed little protection against 
various types of cancers [ 45 ]. There are two main reasons that likely explain why 
these clinical trials failed. First, the dietary antioxidants used in these trials may not 
effectively target the critical sources of ROS, i.e., mitochondria and NAPDH  oxidases. 
Second, vitamin E, vitamin C, and  N -acetyl- L -cysteine (NAC) are nonenzymatic anti-
oxidants, thus high concentrations are needed for these antioxidants to adequately 
scavenge ROS. Oral bioavailability of these antioxidants is exceedingly low [ 68 ,  69 ]. 
Thus, low concentrations of these dietary antioxidants would not be expected to effec-
tively reduce the oxidative environment in cancers. In support of this rationale, a 
recent phase I clinical trial using high doses of vitamin C administered intravenously 
showed that patient survival was enhanced while pancreatic tumor progression was 
reduced [ 70 ]. This study also demonstrated that the levels of vitamin C were elevated 
and isoprostane levels were reduced in the plasma of patients receiving the high doses 
of vitamin C [ 70 ]. Therefore, more work needs to be done using high doses of dietary 
antioxidants to truly show whether or not these compounds have antitumor capabili-
ties. In addition, catalytically active antioxidants that can target critical subcellular 
sources of ROS with enhanced bioavailability need to be tested clinically to effec-
tively test the hypothesis that adding antioxidants to certain cancer cells will reduce 
pro-oxidative signaling and inhibit cancer cell growth and metastasis.  

16.8     Very High Levels of ROS Are Anti-tumorigenic 

 It is well  known   that standard cancer therapies, such as ionizing irradiation and 
chemotherapeutic agents, kill cancer cells, at least in part, by release of high levels 
of ROS. Ionizing radiation causes DNA damage in cancer cells, at least in part, by 
the creation of the hydroxyl radical. Radiation can cause water radiolysis that 
directly produces either the hydroxyl radical or forms superoxide which may dam-
age iron bearing proteins, such as aconitase, giving rise to free Fe2+ and in turn 
higher levels of the hydroxyl radical. Chemotherapeutic drugs, such as taxanes, 
promote mitochondrial cell death and disrupt the electron transport chain resulting 
in large bursts of ROS [ 71 ]. The enhancement of ROS to promote cancer cell death 
has been used clinically for the past century. However, there are two main draw-
backs of enhancing ROS production to kill cancer cells. First, the cancer cell can 
become resistant to the increased ROS levels and grow back more aggressively. 
Second, the enhanced ROS production also damages and kills normal cells. It is a 
sledgehammer approach to treatment of cancer. 

 Although there is a lot of data indicating that reducing oxidative stress slows 
tumor growth and inhibits tumor progression, paradoxically, there is also data indi-
cating that enhancing oxidative stress can also be toxic to cancer cells. Some cancer 
cell types, such as lung and ovarian cancer cells, are able to adapt to high levels of 
oxidative stress by elevating endogenous antioxidant enzymes including peroxyre-
doxins (Prxs), thioredoxins (Trxs), and SOD enzymes [ 30 ,  72 ]. The transcription 
factor, nuclear factor (erythroid derived 2)-like 2 (NRF2), which is a master regula-
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tor of antioxidant gene expression is elevated in some cancers to combat high oxida-
tive stress [ 73 ,  74 ]. In many cases, SOD enzyme activities are increased but catalase 
activity is decreased resulting in high concentrations of hydrogen peroxide. Thus, 
even though SOD activity may be elevated in certain tumors, this does not mean that 
the redox state of the tumor environment is reduced. In fact, it has been shown that 
in some tumors with high SOD levels, the overall redox state is highly oxidized due 
to increased hydrogen peroxide production. These high hydrogen peroxide levels 
allow the cancer cells to maintain pro-oxidant signaling though elevated ROS [ 45 ]. 
Extremely high levels of ROS, produced by treatments such as radiation therapy or 
chemotherapy, can induce cancer cell apoptosis and inhibit proliferation [ 45 ] 
(Fig.  16.1 ). Alternatively, one could speculate that inhibiting SOD activity in cancer 
cells with high levels of SOD activity and concurrently low hydrogen peroxide 
scavenging capabilities may reduce the oxidative environment by inhibiting hydro-
gen peroxide levels and thereby result in a more normal phenotype (Fig.  16.1 ). 

 There have been recent clinical trials that support this hypothesis. Lung and ovar-
ian  cancer cells   generally have high levels of ROS with correspondingly high levels 
of Trx activity [ 75 ]. Several inhibitors of Trx, such as PX-12, motexafi n gadolinium, 
and the gold compound auranofi n, have produced antitumor effects in clinical trials 
[ 52 ,  76 ,  77 ]. Cu/ZnSOD is also elevated in some lung adenocarcinoma cells [ 78 ]. 
Methoxyestradiol (2-ME) increases superoxide in cancer cells and preclinical data 
indicate that this compound inhibits tumor growth and appears to selectively target 
the cancerous cells to undergo apoptosis while not affecting normal cells [ 79 ]. 
Clinical trials are now ongoing for 2-ME [ 80 ,  81 ]. It should be noted that 2-ME and 
PX-12 also inhibit major signaling pathways in tumors that appear to be separate 
from their ability to enhance ROS levels [ 82 ,  83 ]. Both PX-12 and 2-ME can 
enhance oxidative stress but are also HIF-1α inhibitors and 2-ME has been demon-
strated to inhibit AKT, ERK, and activate JNK pathways [ 82 – 86 ]. Therefore, the 
antitumor effects observed may be not be caused solely by inhibiting antioxidant 
enzymes, but also through alteration of key signaling pathways in cancer cells.  

16.9     The Paradox of Antioxidant Enzyme Activity Levels 
and Cancer Progression 

 There are confl icting  results   in the literature as to whether antioxidants are good or 
bad for cancer therapy. Most of the confusion is a result of not fully understanding 
the redox state of cancer cells. We hypothesize that therapies which change the 
overall oxidizing environment in cancer cells, i.e., superoxide and or hydrogen per-
oxide scavengers to a more reduced state will produce a more normal cell pheno-
type and result in tumor growth inhibition and inhibition of metastasis. A cancer cell 
can be in an oxidizing redox state even though a particular antioxidant enzyme, such 
as SOD, is highly active. Most, if not all cancers are in a state of oxidative stress. 
Cancer cells prosper in high oxidative stress. Oxidative stress occurs by either an 
increased rate of ROS generation or reduced ability to effi ciently remove ROS or a 
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combination of these events. The increase of ROS in cancer cells is due, at least in 
part, to dysfunctional mitochondria, which results in electron leakage, and elevated 
activity of NOX enzymes. In most cancer cells, there is also a decrease in antioxi-
dant enzyme activity. Generally, MnSOD, Cu/ZnSOD, ECSOD, catalase, and other 
antioxidant enzyme activities are reduced and/or inhibited in cancer cells. The addi-
tion of catalytically active antioxidant enzymes reduces cancer growth and metasta-
sis. In some cases, there is an opposite effect observed where SOD, NRF2, Trx and/
or other antioxidant activities show increased intracellular levels in cancer cells as 
compared to normal cells. It is postulated that these cancer cells have induced 
 antioxidant enzyme activities that enable them to survive in a highly oxidized envi-
ronment. However, even though these cells have high antioxidant activity, these 
cells are still under oxidative stress. 

 Melendez’s laboratory has elegantly demonstrated that certain cancers have high 
levels of MnSOD expression but are also oxidatively stressed [ 27 ,  28 ,  32 ,  33 ]. These 
cancers generally have concurrently low levels of catalase and are often highly meta-
static. When MnSOD is administered to these cells, the tumor becomes even more 
aggressive associated with an increased production of hydrogen peroxide [ 27 ,  28 ,  32 , 
 33 ]. In these cases, the addition of SOD results in a more oxidizing environment, 
which results in a more metastatic cancer cell. When catalase was added along with 
MnSOD, the excess hydrogen peroxide was removed. This resulted in an overall 
reduced redox environment in the cancer cells and as a consequence the cancer cells 
reverted back to a more normal phenotype [ 27 ,  28 ,  32 ,  33 ]. Therefore, in certain 
cancers, the addition of SOD may not be enough to produce a reducing tumor envi-
ronment and the addition of hydrogen peroxide scavengers are needed to effectively 
reduce the redox state of the cancer cell. We postulate that the addition of appropriate 
levels of SOD and/or hydrogen peroxide removing enzymes will effectively inhibit 
growth and progression of any cancer cell by producing a more reduced redox state.  

16.10     Manganese Porphyrins as Potent ROS Scavengers 

 Redox-active  manganese porphyrins   have been developed with characteristics that 
mimic  the   active center of naturally occurring metalloenzymes, which catalytically 
breakdown superoxide and inhibit peroxynitrite formation. Although there are a 
variety of redox-active manganese porphyrins, we will focus on three cationic 
N-substituted pyridylporphyrins that have been well characterized and most fre-
quently studied: MnTE-2-PyP, MnTnHex-2-PyP, and MnTnBuOE-2-PyP [ 87 ] 
(Fig.  16.2 ). These small molecular weight and catalytically active porphyrins have 
a rate constant for the dismutation of superoxide that is close to the native SOD 
enzyme activity [ 88 ].

   All three compounds are able to cross cell membranes and enter cells [ 87 ]. 
MnTE-2-PyP was the fi rst of these three compounds to be synthesized by Batinić- 
Haberle and colleagues [ 89 ]. Despite being highly positively charged, MnTE-2-PyP 
enters cells readily [ 87 ]. MnTE-2-PyP is found in concentrations about three times 
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higher in the nucleus as compared to the cytoplasm [ 90 ]. In  E. coli ,  MnTE-2-PyP   
accumulates more in membranes than in other parts of the cell [ 91 ]. In yeast and 
mouse tissues, higher levels of MnTE-2-PyP are found in mitochondria as com-
pared to the cytosol [ 92 ,  93 ]. This compound does not readily cross the blood–brain 
barrier due to its hydrophilic nature. In order to make a more lipophilic redox-active 
manganese porphyrin, hydrophilic ethyl chains were replaced with hydrophobic 
long alkyl chains (MnTnHex-2-PyP) [ 94 ]. MnTnHex-2-PyP is ~8500-fold more 
lipophilic than MnTE-2-PyP and is found throughout the cell but accumulates in 
higher levels in mitochondria and in cell membranes relative to the cytosol. This 
compound enters cells more effectively than MnTE-2-PyP and, thus, up to 120-fold 
lower concentrations of MnTnHex-2-PyP are needed for targeted therapy [ 95 ]. 
 MnTnHex-2-PyP   also crosses the blood–brain barrier and can be used for treatment 
of the brain and spinal cord tissues [ 96 ]. However, due to its high lipophilicity, 
MnTnHex-2-PyP is more toxic at higher concentrations compared to MnTE-2-PyP 
[ 97 ]. To reduce toxicity, oxygen was added to the alkyl chains to disrupt the micellar 
properties, MnTnBuOE-2-PyP emerged as a result of such design strategy. 
MnTnBuOE-2-PyP has similarly high lipophilicity, but reduced toxicity, as com-
pared to MnTnHex-2-PyP [ 97 ]. MnTnBuOE-2-PyP readily enters cells, accumu-
lates in mitochondria and cell membranes, and crosses the blood–brain barrier [ 94 ]. 
Taken together, all three compounds have high SOD activity and target areas of the 
cell that are at high risk of ROS damage and, thus, bear therapeutic potential.  

  Fig. 16.2    Structures of the  manganese porphyrins   discussed in this chapter. MnTE-2-PyP is the 
most studied of the three compounds. Placing the positively charged pyridyl nitrogens closer to the 
porphyrin ring enhances both the electron-withdrawing effects and the attraction of superoxide and 
other anionic species to the molecule. MnTE-2-PyP is a potent superoxide scavenger. MnTE-2- 
PyP is hydrophilic, which limits its ability to cross the blood–brain barrier. MnTnHex-2-PyP was 
created to enhance the lipophilicity of manganese porphyrins. Longer alkyl chains were added to 
the pyridyl nitrogens to enhance lipophilicity. MnTnHex-2-PyP readily enters cells and crosses the 
blood–brain barrier, but due to its high micellar properties, it can damage lipid membranes and can 
be toxic at higher doses. Therefore, a polar oxygen atom was added to each of the four alkyl chains 
to interrupt its micellar property; in turn, MnTnBuOE-2-PyP was created. MnTnBuOE-2-PyP is 
similarly lipophilic to MnTNHex-2-PyP and crosses the blood–brain barrier but due to the oxygen 
molecules is less toxic than MnTnHex-2-PyP. All three compounds have antitumor effects in vitro 
and in vivo alone and in combination with other cancer therapies [ 118 ]       
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16.11     Manganese Porphyrins Inhibit Cancer Growth 

  MnTE-2-PyP as a  single    therapy inhibits the ability of human prostate cancer cells to 
form colonies in vitro at high concentrations (10 μM, Fig.  16.3 ). This porphyrin has 
also been shown to inhibit migration and invasion of human prostate cancer cells at 
doses of 10–30 μM in cell culture [ 98 ]. Similarly,  MnTnHex-2-PyP   has also been 
shown to inhibit migration of breast cancer cells [ 99 ]. In vivo, when given at high 
doses, MnTE-2-PyP (15 mg/kg daily), inhibits mouse breast cancer cell growth [ 100 ]. 
Topical administration can result in localized high concentration in skin cancer cells, 
and topical administration of MnTE-2-PyP dramatically inhibits skin tumor growth 
[ 101 ]. However, when administered systemically and at less frequent dosing intervals 
(2.5 mg/kg, three times a week), the tumor growth inhibition ability of MnTE-2-PyP 
was less robust [ 102 – 105 ]. However, even though tumor inhibition is not drastic with 
this MnTE-2-PyP dosing scheme, substantial protection of normal tissue injury from 
radiation exposure is observed [ 106 ]. Metalloporphyrins that enter cells more readily 
can inhibit tumor growth at lower concentrations. For example, the more lipophilic 
porphyrin, MnTnHex-2-PyP, signifi cantly inhibited brain tumor xenografts in nude 
mice at concentrations of 1.6 mg/kg given systemically twice daily [ 107 ]. Specifi cally, 
MnTnHex-2-PyP alone inhibited the growth of both adult and pediatric glioblastomas 
and pediatric medulloblastoma cancers [ 107 ]. Medulloblastoma tumor bearing animals 
treated with MnTnHex-2-PyP had a 171 % increase in survival as compared to controls 
[ 107 ]. In comparison, to observe the same amount of tumor growth inhibition, MnTE-
2-PyP needs to be administered at 15 mg/kg daily [ 100 ]. MnTnBuOE-2-PyP has been 
shown to inhibit brain tumor growth in vitro (Fig.  16.4 ). MnTnBuOE-2-PyP at 
(0.5–1 μM) effectively inhibited the growth of the medulloblastoma ONS-76 cell line 
(Fig.  16.4 ). Thus, both lipophilic compounds, MnTnHex-2-PyP and MnTnBuOE-2-
PyP, inhibit tumor growth at a lower concentration than MnTE-2-PyP, presumably 
because the more lipophilic compounds enter the tumor more readily and can achieve 
higher activity in the tumor. In summary, manganese porphyrins are able to inhibit 
tumor growth and migration when high localized levels are achieved in the tumor.

  Fig. 16.3    The addition of  MnTE-2-PyP inhibits   prostate cancer survival alone and in combination 
with radiation and inhibits prostate cancer cell migration. ( a ) Colony forming assay performed on 
PC3 cells (0 Gy). ( b ) 5 Gy irradiated PC3 cells in the presence of MnTE-2-PyP (0 or 10 μM). ( c ) 
Migration assay performed on DU145 cells with MnTE-2-PyP (0 or 30 μM).  n  = 3 and  asterisk  (*) 
indicates  p  < 0.05 as compared to respective controls (0 μM of MnTE-2-PyP)       
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    The ability of manganese porphyrins to inhibit tumor growth is enhanced when 
combined with traditional cancer therapies. In combination with radiation, MnTE- 
2- PyP inhibits both tumor growth and tumor angiogenesis in mouse mammary can-
cer cells [ 100 ]. MnTE-2-PyP also sensitizes human prostate cells (DU145, PC3, 
and LNCaP) to irradiation in vitro and further inhibits mouse prostate cancer growth 
in combination with radiation in vivo [ 98 ]. MnTnBuOE-2-PyP radiosensitizes 
human head and neck cancer cells, FaDu, with a dose-modifying factor of 1.3 [ 108 ]. 
Both MnTnBuOE-2-PyP and MnTnHex-2-PyP were found to promote the antican-
cer effect of radiation in brain tumors [ 94 ,  109 ,  110 ]. At the same time, the redox- 
active metallo-porphyrins have been shown to inhibit radiation damage of normal 
tissues [ 89 ,  106 ,  110 – 114 ]. Therefore, the growth inhibitory effects of the manga-
nese porphyrins on the tumor do not appear to be toxic to normal tissues. 

 There has also been a substantial amount of research conducted investigating the 
effects of manganese porphyrins used in combination with chemotherapeutic 
agents. Jaramillo et al. showed that MnTE-2-PyP signifi cantly inhibited lymphoma 
growth when used by itself, although the inhibition was only 10–20 % [ 115 – 117 ]. 
However, in combination with chemotherapeutic drugs, dexamethasone or cyclo-
phosphamide, MnTE-2-PyP signifi cantly inhibited growth of lymphoma cells by 
80–95 % as compared to cells treated only with the chemotherapeutic agent [ 116 ]. 
It was determined that MnTE-2-PyP, in combination with dexamethasone, enhanced 
tumor growth inhibition by promoting apoptosis of the lymphoma cells [ 117 ]. The 
other redox-active manganese porphyrins, MnTnHex-2-PyP and MnTnBuOE-2- 

  Fig. 16.4     MnTnBuOE-2-PyP inhibits   medulloblastoma cell survival alone and in combination 
with radiation. Colony-forming assays performed on ONS-76 cells with either 0 or 5 Gy of irradia-
tion in combination with MnTnBuOE-2-PyP (0–1 μM).  n  = 3 and  asterisk  (*) indicates  p  < 0.05 as 
compared to respective controls (0 μM of MnTnBuOE-2-PyP)       

 

R.E. Oberley-Deegan and J.D. Crapo



417

PyP, have also been shown to act as chemosensitizers [ 109 ,  118 ]. In a subcutaneous 
xenograft model, both of these porphyrins sensitized brain tumors to treatment with 
the chemotherapy agent, temozolomide [ 109 ,  118 ]. All three manganese porphyrins 
have been shown to enhance the anticancer potency of ascorbate [ 119 – 121 ]. The 
porphyrins enhanced the cytotoxicity of ascorbate and decreased clonogenic sur-
vival of several different cancer cell lines, but are nontoxic to normal cells [ 94 ,  119 , 
 120 ]. The manganese porphyrins are able to enhance the effectiveness of a variety 
of chemotherapeutic agents in tumors, but they are also able to protect normal cells 
from cytotoxicity. Doxorubicin is an effective chemotherapeutic agent, but its use is 
limited by its acute and chronic cardiotoxicity. While MnTE-2-PyP did not affect 
the toxicity of doxorubicin to lymphoma cells, MnTE-2-PyP did signifi cantly 
enhance the viability of cardiomyocytes when treated with doxorubicin [ 117 ]. Thus, 
the redox-active manganese porphyrins protect normal cells from the injury that 
occurs with chemotherapy while at the same time not protecting the tumor and in 
many cases enhance tumor killing .  

16.12     Manganese Porphyrins Alter Signaling in Cancer Cells 

 There are multiple mechanisms  by   which  redox  -active manganese porphyrins can 
inhibit cancer growth. There is evidence showing that these porphyrins are able to 
affect transcription of genes involved in tumor survival and cause post-translational 
modifi cations of key signaling proteins. These changes in signaling affect the way 
the cancer grows and how the body responds to the tumor.  

16.13     Manganese Porphyrins Effects on Tumor Immunology 

 Makinde et al. investigated the  role   that MnTE-2-PyP plays on the immune system 
of a tumor bearing mouse [ 103 ,  122 ]. Splenocytes of prostate tumor bearing animals 
that underwent radiation therapy were altered in the presence of MnTE-2- 
PyP. MnTE-2-PyP inhibited IL-4 and IL-13 cytokines, Th2 type cytokines, as well 
as transforming growth factor-β1 (TGF-β1) expression in splenocytes [ 122 ]. At the 
same time, MnTE-2-PyP treatment enhanced Th1 type cytokine production in the 
spleen. Treatment with MnTE-2-PyP signifi cantly elevated CD4+ T helper cells and 
CD8+ T cytotoxic cells [ 103 ]. In the tumor, MnTE-2-PyP treatment caused a sig-
nifi cant reduction in Th2 cytokine expression as well as TGF-β1 and VEGF expres-
sion in prostate cancer cells [ 122 ]. From these studies, it was concluded that 
MnTE-2-PyP likely reduced tumor growth by inhibiting tumor vasculature while 
enhancing the Th1 immune response in tumor bearing animals. MnTE-2-PyP has 
also been shown to suppress the Th2 immune response in a completely different 
disease model, asthma [ 123 ]. The mechanism as to how MnTE-2-PyP inhibits the 
Th2 response is not well understood. It is speculated that MnTE-2-PyP may be 
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scavenging the ROS burst used to differentiate a naive T cell into a Th2 type cell. 
Another hypothesis is that MnTE-2-PyP may inhibit a transcription factor that is 
required to express the appropriate genes for differentiation of a naive T cell into a 
Th2 type cell.  

16.14     Manganese Porphyrins Regulate Aerobic Glycolysis 

 In T cells from diabetic mice, it  was   demonstrated that MnTE-2-PyP promotes met-
abolic quiescence and impedes cell proliferation by restricting aerobic glycolysis 
[ 124 ]. Specifi cally, MnTE-2-PyP had no effect on mitochondrial numbers, but 
enhanced glucose oxidation and reduced fatty acid oxidation [ 124 ]. MnTE-2-PyP 
also reduced lactate production and reduced the expression of the glucose trans-
porter 1 (Glut 1) [ 124 ]. Taken together, these data indicate that the addition of 
MnTE-2-PyP restricts glycolysis and overall metabolism of T cells. The increased 
metabolism required by activated immune cells is similar to the increased demand 
observed in cancer cells [ 3 ]. Both cell types rely on glycolysis to proliferate rapidly 
[ 3 ]. Accordingly, Jaramillo et al., have also found that MnTE-2-PyP inhibits gly-
colysis of lymphoma cells [ 115 ].  

16.15     Manganese Porphyrins Effects on Transcription 
in Cancer Cells 

  MnTE-2-PyP has been shown to  affect   the activity of several transcription factors 
that promote tumor progression. Radiation causes tumor hypoxia, which promotes 
HIF-1α, to enhance VEGF expression and revascularize the tumor [ 105 ]. MnTE-2- 
PyP inhibits HIF-1α activity in hypoxic areas of the tumor after irradiation [ 104 ]. 
AP-1 controls genes involved in proliferation of skin cancer cells and MnTE-2-PyP 
inhibits skin tumor growth, in part, by inactivating AP-1 [ 101 ]. NF-κB is another 
transcription factor that is upregulated in cancer cells and which promotes tumor 
survival, tumor migration, and tumor invasion [ 125 ,  126 ]. MnTE-2-PyP inhibits the 
ability of NF-κB to bind to DNA in a variety of disease models, including cancer 
[ 116 ,  119 ,  127 ,  128 ]. MnTE-2-PyP was also found to inhibit SP-1 activity [ 128 , 
 129 ]. Finally, MnTE-2-PyP inhibits the translocation of the transcription factor, p53, 
a tumor suppressor, to the nucleus from the cytoplasm in skin cancer cells [ 130 ]. 

 A gene array was conducted on tumors isolated from a subcutaneous mouse 
glioblastoma cancer xenograft that was irradiated and treated with or without man-
ganese porphyrins [ 131 ]. It was shown that the majority of gene transcription is 
downregulated in tumors that were irradiated in the presence of redox-active 
metallo-porphyrins (Table  16.1 ). This observation led researchers to investigate 
whether the manganese porphyrins are affecting transcription at a broader level. 
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The HAT enzyme, p300, acetylates histones and increases overall transcription [ 98 ]. 
p300 also acts as an enhancer for redox-sensitive transcription factors such as 
HIF-1α and NF-κB [ 38 ]. MnTE-2-PyP signifi cantly reduces overall HAT activity 
after irradiation in prostate tumor cells and specifi cally inhibits p300 activity [ 98 ]. 
The mechanism as to how MnTE-2-PyP alters the activity of the p300 enzyme 
remains unknown at this time. Thus, MnTE-2-PyP may not only be altering activity 
of transcription factors directly, but also affecting transcription globally through 
modifying the redox transcription factor enhancer, p300 .

   Table 16.1    Differences in  gene expression   in irradiated brain tumors isolated from the hind fl ank 
of mice treated with MnTnBuOE-2-PyP as compared to irradiated alone tumors   

 Gene name  Fold difference  Gene name  Fold difference 

 Rik  18.96  Eif5b  −408.81 
 Abl1  3.4  Fas  −15.35 
 Akt1  −6.53  Fasl  −11.88 
 Apaf1  −12.87  Foxi1  −3.65 
 App  −8.89  Grb2  −45.54 
 Atg12  −20.73  Hspbap1  −28.25 
 Atg16/1  −16.32  Htt  −7.75 
 Atg3  −13.31  Igf1  −25.77 
 Atg5  −43.26  Irgm1  −6.71 
 Bax  −4.19  Mag  −5.88 
 Bclsl1  −59.14  Map 1Ic3a  −10.15 
 Bclsl11  −6.2  Mapk8  −7.78 
 Becn1  −15.56  Mcl1  −8.75 
 Birc2  −3.37  Nfkb1  −13.88 
 Birc3  −20.11  Olfr1404  −9.98 
 Bmf  −16.37  Parp1  −5.39 
 Casp1  −37.32  Parp2  −3.31 
 Casp2  −8.65  Pvr  −17.44 
 Casp3  −3.27  Rps6kb1  −176.6 
 Cd40  −21.09  Snca  −3.83 
 Cfl ar  −38.66  Sqstm1  −10.06 
 Commd4  −17.8  Tmem57  −3.19 
 Ctss  −15.91  Tnfrsf10b  −3.19 
 Dennd4a  −11.14  Txn14b  5.61 
 Dpysl4  −3  Ulk1  −12.69 

 Cyld  −3.46 

  Mice were irradiated three times with 1 Gy of irradiation, treated with MnTnBuOE-2-PyP (1.6 mg/
kg/b.i.d.), and harvested 1 month after irradiation. A cell death gene array through Qiagen was 
performed on the extracted tumors. Genes shown in  blue  were downregulated and the genes in  red  
were upregulated. This experiment was repeated in three irradiated alone tumors and three irradi-
ated tumors treated with MnTnBuOE-2-PyP with similar results. Overall, there was a signifi cant 
decrease in gene expression in irradiated tumors treated with MnTnBuOE-2-PyP [ 94 ,  131 ]  
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16.16        Manganese Porphyrins Enhance Post-translation 
Modifi cations 

 Tse et al. were the fi rst to show  that   MnTE-2-PyP alters activity of proteins through 
the oxidation of cysteine residues [ 128 ]. Using lipopolysaccharide (LPS)-stimulated 
macrophages, it was shown that NF-κB cannot bind to DNA in the presence of 
MnTE-2-PyP because the cysteines on the p50 subunit of NF-κB were oxidized 
[ 128 ]. In subsequent studies, NF-κB activity has also been shown to be inhibited in 
cancer cells [ 116 ]. Many other redox-sensitive transcription factors have critical 
cysteine residues that regulate activity, and it is speculated that MnTE-2-PyP alters 
the activity of these other transcription factors in a similar manner [ 118 ]. Recently, 
another study showed that MnTE-2-PyP can alter the activity of NF-κB through an 
entirely different mechanism. The combination of dexamethasone and MnTE-2- 
PyP causes the p65 subunit of NF-κB to be glutathionylated [ 116 ].  Glutathionylation   
of NF-κB inactivates the transcription factor, which results in increased apoptosis in 
lymphoma cells [ 116 ]. In this same study, it was shown that MnTE-2-PyP, in com-
bination with dexamethasone treatment, resulted in a 2.5-fold enhanced glutathio-
nylation of all intracellular proteins [ 116 ]. Jaramillo et al. have also recently shown 
that MnTE-2-PyP in combination with dexamethasone results in the glutathionyl-
ation of mitochondrial proteins, specifi cally complex I and III [ 115 ]. The glutathio-
nylation of these electron transport chain proteins causes decreased activity and 
leads to apoptosis of lymphoma cells but not normal lymphocytes [ 115 ]. Thus, cells 
treated with MnTE-2-PyP and dexamethasone likely alter the activity of many pro-
teins through glutathionylation. Finally, in a recent study conducted by Evans et al., 
it was shown that MnTE-2-PyP in combination with ascorbate caused a decrease in 
the phosphorylation of key signaling pathways regulating apoptosis in breast cancer 
cells [ 119 ]. Specifi cally, NF-κB and ERK1/2 phosphorylation (p44/42) are reduced, 
which leads to the inhibition of pro-survival factor signaling and promotes apopto-
sis of the breast cancer cells [ 119 ]. It is possible that there are other, as yet undiscov-
ered, ways in which the manganese porphyrins are able to alter activity of proteins 
through post-translational modifi cations.  

16.17     Mechanisms as to How Manganese Porphyrins 
Change Cell Signaling 

  Currently, there  is   lack of solid data demonstrating exactly how manganese  porphyrins 
alter signaling in a cancer cell. Therefore, based on the current data, we hypothesize 
that the manganese porphyrins may work in three ways: (1) By acting as a direct 
scavenger of superoxide and/or peroxynitrite. (2) By producing localized levels of 
H 2 O 2 , which inhibits pro-cancerous signaling. (3) By directly oxidizing or reducing 
critical cysteine residues of signaling proteins [ 53 ] (Fig.  16.5 ). In reaction with per-
oxynitrite, manganese porphyrins act as antioxidants/reductants by reducing 
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peroxynitrite to either nitrite (in the presence of cellular reductants) or NO 2  radical 
[ 118 ]. Dismutation of superoxide by manganese porphyrins, however, gives rise to 
both O 2  (oxidized form) or H 2 O 2  (reduced form). Thus, during superoxide dismuta-
tion, manganese porphyrins act as both anti- and pro-oxidants. When production of 
H 2 O 2  is coupled with its removal by catalases or peroxidases, manganese porphyrins, 
like SOD enzymes, may be viewed as antioxidants. Superoxide directly activates the 
HIF-1α signaling pathway, which promotes tumor progression. Therefore, the cata-
lytically active manganese porphyrins remove superoxide and inhibit HIF-1α stabil-
ity and signaling pathways [ 53 ]. Manganese porphyrins may also be oxidized with 
oxygen and give rise to superoxide and eventually H 2 O 2  (Fig.  16.6 ). Hydrogen per-
oxide, produced during dismutation, can directly oxidize cysteine residues in key 
signaling proteins [ 118 ] (Fig.  16.6 ). In a normal cell, the production of both superox-
ide and hydrogen peroxide are tightly regulated. In cancer cells, this regulation is lost 
and it is postulated that the addition of manganese porphyrins in cancer cells helps to 
restore normal signaling in the cancer cell. Thus, the addition of manganese porphy-
rins is postulated to have little effect on signaling in normal, healthy cells, but major 
effects in cancer cells. Producing differential effects in normal vs. cancer cells is a 
critical element in the treatment of cancer. In summary, manganese porphyrins can 
act as both antioxidants and pro-oxidants.

    Although the structure of the redox-active manganese porphyrins was designed 
based on the active sites of SOD enzymes, these porphyrins can interact with other 
molecules besides superoxide. This is likely due to the lack of tertiary structure sur-
rounding the active site of the manganese porphyrins as compared to SOD enzymes, 
which allows the porphyrins to interact with a variety of molecules [ 87 ,  90 ,  121 , 
 132 ]. For instance, the redox-active manganese porphyrins not only have excellent 
affi nity for superoxide, but also for other anionic species such as ascorbate, gluta-
thione, cysteine, and protein thiols [ 90 ,  121 ,  132 ]. The ability of manganese porphy-
rins to act as SOD mimetics depends on the oxidation state of the manganese at the 

  Fig. 16.5    Proposed model illustrating the three  potential mechanisms   by which manganese por-
phyrins can alter signaling in cancer cells. Cancer cells are under oxidative stress and have elevated 
intracellular levels of ROS such as superoxide and H 2 O 2 . Aberrant superoxide and H 2 O 2  production 
is thought to drive cancer progression signaling. By scavenging superoxide, manganese porphyrins 
both inhibit HIF-1α signaling and produce localized high levels of H 2 O 2  (only if hydrogen perox-
ide removing enzymes are suppressed). Oxidized manganese (Mn) porphyrins (MnP/H 2 O 2 ) can 
oxidize thiols of local transcription factors which leads to inhibition of gene expression and inhibi-
tion of pro-cancer signaling       
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center of the porphyrin ring. In vivo, the manganese can have four oxidation states: 
Mn II P 4+ , Mn III P 5+ , O=Mn IV P 4+ , and O=Mn V P=O 3+  [ 133 ]. The manganese porphyrins 
act as an SOD enzyme by cycling between Mn III P 5+  and Mn II P 4+  states. Depending 
on the environment surrounding the porphyrins, the porphyrins can be reduced with 
anionic species such as ascorbate and glutathione and in a re-oxidation step produce 
H 2 O 2 . In a highly oxidative environment, specifi cally when there are high levels of 
H 2 O 2 , MnTE-2-PyP can undergo oxidation to the O=Mn IV P 4+  and O=Mn V P=O 3+  
state with H 2 O 2 . The oxidized manganese porphyrins directly oxidize proteins or 
lipids if not reduced by cellular reductants (Fig.  16.6 ). Batinić-Haberle et al. have 
recently published a review article with more details on biologically relevant man-
ganese porphyrin redox-chemistry [ 118 ]. 

 Therefore, the cellular reductant levels (ascorbate, glutathione, etc.) and the 
localized hydrogen peroxide levels surrounding the manganese porphyrin can cause 
the porphyrin to act as an antioxidant or a pro-oxidant. It has been shown that in a 
mildly oxidative environment (a cancer cell or a normal cell undergoing stress) the 

  Fig. 16.6    Schematic illustrating the mechanisms by which the manganese porphyrins can be both 
antioxidants and pro-oxidants depending on the cellular environment.  Manganese porphyrins   use 
small anionic molecules such as GSH and ascorbate to cycle between oxidation states. In normal 
cells, the redox-active metallo-porphyrins behave as mild antioxidants or mild pro-oxidants 
depending, in part, upon the activity of hydrogen peroxide scavengers. In cancer cells, where the 
environment is more oxidizing, the porphyrins behave as pro-oxidants by additionally increasing 
the oxidative burden due to already existing localized levels of hydrogen peroxide. These localized 
increases in hydrogen peroxide affect signaling through oxidation of cysteines and dephosphoryla-
tion of kinases. In highly oxidized tumor cells, such as cells treated with chemotherapy, the man-
ganese porphyrins in combination with H 2 O 2  can directly oxidize proteins and lipids and inhibit 
protein activity through glutathionylation. It should be noted that in every cell there is a potential 
for any of the above reactions to take place. However, the cellular environment of the particular 
cells (normal vs. cancer cells) will differentially favor the magnitude and yield of certain reactions. 
For simplicity, hydrogen atoms have been left off the diagrams       
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manganese porphyrins are cycling between Mn III P 5+  and Mn II P 4+  states [ 118 ]. 
Depending on the local concentration of anionic species, the porphyrin is either 
scavenging superoxide and producing H 2 O 2  and O 2  or cycling with anionic species 
and producing H 2 O 2  and O 2  (Fig.  16.6 ). The cell’s ability to effectively scavenge 
H 2 O 2  will also determine the local concentration of H 2 O 2 . These localized increases 
in H 2 O 2  can lead to the oxidation of cysteine residues and can also change the phos-
phorylation state of proteins and ultimately change the signaling pathways that 
affect the entire cell. In a cell that has a highly oxidizing environment (a cancer cell 
treated with chemotherapy or radiation), the manganese porphyrins will become 
oxidized with H 2 O 2  to either the O=Mn IV P 4+  or O=Mn V P=O 3+  states, which can in 
turn oxidize or S-glutathionylated cysteines [ 118 ]. The oxidized porphyrins require 
H 2 O 2  to act as a catalyst to oxidize and glutathionylate thiols on signaling proteins. 
Therefore, the redox-active manganese porphyrins act differently in a normal cell as 
compared to a cancer cell due to differences in oxidative stress, the abundance of 
cellular reductants and in the ability to effectively remove H 2 O 2  in these two differ-
ent cell types (Fig.  16.6 ) .  

16.18     Conclusions 

 There has been 30 years of research showing that redox biology plays an important 
part in both normal cell homeostasis and in disease progression, in particular cancer 
[ 1 ,  33 ,  40 ,  45 ,  47 ]. Almost every tumor type has an imbalanced redox system. Some 
tumors have low levels of antioxidant defense systems while other tumors have high 
levels of antioxidants, but in both cases the cancer cells are under oxidative stress. 
On the other hand, normal cells have tight regulation of their redox balance, are in 
a reduced state and can effectively combat momentarily high levels of oxidative 
stress and return to redox homeostasis. In cancer therapy, the redox environment is 
a logical process to modulate because oxidative stress promotes cancer cell progres-
sion and the redox environments are markedly different between cancer cells and 
normal cells. 

 There has been a signifi cant amount of work showing that altering the tumor 
redox environment reduces tumor growth. It is postulated that manganese porphy-
rins are scavenging superoxide and inhibiting signaling that is directly affected by 
superoxide, i.e., HIF-1α signaling. In addition by scavenging superoxide, an 
increased rate or burst of H 2 O 2  may occur in localized intracellular or extracellular 
domains. These changes in concentration and duration of H 2 O 2  exposure can change 
signaling in and between cells. Thus, it is hypothesized that the manganese porphy-
rins can contribute to regulation of H 2 O 2  production [ 134 ], which results in H 2 O 2  
signaling that occurs in normal cells [ 118 ]. 

 Over the past 15 years, a wealth of data shows that manganese porphyrins protect 
normal tissues from oxidative stress and infl ammation in a variety of disease models, 
including cancer therapy [ 87 ]. The porphyrins enhance the killing of cancer cells 
both alone and in combination with other cancer therapeutic agents [ 116 ,  117 ,  119 ]. 
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These compounds are effective in minimizing damage to normal cells while enhancing 
damage to cancer cells. 

 These redox-active metallo-porphyrins hold promise as therapeutic agents 
because they are able to affect cell signaling in a normal cell differently than a can-
cer cell. Clinical trials need to investigate the ability of these porphyrins to protect 
normal tissues from the adverse effects of radiation and chemotherapy and assess 
their simultaneous effects on tumor growth. The redox-active metalloporphyrins 
offer a new approach in the treatment of human cancers.    
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    Chapter 17   
 Targeted Therapy for Malignant Brain 
Tumors                     

     Paula     Lam     ,     Nivedh     Dinesh    , and     Xandra     O.     Breakefi eld   

17.1           Introduction 

 Glioblastoma (WHO grade IV) (GBM) is among the most lethal of all cancers. The 
prognosis for patients diagnosed with these tumors remains dismal with a median 
survival of less than 15 months, and the 5-year median survival of less than 3 % [ 1 ]. 
In recent years, improvements have been targeted at improving the precision of 
tumor debulking during surgery. For example, fl uorescence-guided surgery of 
malignant gliomas based on 5-aminolevulinic acid has enhanced the visibility of the 
tumor border region, thereby making the radical resection of tumors easier [ 2 ]. 
Other strategies exploit the electrical fi elds or heat, with or without hydrogel, for 
increase tumor cell kill. These include the  NovoTTF-100A system   which is a local 
treatment that produces low-intensity, intermediate-frequency alternating electric 
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fi elds that can interfere with the proper formation of mitotic spindles and affects 
polar molecules in telophase, thus preventing cell division [ 3 ]. The Nano-Therm 
uses “thermotherapy,” which involves surgery to insert a liquid containing 15 nm- 
wide magnetic particles directly into the brain tumor of the patient. The heat gener-
ated from the oscillating magnetic nanoparticles can prime the tumors cells for 
increased sensitivity when combined with fractionated stereotactic radiotherapy [ 4 ]. 
Of interest, bioengineers have also contributed to innovative therapeutic platforms. 
The MRI-compatible long-term therapeutic hydrogel system consists of a thermo-
sensitive/magnetic hydrogel. When the  hydrogel   is mixed with drug, sustained drug 
release and long-term MRI monitoring is feasible due to the properties of the bio-
compatible hydrogel. Paclitaxel-loaded biodegradable microsphere entrapped in an 
alginate gel matrix is one good example [ 5 ]. In this chapter however, we focus on 
innovative-targeted therapy for malignant brain tumors.  

17.2     Current Challenges in GBM Treatment 

17.2.1     Infi ltrative Nature of GBM 

 The lack of long- term   survivors is attributed to the highly infi ltrating and heteroge-
neous nature of these neoplasms. These malignant cells are often seen surrounding 
the neurons and blood vessels (also known as perineuronal and perivascular satel-
litosis) [ 6 ] and migrate through the white matter tracts and along blood vessels to 
regions distant from the original tumor mass within the brain [ 7 ]. The lack of defi ned 
tumor margins makes complete surgical resection challenging. Thus, glioma recur-
rence is a common problem that typically occurs within a few centermeter of the 
margins of the resected cavity owing to the invasive nature of these tumors [ 8 ,  9 ]. 
Some of these migratory cells may temporarily exit the cell cycle during migration, 
thus making them resistant to therapies that target dividing cells [ 10 ]. Unfortunately, 
very few chemotherapeutic drugs can access the brain tumor from the body due to 
the presence of the blood–brain barrier, which is a highly selective barrier formed 
by the capillary endothelial cells connected by epithelial-like tight junctions [ 11 ]. 
Even if the drugs can pass through the blood–brain barrier, drug resistance and 
tumor recurrence remain as challenges to the treatment of GBM.  

17.2.2     Resistance to Temozolomide (TMZ) 

   The initial management  of   patients with glioblastoma includes  maximal   surgical 
resection, followed by radiotherapy and concomitant and adjuvant chemotherapy 
with TMZ. The median survival with the combination of all three of these is 15 
months and the median time to recurrence after standard therapy is 6.9 months 
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(95 % confi dence interval, 5.8–8.2 months) [ 12 ]. Subsequently, the same group 
reported that survival of patients who received the combination therapy of TMZ and 
radiation exceeded that of radiation alone [ 13 ]. 

 TMZ is a second-generation imidazotetrazine prodrug that undergoes spontane-
ous conversion to the active alkylating agent 3-methyl-(trizaen-1-yl)imidazole- 4- 
carboxamide (MTIC) at physiological pH [ 14 ]. MTIC react with water to produce 
5-aminoimidazole-4-carboxamine (AIC) and the highly reactive methyldiazonium 
cation which transfers a methyl group to DNA, thereby damaging it and causing 
TMZ to be cytotoxic to replicating glioma cells. The methylation occurs at purine 
bases of the DNA at the  O  6  and the  N  7  positions of guanine and the  N  3  position of 
adenine [ 15 ,  16 ]. TMZ does not require hepatic metabolism for activation [ 17 ]. In 
addition, its small molecular weight allows effi cient penetration across the blood–
brain barrier [ 18 ]. However, resistance to TMZ is a common problem, and under-
standing these resistance mechanisms are keys to developing therapies that provide 
either synergistic or additive effects to the standard therapeutic protocols, in order 
to improve the management of patients and kill malignant glioblastoma cells. DNA 
repair mechanisms that act by the removal of TMZ-induced DNA adduct can con-
tribute to the resistance of glioblastoma cells to TMZ. 

 There are three major pathways mediated by O6-methylguanine DNA methyl-
transferase (MGMT), DNA mismatch repair (MMR) and DNA base excision repair 
(BER). MGMT has alternatively been denoted as O6-alkyguanine DNA alkyltrans-
ferase (AGT) in a number of publications. In essence, the MGMT protein is capable 
of removing the methyl groups attached to the  O  6  position in guanine (O6-meG; 
[ 19 ]). Approximately 45 % of newly diagnosed GBM patients have hypermethyl-
ation of the MGMT promoter [ 20 ]. As a result, the expression of MGMT is silenced 
and these patients tend to respond better to TMZ [ 21 ]. When TMZ-induced O6-meG 
adducts are left unrepaired by MGMT, they will pair with thymine. The resulting 
O6-meG/T is recognized by the MMR repair system which initiates a futile repair 
process leading to DNA strand breakage and cell death. However, alkylating agents 
can also induce mutations leading to inactivation of MMR. Under such a scenario, 
MMR defi ciency can promote TMZ resistance despite low levels of MGMT [ 22 ]. 
Another possible mechanism of resistance for TMZ is the BER system which is 
involved in the repair of DNA damage caused by oxidizing agents, ionizing radia-
tion, or alkylating agents [ 23 ]. Among the proteins and enzymes that constitute the 
BER pathway is poly(ADP-ribose) polymerase-1 (PARP-1) which is capable of 
repairing the  N  3  and  N  7  methylations induced by TMZ. Thus, pharmacological inhi-
bition of PARP activity increases sensitivity to TMZ in gliomas and glioma stem 
cells (GSCs) [ 24 ,  25 ]. Interestingly, inactivating mutation of the MSH6 mismatch 
repair gene was identifi ed in recurrent GBM tumors only after treatment with the 
alkylating agent TMZ but not in untreated tumors, suggesting that TMZ may have 
led to positive selection of the MSH6-mutant cells, thus leading to tumor resistance 
[ 26 ]. This clonal enrichment for MSH6-mutant cells in tumors leads to a transient 
reduction in tumor heterogeneity, followed by a rapid evolution of clones with high-
est survival fi tness, which contribute to tumor progression and resistance to subse-
quent lines of treatment  .  
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17.2.3     Tumor Heterogeneity 

   Recently,  surgical   multisampling scheme has  been   performed to collect spatially 
distinct tumor fragments from 11 GBM patients [ 27 ]. The results uncovered dif-
ferent GBM subtypes even within the same tumor. In one patient, the founder 
clone displayed amplifi cation/gain of epidermal growth factor receptor (EGFR), 
CDK6, and MET, and loss/deletion of CDKN2a/B, PTEN, and PARK2. This 
clone then gave rise to other subclones. One of these clones inherited a gain of 
chromosome 3 which contains the PIK3CA gene and gradually expanded to form 
a clone including the partial loss of chromosome 17 (containing the NF1 and 
TP53 genes). Based on the presentation of an integrated analysis of tumor hetero-
geneity at the levels of genotype (copy number), cellular phenotype (gene expres-
sion profi le), and single- molecule mitosis (molecular clocks), the authors proposed 
an expanded view on the clonal evolution of these tumors. In this view, resistance 
to treatment is associated with a heterogeneous, rather than a single population of 
malignant cells, with various genetic aberrations coexisting within the same can-
cer. The survival of these cells is restricted only by the spatial structure of the 
neoplasm. This increases the challenge of brain tumor treatment. A subsequent 
study by Patel and colleagues showed extensive heterogeneity in transcripts pre-
dictive of therapeutic treatment in single cells within GBM tumors [ 28 ]. The study 
revealed intracellular variability in the mosaic distribution of mutant and wild-
type (wt) EGFR within the same tumor harboring cells with exclusive wt EGFR 
(7 %), mutant EGFRvIII (19 %), or an exon4-deletion variant (25 %). Several cells 
that lacked EGFR express other tyrosine kinase receptors including PDGFRA, 
EPHA3, or EPHA4. The increase in heterogeneity is associated with a decrease in 
overall survival. Along the same notion, Endaya and colleagues recently reported 
that the extensive heterogeneity in transcripts in GBM was shown to arisen from 
the proliferating tumor cells enriched in transcripts belonging to the cancer and 
neuronal stem cells [   29 ].  

17.2.4     Glioma Stem Cells 

  A  possible   mechanism underlying resistance to therapy and the renewable 
source of GBM tumors is thought to be attributed to the presence of GSCs [ 30 ]. 
These cells are defi ned to exhibit self-renewal ability ex vivo and in vivo to have 
the capacity to generate nontumorigenic and tumorigenic offspring, and to 
exhibit altered karyotype and multilineage differentiation abilities [ 31 ]. CD133 
(also known as prominin- 1) and other markers such as nestin, SOX2, Bmi1, 
Musashi, CD44, CD15, and A2B5 have been used as markers for GSCs [ 32 ]. 
Although there has been some controversy about the cell type of origin from 
which GSCs arise, their existence as “the fountain of youth” for gliomas has 
gained credence  [ 33 – 35 ].   
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17.3     Recent Developments in Gliomas Therapies 

17.3.1     Modulating the MGMT Activities in Overcoming TMZ 
Resistance 

   TMZ resistance can be resolved  in   several ways.    One strategy is to reduce the MGMT 
activity through the use of a small nucleoside inhibitor, O6-benzylguanine (O6BG) 
capable of reducing MGMT activity by mimicking the methylated guanine nucleotide 
base targeted by MGMT, thereby binding MGMT protein and causing structural 
changes that mark the protein–nucleotide complex for degradation [ 36 ]. However, con-
comitant administration of O6BG and TMZ can produce severe off- target myelosup-
pression [ 37 ]. In a subsequent Phase II trial against recurrent, TMZ- resistant malignant 
glioma, the addition of O6BG to a 1-day dosing regimen of TMZ was able to restore 
TMZ sensitivity in anaplastic gliomas, but not in GBM patients [ 38 ]. Further, the most 
commonly reported adverse events were grade 4 hematologic events which were expe-
rienced in 32 of the 66 patients enrolled. The hematopoietic-specifi c toxicity was attrib-
uted to low-to-nonexistent levels of MGMT detected in hematopoietic stem cells 
(HSCs) and progenitor cells. Research has shown that expression of the O6BG-resistant 
MGMT mutant P140K by hematopoietic cells provides signifi cant chemoprotection 
against hematopoietic toxicity from O6BG/alkylator chemotherapy [ 39 ]. By combin-
ing this information, the Fred Hutchinson Group formulated a method of transplanting 
patients with autologous P140K gene-modifi ed hematopoietic CD34+ cells to prevent 
hematopoietic toxicity during combination O6BG/TMZ chemotherapy. Phase I and II 
clinical studies showed that patients tolerated an increased number of cycles of chemo-
therapy with delayed tumor growth [ 40 ]. Preparation is underway for Phase III trials. 
Other research groups are focusing on engineering new TMZ derivatives, such that the 
modifi ed DNA at O6-meG is no longer recognized or repaired by MGMT [ 41 ]. Two 
novel imidazotetrazine analogues, D68 and D86, have also been developed to over-
come TMZ resistance. The effi cacy of these compounds was found to be independent 
of MGMT and MMR functions [ 42 ]. Bifunctional D68 can crosslink DNA with sig-
nifi cant gains in potency when compared to monofunctional D86. Thus, it is more 
potent when compared to D86 and is capable of a distinct type of cell cycle arrest. 
Other mechanism of TMZ resistance in GBM includes elevated expression of an extra-
cellular matrix protein (EFEMP1) and Chitinase 3-like 1 (Chi3l1, also known as YKL-
40/BRP-39) ([ 43 ,  44 ] respectively). Strategies that target the downregulation of these 
gene products could result in sensitization of glioblastoma cells to TMZ  .  

17.3.2     Antiangiogenic Therapies 

   Copper chelation   is known  to   inhibit the angiogenic response stimulated by 
implants of human brain tumors [ 45 ]. However, a clinical study showed that an 
oral agent used to treat intracerebral copper overload did not signifi cantly improve 
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the survival of patients with GBM [ 46 ]. The discord between preclinical and clini-
cal practice is likely due to the suboptimal copper chelator used in the clinical 
trial, and yet, high dose of membrane permeable metal chelators could potentially 
interfere with intracellular processes with pathological consequences [ 47 ]. A cop-
per chelator, known as disulfi ram (tetraethylthiuram disulfi de, SDF), has good 
safety profi les, can penetrate the blood–brain barrier and can override resistance 
to TMZ [ 48 ]. This effect is partly mediated by inhibition of a polo-like kinase 1, 
a brain cancer overexpressed serine/threonine kinase involved in cell cycle 
regulation. 

  Bevacizumab   is currently the most prominent antiangiogenic agent in the fi eld of 
recurrent glioblastoma. It is a humanized monoclonal antibody which binds to cir-
culating vascular endothelial growth factor (VEGF) and prevents its interaction 
with the VEGF receptors, thereby suppressing VEGF signaling [ 49 ,  50 ]. The de 
novo formation of blood vessels is defi ned as vasculogenesis, a process mediated by 
the differentiation of precursor cells into endothelial cells, whereas angiogenesis 
represents the development of new vessels from a pre-existing vascular network 
[ 51 ]. Bevacizumab has both antivascular properties by causing regression of exist-
ing tumor vasculature and antiangiogenesis properties by causing the inhibition of 
new and recurrent tumor vessel growth [ 52 ]. Disappointingly, initial trials with 
bevacizumab, radiation and TMZ did not improve survival in patients with newly 
diagnosed glioblastoma [ 53 ,  54 ], although it did improve progression-free survival 
in patients with recurrent GBM as evidenced from the BRAIN study [ 55 ,  56 ]. In a 
recently completed  European Organization for Research and Treatment of Cancer 
(EORTC)   26101 randomized phase III trial that compare lomustine against the 
combination of bevacizumab and lomustine in recurrent GBM patients, there was 
also no improvement in overall survival but progression-free survival (Wick et al, 
Neuro-Oncology 17; v1-2015 from The 20th Annual Scientifi c Meeting of the 
Society for Neuro-Oncology, Neuro-Oncology, 19-22 November, 2015). It remains 
to be determined whether in this trial, patients with proneural GBM may derive 
overall survival benefi t from the addition of bevacizumab, a fi nding from the 
AVAglioa Trial [ 135 ]. Regardless, improved progression- free survival and mainte-
nance of baseline quality of life and performance status were observed (for review 
see [ 49 ]). Another anti-VEGF agent, cediranib, is a potent inhibitor of VEGFR 
tyrosine kinases with additional activity against platelet-derived growth factor β and 
c-kit [ 57 ]. Treatment with cediranib can transiently normalize tumor vasculature 
and alleviate tumor-induced cerebral edema [ 58 ]. Edema alleviation can result in 
prolonged survival even without inhibition of tumor growth [ 59 ]. In addition, nor-
malization of tumor vasculature can also reduce tumor hypoxia and enhance sensi-
tivity to concurrently administered cytotoxic therapies. Unfortunately, there was no 
signifi cant difference in the overall survival or progression-free survival of patients 
with recurrent glioblastoma when they are treated with either cediranib alone or in 
combination with lomustine versus lomustine alone [ 60 ]. Similarly, the combina-
tion of vandetanib (an inhibitor VEGFR2, EGFR, and RET) with standard chemo-
radiation also did not prolong the overall survival despite being well tolerated  [ 61 ].  
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17.3.3     Anti-EGFR Therapies 

   The EGFR  signaling   system is an  attractive   target for therapeutic intervention. 
EGFR gene amplifi cation and overexpression account for approximately 40–60 % 
of GBMs [ 62 ] In one report, 42.6 % of GBM patients failed to express detectable 
EGFR, 25.9 % had an overexpression of wtEGFR, and 31.5 % expressed a specifi c 
EGFR mutant (EGFRvIII, also known as EGFR type III, de2-7, ΔEGFR) [ 63 ]. 
Others have reported 46 % of GBMs lacking EGFR [ 64 ]. Of note, EGFRvIII expres-
sion in GBM is frequently associated with amplifi cation and coexpression of the 
wtEGFR [ 65 ] Elevated levels of EGFR or EGFRvIII expression confer enhanced 
cell proliferation and invasion of glioblastomas [ 66 ]. Ligand-binding by EGF results 
in the activation of the receptor tyrosine kinase/RAS/PI3K pathway [ 67 ]. 
Phosphorylation of PI3K leads to activation of AKT [ 68 ]. This in turn induces acti-
vation of mammalian target of rapamycin (mTOR) which plays a critical role in 
controlling mRNA translation, ribosome biogenesis, autophagy, and metabolism 
[ 69 ]. The EGFRvIII mutant is generated from an in-frame deletion of 267 amino 
acids from the extracellular domain of the wtEGFR [ 70 ]. As a consequence, its 
tyrosine kinase is constitutively activated, which accounts for its oncogenic poten-
tial. Dimerization of wtEGFR and EGFRvIII leads to gliomagenesis in a STAT3/5 
dependent manner [ 71 ]. Preclinical results using tyrosine kinase inhibitors (TKIs) 
against EGFR, gefi tinib, and erlotinib have been disappointing [ 72 ]. The lack of 
effi cacy may be attributed to several factors including the presence of effl ux trans-
porters on the endothelial cells that inhibit drug permeability across the blood–brain 
barrier [ 73 ]. Furthermore, these TKIs are known to be more effi cacious when target-
ing tumor cells that express mutations in exons 19 and 21 of the EGFR kinase 
domain which has yet to be identifi ed in GBM [ 74 ]. The most successful antibodies 
against EGFR activity used for GBM include cetuximab, panitumumab, and nimo-
tuzumab [ 75 ,  76 ]. However, in a phase II study, cetuximab had no signifi cant cor-
relation between EGFR status and response or overall survival [ 77 ]. A recent in vitro 
study has reported that nimotuzumab is effective against human glioma cell lines 
regardless of their EGFR status [ 78 ]. This fi nding is in an agreement with a phase 
III study where no obvious correlation of nimotuzumab effi cacy was found with 
regard to the EGFR status [ 79 ]. This could be explained by off-target effects. 
Overall, the ineffi cient antibody-based therapies have been attributed to the large 
molecular weight of the antibodies which reduce their ability to traverse the blood–
brain barrier [ 80 ]. Importantly, even though the phase III nimotuzumab trial was 
statistically insignifi cant, the study indicated that targeting EGFR with monoclonal 
antibody therapy may be more promising in a stratifi ed group of patients who are 
MGMT nonmethylated and have EGFR amplifi cation [ 81 ]. Rindopepimut is emerg-
ing as a safe and potentially effective drug for the treatment of GBM. It consists of 
a 14-mer peptide that spans the EGFRvIII epitope which is conjugated with keyhole 
limpet hemocyanin (KLH) (Swartz AM, Li QJ, Sampson JH, Rindopepimut: a 
promising immunotherapeutic for the treatment of glioblastoma multiforme). KLH 
is a high-molecular- weight carrier protein that could enhance the production of an 
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immunological response against the conjugated low-molecular weight peptide [ 82 ]. 
The administration of rindopepimut with granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) further increases the tumor-specifi c immune responses [ 83 ]. 
However, the effectiveness awaits further studies as the current fi ndings are limited 
to a small number of EGFRvIII positive GBM patients  .   

17.4     Virus-Based Strategies 

 Oncolytic viruses ( OVs)   typically are mutated  or   deleted in viral genes that encode 
proteins essential for viral replication. The absence of these viral proteins leads to 
an abortive replication cycle in normal cells. However, in tumor cells, the mutant 
virus can selectively replicate because the missing viral protein function is pro-
vided by the tumor, but is expressed at low levels in normal cells. Oncolytic viro-
therapy is emerging as a promising strategy for the treatment of human cancers 
including gliomas [ 84 ]. First, the therapeutic index of a viral therapy is estimated 
as high as 100,000:1 which means that for every 100,000 tumor cells killed by viral 
therapy, one normal cell is killed. In contrast, therapeutic index of chemotherapy is 
reported to be only 6:1 [ 85 ]. Second, OVs are less prone to tumor resistance and 
tumor heterogeneity due to their direct and rapid killing of tumor cells. Third, OVs 
can induce an antitumor response and its effi cacy is augmented in the presence of 
radiation, chemotherapy, and other agents [ 86 ]. Furthermore, these viruses can be 
engineered to encode therapeutic transgenes for enhanced effi cacy [ 87 ]. To date, 
the herpes simplex virus-based viruses, HSV1716 and G207, have completed 
phase I trials in patients with recurrent gliomas in the United Kingdom and the 
United States, respectively [ 88 ,  89 ]. Both trials used a 34.5-null virus with the dif-
ference of HSV1716 being strain 17+ while G207 belongs to strain F. In addition, 
G207 has a further inactivation of UL39 gene that encodes the large subunit of 
ribonucleotide reductase (ICP6), which is required for the synthesis of DNA pre-
cursors. At present, G207 is under re-evaluation in combination with radiation for 
recurrent GBM in a phase I trial [ 90 ]. G47delta was created by the deletion of the 
α47 gene and the overlapping US11 promoter region in the G207 [ 91 ]. These dele-
tions inhibit a transporter associated with antigen presentation (also known as 
TAP) which translocates peptides across the endoplasmic reticulum and can down-
regulate MHC class I. 

 Another two OVs T-VEC and JX-549 have moved into clinical trials for other 
solid malignancies. T-VEC (also known as talimogene laherparepvec or 
oncoVEX GM- CSF ) is a second-generation herpes simplex virus based on the JS1 
strain and expresses the immune stimulatory factor, human granulocyte-monocyte 
 colony- stimulating factor (hGM-CSF). A randomized open-label phase III trial 
using T-VEC has completed with success where T-VEC is well tolerated and 
resulted in higher durable response rate and longer median overall survival in 
advanced metastatic melanoma [ 92 ]. JX-594 is poxvirus engineered for replica-
tion, transgene expression and amplifi cation in cancer cells harboring activation of 
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the EGFR/Ras pathway [ 93 – 95 ]. A randomized phase II trial in advanced hepato-
cellular carcinoma showed a signifi cant increased medium overall survival in 
advanced hepatocellular carcinoma in a small number of patients. The human 
poliovirus receptor CD155 is commonly overexpressed in GBM [ 96 ] and PVS-
RIPO, a prototype nonpathogenic poliovirus recombinant, is in an ongoing Phase I 
trial at Preston Robert Tisch Brain Tumor Center at Duke University Medical 
Center, The trial appears to be safe with 12 of the fi rst 20 patients treated remaining 
alive, including the fi rst and second patients who have survived more than 31-month 
posttreatment [ 97 ]. 

  Toca 511   is a retroviral replicating vector, which is currently in clinical devel-
opment [ 98 ].  Toca 511   spreads with high effi ciency throughout solid tumors in a 
nonlytic manner, resulting in widespread integration of the yeast cytosine deami-
nase prodrug activator gene into the tumor cells’ own genome, with tumor death 
being achieved by administration of 5-fl uorocytosine, which crosses the blood–
brain barrier and is converted within tumors to the chemotherapeutic agent, 5-fl u-
orouridine [ 99 ]. By mid-2011, FDA reviewed the safety data from the fi rst cohort 
of three patients and concluded that safety was acceptable, and in 2012, approved 
a second clinical trial of Toca 511 gene therapy administered into the postresec-
tion tumor bed, also in recurrent high-grade glioma patients. To date, multiple 
neuro-oncology centers in the United States have treated more than 30 patients 
with Toca 511, with dose escalation up to four dose cohorts. All patients have 
tolerated the treatment well, without dose-limiting toxicity, and promising signs 
of therapeutic effi cacy have been observed, including symptomatic improvement, 
radiographic evidence of tumor stabilization, or shrinkage and progression-free 
survival. Recently, the effi cacy of combining Toca511 with lomustine, an alkylat-
ing agent, was shown to prolong survival in syngeneic murine glioma models 
which provided further support for initiating clinical trials for patients with high-
grade glioma [ 100 ]. 

 Last but not least, a novel idea has been to create a “zone of resistance” using 
adeno-associated virus (AAV)-mediated expression of human interferon-β 
(hIFN) in normal brain tissue [ 101 ]. This therapeutic approach could potentially 
be translated into clinical trials by multiple injections of the AAV vector into the 
brain cavity during debulking, thus creating a zone of resistance to tumor 
recurrence.  

17.5     MicroRNA-Based Strategies 

   MicroRNAs (miRNAs)   are  a   family of small noncoding RNAs that regulate gene 
expression at the posttranscriptional level [ 102 ]. They are conserved across species 
and have a length of 20–25 nucleotides. Mature miRNAs are incorporate into the 
RNA-induced silencing complex (RISC) and directed to complementary sequences 
of target messenger RNAs. The complementary pairing usually occurs at the 3′ 
untranslated region resulting in target mRNA degradation or translational 
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inhibition [ 103 ]. miRNAs play critical roles in multiple biological processes in 
GBM and GSCs including cell growth, migration, invasion, angiogenesis, and 
stem cells behavior [ 104 ]. They are also involved in the normal development of the 
central nervous system [ 105 ]. Highly expressed miR-9 has been correlated with 
glioblastoma progression [ 106 ]. MiR-9 has been shown to stimulate the migration 
of glioma cells in part through targeting NF1 [ 107 ]. Other microRNAs such as 
miR-21 promote proliferation of glioma cells, in part via downregulation of 
IGFBP3 [ 108 ]. Differential microRNA expression profi ling revealed that miR-100 
expression is downregulated in GBM compared to normal controls [ 109 ]. Further 
analysis showed that miR-100 inhibits proliferation of glioma cells by targeting the 
“silencing mediator of retinoid or thyroid hormone receptor-2” (SMRT/NCOR2) 
gene which is essential for histone deacetylase 3 (HDAC3) activity [ 110 ]. A recent 
study has identifi ed miR-138 as a molecular signature of GSCs (GSCs) and dem-
onstrates a vital role for miR-138 in promoting growth and survival of  bona fi de  
tumor-initiating cells with self-renewal potential. Further, its correlation to tumor 
recurrence and survival highlights the clinical signifi cance of miR-138 as a prog-
nostic biomarker and a therapeutic target for treatment of malignant gliomas [ 134 ]. 
Silencing of Mir-210 could reduce hypoxic GSCs stemness and radioresistance 
[ 111 ]. Further, it has been shown to mediate its effect on glioma cell apoptosis and 
proliferation in part through regulating the SIN3A expression [ 112 ]. All of these 
fi ndings suggest that miRNAs possess clinical potential for GBM therapy .  

17.6     Other Innovative Strategies 

   Metformin is  a   guanidine derivative that is widely used  to   treat type II diabetes 
[ 113 ]. It suppresses the actions of insulin and insulin-like growth factors. Insulin 
and insulin-like growth factors activate a signaling kinase pathway that depends on 
PI3-kinase and stimulates growth. With the inhibition of the insulin and insulin-like 
growth factors, there is less mitogenic stimulation on the cancer cells and this is a 
postulated theory as to how metformin suppresses cancer growth. Metformin also 
directly inhibits the mTOR pathway by promoting the interaction of two upstream 
molecules that stop the pathway’s function-through enhanced PRAS40 binding to 
RAPTOR. Inhibition of mTOR has been shown to induce cancer cell death by stim-
ulating autophagy or apoptosis. This is due to the key role of mTOR in the control 
of cell growth, proliferation, and metabolism through regulation of the phos-
phoinositide 3-kinase (PI3K)/Akt signaling pathway [ 114 ]. 

 An interesting avenue which is currently being studied is the administration of a 
novel mimic, Mn(III)  meso -tetrakis( N -n-butoxyethylpyridinium-2-yl)porphyrin 
(MnTnBuOE-2-PyP 5+ ) of the superoxide dismutase enzyme (SOD) [ 115 ]. This drug 
has been shown to provide long-term neuroprotection against oxidative stress dam-
age caused by radiation exposure [ 116 ] and is currently entering phase I/II clinical 
trials as radioprotector for normal brain in patients with high-grade gliomas. While 
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acting as a radioprotector of normal tissue MnTnBuOE-2-PyP 5+  proved to be pow-
erful glioma radio- and chemosensitizer (temozolomide) (Batinić-Haberle et al, 
unpublished) in a patient-derived D-245 MG GBM xenograft mouse model [ 116 ]. 
Differential effects arise from differential redox environment of normal versus 
tumor tissue [ 115 ]. Cancer therapeutics that increase the production of reactive oxy-
gen species (ROS) or decrease the intracellular ROS scavengers could also poten-
tially provide a powerful treatment strategy. An example of a natural compound 
with selective killing of tumor cells in an ROS-dependent mechanism is obtusaqui-
none (OBT) [ 117 ]. The novel antioxidant thiol,  N -acetylcysteine amide could also 
augment the therapeutic effect of neural stem cell-based antiglioma oncolytic viro-
therapy [ 118 ]. 

 In the fi eld of cancer therapy, the most attractive feature of stem cells is their 
inherent ability to migrate toward tumor cells or “a wound that never heals.” 
Multiple types of stem cells, including neural stem cells and mesenchymal stem 
cells (MSCs), have been shown to exhibit inherent tumor tropism [ 119 ,  120 ]. 
Further, studies have shown that naïve stem cells can exhibit an antitumor effect 
[ 121 ,  122 ] while others have shown that different sources of stem cells exhibit 
different effects on proliferation of malignant glioma cells [ 123 ]. We have shown 
that the antitumor effect of MSCs may be mediated through a paracrine system 
via the downregulation of the PDGF/PDGFR axis, which is known to play a key 
role in glioma angiogenesis [ 121 ]. Alternatively, exosomes (extracellular vesi-
cles) from MSCs have been shown to contain miR-146b which can inhibit the 
growth of gliomas [ 124 ]. While ongoing studies are probing further into the pre-
cise role of MSCs, others have focused on modifying stem cells for cancer gene 
therapy. Systemic injection of neural stem cells expressing a secreted form of 
TRAIL increased glioma regression when administered together with the cardiac 
glycoside lanatoside C [ 125 ]. Likewise, MSCs have proven effective when modi-
fi ed with a number of agents, including cytokines, such as interleukin-12 [ 126 ]; 
interferon-β [ 127 ]; proapoptotic protein, TRAIL [ 128 ,  129 ]; prodrug activation 
platforms, such as herpes simplex kinase thymidine kinase [ 130 ]; antiangiogenic 
agents, such as endostatin and carboxylesterase [ 131 ], OV [ 132 ]; and nanopar-
ticles   [ 133 ].  

17.7     Future Directions 

 With the advent of new discoveries and new technology platforms, we have sum-
marized briefl y the effective agents/vectors that could effectively inhibit (1) growth 
of cancer cells; (2) angiogenesis; (3) invasion; (4) tumor-associated infl ammation; 
and (5) proliferative signal, as well as induces (6) specifi c apoptosis and immune 
responses to tumors (Fig.  17.1 ). In the future, it will be important to improve the 
match between the molecular subtype of tumors with the therapeutic strategies and 
to correlate them with clinical pathological outcomes of GBM for better therapeutic 
effi cacies.
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    Chapter 18   
 Redox Therapeutics in Breast Cancer: 
Role of SOD Mimics                     

     Ana     S.     Fernandes      ,     Nuno     Saraiva      , and     Nuno     G.     Oliveira     

18.1           Introduction 

  Breast cancer   is the most commonly diagnosed cancer among women in the USA 
(excluding skin cancers) and the second cause of cancer death [ 1 ]. The estimated 
new breast cancer cases and deaths for women in the USA in 2015 are 231,840 and 
40,290, respectively [ 2 ]. Moreover, according to global estimates, female breast 
cancer is the most prevalent cancer worldwide [ 3 ]. It is therefore unquestionable 
that the impact of this disease clearly justifi es the research that is currently ongoing 
in this fi eld, mainly in metastatic disease. In fact, metastasis of breast cancer is a key 
hallmark of this type of cancer, being life-threatening and the major cause of treat-
ment failure [ 4 ]. Many efforts have been made in order to understand the processes 
of invasion and subsequent formation of metastasis. 

  Reactive species (RS)  , especially reactive oxygen species, have been greatly 
implicated in cancer at different levels, including cell proliferation, invasiveness, 
and metastases. RS production leading to cellular oxidative stress is considered a 
risk factor for cancer development and an important aspect in disease progression 
[ 5 ,  6 ]. In order to survive, cancer cells need to adapt to a new environment. The level 
of adaptation may determine the cancer cell ability to respond to radio- and chemo-
therapy, to invade, and to generate metastasis. Many studies report that tumor cells 
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display an increased production of RS and signifi cant changes in antioxidant 
enzyme expression profi les [ 5 – 7 ]. 

 The cellular and tissue  redox homeostasis   is partially achieved by the actions of 
superoxide dismutases (SOD): SOD1 (cytoplasmic and mitochondrial intermem-
brane space, Cu,Zn-SOD) [ 8 ,  9 ], SOD2 (mitochondrial matrix, MnSOD) [ 10 ], and 
SOD3 (extracellular, EC-SOD) [ 11 ]. The role of SOD, especially SOD2, in cancer 
is a controversial topic, where confl icting data exist [ 12 – 14 ]. A substantial body of 
evidence for an anticancer role of MnSOD has emerged through the years [ 15 ]. 
Moreover, there are several reports on the role of SOD in breast cancer. The present 
book chapter will summarize some of the relevant existing data, aiming to foster 
interest in this topic. Notably, redox modulation in breast cancer can be achieved 
using chemicals with SOD-like activity (SOD mimics—SODm). This book chapter 
will address the effects of SODm and other chemicals with superoxide scavenger 
activity in the context of breast cancer.  

18.2     Role of SOD in Breast Cancer 

  SOD2 has  emerged   as a key enzyme with a dual role in tumorigenic progression. 
The expression level of SOD2 is altered in several tumors, including thyroid [ 16 ], 
brain and CNS [ 17 ,  18 ], gastric [ 19 ,  20 ], ovarian [ 21 ], and breast [ 22 ,  23 ]. In breast 
cancer cells, the expression of SOD2 is commonly up-regulated in advanced breast 
cancers whereas it can be often down-regulated in early cancer stages (reviewed in 
[ 24 ]). The altered expression levels of SOD2 affect cell proliferation and invasion 
properties of cancer cells and tumor angiogenesis, hence impacting disease progres-
sion. SOD2 mRNA levels determined from microarrays analysis of human breast 
tumors specimens are contradictory: one study supports increased SOD2 levels, 
whereas two other found reduced SOD2 levels in tumor specimens [ 25 ]. 

 The   sod2    gene expression regulation occurs mainly at the transcriptional stage. 
The increased levels of repressive transcription factors or epigenetic modifi cations 
are the two major mechanisms of SOD2 downregulation [ 22 ,  26 – 28 ]. Sp1 and 
NF-κB are the two main transcription factors responsible for high expression of 
SOD2 in invasive cells [ 22 ,  27 ,  28 ]. Tumor microenvironment conditions such as 
hypoxia and hypoglycemia can induce SOD2 expression in breast cancer cell lines 
[ 29 ]. Isolated migrating cancer cells at the invasive front of primary tumors exhibit 
higher SOD2 expression than those inside the tumor mass. Moreover, SOD2 levels 
in primary tumors appear to be lower than the matched lymph-node metastases [ 30 ]. 
Increased SOD2 levels have been shown to directly correlate with breast cancer 
histological grading and invasive properties [ 23 ], reinforcing the importance of 
SOD2 in breast cancer progression. 

 The levels of SOD2 in non-tumor breast cells (MCF-10A, HMEC) are signifi -
cantly higher than in noninvasive, estrogen-sensitive breast cancer cell lines such as 
MCF7 or T47D [ 22 ,  31 ,  32 ]. Highly invasive and metastatic breast cancer cell lines 
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(MDA-MB-231 or SKBR3) present higher SOD2 protein levels when compared to 
MCF7 or T47D [ 22 ,  31 ,  32 ]. Importantly, upregulation of SOD1 or SOD2 can 
inhibit breast cancer growth in a mouse model [ 33 ]. 

 The increase in SOD expression in some cancers is proposed to be mainly asso-
ciated with a cellular response to intracellular oxidative stress. In this context, the 
scavenging of superoxide by SOD may attenuate the reactive species (RS)-induced 
stress, thus reducing the simulating effect of RS on cell proliferation [ 21 ]. 
Overexpression of SOD2 in human cancer cell lines such as MCF-7 (breast) [ 34 ], 
UACC-903 (melanoma) [ 35 ], SCC-25 (oral squamous carcinoma) [ 36 ], U118 (gli-
oma) [ 37 ], and DUI45 (prostate carcinoma) [ 38 ] signifi cantly inhibited their malig-
nant phenotypes. The impact of SOD2 on cell proliferation is highlighted by the 
variations in SOD2 expression during the cell cycle. SOD2 levels are lower during 
S and G2/M phases, leading to RS accumulation [ 38 ,  39 ]. Because SOD2 levels 
are reduced in certain cancer cells and induced overexpression of SOD2 is able to 
suppress malignant phenotypes in certain experimental models,  sod2  has been pro-
posed as a tumor suppressor gene [ 13 ,  35 ,  37 ,  40 ]. Additionally, SOD2 
overexpression suppresses the tumor promoting effects of cancer-associated fi bro-
blasts with caveolin- 1 reduced expression in MDA-MB-231 derived tumor xeno-
grafts [ 41 ]. The overexpression of SOD1 and SOD3 is also related to reduced cell 
growth in human cancers [ 33 ,  42 ]. SOD3 levels are lower in human breast cancer 
samples and SOD3 mRNA levels are inversely correlated with breast cancer 
clinical stage [ 43 ]. 

 The overall activity of SOD2 can be altered by certain  sod2  genetic polymor-
phisms [ 44 ] and by the deacetylase SIRT3 [ 45 ]. The  sod2  Ala 16 Val allele produces 
a protein that is not effi ciently transported to the mitochondria, resulting in a reduced 
antioxidant activity [ 44 ]. The presence of the Ala/Ala genotype has been shown to 
correlate with an increased breast cancer risk in premenopausal women [ 46 ], espe-
cially when in combination with the glutathione peroxidase-1 Pro 198 Leu polymor-
phism [ 47 ]. A recent study supporting the opposite conclusion demonstrated an 
association between the SOD2 Val/Val genotype and the appearance of axillary 
lymph node metastasis [ 48 ]. The primary mitochondrial deacetylase SIRT3 acti-
vates SOD2 in response to cellular stress, by deacetylating the dismutase [ 45 ]. The 
importance of this regulatory mechanism in tumorigenesis is highlighted by the 
development of invasive ductal mammary tumors  Sirt3  KO mice [ 49 ] and by SIRT3 
low expression in human cancers, including breast cancer [ 49 ]. 

 Although much confl icting data still exists, a correlation between SOD2 expres-
sion/activity levels and metastatic breast carcinoma is apparent. This correlation has 
also been reported for brain [ 18 ], gastric and colorectal cancers [ 20 ,  50 ]. Conversely, 
low SOD2 expression correlates with an increased cell proliferation during early 
stages of tumorigenesis. This has also been observed for mesothelioma and prostate 
cancers [ 51 ,  52 ]. Additionally, SOD2 overexpression in many tumor-derived cell 
lines is able to attenuate their malignant phenotype and reduce their metastatic 
potential, thus justifying the aforementioned proposal of SOD2 as a tumor suppres-
sor gene (reviewed in  [ 53 ,  54 ]).  
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18.3     SOD Mimics and Breast Cancer 

   Despite the  potential   benefi ts of SOD in breast cancer, the clinical use of  the   native 
enzyme presents several limitations, including antigenicity, high-manufacturing 
costs, low cell permeability, and short circulating half-life [ 55 ]. To overcome these 
restrictions, small synthetic compounds with the ability to mimic the functional prop-
erties of SOD (SODm) have been developed [ 55 ,  56 ]. These compounds have shown 
remarkable effects in experimental models of several diseases, including cancer. 
Some of these are currently being evaluated in clinical trials [ 55 ,  56 ]. It is important 
to mention that many of the compounds known as SODm are catalytical polyfunc-
tional antioxidants. In addition to the disproportionation of superoxide anion, SODm 
may react with other reactive oxygen, nitrogen and sulfur species, as well as with 
redox units of cellular signaling proteins involved in transcription [ 57 ,  58 ]. Although 
many compounds with SOD-like activity with distinct chemical structures have been 
reported, most studies regarding their role in breast cancer use manganese(III) por-
phyrins, copper(II) complexes, or nitroxides. In the subsequent sections, the studies 
of SODm in the context of breast cancer are reviewed, shedding light on the useful-
ness of these agents either as therapeutic drugs or as mechanistic tools.    

18.4     Antiproliferative Effects of SODm 

    Several   compounds  with   SOD-like activity have been reported to have anticancer 
activity, which has been mostly ascribed to the ability of these compounds to push 
the level of endogenous RS (namely H 2 O 2 ) to the threshold of toxicity. The dispro-
portionation of superoxide anion by an SODm leads to H 2 O 2  production. In a nor-
mal cell, the physiological levels of H 2 O 2  may be maintained due to the abundance 
of catalase, peroxidases and other peroxide-removing enzymes [ 59 ]. However, a 
cancer cell has generally a higher RS content and compromised antioxidant 
defenses [ 59 ,  60 ]. In such case, the additional H 2 O 2  burden would force the cell to 
die [ 59 – 62 ] (Fig.  18.1a ). Moreover, in a lymphoma cellular model, Mn porphyrin-
based SODm were reported to take advantage of high H 2 O 2  levels and use it to 
oxidize thiols of signaling proteins such as NF-κB, resulting in potentiation of 
glucocorticoid-induced apoptosis [ 63 ]. SODm can thus act both as anti- or pro-
oxidants, depending on cell type, cellular levels of RS and antioxidants, cellular 
ratio of superoxide- to peroxide-removing systems, levels of oxygen, and cellular 
and subcellular distribution of SODm [ 58 ,  60 ]. In turn, they could produce thera-
peutic effects of different nature—protection of normal tissue (demonstrated as 
antioxidative effects) or cancer cell killing (demonstrated as pro-oxidative thera-
peutic effects) [ 60 ,  64 ] (Fig.  18.1b ). Based on data reported on pro-oxidative 
actions in cancer cell, compounds with SOD-like activity have anticancer therapeu-
tic potential as single agents or may be useful in combination regimens to boost 
chemo- and radiotherapy [ 58 ].
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   The in vitro studies using mammary carcinoma cell lines from mouse (4T1) and 
rat (R3230) showed that a member of N-substituted pyridylporphyrins (Fig.  18.2 ), 
the manganese(III) porphyrin MnTE-2-PyP 5+  (1, 2 and 5 μM) had signifi cant growth 
inhibitory effects during the fi rst 24 h of exposure, although there was no effect with 
longer incubation times [ 65 ]. A study carried out in human breast adenocarcinoma 
cells (MCF-7 cells) cultured with 1 % O 2 , showed that the exposure to the nitroxide 
Tempol (Fig.  18.3 ) decreased the clonogenic survival, but only at concentrations 
≥10 mM. Although less pronounced, an effect was also observed for MnTE-2-PyP 5+  
(200 μM) under the same conditions [ 66 ].

  Fig. 18.1    Differential role of  SOD mimics   in cancer and normal cells. ( a ) Model proposed to 
explain the opposing effects of intracellular H 2 O 2  concentrations on the proliferation of cancer and 
normal cells (adapted from [ 62 ]). ( b ) The redox status of cancer and normal cells differs consider-
ably, controlling their differential sensitivity to additional increase in H 2 O 2 . In cancer cells, SODm 
may decrease cell proliferation and boost chemo- and radiotherapy treatments. Conversely, SODm 
may increase the survival of normal cells, protecting against RS-mediated adverse effects of 
chemo- and radiotherapy       

  Fig. 18.2     Chemical structures   of manganese(III) N-substituted pyridylporphyrins. ( a ) MnTE-2- 
PyP 5+ , ( b ) MnTnHex-2-PyP 5+ , ( c ) MnTnBuOE-2-PyP 5+        
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    Recently, combinations of MnPs with ascorbate have been explored for their 
anticancer potential. Ye et al. [ 60 ] studied the effects of  ortho(2)  MnTE-2-PyP 5+ , 
 ortho(2)  MnTnHex-2-PyP 5+  and the  meta(3)  isomer MnTnHex-3-PyP 5+ , alone or 
combined with ascorbate, in different cell lines, including mouse mammary cancer 
4T1 and human infl ammatory breast cancer SUM149. These MnPs were shown to 
potentiate the toxic effects of ascorbate in 4T1 cells treated with cytotoxic concen-
trations of ascorbate. The increased effi cacy could be ascribed to the ability of MnPs 
to catalyze ascorbate-driven H 2 O 2  production. In addition, the use of MnTnHex-2- 
PyP 5+  (30 μM) as a single agent markedly reduced 4T1 cell viability, as evaluated by 
the WST-1 test, although no toxicity was observed using a clonogenic assay. 
MnTnHex-2-PyP 5+  was also studied in vivo using 4T1 breast cancer Balb/c mice. 
The authors observed a trend towards increased tumor oxidative stress with the 
MnP/ascorbate system, along with a decreased microvessel density resulting in 
marginal tumor growth suppression. The magnitude of anticancer effect seems to be 
dependent upon the stage of cancer growth at the moment drug administration was 
initiated [ 67 ,  68 ]. In the infl ammatory breast cancer cell line SUM149, MnTE-2- 
PyP 5+ , and MnTnHex-2-PyP 5+ , used as single agents, did not exhibit toxicity. The 
combination of MnTE-2-PyP 5+  and ascorbate decreased cell viability as measured 
by the mitochondrial membrane potential marker TMRE. However, the combina-
tion of MnTnHex-2-PyP 5+  and ascorbate was not effi cacious under the same condi-
tions [ 60 ]. Evans et al. [ 69 ] further explored the anticancer properties of MnP/
ascorbate systems in models of infl ammatory breast cancer (SUM149, rSUM149, 
and SUM190 cell lines). The study was focused on MnTE-2-PyP 5+  and MnTnBuOE- 
2- PyP 5+ . These MnPs alone had no signifi cant effect on viability in any of the cell 
lines. However, in combination with ascorbate both MnPs decreased viability in all 
three cell types. The authors showed that the observed cell death was dependent on 
H 2 O 2 . The production of H 2 O 2  led to decreased prosurvival ERK and NF-κB signal-
ing and decreased mitochondrial integrity [ 69 ]. 

 Many copper(II) complexes with superoxide scavenging activity exhibited cyto-
toxic effects in in vitro models of breast cancer. In the case of copper(II) complexes, 

  Fig. 18.3     Chemical 
structure   of Tempol       
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an additional mechanism underlying the anticancer effect has been reported. Due to 
the high levels of H 2 O 2  in cancer cells, and copper Fenton chemistry, hydroxyl radi-
cal may be generated [ 61 ] and induce protein oxidation, lipid peroxidation, and 
oxidative DNA cleavage [ 70 ,  71 ]. O’Connor et al. [ 71 ] described three copper(II) 
complexes derived from salicylic acid combining superoxide dismutase mimicking 
properties with DNA binding and cleaving properties. These compounds exhibited 
cytotoxicity against MCF-7 cells at micromolar levels. Another study reported two 
square-planar copper(II) complexes with dicarboxylate  o -phthalate and 
1,10- phenanthroline or 2,20-dipyridyl ligands with potent SOD activity and the 
ability to induce DNA strand breaks. They exhibited anticancer potential against 
MCF-7 cells [ 72 ]. Different mixed-ligand copper(II) complexes with the general 
composition [Cu(qui)(L)] BF 4  ·  x H 2 O were also cytotoxic to MCF-7 cells. Along 
with SOD-like activity, these compounds have DNA cleavage properties [ 70 ]. In 
addition, Kovala-Demertzi et al. [ 73 ] studied different complexes of meclofenamic 
acid. These authors found that the complexes [Mn(meclo) 2 ] and [Cu(meclo) 2 (H 2 O) 2 ] 
show superoxide dismutase activity and a mild cytotoxic effect in MCF-7 cells. 
Another complex, dichloro[1-(4,5-dihydro-1 H -imidazol-2-yl)-1 H -pyrazole- N , N′ ]
copper(II), with SOD-like activity and cytotoxicity to MCF-7 cells, was described 
by Saczewski et al. [ 74 ]. In another report [ 75 ], three pyridazolato-bridged copper 
complexes showed potent superoxide radical scavenging activity and remarkable 
antiproliferative activity against estrogen independent breast cancer cells (BT-20 
cell line). A similar fi nding was reported for a copper-zinc complex of a catechol-
amine Schiff base ligand [ 76 ]. In the studies with copper(II) complexes, the correla-
tion between cytotoxic potency and superoxide-scavenging activity is not always 
clear. In many cases, it is not clear if those agents are true SOD mimetics, i.e., 
disproportionating superoxide anion in a catalytic way, or just act as stoichiometric 
scavengers of O 2  − . Nevertheless, those studies justify the search for new copper(II) 
complexes with potential application in breast cancer therapy. Furthermore, the 
in vitro results warrant studies with more sophisticated models  .  

18.5     Benefi cial Effects of SODm Combined 
with Cytotoxic Drugs 

   There are  interesting   reports suggesting an important role for  SODm   when com-
bined with standard anticancer drugs. For example, Tempol was suggested as a 
potential agent that may improve the clinical effect of doxorubicin (dox) in tumors 
exhibiting a multidrug resistance (MDR) phenotype [ 77 ]. Cytotoxicity studies in 
MCF-7 wildtype and their MDR variant MCF-7 AdrR cells showed that Tempol 
potentiates dox cytotoxicity in both cell lines, with signifi cant synergy in MDR 
cells. Such effect seems to be at least in part due to Tempol ability to increase per-
oxide levels and to deplete cellular glutathione pools. In addition, Tempol increased 
dox accumulation in MCF-7 AdrR cells by interfering with P-glycoprotein, and 
also affected the expression of proteins involved in response to drug treatment 
(e.g., p53, bcl2, bax, p21) [ 77 ]. 
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 As aforementioned, normal and cancer cells are generally distinct in terms of RS 
content and antioxidant defenses. These differences associated with the capacity of 
SODm to produce differential effects in normal vs. cancer cells or in cancer cells at 
earlier and later stage of progression may explain the differential behavior of these 
compounds reported in the literature. Mito-CP 11  is a mitochondrially targeted SODm 
formed by conjugating a triphenylphosphonium cation to the nitroxide carboxy- 
proxyl. Mito-CP11 inhibited MCF-7 cells proliferation and exacerbated the cyto-
toxic effects of fl uvastatin in breast cancer cells (MCF-7 and MDA-MB-231 cells). 
Although fl uvastatin is clinically used as a cholesterol-lowering drug, it was previ-
ously shown to inhibit proliferation of breast cancer cells. Mito-CP 11  signifi cantly 
inhibited NF-κB activity in MCF-7 cells, which might contribute to the antiprolif-
erative effects observed. Interestingly, despite the antiproliferative effects in breast 
cancer cells, only a minimal effect was observed in MCF-10A normal-like mam-
mary epithelial cells [ 78 ]. This dual effect was also observed for a pyridine- 
containing macrocyclic copper(II) complex, Cu[15]pyN 5  (Fig.  18.4 ), with superoxide 
scavenging activity developed by Fernandes et al. [ 61 ,  79 ]. While this complex is 
devoid of a marked cytotoxic effect as a single agent, it potentiated the  antiproliferative 
activity of the anticancer drug oxaliplatin in MCF-7 cells. Conversely, this complex 
reduced the cytotoxicity of oxaliplatin in MCF-10A cells [ 61 ].

   The ability to act differently in cancer and normal cells opens another interesting 
fi eld of therapeutic opportunities for SODm in the context of breast cancer. RS are 
associated with side effects of the drugs commonly used in breast cancer chemo-
therapy, such as anthracyclines-induced cardiotoxicity [ 80 ,  81 ] or neuropathic pain 
induced by paclitaxel [ 82 ,  83 ]. SODm may therefore lessen the chemotherapy side 
effects. For example, the SODm MnTM-4-PyP 5+  was shown to protect neonatal rat 
ventricular myocytes from daunorubicin-induced cell death [ 80 ]. Fidanboylu et al. 

  Fig. 18.4     Chemical structure   of [Cu[15]pyN 5 ] complex [ 79 ]       
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[ 83 ] assessed the ability of Tempol to inhibit established paclitaxel-induced (neuro-
pathic) pain, as demonstrated in a rat model. The authors found a protective effect 
of Tempol on established paclitaxel-induced mechanical hypersensitivity at 1 h 
postinjection. However, the protective effects were not consistent under all experi-
mental conditions tested. Doyle et al. [ 82 ] demonstrated that the administration of 
MnTE-2-PyP 5+  or FeTM-4-PyP 5+  in a rat model attenuated the development of neu-
ropathic pain in a dose-dependent manner and reversed established pain. The 
authors attribute this protection to the ability of MnTE-2-PyP 5+  and FeTM-4-PyP 5+  
to decompose peroxynitrite. Interestingly, this study also showed that the antitumor 
activity of paclitaxel in human breast cancer cells SKBR3 was enhanced by MnTE- 
2- PyP 5+  [ 82 ]. A dual behavior was observed for the pyrroline nitroxyl derivative, 
pirolin, in a rat model with 7,12-dimethylbenz( a )anthracene-induced mammary 
tumors [ 84 ]. As a single agent, pirolin displayed both antioxidant and pro-oxidant 
properties depending on the cumulative dose of this nitroxide and the regimen of 
treatment. Combined chemotherapy with doxorubicin and docetaxel generated oxi-
dative damage to plasma proteins. The inclusion of pirolin in dox-docetaxel chemo-
therapy resulted in a partial protection of blood plasma proteins and lipids against 
oxidative stress generated by these drugs [ 84 ]. The ability of SODm to protect non- 
cancer cells from toxic side effects induced by chemotherapy, along with their 
capacity to boost the effi cacy of anticancer drugs, may lead to an increase in the 
therapeutic index of breast cancer treatments  .  

18.6     Benefi ts of SODm Combined with Radiotherapy 

   The ability  of   SODm  to   protect normal tissues while sensitizing tumors was also 
previously described in the context of radiotherapy. Moeller et al. [ 65 ] have shown 
that MnTE-2-PyP 5+  may improve tumor radioresponsiveness. Conditioned medium 
from mouse breast 4T1 cells protected endothelial cells from ionizing radiation tox-
icity. However, medium that was conditioned in the presence of MnTE-2-PyP 5+  
inhibited the ability of tumor cells to secrete endothelial cell-rescuing factors into 
the medium. This effect may be explained by the ability of MnTE-2-PyP 5+  to disrupt 
RS-induced cytokine secretion from tumor cells. This fi nding was corroborated in 
an in vivo model of Balb/C mice with 4T1 tumors. While MnTE-2-PyP 5+  alone had 
no effect on tumor vascularity, the combined treatment with radiation led to a strik-
ing tumor devascularization, resulting in a signifi cant tumor growth delay [ 65 ]. 
Another report using a slightly different treatment protocol also demonstrated that 
the combination of MnTE-2-PyP 5+  with ionizing radiation led to a signifi cant tumor 
growth delay in mice [ 85 ]. In addition, the ability of SODm to act as radiosensitizers 
was demonstrated in other cancer types (reviewed in [ 58 ]). 

 It has also been pointed out that, as the Warburg effect is implicated in resistance 
to cytotoxic stress, treatment methods that reduce glycolytic metabolism after radio-
therapy may increase tumor cell sensitivity to radiation and chemotherapeutic kill-
ing. Zhong et al. [ 86 ] showed that the concurrent use of MnTnBuOE-2-PyP 5+  and 
radiation prevented the deleterious post-radiation glycolytic changes in mice with 
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4T1 mammary carcinomas, which may constitute another advantage of the combi-
nation of SODm with radiotherapy. 

 To our knowledge, the use of SODm for the protection against radiotherapy- 
induced side effects has not yet been reported in breast cancer models. Fibrosis, 
following breast radiotherapy for mammary cancer, is a frequent undesired effect. 
Clinical tests were previously carried out with Cu,Zn-SOD locally applied as oint-
ment on the fi brotic palpable area. The results showed attenuation of fi brosis size 
and pain after SOD treatment [ 87 ]. In addition, SODm were shown to play a radio-
protective role in different models (reviewed in [ 57 ,  58 ,  88 ]). Considering such data, 
we may anticipate that SODm are likely to be useful in relieving the fi brosis and 
pain associated with breast radiotherapy  .  

18.7     Role of SODm in Angiogenesis and Cell Migration 

    An  additional   mechanism by which SODm may  be   benefi cial in cancer treatment 
was recently suggested.    The complex Cu[15]pyN 5  decreased MCF-7 cell migration 
although it did not signifi cantly change the migration of MDA-MB-231 cells. A 
combined treatment with this complex and dox reduced the invasion of MDA-MB-231 
cells [ 89 ]. Moreover, the co-exposure of breast cancer cells to MnTnHex-2-PyP 5+  
and dox reduced cell migration and invasion [ 90 ]. These data suggest that the poten-
tial of such complexes in breast cancer therapy may not be limited to effects on 
tumor proliferation. These compounds can also impact processes implicated in 
tumor metastases, offering a broader spectrum of therapeutic opportunities. Another 
phenomenon crucial for cancer progression that may be modulated by SODm is 
angiogenesis. Rabbani et al. [ 91 ] have demonstrated that MnTE-2-PyP 5+  was able to 
suppress tumor growth in Balb/C mice with 4T1 cells sc xenografts. The antitumor 
effect of the SODm was suggested not to be due to a direct effect on cancer cells 
proliferation, but rather due to a decrease in angiogenesis. The subcutaneous admin-
istration of MnTE-2-PyP 5+  (twice daily) over the course of the experiment markedly 
decreased the microvessel density and the endothelial cell proliferation by acting on 
HIF/VEGF pathways [ 91 ]. A reduction in microvascular density was also reported 
by Ye et al. [ 60 ] for MnTnHex-2-PyP 5+ , either given alone or in combination with 
ascorbate, using the same experimental model   .  

18.8     SODm as a Mechanistic Tool in Breast Cancer Research 

   Besides the  potential   benefi ts of SODm as therapeutic agents,  these   compounds are 
also valuable mechanistic tools for breast cancer research. In some reports, SODm 
were used to clarify the role of RS in carcinogenesis. Kumari Kanchan et al. [ 92 ] 
published a study that aimed to investigate whether superoxide anion acts as a medi-
ator of breast carcinogenesis by activating mTORC2, and whether this phenomenon 
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is regulated by estrogen receptor. They found that treatment with MnTBAP 3−  
impaired estrogen-induced mTORC2 activation in MCF-7 cells. To assess the role 
of RS on HIF-1α modulation, studies with Tempol or MnTE-2-PyP 5+  were carried 
out on MCF-7 cells. These studies demonstrated that superoxide anion is an impor-
tant molecular effector underlying hypoxic HIF-1α stabilization [ 66 ]. MnTM-4- 
PyP 5+  was used to explore the involvement of mitochondrially produced H 2 O 2  in the 
regulation of MDA-MB-231 cell growth [ 32 ]. Bandarra et al. [ 93 ] addressed the 
role of RS in the toxicity of glycidamide (GA) in MCF-10A cells using MnTE-2- 
PyP 5+  and other redox modulators. This SODm did not alter GA-induced cytotoxic-
ity. The ultimate goal of this work was to further the understanding of the mechanisms 
of GA toxicity due to the pivotal role of this metabolite on the carcinogenesis 
induced by acrylamide, an industrial and food toxicant. 

 SODm have also been used to elucidate the involvement of RS in the mechanism 
of action of potential novel therapeutics for breast cancer. For example, an SODm 
was used by Hsieh et al. [ 94 ] as a tool to study the anticancer effect of the natural 
lignan arctigenin in MDA-MB-231 cells. The SODm EUK-8 antagonized arctigenin- 
mediated p38 activation and Bcl-2 protein downregulation, suggesting the elevation 
of RS as an upstream event of arctigenin-induced cell death. Different studies have 
also been carried out in in vitro models of infl ammatory breast cancer, such as 
SUM149 and SUM190 cell lines, using SODm as tools to understand the impact of 
RS on the effi cacy of therapeutic strategies. Allensworth et al. [ 95 ] showed that 
MnTnHex-2-PyP 5+  protected against RS accumulation and reversed the decrease in 
cell viability caused by embelin + TRAIL treatment. In addition, Aird et al. [ 96 ] 
used MnTnHex-2-PyP 5+  to explore the infl uence of RS on the induction of apoptosis 
by the lapatinib analog GW583340. Regarding radiotherapy, Moeller et al. [ 85 ] 
used MnTE-2-PyP 5+  in 4T1 breast cancer models (in vitro and in vivo) to clarify the 
role of HIF-1 regulation in determining tumor radiosensitivity. 

 Due to exceedingly complex chemistry of SODm, and considering the lack of 
specifi city to a single reactive species, caution needs to be exercised when identify-
ing the reactive species involved in particular pathways. The use of SODm com-
bined with other pharmacological approaches should be complemented with genetic 
studies to corroborate conclusions  .  

18.9     Conclusion 

 In summary, SODm could impact different aspects of breast cancer therapy. This 
could be due to their inherent anticancer activity, or to their ability to boost chemo-
therapy and radiotherapy effi cacy, ameliorate chemo- and radiotherapy side effects, 
hamper metastases formation or reduce angiogenesis. However, despite the amount 
of encouraging data from in vitro and in vivo studies, none of the SODm was already 
approved for clinical use in cancer. An aspect that needs further clarifi cation is the 
timing for the use of SODm as an anticancer strategy. The effect of SOD depends 
on the stage of breast cancer, but so far only few studies addressed the impact of 
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SODm in models representative of different cancer stages. More studies are required 
to duly defi ne the circumstances in which SODm may be benefi cial. SODm are also 
useful tools to unravel drugable targets or to characterize the mechanisms of action 
of novel therapeutics. One important feature of most SODm is their ability to scav-
enge several RS and impact redox-dependent cellular transcriptional activity. Future 
work in this fi eld should benefi t from a thorough comprehension of the redox basis 
of breast carcinogenesis. The growing understanding of redox mechanisms, along 
with the continuous quest for optimized SODm, will impact the progress of those 
redox-active drugs towards clinic.    
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    Chapter 19   
 Anticancer Action of Mn Porphyrins in Head 
and Neck Cancer                     

     Kathleen     A.     Ashcraft       and     Mark     W.     Dewhirst     

19.1           Introduction 

   Manganese porphyrins  have      been successfully used preclinically as adjuvant thera-
pies to radiotherapy and/or chemotherapy for tumors of multiple histologies, includ-
ing brain, breast, prostate, and melanoma [ 1 – 6 ]. In contrast, literature regarding the 
use of Mn porphyrins in head and neck cancer (HNC) is conspicuously scant. 

 Theoretically, HNC is an ideal disease to target with Mn porphyrins. First, the 
pathologies and risk factors underlying HNC are linked to oxidative stress. In addi-
tion, there are several major sources of oxidative stress in HNC (i.e., products of 
smoking, hypoxia, virally induced gene expression, and immune cell infi ltration) 
that drive tumor promotion and progression by contributing to genetic instability. 
Further, oxidative stress promotes tumorigenesis through induction of multiple sig-
nal transduction pathways and cellular and mitochondrial reactive oxygen species 
(reviewed in [ 7 ]). In fact, tumor hypoxia is a clear prognostic factor for poor out-
come in HNC patients (Fig.  19.1 ).

   Although Mn porphyrins have not been used clinically in HNC to date, there are 
several published reports using manganese superoxide dismutase (MnSOD)-based 
methods in preclinical HNC models that suggest that Mn porphyrins could be effi -
cacious in the treatment of HNC. Thus, the focus of this chapter will be on historical 
use of MnSOD therapies to provide a rationale for future work using Mn 
porphyrins.  

        K.  A.   Ashcraft      •    M.  W.   Dewhirst      (*) 
  Department of Radiation Oncology ,  Duke University Medical Center , 
  Box 3455, Medical Sciences Research Building 1, Room 201 ,  Durham ,  NC   27710 ,  USA   
 e-mail: kathleen.ashcraft@duke.edu; mark.dewhirst@dm.duke.edu  

mailto:kathleen.ashcraft@duke.edu
mailto:mark.dewhirst@dm.duke.edu


470

19.2     Head and Neck Cancers: Types, Etiology, 
and Underlying Pathologies 

 HNC comprise multiple tumor types and locations. The most common sites of ori-
gin are the oral cavity, pharynx/tonsils, paranasal sinuses and nasal cavity, larynx, 
and salivary glands. Though technically not included as a HNC, esophageal cancers 
will be considered within this chapter as well. The types, incidences, and underlying 
causes of HNC are described in Table  19.1 . HNC accounts for 3 % of all cancers in 
the United States.

   HNC are commonly associated with environmental and/or lifestyle choices 
although the primary risk factors have shifted in recent decades. For instance, 75 % 
of oral and pharyngeal cancers were associated with tobacco and alcohol use in 
1988 [ 8 ]. More recently, a 2011 report estimated that nearly 50 % of oropharynx 
tumors resulted from human papilloma virus (HPV) infection [ 9 ]. Three lifestyle/
environmental risk factors will be discussed briefl y below. Although superfi cially 
they seem disparate, all three have been linked to cellular and DNA damage following 
oxidative stress. 

 The fi rst risk factor, and the one that is most directly under the patient’s control, 
is tobacco and alcohol use. Smoking tobacco exposes the head and neck tissues to 
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  Fig. 19.1    Overall  survival curves      for HNC patients stratifi ed by tumor hypoxia. Patients with less 
hypoxic tumors showed a signifi cant increase in survival compared to patients with more hypoxic 
tumors. In this study, which was done using the Eppendorf oxygen electrode, hypoxia was defi ned 
as a tumor in which at least 19 % of the measurements were less than 2.5 mmHg.  p  = 0.006. Taken 
from Nordsmark et al., Radiotherapy and Oncology, 77(1)18–24 (2005). Used with permission       
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smoke-borne ROS, as well as tobacco smoke-induced injury, which increases 
endogenous ROS. Rats exposed to cigarette smoke for 8 weeks (six cigarettes worth 
of smoke per day) had increased free radicals in their laryngeal tissues compared to 
control rats [ 10 ]. Because the combination of alcohol and tobacco raises cancer risk, 
one hypothesis is that alcohol acts as a solvent to facilitate the entry of tobacco/
smoke-derived chemicals into cells. A second cause of tobacco-related cancers is 
smokeless tobacco. In vitro studies with human dermal fi broblasts demonstrated 
that exposure to smokeless tobacco extract increased intracellular reactive oxygen 
and nitrogen species [ 11 ]. 

 A second causative agent of oral cancers that must be mentioned is HPV and to a 
lesser extent, Epstein–Barr virus (EBV). In the United States, the  epidemiology of 
HPV   has historically been focused on cervical cancer; however, the incidence of 
oral-based cancers caused by HPV is increasing at such a rate that there will be more 
oral tumors than cervical tumors caused by HPV by the year 2020. EBV infection is 
linked to nasopharyngeal cancer though its incidence is more concentrated in 
Southeast Asia. The oncogenic nature of HPV and EBV results from expression of 
proteins E6 and E7 in HPV and EBNA-1  in   EBV. However, studies from the past 
decade have revealed that E6 and EBNA-1 may also promote tumor development by 
increasing cellular and DNA damage caused by increased cellular oxidative stress 
(Fig.  19.2 ). Williams et al. reported that expression of truncated E6 isoforms (referred 
to as E6*) increase oxidative stress even in the absence of viral infection or full E6 
genome insertion [ 12 ]. Normal oral keratinocytes transfected with E6* showed 
reduced SOD2 (MnSOD) and glutathione peroxidase (GPx1/2), and increased oxida-
tive stress-dependent DNA damage. EBNA-1 has also been linked to increased oxi-
dative stress [ 13 ,  14 ]. These studies are exciting because by implicating oxidative 
stress as an additional mechanism of tumor development following oncogenic viral 
infection, they may pave the way for new therapeutics to slow or prevent tumor 
growth, including the use MnSOD mimics as chemopreventive agents.

   Table 19.1    Head and neck cancers: Incidence and underlying pathologies   

 Tumor type 

 Estimated 
cases in the 
United States 
for 2014 

 Estimated 
deaths in the 
United States 
in 2014  Underlying pathologies/risk factors 

 Laryngeal  12,630  3,610  History of smoking and excessive 
alcohol use [ 53 ] 

 Pharyngeal  14,410  2,540  ~98 % of nasopharyngeal cancers are 
associated with EBV [ 54 ]. 
Hypopharyngeal cancers are associated 
with loss of chromosome 18 [ 55 ] 

 Oral and 
oropharyngeal 

 41,440  8,390  History of smoking, HPV16 infection 
[ 56 ] 

 Paranasal and nasal 
cavity 

 ~20 % are associated with HPV [ 57 ] 

 Esophageal  18,170  15,540  Associated with GERD [ 58 ] 

  Numbers taken from cancer.gov, December 2014  
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   Finally, a risk factor for esophageal cancer is  gastroesophageal refl ux disease 
(GERD)  . Like tobacco use and HPV infection,    GERD is associated with lifestyle 
choices, as its risk and severity is linked to obesity and consumption of trans fats 
and possibly alcohol.  GERD   is implicated in esophagitis, Barrett’s esophagus, and 
progression to esophageal adenocarcinoma. However, the tissue damage seen  in 
  GERD and  Barrett’s esophagus   patients is greater than would be expected from 
exposure to bile salts and gastric acid alone. Tissue analysis revealed that exposure 
to bile salts and gastric acid causes oxidative stress in the esophageal mucosa, which 
is responsible for the severe cellular damage observed, and progression to cancer. 
Tissues from esophagitis and  Barrett’s esophagus   patients have increased 
superoxide- related markers and peroxynitrite-related nitrotyrosine compared to 
controls. These patients’ tumors also had increased expression of reduced glutathi-
one (GSH), catalase, and MnSOD, but decreased activity of all SOD isoforms [ 15 ]. 
Recently, gastric refl ux was found to be predictive of laryngopharyngeal carcinoma 
[ 16 ]. Taken together, these results indicate that oxidative stress confers suffi cient 
cellular damage to cause GERD-induced mucosal damage to progress to esophagi-
tis, Barrett’s esophagus, and potentially esophageal adenocarcinoma. 

  Salivary gland cancers (SGC)   are quite different from other HNC carcinomas. 
The ten different types of cancers that can develop in the salivary glands are often 
benign and constitute roughly 5 % of all HNC. SGC have not been linked to any 
strong risk factor although various reports have suggested tumor growth can be 
predicated by: (1) being blood group A [ 17 ], (2) having HPV or EBV infection 
[ 18 ], (3) having occupational exposure to rubber or nickel [ 19 ], or (4) having been 
treated with radiotherapy for prior cancers [ 20 ]. There has been no link between 
SGC hypoxia and patient prognosis [ 21 ], and the hypoxia markers (hypoxia-induc-
ible factors HIF-1α, HIF-2α, carbonic anhydrase [CAIX], glucose transporter 

  Fig. 19.2    Expression of the truncated isoforms of  HPV16 E6 protein   (E6*) induce cellular oxida-
tive stress independent of viral infection, by increasing relative expression of H 2 O 2 , and hydroxyl/
peroxyl radicals ( left panel ) and superoxide ( right panel ). **indicates a 95 % level of confi dence; 
***indicates a 99 % level of confi dence. Modifi ed from Williams et al., J. Virology, 88(12): 6751–
6761, 2014       
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[GLUT- 1], and erythropoietin receptor) are not predictive for local control or sur-
vival [ 22 ]. Elevating MnSOD in the  salivary gland   may be useful as a radioprotec-
tant against xerostomia [ 23 ,  24 ]. However, there have been no studies investigating 
the use of MnSOD as a therapy for SGC.    

19.3     Phenotypes of HNC Tumors That Make  MnSOD-Based 
Therapies Attractive      

   The notoriously hypoxic microenvironment of HNC tumors has been the central 
theme of many studies (reviewed in [ 25 ]).  Hypoxia   can contribute to oxidative 
stress because mitochondria over produce superoxide during periods of hypoxia 
(reviewed in [ 7 ]). Thus, alleviating oxidative stress that emanates from hypoxia may 
improve treatment response. Multiple studies with HNC patients have shown that 
the clinical ramifi cations of tumor hypoxia, measured prior to radiotherapy or che-
motherapy, include decreased overall survival [ 26 – 28 ]. Patients with median tumor 
pO 2  ≤ 10 mmHg show signifi cantly worse local control after radiotherapy and 
reduced disease-free survival [ 27 ,  28 ], which is especially sobering as one study 
reported that 70 % of oral squamous cell carcinomas expressed high levels of 
HIF-1α [ 29 ]. Relatedly, oxidative stress can push tumors towards a Warburg pheno-
type, resulting in lactate production in hypoxic areas. High concentrations of lactate 
are predictive for metastatic HNC [ 30 ] and lower overall survival (Fig.  19.3 ). 
Therefore, even if MnSOD  treatments   do not possess intrinsic anticancer properties, 
using them to help the cell cope with oxidative stress could improve sensitivity to 
conventional radiotherapy. Such research strengthens our opinion that MnSOD- 
based therapies are a worthy pursuit. This has been exemplifi ed by studies focusing 
on MnSOD levels and oxygenation status within the tumors.

  Fig. 19.3    Overall  survival 
curves      for HNC patients 
stratifi ed by tumor lactate 
concentrations. Patients 
with low levels of tumor 
lactate (<7.1 μmol/g) 
showed signifi cantly 
higher overall survival. 
Taken from Brizel et al., 
Int. J. Radiation Oncology 
Biol. Phys., 51(2): 
349–353, 2001. Used with 
permission       
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   Firstly, although exceptions exist, the majority of studies have shown that HNC 
tumors have decreased MnSOD expression; this is in contrast to what has been seen 
in other types of cancers (i.e., gastric, colorectal). Expression levels of MnSOD are 
prognostically important. For example, elevated MnSOD in  buccal mucosal squa-
mous cell carcinoma   showed a trend for improved outcome [ 31 ] compared to 
patients with lower expression, particularly when radiation was applied. 

 MnSOD levels exhibit variable expression in esophageal cancers. Toh et al. 
showed an inverse correlation between MnSOD expression and venous and lym-
phatic invasion of esophageal carcinoma [ 32 ]. For 22/34 untreated tumors, MnSOD 
expression was lower in tumor than surrounding normal tissue. Notably, MnSOD 
expression was even further reduced in tumors that were poorly differentiated [ 32 ] 
or in tissue from Barrett’s esophagus patients whose pathology has progressed to 
esophageal adenocarcinoma [ 33 ,  34 ]. Schiffman et al. reported on the relationship 
between bile salts and oxidative stress [ 35 ]. A human esophageal squamous carci-
noma cell line (OC-3) showed a signifi cant increase in MnSOD 4 h after in vitro 
exposure to bile salts, but an esophageal adenocarcinoma cell line did not. This 
would suggest that the esophageal adenocarcinoma cell line was unable to cope 
with the bile salt exposure—in an in vivo setting this may allow for accumulation of 
DNA and cellular damage. 

 In contrast, it has also been reported that larynx and oral cavity squamous cell 
cancers have increased MnSOD expression compared to healthy tissue either adja-
cent to or distant from the tumor [ 36 ]. It should be noted that this study comprised 
a broad sampling of oral cavity cancers with noted differences in terms of differen-
tiation, nodal involvement, stage and metastasis, and the authors did not explore 
whether MnSOD varied between those subsets. It is possible that collapsing all the 
data together masked a decrease in MnSOD expression in more advanced tumors. 

 Regardless of whether MnSOD is up- or downregulated relative to healthy tissue, 
a signifi cant difference in its expression is indicative of oxidative stress. Reduced 
MnSOD levels may refl ect an inability to dismute mitochondrial O 2  •−  giving rise to 
H 2 O 2 . Elevated MnSOD could result in excessive H 2 O 2  accumulation at rates that 
cannot be tolerated by the cell, particularly if H 2 O 2  removing enzymes such as GPx 
and catalase are downregulated or inactive and unable to compensate. Increased 
levels of glutathione peroxidase and MnSOD were signifi cantly associated with 
improved survival in buccal mucosal squamous cell carcinoma, and again, the effect 
was also noted when radiation was applied [ 31 ].    

19.4     Preclinical Studies Using  MnSOD-Based Gene 
Therapies         

      In light of the studies showing that oxidative stress plays a role in HNC develop-
ment and progression, along with the altered MnSOD expression within HNC, a 
logical next research step is to modulate MnSOD expression, either in vitro or using 
preclinical tumor models. The MnSOD gene has been introduced via several 
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mechanisms, including stable transfection, plasmid liposome delivery, and adenovi-
ral vector. This section will summarize the knowledge gleaned using these 
approaches. 

 Liu et al. linked MnSOD expression level with a reduction in tumor growth rate. 
This study used stable transfection of MnSOD at different expression levels to gen-
erate a dose-response curve in SCC-25 (squamous cell carcinoma of the tongue) 
[ 37 ]. Six different SCC-25 clones were prepared, with varying degrees of SOD 
activity. When transplanted into nude mice, the clones transfected with MnSOD 
grew slower compared to the parental and vector control cells. Tumors were excised 
after 40 days and examined for MnSOD activity; an inverse correlation between 
SOD enzymatic activity and growth was found (Fig.  19.4 ). In vitro work from 
another laboratory showed that MnSOD overexpression in SCC-25 cells increased 
their radioresistance 4–5-fold by causing cells to accumulate in the G 2  phase of the 
cell cycle [ 38 ]. It is important to note that this study tested only a single dose of 
radiation (6 Gy), rather than performing a complete radiation response curve, and 
they did not further investigate their fi ndings using an in vivo model.

   Epperly and Greenberger increased MnSOD expression in multiple oral squa-
mous cell carcinoma cell lines using a  plasmid liposome   (MnSOD-PL) that pro-
vided a transfection effi ciency of ~80 %. Increased MnSOD expression sensitized 
cells to radiation in vitro [ 39 ,  40 ]. Intratumoral injection of MnSOD-PL prior to 
irradiation rendered the tumors less hypoxic, as determined by PET imaging 24 h 
post-radiation [ 40 ]. The authors speculated that the effect of SOD depends on the 
cellular concentrations of catalase and GPx. If catalase and glutathione peroxidase 
levels are not suffi cient to convert H 2 O 2  produced by SOD, then the cell will be 
further damaged by H 2 O 2  accumulation and either die or slow its replication cycle. 

 In a separate study, Darby Weydert et al. overexpressed MnSOD using an intratu-
morally injected adenovirus [ 41 ]. In vitro, AdMnSOD alone did not affect SCC- 25 
or HCPC-1 cell viability, but when combined with BCNU (a GPx and catalase inhib-
itor) there was a synergistic increase in cell death. Growth delay studies using SCC-
25 and HCPC-1 xenografts gave confl icting results and were diffi cult to interpret due 

  Fig. 19.4     SCC-25 
xenografts   expressing 
different levels of 
transfected MnSOD show 
disparate growth rates that 
inversely correlate with 
MnSOD expression. 
 r  = −0.929,  p  = 0.001. 
Modifi ed from Liu et al., 
Human Gene Therapy, 
8:585–595, 1997       
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to the small sample size of groups ( N  = 4). The authors hypothesized that increased 
MnSOD leads to increased levels of H 2 O 2 , and if catalase and GPx are inhibited by 
BCNU, the cell cannot handle the extra H 2 O 2  and dies. 

 Finally, Lam et al. intratumorally injected AdMnSOD into HCPC-1 (hamster 
cheek pouch carcinoma) fl ank xenografts every 5 days. Western blots of tumor 
lysates confi rmed that the tumors expressed increased MnSOD levels following the 
injections; uniformity of expression throughout the tumor was not reported. Initially, 
tumor growth was slowed in the AdMnSOD-treated mice, but growth accelerated 
after the fi nal treatment (day 21 post-transplant). The authors attributed the biphasic 
tumor growth curve to tumor cell turnover and loss of the transgene [ 42 ]. 

 In summary, these data show the promise of MnSOD-based gene therapies, but 
highlight that it may be diffi cult to maintain gene expression over prolonged peri-
ods, which would compromise therapy.       

19.5     Early Signs of Mn Porphyrin Effi cacy in HNC 

 The use of Mn porphyrins as anticancer agents in HNC is clearly in its infancy. At 
present, most of the work has been preclinical in vitro work, but recent murine stud-
ies have highlighted the promise of Mn porphyrin anticancer effects. 

 First, in vitro work suggested that the Mn porphyrin (Mn(III)  meso  tetrakis 
(4-benzoic acid); MnTBAP, a non-SOD mimic) could prevent oxidative stress in 
GERD patients. Schiffman et al. showed that treating the Barrett’s esophageal line, 
Bar-T, and the human esophageal line (Het-1A) in vitro with MnTBAP increased 
the cellular expression of MnSOD in vitro [ 43 ]. Bile treatment reduced MnSOD 
activity in both cell lines, but MnTBAP pretreatment restored it in Het-1A cells. If 
the hypothesis that Barrett’s esophagus progresses to esophageal adenocarcinoma 
due to bile salt-induced oxidative stress that cannot be handled by cellular MnSOD 
is true, than augmenting MnSOD expression by MnTBAP treatment may impede 
progression and reduce the risk of cancer. 

 Second, Nakajima et al. tested the Mn porphyrin  KADT-F10   (13,17-bis(carboxyet
hylcarbonyloxypropylcarbamoylethyl)-3,8-bis[1-[2,2-difl uoro-3-(2′-nitroimidazoyl)
propionyl]iminopropyl-oxyethyl]-2,7,12,18- tetramethylporphynatomanganese(III)) 
(Fig.  19.5a ) in SCCVII fl ank tumor-bearing C3H mice [ 44 ].  KADT-F10  , which is also 
without SOD activities, was administered in two doses of 25 mg/kg at 24 and 1.5 h 
prior to RT. As expected, radiation alone slowed tumor growth compared to untreated 
controls. Radiation +  KADT-F10   further slowed tumor growth, signifi cantly improved 
overall survival, and in fact led to complete tumor cure in 3/7 mice by day 120 post-
RT. The mean tumor volume for the KADT-F10 + RT group remained stagnant from 
the point of treatment until 32 days post-RT (Fig.  19.5b ). In contrast, the RT alone 
group showed resumed tumor growth at day 16 post-RT. As the fi rst in vivo use of an 
Mn porphyrin in a preclinical HNC model, this study provided proof-of-concept, but 
did not provide mechanistic insights into why the treatment was so effective, and how 
it remained effective for such a long time posttreatment.
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   The most recent efforts towards Mn porphyrin treatments in preclinical HNC 
were reported by Ashcraft et al. in 2015 [ 45 ]. This study treated human FaDu 
xenograft- bearing mice with fractionated RT and the SOD-mimic Mn porphyrin 
Mn(III)  meso -tetrakis( N -n-butoxyethylpyridinium-2-yl)porphyrin (MnBuOE) 
(Fig.  19.6a ) in a TCD 50  study. Similar to the  KADT-F10   study by Kato et al., 
MnBuOE alone (1.5 mg/kg, b.i.d.) did not affect tumor growth. However, the addi-
tion of fractionated RT slowed tumor growth (Fig.  19.6b ) and increased local con-
trol rates (Fig.  19.6c ). As indicated by the blue lines in Fig.  19.6c , the radiation dose 
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  Fig. 19.5    The Mn porphyrin  KADT-F10   (panel  a ) was used as an adjuvant therapy to radiation of 
SCCVII tumors in mice. The relative tumor volume for SCCVII tumor-bearing mice following no 
treatment, KADT-F10, 50 Gy radiation, or KADT-F10 + 50 Gy radiation is shown (panel  b ). Tumor 
volumes for the 50 Gy and 50 Gy KADT-F10 groups were signifi cantly different at all time points 
from Day 18 on ( p  < 0.01). Modifi ed from Nakajima et al., Cancer Letters 181:173–178, 2002. 
Used with permission       

  Fig. 19.6    Although the Mn porphyrin  MnBuOE   (shown in panel  a ) did not affect tumor growth 
by itself, it radiosensitized FaDu xenografts to fractionated radiation. This led to increased survival 
times (panel  b ) and improved tumor control (panel  c ). Modifi ed from Ashcraft et al., IJROBP 
93(4): 892–900, 2015       
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required to cure 50 % of mice was 9.3 Gy/fraction (46.5 Gy total) for the control 
mice and 7.4 Gy/fraction (37.1 Gy total) for the MnBuOE-treated mice. Therefore, 
the dose modifying factor (DMF) of MnBuOE was 1.3. In addition, this study pro-
posed that a mechanism for improved tumor control was related to increased M1 
macrophage numbers within MnBuOE-treated tumors.

19.6        An Alternative Role for Mn Porphyrins in HNC: 
 Imaging      

 Aside from anticancer effects, Mn porphyrins have also shown promise in magnetic 
resonance imaging for HNC. Mn porphyrins are useful in this regard because they 
form stable complexes and are retained within tumor cells. 

 Takehara successfully imaged tumors using MRI with the Mn porphyrin HOP-9P 
(13,17-bis (1-carboxypropionyl) carbamoylethyl-3,8-bis (1-phenylpropyloxyethyl)-
2,7,12,18-tetramethyl-porphyrinato manganese(III)) [ 46 ]. HOP-9P was selectively 
retained in syngeneic SCCVII tumors in mice and remained higher in the tumors 
than in the muscles at 2 and 24 h postinjection. The signal intensity in the tumor was 
higher in the mice that received HOP-9P than a gadolinium chelate, included for 
comparison. The intensity of the HOP-9P signal in the tumor increased from 5 min, 
to 2 h, to 24 h, whereas by 2 h, the gadolinium chelate signal was already reduced 
and resembled the pre-injection image. A follow-up study compared HOP-9P signal 
in necrotic vs. viable tumor [ 47 ]. The signal in the viable tumor plateaued from 1 to 
24 h, whereas the signal in the necrotic/viable areas continued to increase through-
out the 24 h period. 

 Finally, alongside their tumor control study, Nakajima et al. also explored the 
potential of  KADT-F10   to be used as an MR contrast agent. Using the same dosing 
protocol as in their tumor growth delay study, they found retention of  KADT-F10   in 
tumor tissue with clear delineation between tumor and normal tissue [ 44 ]. However, 
at early time points (30, 60, and 90 min post-administration) the signal in the liver 
and kidneys was comparable to that of the tumor. Later time points were not inves-
tigated though from the HOP-9P studies one would expect enhanced retention in the 
tumor compared to other organs.  

19.7     Don’t Forget the Normal Tissue: Can Mn Porphyrins 
Act as Radioprotectants? 

 Finally, the success of curing HNC with radiation must be balanced with concern 
for the delicate normal tissues at risk of inclusion in the radiation fi eld. HNC patients 
are at risk of developing mucositis (a short-term effect of RT, which may be severe 
enough to disrupt treatment plans and necessitate feeding tubes) and xerostomia 
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(a long-term loss of salivation, which may lead to dysphagia, dental caries, malnu-
trition, and can severely impact quality of life). Currently, there are no FDA-
approved treatments for mucositis, and the only approved radioprotectant for 
xerostomia, amfostine, causes side effects that are serious enough to preclude its 
use. As Mn porphyrins have been shown to protect normal tissue from radiation 
injury in other models, Ashcraft et al. utilized a model of head and neck RT and 
reported that the Mn porphyrin MnBuOE administered at 1.5 mg/kg b.i.d. reduced 
mucositis (at 10 days post-RT) and fi brosis (at 6 weeks post-RT) (Fig.  19.7 ). This 
was the fi rst report of an Mn porphyrin widening the therapeutic margin by radio-
sensitizing a tumor while radioprotecting normal tissue [ 45 ].

19.8        What’s Next? 

19.8.1      MnSOD Gene Therapy         

    MnSOD is clearly implicated in HNC. Various studies have found it to be 
up- or downregulated [ 32 ,  36 ] in such tumors, and a single nucleotide polymor-
phism, Val16Ala, has been linked to laryngeal cancer risk in smokers [ 48 ]. Yet, 
correcting the problem of altered MnSOD expression and redox status will be 
trickier in humans than in preclinical mouse studies. Delivering a functional 
MnSOD to a human tumor presents challenges not seen in mouse models. The 
AdMnSOD studies described here used intratumoral injections throughout the 

0 
a b

Gy 15 Gy

Sa
lin

e
M

nB
uO

E

0 Gy 15 Gy
FibrosisMucositis

Sa
lin

e
M

nB
uO

E
  Fig. 19.7    In addition to radiosensitizing tumors,  the   Mn porphyrin MnBuOE protected normal 
head and neck tissues following irradiation with 15 Gy. MnBuOE reduced oral mucositis ( a ) at 10 
days post-RT. At 6 weeks post-RT, Masson’s trichrome staining revealed fi brosis in the salivary 
glands, as indicated by the bright turquoise staining ( b ). However, MnBuOE treatment reduced 
fi brosis following RT. Modifi ed from Ashcraft et al., IJROBP 93(4): 892–900, 2015       
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tumor to deliver the vector. Equal dispersion was never confirmed in those 
studies, and it is unlikely that many human tumors, not to mention head and 
neck tumors, will be superficial enough to receive a therapy that must be 
directly injected. In addition, there are immunological challenges to gene 
 therapy using adenoviral vectors.     

19.8.2     Preclinical Work to Prime Clinical Use 
of Mn-Porphyrin-Based  MnSOD Mimics      

    Mn porphyrins with  MnSOD mimic properties   have shown promise as anticancer 
agents, especially when used in combination with radiotherapy, for a variety of 
tumor histologies. However, adoption of this novel therapy has been slow in HNCs. 
This may be partially due to the sheer lack of preclinical studies on HNC, compared 
to mammary and brain tumors. However, there is enough evidence from MnSOD- 
based therapies [ 37 – 42 ] to warrant expansion of Mn porphyrin studies to models of 
HNC. Mn porphyrins are an attractive choice because that they can be delivered 
systemically and be detected in tissues throughout the body, they are nearly as effi -
cacious as native MnSOD, and they remain stable and have not been shown to elicit 
an immune response. 

 Researchers would be wise to take several factors into consideration when 
designing studies to test anticancer potential of Mn porphyrins in HNC. First, 
Nakajima et al. and Ashcraft et al. both showed that Mn porphyrins increased the 
effi cacy of radiation therapy, but had no effect when given alone [ 44 ,  45 ]. Other 
studies have reported similar fi ndings [ 1 ]. Researchers should bear in mind that it 
is unlikely Mn porphyrins will ever replace current therapies, and should test 
them in concert with clinically relevant therapies, such as radiotherapy and che-
motherapy. A proposed mechanism is that Mn porphyrins with MnSOD properties 
employ H 2 O 2  produced by either RT or chemotherapy to oxidize cysteine residues 
on signal cascade proteins to affect transcription and tumor growth. Tumor cells 
frequently have upregulated MnSOD and reduced expression of catalase and 
GPx, which are needed to eliminate H 2 O 2 . Under such conditions, H 2 O 2  produced 
during O 2  dismutation accumulates. Consequently, tumors have elevated H 2 O 2 , 
which is further increased by RT or chemotherapy. Mn porphyrin subsequently 
uses H 2 O 2  to oxidatively modify thiols of signaling proteins, such as NF-κB, sup-
pressing its activation, which in turn induces apoptotic processes [ 49 ]. However, 
in normal tissue, where abundant peroxide-removing enzymes ensure lower phys-
iological levels of H 2 O 2 , signaling cascades may be transiently inactivated only, 
which will suppress infl ammation but not result in cell death [ 49 ]. Therefore, 
logic suggests that Mn porphyrins will be effective adjuvants to any therapeutic 
strategy that raises levels of H 2 O 2 . Future studies should investigate whether com-
parable tumor control can be achieved using lower radiation doses in the presence 
of Mn porphyrin.     
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19.8.3     A Shift in Focus Towards  Viral-Mediated Cancers      

   Research at the preclinical level should refl ect the increased prevalence of HPV- 
related oral tumors. HPV-positive oral cancer patients typically have smaller pri-
mary tumors that have progressed to advanced neck disease [ 50 ]. Treatment 
protocols have shifted to refl ect the change in epidemiology; HPV-positive oral can-
cers tout high cure rates, and there are investigational treatment protocols exploring 
the effectiveness of modifi ed radiation treatment plans [ 51 ,  52 ]. Investigators con-
sidering Mn porphyrins as adjuvant therapy for HNC would be wise to consider this 
paradigm shift when designing their preclinical studies. An Mn porphyrin therapy 
that is effective in one patient population may have little effect on tumors in another. 

 In summary, the use of Mn porphyrins in HNC is relatively unexplored. Studies 
using MnSOD-based therapies have shown promise, but much work remains to be 
done before this type of therapy can be considered for HNC patients.        
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    Chapter 20   
 Redox-Based Therapeutic Strategies 
in the Treatment of Skin Cancers                     

     Annapoorna     Sreedhar    ,     Ines     Batinić-Haberle    , and     Yunfeng     Zhao     

20.1           Introduction 

 Cancer is a second leading cause of death in the United States. In 2013, according 
to the National Cancer Institute, approximately 1,660,290 new cases of cancer were 
diagnosed and 550,350 Americans died of cancer, approximately 1600 people per day. 
Cancer has one of the highest mortality and morbidity rates, making it the second 
most prevalent disease worldwide. 

 Skin, the largest organ of the body, is prone to cancer. Its epithelial cells are the 
fastest dividing cells and therefore are under the highest risk of becoming malig-
nant. Skin cancer is the most common cancer and accounts for 50 % of all cancers 
in the United States. More than 3.5 million skin cancers in more than two million 
people are diagnosed in the United States annually. Current estimates are such that 
one in fi ve Americans will develop skin cancer in their lifetimes. From the year 
2006 to 2012, there has been an average of 2.6 % increase in the number of skin 
cancer cases per year. 

 Basal cell carcinoma, squamous cell carcinoma, and melanoma are the three 
most common forms of skin cancer. Basal and squamous cell carcinomas, together 
called  non-melanoma skin cancers (NMSC)  , arise from the basal and the squamous 
cells, respectively. NMSC are curable and treatable if detected at an early stage of 
cancer progression.  Melanoma   is a more severe type of skin cancer originating from 
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the melanocytes—cells that are responsible for skin coloring or pigmentation. 
Though it accounts for only about 2 % of all skin cancers in the United States, 
melanoma causes 75 % of skin cancer-related deaths. 

20.1.1     Causes of Skin Cancer 

 What are  the   causes of skin cancer? A short answer is, almost anything and every-
thing. The sun itself is one of the biggest risk factors for skin cancer. Anyone who 
spends a substantial amount of time outside and has been exposed to the radiation 
of the sun can potentially develop skin cancer. The UV radiation from the sun is 
thought to be carcinogenic in nature (Fig.  20.1 ). Regions of the skin exposed to the 
UV rays respond by generating more melanin pigment that imparts the color to the 
skin. Melanin moves towards the outer layer of the skin surface and develops into a 
tan, which helps protect against UV-induced skin cancer. Being fair skinned can also 
be a risk for developing skin cancer since fair or pale skin can easily be tanned or 

  Fig. 20.1    UV radiation is 
one of the biggest  risk 
factors   for skin cancer. The 
DNA readily absorbs UVB 
photons and by targeting 
DNA, these photons can 
cause direct damage. 
Under acute exposure, the 
DNA repair mechanisms 
come into action. The 
DNA repair is closely 
associated with the cell 
cycle; the checkpoints in 
the cell cycle can arrest the 
growth till repair is 
completed. However, 
under chronic exposure, 
these checkpoints could be 
damaged. Failures in the 
cell cycle arrest can lead to 
accumulation of the 
damaged DNA leading to 
mutations and ultimately to 
skin cancer       
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burnt. Family or personal history of skin cancer, precancerous lesions or moles, 
exposure to radiation, or exposure to certain substances such as arsenic can increase 
the lifetime risk of skin cancer.

20.1.2        Current Available Treatments 

 If left untreated,  skin   cancers can result in penetration of tumors deep within the 
skin and can even metastasize to distant organs. However, NMSC, if detected early, 
is almost always curable. So the earlier the skin cancer is detected, the greater is the 
possibility of successful treatment. Hence, it is always advisable to do a self- 
assessment of one’s own body. This is called the ABCD of detection—Appearance, 
Border, Color, and Depth of tumor penetration. Once identifi ed, one or more of the 
following treatments are needed. 

  Radiation —Destruction of the tumor by directing a beam of X-ray. This method 
is advantageous as it is a noninvasive treatment and requires no anesthesia. 

  Chemotherapy —Most widely used cancer treatment that results in destruction of 
tumor cells either by directly killing the tumor cells or by inhibiting their division. 
Chemotherapy can be administered orally or injected into a vein (called the systemic 
chemotherapy). The US Food and Drug Administration has approved various drugs 
for the treatment of skin cancers. Aldara, Efudex, and Carac are useful in treating 
basal carcinoma. Erbitux and Blenoxane are drugs associated with squamous cell 
carcinoma. Zelboraf, Yervoy, Tafi nlar, and Mekinist are the common drugs for the 
treatment of melanomas. 

  Surgery —this treatment involves one or more of the following surgical procedures:

    Excisional surgery —the removal of the entire tumor growth along with a surrounding 
tissue layer using a scalpel.  

   Electrosurgery —burning heat produced by an electric needle destroys the tumor.  
   Cryosurgery —destruction of a tumor cell by freezing the tumor with liquid nitrogen 

using a spray device.    

  Photodynamic therapy —a more selective treatment for destroying only the cancer 
cells while causing the least or minimal damage to surrounding cells. A topical 
agent such as 5-aminolevulinic acid (5-ALA) is applied to the tumor region and 
after a 24-h interval the medicated areas are activated by strong light.

Several topical medications such as 5-fl uorouracil (5-FU) are FDA approved 
treatments for basal cell carcinoma.   

20.2     Redox-Based Therapy in Skin Cancer 

 Cancer is neither a single disease nor is it just a genetic mutation. It is a term used 
to describe a group of complex diseases. Hence, targeting a specifi c gene mutation 
may not be the best strategy to treat cancers. Moreover, these mutations are more 
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diverse in nature; they may differ between individuals or even within a single tumor. 
Over a period of time, cancer cells will become resistant to anticancer drugs that are 
used to target specifi c mutations that previously lead to cancer. Therefore, new con-
cepts and new approaches are needed for skin cancer therapy. 

20.2.1     Concept of Redox-Based Therapy 

  Oxidative stress   is  a   prime “ingredient” for the proliferation of cancer cells. Because 
of the metabolic dysfunction that exists in cancer cells, they show increased levels 
of reactive oxygen species (ROS). ROS can in turn lead to damage of DNA, proteins, 
and lipids, which leads to tumor initiation and progression. Therefore, higher levels 
of ROS can provide growth advantage to cancer cells and thus can be targeted in 
skin cancer therapy. 

 Eleni Papadopulos was the fi rst to propose the oxidative stress theory of cancer 
in 1982 [ 1 ]. “Free radicals” play a major role in the manifestation of the disease. 
Free radicals or simply radicals are unstable molecules containing unpaired elec-
trons, which are susceptible to either donating their unpaired electrons or extracting 
electrons from a neighboring molecule. Mitochondria are the biggest source of 
intracellular ROS. Approximately 2 % of the consumed oxygen is utilized to form 
ROS [ 2 ]. Superoxide is generated via incomplete one-electron reduction of oxygen, 
which can give rise to hydrogen peroxide (in dismutation or peroxidation reactions). 
O 2  •−  and H 2 O 2 , and reactive species derived from them, can alter the structure and 
function of biological entities. To fi ght against reactive species, nature has devel-
oped antioxidant defenses. Major  antioxidant   enzymes include families of superox-
ide dismutases, glutathione peroxidases, catalases, peroxiredoxins, etc. In addition, 
small molecules, such as glutathione, ascorbate, tocopherol, and NAD(P)H, are 
donors of reducing equivalents/electrons. These antioxidants have been used in 
clinical trials to treat human cancers including skin cancer. Phytochemicals are 
another class of naturally existing small molecules with antioxidant properties and 
are also widely explored for skin cancer treatment.  

20.2.2     Phytochemicals in Redox Therapy 

   Phytochemicals as   medicinal herbs fi rst appeared in the bible of Indian medicine—
Ayurveda [ 3 ]. Nowadays, numerous studies report the use of these chemicals as 
drugs. 

   Turmeric    ,   a   natural herb that originated in India, is a potent anti-infl ammatory, 
antibacterial, antiseptic, and antitumor agent. It is also an effective antioxidant. 
Around 5000 years ago, the effi cacy of turmeric as a natural healing agent was 
already established. It is gaining increased attention as a treatment option. Turmeric 
has been effective in the treatment of cancer, diabetes, bowel disorders, and other 
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gastrointestinal (GI) conditions. The application of turmeric cream as a possible 
cure for skin cancers is under investigation. 

   Curcumin   , as an  active   component of turmeric, is also an effective antioxidant. It is 
a fl avonoid with anti-infl ammatory and anticancerous properties. Curcumin could 
inhibit cutaneous squamous cell carcinoma in a xenograft mouse model [ 4 ]. The 
mice were treated with curcumin either orally or topically and then exposed to ultra-
violet B radiation (UVB). The group of mice that received curcumin have delayed 
tumor onset and developed fewer tumors compared to the control mice, indicating a 
potential of curcumin for the treatment of skin carcinogenesis. Mechanistically, cur-
cumin suppresses the activation of nuclear factor- kappa B (NF-κB). NF-κB is a 
redox-sensitive transcription factor that gets activated in response to oxidative stress 
or in response to an oncogene, leading to cell proliferation, angiogenesis, and resis-
tance to chemotherapy [ 5 ]. Curcumin has also been shown to protect against inor-
ganic arsenic-induced cytotoxicity in human keratinocytes through the activation of 
nuclear factor erythroid 2-related factor 2 (NRF2) [ 6 ]. The Phase I clinical trial 
conducted by Cheng et al. demonstrated that up to 8000 mg/day per person of 
 curcumin was nontoxic to humans [ 7 ]. 

   Aeglemarmelos   , commonly called the  bael  , is another medicinal plant with 
potential in skin  cancer   therapy. Bael fruit extract was effective in a mouse model of 
skin carcinogenesis. Research conducted by Agarwal et al. showed a signifi cant 
reduction in the skin tumors induced by 7,12-dimethylbenz[ a ]anthracene (DMBA) 
[ 8 ]. Mice were treated orally at 100 mg/kg body weight with the bael fruit extract 
starting at the pre-initiation phase of tumor development and continued throughout 
the study. Analysis of skin and liver tissues showed increased levels of antioxidant 
enzymes such as SOD and catalase as well as low-molecular weight cellular reduc-
tants including glutathione and ascorbate (vitamin C). Thus, bael shows a potential 
to reduce skin carcinogenesis by inducing the upregulation of endogenous antioxi-
dative defenses. 

   Pomegranate    is an excellent source of retinoid, ascorbic acid, tocopherols, and 
folic acid. It  exhibits   potent antioxidant activities. A study published in 2005 [ 9 ] 
revealed that treatment with pomegranate fruit extract (PFE) inhibited the tumors 
that were induced by UVB radiations in a mouse model. The animals were fed with 
PFE via drinking water prior to UVB exposure. Data show that oral feeding of PFE 
inhibited the edema, hyperplasia, cyclooxygenase and ornithine decarboxylase. 
PFE treatment of NHEK resulted in a dose- and time-dependent inhibition of 
nuclear translocation and phosphorylation of NF-κB/p65 at the serine residues with 
subsequent NF-κB inactivation. 

   Garlic   ,  another   household ingredient, is a natural spice widely used as a food 
 fl avoring agent. It has also been well established that it exhibits medicinal activities. 
According to a study conducted in 2013 [ 10 ] at the Jiangsu Center for Disease 
Control and Prevention in China, volunteers who consumed garlic at least twice a 
week at 8.4 g/week developed fewer lung tumors. They also had a 44 % lower risk 
of developing cancer in general. Garlic contains water soluble derivatives of alkyl 
amino acids, lipid soluble allyl sulfi des such as allicin, fl avonoids, and other essen-
tial nutrients. Allicin is the prime component that is responsible for the  biological 
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activity of garlic. Another study conducted by Das et al. revealed the effects of 
aqueous garlic preparations on skin carcinogenesis [ 11 ]. Garlic extracts are shown 
to inhibit early and late skin carcinogenesis due to the reduction in lipid peroxida-
tion (LPO). Daily consumption of 250 mg/kg body weight of garlic helped in reduc-
ing the number of skin papillomas. Reduction in tumors and LPO is shown to be due 
to the induction of phase II detoxifying enzymes such as glutathione  S -transferase 
(GST) as well as antioxidant enzymes including superoxide dismutase, catalase, 
and glutathione peroxidase. The protective effect of garlic might be therefore at 
least in part due to the induction of endogenous cellular defense systems. 

   Henna leaf    ,  commonly called  Mehndi  , is  a   natural dye used to color hair and 
hands. The important chemicals found in henna leaf are sugars, tannins, gallic acids, 
coumarins, and resins. Coumarins are the principal components responsible for the 
coloring properties of henna leaf. Tannins and gallic acids are found to have other 
benefi cial aspects. Studies have reported the effects of henna leaf on the drug 
metabolism enzymes (e.g., cytochrome P450, glutathione- S -transferase, and 
DT-diaphorase), antioxidant enzymes, lactate dehydrogenase, and LPO in Swiss 
albino mice [ 12 ]. At doses of 200 and 400 mg/kg bodyweight, henna extracts were 
effective in increasing the SOD and catalase activities. Moreover, skin carcinogen-
esis studies revealed that signifi cant reduction of papilloma formation was demon-
strated with both doses, proving that henna leaf has potential as an antioxidant and 
anticarcinogenic agent. 

   Grapes    are  one   of the world’s healthiest fruits. The health benefi ts of grapes are 
innumerable, ranging from the ability to treat constipation, indigestion, and fatigue 
to that of treating heart diseases, kidney disorder, diabetes, and even cancer. Grapes 
are rich in calcium, potassium, iron, retinoic acid, and pyridoxamine. They consist 
of 70–80 % water and are a rich source of fl avonoids. Flavonoids are phenolic com-
pounds, which contribute to the color and the taste of wine. Major fl avonoids present 
in grapes are anthocyanins and tannins, which are powerful antioxidants. 

   Proanthocyanidines    belong to the class of polyphenolic compounds naturally pres-
ent  in   grapes. Katiyar showed the effectiveness of grape seed proanthocyanidines 
(GSP) in suppression of oxidative stress [ 13 ]. Dietary supplementation of GSP was 
associated with a reduction in tumor incidence and multiplicity in SHK-1 hairless 
mice, where the tumor development was induced via UVB. Administration of these 
supplements at concentrations of 0.2 and 0.5 % (w/w) resulted in a  dose- dependent 
decrease in photocarcinogenesis. The chemopreventive antioxidative effects of grape 
seed extract are thought to be due to the inhibition of oxidative stress that is associated 
with UVB radiation, through the inhibition of mitogen- activated protein kinase 
(MAPK) and NF-κB signaling pathways, which are usually activated in response to 
oxidative stress. 

 Studies show muscadine grapes to be one of the best sources of antioxidants 
among all fruits, as well as the richest source of polyphenols. They have been exten-
sively cultivated throughout North America since ancient times and are used for 
production of commercial wines due to their unique aroma and fl avor. A more 
recent study conducted by Burton et al. demonstrated the effectiveness of musca-
dine grape skin extract (MSKE) in the inhibition of prostate cancer, by inducing 
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apoptosis without causing any deleterious effects to the normal prostate epithelial 
cell [ 14 ]. Androgen-repressed human prostate cancer cells, ARCaP, and androgen-
sensitive human prostate adenocarcinoma LnCaP cells, overexpressing the Snail 
superfamily of zinc-fi nger transcription factors, were used in this study. 
Overexpression of Snail causes a decrease in E-cadherin and an increase in mesen-
chymal markers, leading to increased invasion and metastasis thus inducing epithe-
lial–mesenchymal transition. Snail-overexpressed ARCaP and LnCap cells 
exhibited elevated levels of mitochondrial superoxide. MSKE treatment decreased 
the superoxide levels in both cell lines. 

   Ginger   , commonly called the healthiest spice, is an aromatic or pungent smelling 
spicy root that adds  a   special fl avor to foods. Historically, it is known to be effective 
in alleviating many disorders including constipation, diarrhea, and GI discomfort. It 
has been used as an antiinfl ammatory, antiemetic, antibacterial, anticancer, anti-
pyretic, analgesic, and anticoagulant. In clinical trials, ginger has been used in doses 
ranging from 250 mg to 1 g, given either three or four times per day. Ginger consists 
of zingerone, shagaols, and gingerols which are responsible for its characteristic 
fl avor. Other volatile oils comprise 3 % of the mass. In 2013, ginger made headlines 
with an article entitled “Ginger destroys cancer more effectively than the death- 
linked cancer drugs.” Various studies have been done to show the anticancer effects 
of ginger. It is known to be effective against ovarian, skin, prostate, and breast can-
cer. A study by Kim et al. demonstrated the protective effect of ginger against UVB- 
induced skin disorders [ 15 ]. Topical administration of 98 % pure gingerol (30 μM) 
could effectively inhibit the expression and activation of cyclooxygenase (COX-2) 
in 8–10-week-old male SKH-1 hairless mice prior to irradiation by UVB light. 
Those authors also showed that pretreatment with ginger extract could inhibit the 
ROS production and the activation of caspases as a result of UVB radiation. 

 Ginger is also found to be effective in the treatment of ovarian cancers. A study 
by Rhode et al. [ 16 ] showed that ginger extract at a dose of 50 μg/mL in cell culture 
could successfully inhibit tumor growth and modulate angiogenic factors in epithe-
lial human-derived ovarian cancer SKOV3, CaOV3, and ES-2 cell lines. Dried whole 
ginger root powder extract standardized to 5 % gingerols was used in this study. 
Ginger root extract could effectively block NF-κB activation in ovarian cancer 
thereby decreasing the expression of interleukin-8 (IL-8) and secretion of vascular 
endothelial growth factor (VEGF) involved in cell proliferation and angiogenesis. 

 In conclusion, as summarized in Table  20.1 , phytochemicals have long been 
tested in skin cancer prevention and treatment. It is highly likely that next approved 
drug would belong to this class of compounds .

20.2.3        MnSOD in Skin Cancer 

   Superoxide is  produced   as a by-product of energy metabolism and at the levels 
beyond nM is toxic to the cell [ 17 ]. Under physiological conditions, the family of 
superoxide dismutases (SOD), the body’s fi rst line of defense, catalyzes the dismu-
tation of superoxide to molecular oxygen and hydrogen peroxide, maintaining nM 
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levels of superoxide. Hydrogen peroxide is subsequently either dismuted to oxygen 
and water by catalases or reduced to water by peroxidases. Antioxidants can play 
diverse roles in tumor initiation, promotion, progression, or in cancer suppression. 
An increase in the levels of reactive species and a decrease in the levels of antioxi-
dant enzymes is often a hallmark of a cancerous cell. Therefore, overexpression of 
antioxidant enzymes has been one of the strategies to suppress cancer growth via 
reducing the levels of RS. 

 Superoxide  dismutases  , when coupled with catalases and peroxidases, are pow-
erful tools for the detoxifi cation of cells. In humans, there are three isoforms of 
SOD—CuZnSOD, MnSOD, and ECSOD. CuZnSOD is primarily a cytosolic pro-
tein in human cells; MnSOD is a mitochondrial protein having manganese in its 
center; and ECSOD is found extracellularly and possesses similarities with 
CuZnSOD. There is also CuZnSOD (isoform identical to cytosolic) found in inter-
membrane space of mitochondria. In terms of skin carcinogenesis, animal studies 
indicated that MnSOD plays a major role in skin cancer [ 18 ]. 

  MnSOD   is considered a tumor suppressor in several human and murine tumor 
cell lines. An earlier study conducted by Zhao et al. demonstrated that overexpres-
sion of MnSOD could reduce the tumor incidence and multiplicity in a DMBA/TPA 
(12- O -tetradecanoylphorbol-13-acetate) treated multi-stage skin carcinogenesis 
model [ 19 ]. The expression levels of activator protein-1 (AP-1) were signifi cantly 
reduced in MnSOD transgenic mice, in addition to suppression of oxidative stress. 
MnSOD heterozygous knock-out mice showed increased levels of oxidative dam-
age and higher expression levels of oncogenes during skin carcinogenesis. Cell pro-
liferation was also accelerated in MnSOD knock-out mice, further suggesting that 
MnSOD could suppress cell growth. MnSOD also promoted cell differentiation 
[ 20 ]. In FSa-II fi brosarcoma cells, 10 μM azacytidine induced apoptosis in the con-
trol cells whereas in MnSOD overexpressed cells, the transcription factor MyoD (a 
bHLH transcription factor regulating myogenic differentiation) was highly induced, 
leading to inhibition of apoptosis and induction of differentiation. Most recent data 
indicate that in cancer, H 2 O 2 -removing enzymes are frequently downregulated 
allowing for H 2 O 2  accumulation which cancer cell uses for its progression. In turn, 
MnSOD switches its role from tumor suppressor to oncogene [ 21 ]. 

 In the same skin carcinogenesis mouse model, Mn porphyrin-based SOD mimic, 
MnTE-2-PyP 5+ , was able to mimic MnSOD when applied to skin at 5 ng daily, 4 
days per week for 14 weeks. Moreover, since it presents a pharmacological approach, 
the dosing regimen of MnTE-2-PyP 5+  could be adjusted to be given after cell 
undergo apoptosis and before their proliferation in order to afford much larger effect 
than that seen with MnSOD overexpression [ 22 – 24 ]. 

 In another skin model, MnTE-2-PyP 5+  mimicked MnSOD in protecting polγ 
from inactivation due to the nitrotyrosine formation as a consequence of UVB radi-
ation. The polγ is a polymerase enzyme responsible for replication and repair of 
mtDNA. The mtDNA is organized in mitochondrial inner membrane as nucleoid. 
The MnSOD wild type (MnSOD +/+ ) and MnSOD-knock-out mice (MnSOD +/− ) were 
used. MnTE-2-PyP 5+  was given at 5 mg/kg intraperitoneally twice daily for 2 days 
before radiation. Quantifi cation of polγ was done via co-immunoprecipitation by 
anti-3-nitrotyrosine antibody in MnTE-2-PyP 5+ - and saline-pre-treated MnSOD +/−  
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and MnSOD +/+  mice skin exposed to 5 kJ/m 2  of UVB radiation. When the data on 
protein nitration were compared at 1 and 24 h after UVB treatment, MnTE-2-PyP 5+  
was able to fully protect polγ from oxidative damage; the levels of protein nitration 
in MnSOD +/+  and MnTE-2-PyP 5+ -treated MnSOD +/−  mice were identical [ 25 ]. 

 The therapeutic potential of another, more lipophilic but equally redox-active 
Mn porphyrin, Mn(III)  meso -tetrakis( N -n-butoxyethylpyridinium-2-yl)porphyrin, 
MnTnBuOE-2-PyP 5+  [ 26 ], in skin carcinogenesis has been reported [ 27 ]. The 
MnSOD heterozygous knock-out and transgenic SKH-1 hairless, albino mice and 
MnSOD knockdown and overexpressing HaCaT human keratinocytes were used to 
study the effects of MnSOD and MnTnBuOE-2-PyP 5+  on ultraviolet (UV) radiation- 
induced inside-out signaling. The decreased MnSOD expression in MnSOD +/−  
knock-out mice enhnanced UV-induced activation of different oncogenic signaling 
pathways through an inside-out signaling-mediated mechanism. The epidermal 
growth factor receptor, EGFR, is an important contributor to ultraviolet (UV)-
induced skin cancer development. EGFR activation is dependent on NADPH oxi-
dase isoform, Nox4, expression and Src kinase activation, with Src activation 
upstream of Nox4 in regulation of EGFR activation. Inhibition of Src kinase activity 
or knockdown of Nox4 by lentiviral transduction of Nox4-specifi c shRNA blocked 
EGFR activation [ 27 ]. The inverse correlation exists between MnSOD expression 
and UV-induced activation of EGFR, induced by phosphorylation of tyrosine 
Tyr1068 both in vitro and in vivo, which correlates with increased ROS production. 
Pretreatment of MnSOD-knockdown HaCaT cells with the SOD mimetic 
MnTnBuOE-2-PyP 5+  prevents UV-induced EGFR activation in a concentration- 
dependent manner [ 27 ]. 

 All above said indicates impressive therapeutic potential of redox-active class of 
cationic Mn(III) N-substituted pyridylporphyrins   [ 23 ,  28 ].  

20.2.4     Glutathione 

    Glutathione (GSH) is   a tri-peptide—a thiol consisting  of   cysteine, glutamate, and 
glycine. It is also a potent reducing agent and due to its high mM levels it maintains 
physiological cellular redox status [ 29 ]. It is involved in cell protection directly or 
as a cofactor of different peroxidases, including glutathione peroxidase and thiore-
doxin [ 17 ]. GSH may play different roles at different stages of cancer development. 
Increased levels of intracellular GSH are associated with conferring resistance to 
chemotherapeutic drugs, while depletion in GSH levels is associated with an 
increased sensitivity to carcinogens. Hence, the strategies to decrease intracellular 
GSH levels for chemotherapy are under exploration [ 17 ]. A novel glutathione trans-
ferase P1-1 inhibitor NBDHEX (7-nitro-2,1,3-benzoxadiazol-4- ylthio) showed effi -
cacy against melanoma. NBDHEX along with TMZ (temozolomide) was effective 
in reducing the expression levels of cyclin D1 and cyclin D3 through the activation 
of c-Jun N terminal kinase in murine B16 and human A375 melanoma cells [ 30 ]. 
Thus, it has a potential for combinational therapies as an antiproliferative agent, 
especially in the treatment of melanomas  .   
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20.3     Future Directions 

20.3.1     Cancer Stem Cells 

 Stem cells (SC) are a group of undifferentiated cells that have the potential to dif-
ferentiate into specialized cell types. These cells are highly proliferative and plu-
ripotent in nature. 

 In  mammals   there are two types of stem cells—embryonic stem cells and adult stem 
cells. As the name suggests, embryonic stem cells are derived from embryos, i.e., from 
the inner cell mass of a 4–5-day-old blastocyst, whereas adult stem cells are obtained 
from adult tissues such as the bone marrow, blood, brain, liver, skin, and other tissues. 
These cells exhibit a self-renewal property making them different from normal cells. 

  Cancer stem cells (CSC)   are a rare cell population of cancers. CSC are capable 
of self-renewal and can differentiate into specialized organs just like stem cells. 
Moreover, they are considered to be a main drive for cancer progression, metastasis, 
cancer recurrence, and the adaptation of tumor cells in response to oxidative stress. 
One could hypothesize that CSC which are responsible for drug resistance likely 
utilize cellular redox regulatory machinery. An interaction between the CSC and 
cellular redox-based pathways could contribute to cancer cell progression, survival, 
and tolerance to anticancer drugs. 

 Another important feature is that both SC and CSC share the same signaling 
pathway, PTEN/PI3K/mTOR, which is responsible for maintaining a population of 
CSC [ 31 ]. All these features justify further exploration of CSC for redox therapy of 
skin cancer.  

20.3.2     Stem Cell Therapy 

 Although  radiation   has been an effective treatment, it results in severe damage to the 
surrounding normal cells. Stem cell therapy can help restore and repair radiation- induced 
damage. A recent review by Benderitter et al. [ 32 ] showed the therapeutic potential of 
stem cells in counteracting the side effects caused by radiotherapy. Their early clinical 
studies showed promising results in lung-, bone-, and skin cancer complications associ-
ated with radiation. Although these results are promising, the stem cell safety issues 
regarding tumor formation, tumor progression, and immune rejection, as well as con-
cerns related to the selection of appropriate stem cells need to be addressed.  

20.3.3     Antimalarial Agent 

  Although   tremendous progress in recent years has been achieved with respect to 
cancer therapy, the complex nature of cancer poses a continuous challenge. Due to 
the diffi culties encountered, researchers realize that single therapy is not suffi cient 
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in treating cancers. Combinational chemotherapies have been the best bet in 
 preventing proliferation and resistance of tumor cells. Co-treatment of conventional 
chemo drugs with antimalarial drugs (e.g., artemisinin, chloroquine, and hydroxy-
chloroquine) is one of the new combinational strategies for human cancers including 
skin cancer. 

   β-dihydroartemisinin  (DHA)  , which is a major component of artemisinin, is 
shown to be effective as an adjunct to enhance tumor cell cytotoxicity, thereby 
improving the effi cacy of anticancer treatment [ 33 ]. Since tumor cells can become 
resistant to oxidative stress via upregulation of their antioxidant defenses, Merendino 
et al. showed the ability of DHA to induce the GSH extrusion in cancer cell lines 
[ 34 ]. After 6 h of treatment with DHA the intracellular GSH level was reduced by 
60 % due to the active extrusion of GSH. Another study by Ding et al. demonstrated 
that DHA treatment could reduce glutathione peroxidase-4 protein levels by at least 
50 % in various human cancer cell lines, such as ovarian carcinoma, B-cell lymphoma, 
T-cell leukemia, and myeloma [ 35 ].  

20.3.4     Amitriptyline 

 As one of  the    major    tricyclic antidepressants (TCA), amitriptyline has a potential 
as an anticancer agent. It is frequently used to stimulate the mood especially in 
cancer patients. It recently became appreciated that this TCA could be effective in 
the treatment of cancer. Kulaksiz-Erkmen et al. demonstrated the effectiveness of 
amitriptyline in the inhibition of GST and hence hypothesized that it could poten-
tially play a role as an anticancer drug as well [ 36 ]. Another study by Cordero et al. 
demonstrated the antitumor effect of amitriptyline against a large number of human 
cancer cells [ 37 ]. This team provided substantial evidence that amitriptyline can 
cause cellular damages, thereby leading to elevated levels of RS and decreased 
levels of antioxidant enzymes when compared to traditional chemotherapeutic 
drugs—Doxorubicin, Methotrexate, and Camptothecin. In conclusion, amitriptyline 
has a capacity to cause an increase in RS production of tumor cell, leading to its 
apoptosis and thus may be useful in the treatment of cancer.      
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    Chapter 21   
 Role of Oxidative Stress in Erectile 
Dysfunction After Prostate Cancer Therapy                     

     Timothy     J.     Robinson       and     Bridget F.     Koontz     

      Abbreviations 

   4HNE    4-Hydroxynonenal   
  8-OHdG    8-Hydroxy-2′-deoxyguanosine   
  ED    Erectile dysfunction   
  eNOS    Endothelial nitric oxide synthase   
  H 2 O 2     Hydrogen peroxide   
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      Prostate cancer   is the most frequently diagnosed cancer in men in the developed 
world, with an estimated 240,000 new cases but only 28,000 deaths caused by the 
disease each year within the United States alone [ 1 ]. The vast majority of prostate 
cancers are detected at an early stage and are amenable to curative treatment using 
surgery or radiation. The use of radiation therapy to treat  prostate cancer     , via either 
external beam or brachytherapy, has been in use now for half a century [ 2 ] and con-
tinues to be a major treatment modality, particularly among men who are either 
older, poor surgical candidates, or present with high-risk disease. The most common 
side effect of radiation therapy is  erectile dysfunction (ED)   [ 3 ], which has been a 
known side effect of radiation therapy since the 1970s [ 4 ] that continues to incur 
signifi cant fi nancial and psychosocial costs. Although the delivery of prostate radia-
tion therapy has changed signifi cantly over the past 50 years, radiation- induced    ED   
remains the leading toxicity of prostate cancer radiation therapy. Observational 
studies of newer, intensity modulated radiation therapy (IMRT), have observed 
increased  diagnoses of   ED in patients treated with IMRT as compared to conven-
tional 3D conformal treatment [ 5 ]. Despite awareness of radiation-induced ED for 
over 40 years, as of 2014 there are still no proven strategies or treatments to reduce 
the risk of radiation-induced ED. 

  Radiation-induced ED  , by defi nition, impairs normal erectile function, which 
requires engorgement of intact vascular erectile tissues with an adequate blood 
supply driven by  neurogenic stimuli  . It has been long known that  neurogenic stimuli   
of erection involves a complex integration of both voluntary and involuntary psycho-
logical, tactile, and autonomic stimuli [ 6 ]. However, despite the likely inherently 
complex integration of these signals, it has been shown over a century and a half ago 
using a canine model that direct autonomic nerve stimulation can result in penile 
erection [ 7 ]. From a vascular perspective, it was observed 30 years ago that direct 
vascular damage of the corpus cavernosum from radiation damage can also cause ED 
[ 8 ], with current estimates suggest that 80 % of all causes of ED are caused at least in 
part by vascular disease of the penile arteries [ 9 ]. Taken together, the most basic 
model of physiologic erectile  dysfunction   can be simplifi ed as a result of damage to 
nerves and/or vessels involved in erectile function. 

 Advances in  molecular biology   have provided an appreciation for the role of nitric 
oxide ( • NO) as the principle stimulator of cavernosal vasodilation and penile erection, 
which stimulates smooth muscle relaxation to increase cavernosal arteriole blood fl ow 
(Fig.  21.1 ) [ 10 – 12 ].  • NO is generated by neuronal or endothelial sources and causes 
activation of guanylyl cyclase, which increases cGMP levels and in turn activates a 
cGMP-specifi c protein kinase, resulting in decreased free intracellular calcium. Low 
levels of cytoplasmic calcium results in smooth muscle relaxation, which allows 
engorgement of the cavernosal sinusoids [ 13 ]. Nitric oxide can be generated by  neu-
ronal nitric oxide synthase (nNOS)   in cavernosal nerve endings or by  endothelial 
nitric oxide synthase (eNOS)   in the endothelial cells lining the sinusoids of the caver-
nosa. Thus damage to either the cavernosal nerve or pudendal vessels serving the 
penis can result in reduced NO production and a poor erection. The cGMP nitric oxide 
pathway is the mechanism by which  PDE-5 inhibitors   are benefi cial in treatment of 
ED, as they prevent cGMP hydrolysis, thus increasing the effect of the  • NO present 
[ 14 ]. Radiation-induced ED has been recently extended to rat models of erectile 
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dysfunction at the molecular level, where radiation has been shown to decrease nitric 
oxide synthase in the nerve endings of the penis (nNOS) and the endothelial lining of 
the sinusoids (eNOS) [ 15 ], thereby reducing overall levels of  • NO [ 16 ].

    Radiation-induced ED   typically manifests within the fi rst 2 years of radiation 
therapy and is considered a late effect of radiation therapy [ 17 ].  Acute radiation 
toxicities   are generally attributable to clonogenic death of a specifi c cell lineage with 
a well-defi ned temporal course specifi ed on the order of hours to days. In contrast, 
late effects of  radiation therapy   involve a more complicated interaction between stro-
mal tissues, vasculature, and cytokines and may manifest over a much broader, 
poorly defi ned, and unpredictable time frame that have not been adequately explained 
by classic models of clonogenic death used to explain acute toxicities [ 17 ,  18 ]. 
Following irradiation of bystander normal tissues, late  effects of   radiation develop 
over the course of months to years. These late effects are thought to be mediated by 
a chronic infl ammatory and wound healing response that results in chronic vascular 
and parenchymal dysfunction and cell loss. Importantly, recent evidence supports the 
notion that radiation-induced injury can be mitigated by targeting this series of 
events [ 19 – 21 ]. Among these, chronic oxidative stress has emerged as a potential 
driver of late normal tissue injury [ 21 ]. 

  Fig. 21.1     Penis anatomy   includes two  penile cavernosa   ( a ), which fi ll with blood to achieve erection. 
Each cavernosa is fi lled with many sinusoids ( b ), which is a capillary surrounded by smooth muscle. 
When smooth muscle relaxes, the sinusoid fi lls and expands, compressing venous outfl ow and caus-
ing increased cavernosal pressure and an erect penis. To stimulate an erection, the cavernous nerve 
and the endothelium release nitric oxide ( • NO) produced by nNOS and eNOS, respectively. The  • NO 
causes activation of cGMP-specifi c kinases. GTP then activates K channel pumps, inhibits Ca channel 
pumps in the cell membrane, and promotes Ca uptake by endoplasmic reticulum, resulting in reduced 
intracellular calcium and smooth muscle relaxation.  cGMP  cyclic guanosine monophosphate,  eNOS  
endothelial nitric oxide synthase,  nNOS  neuronal nitric oxide synthase,  NO  nitric oxide,  PKG1  
cGMP-dependent protein kinase G1 (fi gure courtesy of Artak Tovmasyan Ph.D.)       
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21.1      Oxidative Stress   as a Mediator of Late Radiation 
Effects 

  Oxidative stress describes an imbalance between generation of reactive oxygen 
and nitrogen species (ROS/RNOS) and cellular antioxidant defenses [ 22 ]. ROS 
and RNOS are defi ned as any partially reduced metabolites of molecular oxygen 
(or nitrogen) that are more reactive than molecular oxygen and include the free radicals 
such as superoxide anion (O 2  •− ), hydroxyl radical ( • OH), and nitric oxide ( • NO) and 
nonradical species such as hydrogen peroxide (H 2 O 2 ) and peroxynitrite, ONOO −  
[ 23 ], Radiation generates a burst of ROS via ionization of water molecules, with 
superoxide anions and hydrogen peroxide persisting long enough (10–100 s) to 
result in subsequent oxidative damage. The role of chronic oxidative stress in 
radiation- induced late effects is supported by evidence of persistent production and 
presence of ROS and their products weeks to months after irradiation in models of 
lung, kidney, and central nervous system late normal tissue effects. Markers of oxi-
dative damage including lipid peroxidation and oxidized methionine have been 
observed in bronchoalveolar lavage fl uid in lung cancer patients after the comple-
tion of radiation therapy [ 24 – 26 ] and in mouse models of lung irradiation 15–20 
weeks following radiation. In these mouse models, overexpression of  superoxide 
dismutase (SOD)  , which catalyzes the dismutation of the superoxide anion, that is, 
its reduction to hydrogen peroxide and its oxidation to oxygen, was able to mitigate 
radiation-induced late effects and fi brosis [ 27 ]. In neuronal tissues, lipid peroxida-
tion has been observed in the hippocampi of adult mice 2 weeks after radiation [ 28 ] 
and the expression of HMOX-1, a marker of oxidative stress, has been observed in 
rat spinal cords prior to the onset of myelopathy [ 29 ]. In kidney, radiation has been 
shown to increase  8-hydroxy-2′-deoxyguanosine (8-OHdG)  , a marker of oxidative 
DNA damage, evident by 4 weeks following radiation that persisted up to 24 weeks 
later [ 30 ]. In addition to direct evidence of oxidative stress in late normal tissue, 
production of ROS can also be increased by hypoxia [ 31 ,  32 ] which has been 
observed to precede histologic evidence of late effects in both lung [ 33 ] and spinal 
cord. [ 34 ] The production of ROS, at least in the period immediately following 
radiation, may be mitigated not only by stoichiometric antioxidants such as  N -acetyl 
cysteine, but also by more general mediators of anti-infl ammatory signaling such as 
the angiotensin receptor inhibitor losartan [ 22 ].   

21.2     Oxidative Stress in  Erectile Dysfunction      

   Although there is now a substantial body of work describing the role of ROS in 
promoting and maintaining late toxicities of radiation therapy in lung, kidney, and 
nervous tissue, most of our current knowledge for an explicit role of oxidative stress 
in erectile dysfunction (ED) comes from studies of nonradiation-related sources of 
oxidative stress including smoking [ 35 ], diabetes [ 36 ], sleep apnea [ 37 ], and aging 
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[ 38 ,  39 ]. A number of these and other stimuli, including nicotine and mechanical 
injury, are known to impair erectile function and simultaneously result in generation 
of superoxide anions in cavernosal smooth muscle cells [ 40 – 42 ]. In conditions such 
as hyperlipidemia or diabetes, increased superoxide anion production by NADPH 
oxidase in cavernosal tissue appears to mediate ED [ 43 – 45 ]. This appears to be 
related to interference with neuronal  • NO transmission, supported by a study of 
bovine penile strips where inhibition of endogenous SOD and subsequent increase 
in superoxide anions would enhance removal of  • NO by superoxide (resulting in 
ONOO −  production) and would in turn result in near complete inhibition of nerve- 
mediated vascular relaxation [ 46 ]. In animal models, the use of catalytic and stoi-
chiometric antioxidants has been shown to improve erectile function, increase 
circulating  • NO, and enhance the effi cacy of phosphodiesterase-5 (PDE-5) inhibi-
tors [ 36 ,  45 ]. In humans, a high level of systemic oxidative stress (measured by 
erythrocyte glycohydrolases) is associated with the presence ED as compared to 
non-ED controls [ 47 ]. 

 In addition to more historical physiologic markers of  erectile function  , there is 
emerging support of the role of oxidative stress impacting ED-related molecular 
signaling. Following nerve activation, normal erectile function requires intact  • NO 
signaling in order to induce vascular smooth muscle relaxation. Nitric oxide signal-
ing, in turn, appears to act directly through only a single known receptor known as 
soluble guanylyl cyclase (sGC), which is encoded by the genes GUCY1A2, 
GUCY1A3, GUCY1B2, and GUCY1B3. It is a cytosolic, soluble heterodimer con-
sisting of an alpha and beta subunit, which together bind a heme moiety. These 
heme moieties are critical to the sensing of NO signaling and are capable in other 
proteins of interacting with diatomic gases including  • NO, O 2 , and CO [ 48 ,  49 ]. In 
the sGC enzyme, the iron contained within heme moiety of the functional protein 
exists in a reduced ferrous, Fe 2+  state. Oxidization of this heme moiety results in the 
ferric, Fe 3+ , state, which results in the form of the enzyme that is no longer respon-
sive to  • NO signaling, providing a direct means by which oxidative stress can impact 
physiologic erectile signaling [ 50 ]. In addition, reactive oxygen species directly 
scavenge  • NO, reducing its availability to signal vascular smooth muscle relaxation 
[ 51 ]. In models of aging associated ED, siRNA targeting of the  protein inhibitor 
of NOS (PIN)   has restored erectile function in rat models, providing additional 
evidence that intact  • NO signaling is required for normal erectile function [ 39 ]. 

 Direct evidence of a role for oxidative stress in ED following prostate irradiation 
is now emerging. One of the fi rst studies to provide support for a unifying role of 
oxidative stress in radiation-induced ED observed that among men who experienced 
ED following prostate irradiation, that the vast majority of those who developed ED 
(93 %) were smokers, as compared to only 25 % of patients who did not develop ED 
[ 8 ]. More direct evidence of the role of oxidative stress in radiation-induced ED has 
come from recently developed and validated models of radiation-induced ED in the 
rat [ 15 ,  52 ,  53 ]. In this model, erectile function in rats is reproducibly quantifi ed 
using the ratio of intracavernous pressure (ICP) to mean arterial pressure (MAP) 
following cavernous nerve electrical stimulation. ED is a late-occurring event, 
requiring 9–12 weeks to be evident [ 15 ,  54 ,  55 ]. Using image-guidance to provide 
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prostate-confi ned radiation,  unirradiated  penile corpora of rats treated with a single 
20 Gy fraction conformal to the prostate were found to have increased expression 
of a number of oxidative stress markers, including the NADPH oxidase subunit 
gp91, 8-OHdG, and 4-hydroxynonenal (4HNE). It is notable that these oxidative 
stress markers were normal shortly after radiation, indicating that the oxidative stress 
is not directly radiation-induced (in fact the cavernosal tissue were out of the radiation 
fi eld in this particular experiment) but more likely secondary to nerve and endothelial 
injury. Normal erectile function, as measured using ICP/MAP ratios, was inversely 
correlated with the expression of oxidative stress markers [ 53 ]. This evidence for 
the role of oxidative stress  in radiation-induced ED      as well as more common causes 
of ED including diabetes, smoking, and sleep apnea have raised signifi cant interest in 
oxidative stress as a potential therapeutic target to prevent ED.    

21.3     Strategies to Mitigate  Oxidative Stress in ED      

   Several nonradiation-based models of ED have now demonstrated potential in vitro 
and in vivo effi cacy of antioxidant approaches for the treatment of ED in settings 
such as obesity/diabetes and aging. Work by Silva et al. [ 56 ] have established a 
model of diabetes-induced ED in mice fed a high-fat diet. In this model, they were 
able to quantify ED in mice as measured by decreased ICP following cavernosal 
nerve stimulation. Diabetes-induced ED was fully reversible following two weeks 
of therapy with BAY 60-2770, an activator of sGC that was capable of reactivating 
heme-oxidized sGC and decreasing ROS levels [ 56 ]. The role of antioxidant-based 
interventions has also been examined in the role of aging induced-ED in a second 
model described [ 38 ]. In this model, male Wistar rats were observed to have dif-
ferential corpus cavernosum relaxation depending on whether rats were young 
(3.5 months) vs. middle-aged (10 months). They observed that treatment with apoc-
ynin an NADPH oxidase inhibitor (a primary producer of superoxide and H 2 O 2 ) 
either ex (10 −4  M) or in vivo (85 mg per day orally for 4 weeks), nearly normalized 
age-related declines in function, including response to treatment with the PDE-5 
inhibitor sildenafi l. Ex vivo treatment of the corpus cavernosum with SOD (75 U/mL) 
showed similar improvements in smooth muscle relaxation (required for engorge-
ment) [ 38 ]. In another model of diabetes-induced ED in rats, Huan et al. used the 
traditional Chinese medicine Panax notoginseng saponins (PNS), selected for its 
antioxidant properties. Treatment with 100–150 mg/kg of PNS was able to increase 
ICP, increase levels of SOD, decrease levels of the ROS marker malondialdehyde, 
and prevent rupture of endothelium and generation of thrombi within the penis [ 57 ]. 

 Testing strategies to prevent radiation-induced ED is becoming more prevalent 
now that the role of oxidative stress is known. Oberley-Deegan et al. used a rat model 
of whole pelvis radiation-induced ED in rats treated with 7.5 Gy × 5 to investigate the 
impact of the SOD mimetic MnTE-2-PyP 5+  (Mn(III)  ortho meso - tetrakis
( N -ethylpyridinium-2-yl)porphyrin) [ 54 ,  58 ]. They showed that MnTE-2-PyP 5+  was 
able to mitigate damage to the skin, prostate, testes, and maintain erectile function 12 
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weeks after 37.5 Gy in 5 daily fractions. The porphyrin was given 5 mg/kg 24 h prior 
to radiation therapy followed by 2.5 mg/kg every other day for 2 weeks and then 
5 mg/kg throughout the observation period. Bassett et al. [ 59 ] tested exercise as a 
mediator of global oxidative stress and vascular function; unfortunately this was 
found not to have a protective role. Adipose-derived stem cells can have antioxidant 
properties [ 60 ] and have been successfully applied in a rat model of radiation-induced 
ED to protect nNOS expression in corpus cavernosa and maintain erectile function 
[ 61 ]. The use of  metalloporphyrin SOD-mimetics   is particularly exciting in the realm 
of treating prostate cancer, with evidence that the use of these therapies may not only 
spare normal tissue toxicity, but may also provide potential antitumor activity in 
models of irradiated prostate cancer xenografts [ 62 ].    

21.4    Conclusion 

 Prostate cancer remains a signifi cant public health concern for which thousands of 
men are treated with radiation each year. Despite our knowledge of radiation- 
induced ED in men treated with prostate cancer over the past 40 years, there remain 
no proven strategies to mitigate the risk of radiation-induced ED. Progress in under-
standing the molecular underpinnings of ED have elucidated a prominent role of 
oxidative stress in impairing normal erectile physiology and molecular signaling 
within a number of disease entities including diabetes, ageing, and more recently 
radiation therapy. Models of radiation-induced ED in rats are now becoming avail-
able, including models of previously unavailable, organ-confi ned external beam 
radiation therapy. These preclinical models will hopefully provide the data needed 
to progress to human trials targeting oxidative stress for the prevention of radiation- 
induced ED in the near future.     
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    Chapter 22   
 Theranostic Nanoconjugates of Tetrapyrrolic 
Macrocycles and Their Applications 
in Photodynamic Therapy                     

     Jayeeta     Bhaumik     ,     Seema     Kirar    , and     Joydev     K.     Laha   

22.1            Introduction 

  Nanoparticles (NPs)   that fall in  the   broad size range of 1–100 nm [ 1 ] and represent 
a suitable scaffold to incorporate both therapeutic and imaging moieties can be 
defi ned as nanotheranostic agents (NTNs) [ 2 ]. The  skeleton on NPs   can be com-
posed of quantum dots, metal nanoparticles [ 3 ], liposomes, dendrimers [ 4 ], carbon 
nanotubes [ 5 ], silica, or iron oxide [ 6 ]. The cytotoxicity of the  NPs   are mainly 
dependent on their composition, whereas their in vivo performance is highly 
adjusted by parameters such as size and surface groups. Upon systemic injection, 
nanotherapeutics travel to different parts of the body via blood circulation. Since 
the pore size of endothelium is <5 nm, NPs with small (<5 nm) hydrodynamic 
diameter can easily extravasate through it. Importantly, the clearance pathway is 
highly dependent on the size of the NPs [ 2 ]. In  nanotheranostics  , nanometer sized 
particles are used in combination with diagnostic and therapeutic agents. 

 For the production of this book chapter, some excerpts were reproduced with permission from 
Bhaumik, J.  et al. Nano Research  ( 2015 ,  8 , 1373–1394), DOI   10.1007/s12274-014-0628-3    , 
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  Fig. 22.1    ( a ) Diagram of a  nanotheranostic agent   as a combination of drugs along with imaging 
and targeting agents. ( b ) Nanotheranostic development and application can be successfully 
achieved by collaborative work of researchers from various backgrounds. ( c ) Delivery of nanother-
anostic agents are achieved through the pores of blood vessels located near the tumor area via 
 enhanced permeability and retention (EPR) effect  . ( d )  Surface plasmon resonance (SPR)   and pho-
tothermal effect in metal nanoparticles. ( e ) Various mechanisms of cellular internalization of 
 nanoparticles (NP)  . Adapted with permission from Kievit, F. M.  et al. Adv. Mater.  23 (2011), 
H217-H247, Copyright (2011) John Wiley and Sons       
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Incorporation of imaging modalities to nanotherapeutics affords NTNs, which 
have strong potential for wholesome management or cure for a complicated dis-
ease such as cancer [ 7 ] (Fig.  22.1a ).

   Due to large size and large surface area nanobodies have high capabilities to 
carry several therapeutically relevant molecules on their surface. These physical 
properties of the nanocarriers assist them to be composed of medicines, diagnostic 
agents, targeting moieties, and so on. Additionally,  biocompatibility   can be achieved 
with these nanoscaffolds by coating them with biomolecules thereby enhancing 
their in vivo circulation time [ 6 ]. The main advantage of this novel tool is that, both 
therapeutic and diagnostic moieties will be presented within the same nanoscaffold 
and made concomitantly available to the diseased site. This contrasts with conven-
tional agents for diagnosis and therapy, which by being administered independently 
into the body, need further developments in order to target and/or treat a particular 
disease site. Taking the advantage of relatively large surface area of nanoparticles, 
 NTNs   can act as multimodal agents with functionalities ranging from targeting, 
diagnosis, and treatment. 

 The term “theranostic” was fi rst introduced by Funkhauser [ 2 ].  Theranostic 
nanoagents   are a package which can simultaneously “see” and “treat” a diseased 
state [ 8 ,  9 ]. Additionally, due to the added advantage to attach targeting moieties, 
high level of selectivity and biodistribution is observed. The main objective of this 
fi eld is to acquire capacity to simultaneously image and monitor the diseased state, 
to follow the extent of drug delivery, and to determine the effi cacy of the treatment. 
By the aid of  NTN  , personalized medicine can be adopted instead of “one size fi ts 
all” strategy [ 2 ]. 

 Despite the young nature of nanotheranostics fi eld, its development is progress-
ing at a fast pace. Scientists from various disciplines (chemistry, physics, biology, 
engineering, and many other fi elds) from all over the world are working to fi nd 
appropriate nanotherapeutics for the treatment of life-threatening diseases 
(Fig.  22.1b ). In parallel, many researchers are developing techniques on how to 
optimize imaging of diseased states [ 10 ].  

22.2     Nanotheranostics in Biological Systems 

22.2.1     Enhanced Permeability and Retention  Effect            

      Due to the dilation caused by highly metabolizing cancer cells, tumor blood vessels 
tend to be very leaky. Thus, nanomaterials can extravasate from the blood stream 
and reach tumor tissues. On the other hand, due to poor lymphatic drainage, the NPs 
can be retained in the tumor tissues. This entire phenomenon of NP drainage and 
retention is known as enhanced permeability and retention (EPR) effect (Fig.  22.1c ) 
[ 11 ,  12 ]. Taking advantage of this phenomenon, drugs and imaging agents conju-
gated to nanoparticles can be successfully delivered to tumor site, thereby making 
diagnosis and treatment highly feasible.       
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22.2.2     Surface Plasmon  Resonance         

  Metal NPs, including gold and silver ones, show optical activity at nanoscale associated 
with surface plasmon resonance (SPR) [ 13 ]. Noble metals in nanosize range can there-
fore be used for optical imaging. Upon the modifi cation of size and shape, their optical 
properties can be adjusted. Upon shining light on noble metals, collective oscillation is 
induced to the electrons present at the metal surface. This results in the generation of a 
sharp and intense absorption band. Nonradiative decay of surface electron oscillation 
converts the absorbed light energy into heat, thus causing photothermal effect 
(Fig.  22.1d ). This unique property of metal nanoparticles assist them in playing a key 
role in nanotheranostics upon combination to diagnostic agents. 

 Once delivered to the body, NTNs may be attacked and destroyed by numerous 
components of the biological system. This imparts major challenges in delivering 
nanomaterials to diseased tissues. Thus, good understanding of biological system is 
crucial while designing nanotherapeutics. Blood, which is composed of various sug-
ars, salts, amino acids, and other chemical molecules, can be responsible for the 
instability of nanoagents. Immune cells, such as monocytes, present in human blood 
can also force removal of nanoparticles from the biological system. Hence, the use of 
biocompatible coatings (such as polymers)  on nanoparticle surface   can improve their 
availability to their fi nal target (e.g., tumor tissues) [ 14 ]. Nanoparticles with high 
surface-area-to-volume ratio possess the capability to incorporate large number of 
therapeutic molecules as well as imaging agents. Additionally, the large surface area 
can be derivatized with targeting agents (e.g., antibodies) and coated with stabilizing 
agents (e.g., polyethylene glycol) for increasing in vivo circulation time [ 10 ]. 

 There are various mechanisms for the uptake of  theranostic nanoagents   by cells 
(Fig.  22.1e ).  Nanoagents   may contain positively charged molecules on the surface, 
which can interact with the negative charges of the molecules present on the cell 
surface. Alternatively, cell-penetrating peptides or antibodies used for targeting via 
conjugation on the surface of nanoparticles can also assist them in entering into 
cells. Upon cellular internalization, endosomes are formed, which then deliver 
nanoagents to either nucleus or mitochondria after acidifi cation. 

 There are various methodologies for developing biocompatible  theranostic nano-
agents  . Both imaging and therapeutic moieties can be incorporated into nanoparti-
cles during NP synthesis through encapsulation; alternatively, these agents can be 
conjugated on nanoparticle surface after NP synthesis via bioconjugation 
(Fig.  22.2a ). There are both advantages and disadvantages for either techniques and 
each setup has different mechanism of action [ 15 ].

   Theranostic photosensitizers or nano-phototheranostics can be majorly used in 
the treatment of cancer, as well as in the treatment of microbial infection and car-
diovascular disease (CVD). The use of photosensitizers (PS) along with  nanoparti-
cles (NPs)      has improved the effi cacy of these agents to a great extent. Many reports 
have been published recently on the use of PS in photodynamic therapy ( PDT)      to 
treat various diseases, including cancer and CVD. Overall,  nano-phototheranostic 
agents   are robust platforms for fi nding cure for deadly diseases [ 16 ].    
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22.3     Photodynamic Therapy 

  In  PDT  , upon shining light, a chromophore captures energy, which upon release is 
taken up by the tissue oxygen in order to be converted into the singlet oxygen ( 1 O 2 ) 
species. Singlet oxygen thus generated can be a reactive oxygen species (ROS) to 
cause destruction of cancer cells [ 17 ,  18 ]. There are two mechanisms by which  PDT   
agents may promote photo-killing: type I and type II. Both mechanisms are 

  Fig. 22.2    ( a ) Two different strategies to prepare  nanotheranostics  : encapsulation (left) and surface 
modifi cation (right). ( b ) Modifi ed Jablonski Diagram, which shows the mechanism for photogen-
eration of singlet oxygen ( 1 O 2 ). ( c ) Types of tetrapyrrolic macrocycles (photosensitizers) ( top 
panel ) and their presence in naturally occurring molecules ( bottom panel ). ( d ) More examples of 
macrocycles with potential to act as photosensitizers in PDT: nonpyrrolic PS ( top panel ) and pyr-
rolic macrocycles ( bottom panel ). ( e ) Commercially available tetrapyrrolic photosensitizers [pho-
tofrin ®  (porfi mer sodium), verteporfi n (Visudyne ® ), and padoporfi n (TOOKAD)] (Fig.  22.2c–e : 
adapted with permission from Bhaumik, J.  et al. Nano Research  (2014), DOI   10.1007/
s12274- 014-0628-3    , Copyright (2014) Springer)       
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dependent on the generation of ROS, but singlet oxygen is the main species in type 
II. PDT is an essential treatment regime where it is possible to treat cancer and many 
other deadly diseases with minimal side effects. Compared to other conventional 
techniques such as surgical intervention and chemotherapy, it is less drastic in terms 
of acquiring side effects [ 19 ]. 

 Photosensitizer (PS) molecules are activated in the presence of light and follow-
ing the pathway shown via a modifi ed Jablonski diagram, singlet oxygen is gener-
ated which is mainly responsible for tumor tissue destruction (Fig.  22.2b ) [ 20 ]. An 
essential requirement for a molecule to act as a photosensitizer is that, it must 
strongly absorb light either in the visible or the near-infrared region, as the capacity 
of light penetration in tissues is enhanced in the red region of visible spectra and 
beyond [ 21 ]. 

 Photosensitizers (PSs) are distinctive types of chromophores due to their nature 
of localization. One major drawback of using PSs is that they spread all over the 
body upon systemic administration. The molecular design of attaching PS to 
nanoparticles followed by light mediated therapy can circumvent this issue due to 
EPR effect. Additionally, with near-IR PSs imaging can be achieved simultaneously 
performed along with therapy. Biocompatibility and multimodal nature of PS mol-
ecules are very important features toward serving the fi eld of theranostics [ 22 ]. 
Applications of porphyrinic and nonporphyrinic photosensitizers as nanotheranos-
tic agents are summarized below.  

22.3.1      Porphyrinic      and Other Photosensitizers for Use 
 in Nanotheranostics   

    Porphyrinic macrocycles namely, porphyrins, chlorins, and bacteriochlorins, are 
tetrapyrrolic aromatic systems (Fig.  22.2c , top panel). Due to the presence of a large 
aromatic core, they are capable of absorbing visible and near-IR light. Naturally 
occurring porphyrinic molecules include heme, chlorophylls, and bacteriochloro-
phylls (Fig.  22.2c , bottom panel). Examples of some nonporphyrinic macrocycles, 
which have PDT potential, include rose bengal [ 23 ], methylene blue, and acridine 
(Fig.  22.2d , top panel). Phthalocyanines and naphthalocyanines are examples of 
extended tetrapyrrolic macrocycles, which absorb at the near-IR region of the elec-
tromagnetic spectra (Fig.  22.2d , bottom panel) [ 24 ]. The members of porphyrin 
family and other nonporphyrinic photosensitizers are potential candidates for PDT 
due to their strong light absorption, high triplet quantum yield, and long excited 
triplet state lifetime [ 25 ]. 

 Porphyrinic macrocycles encompass signifi cant classes of chromophores for 
their characteristic absorption properties on the visible region. These tetrapyrrolic 
compounds take an essential part in delivering PDT to treat cancer and several 
microbial infections. There are several commercially available  tetrapyrrolic macro-
cycles   (photofrin, verteporfi n, padoporfi n, etc.), which are being used in clinical 
settings (Fig.  22.2e ) [ 21 ]. However, most of these drugs (e.g., photofrin) possess 
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different drawbacks including the presence of a mixture of components, which are 
diffi cult to separate.  Hydrophobicity   is another drawback, which makes pharmaceu-
tical formulations a challenge. There is an urgent need to fulfi ll these drawbacks for 
using them in biological settings. In order to circumvent this problem, these macro-
cycles are nowadays being incorporated into nanoparticles. The bioavailability of 
those  hydrophobic photosensitizers   can be signifi cantly improved via conjugation 
with nanomaterials. Several  tetrapyrrolic macrocycles   (either from natural or syn-
thetic sources) are therefore frequently loaded on biocompatible nanoparticles for 
both in vitro and in vivo experiments [ 25 ].     

22.3.2     How Can Photosensitizers and  Nanotheranostics      
Be Combined to Treat Life-Threatening Diseases? 

   Photosensitizers, which are generally hydrophobic, with the aid of nanotechnology, 
can be successfully utilized in biological applications [ 26 ]. PS can be associated 
with biocompatible materials via the formation of a covalent bond on nanoparticle 
surface or through encapsulation into polymeric nanoparticles. Recent literature 
reveals that nanotheranostics have already become an important class of delivery 
system in biomedical research [ 27 ]. When both therapeutic and diagnostic tools 
work from the same scaffold, the outcome of the treatment of any complicated dis-
ease can be superior. First-generation  hydrophobic photosensitizers   (e.g., photofrin 
and eosin) lacked water solubility and, hence, their in vitro and in vivo administra-
tion was very challenging [ 25 ]. In the second-generation PSs (e.g., verteporfi n and 
photosensitivity), hydrophilic moieties were attached to them [ 25 ]. Though hydro-
philicity was achieved, targetability still remained an issue resulting poor in vivo 
delivery. In third-generation PS (e.g., glycosylated porphyrin), ideally a PS is 
attached to a targeting moiety for better penetration into tumor cell membrane [ 25 ]. 
Introduction of multimodal  photosensitizer–nanoparticle (PS–NP) system   would 
further enhance PS delivery taking the advantage of EPR effect [ 28 ,  29 ]. Due to the 
presence of both therapeutic effi cacy and imaging properties, near-IR absorbing 
photosensitizers are ideal candidates to form nano-phototheranostics in combina-
tion with nanomaterials [ 30 ].     

22.4     Role of Tetrapyrrolic Nanoconjugates 
in Treating  Cancer      

   Cancer is the third principal cause of mortality worldwide after heart and infectious 
diseases [ 31 ]. Major limitations to cancer therapeutics include (a) poor bypass 
through biological membranes, (b) low biodistribution of drugs, (c) inability to treat 
metastasis, (d) drug resistance, and (e) lack of imaging. The fi eld of cancer nano-
theranostics is a combination of therapy and imaging of tumor via the aid of 
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nanomaterials. Nano- phototheranostics   can be taken into consideration for the treatment 
of metastatic and drug-resistant cancers as it can combine targeting, imaging, and thera-
peutic entities [ 14 ]. Typical reason for the failure of cancer treatment is due to the fact 
that the majority of patients are diagnosed at tumor metastasis stage, thus making the 
treatment almost impossible. With the aid of nanotherapeutics even cancer can be treated 
effi ciently as compared to the use of conventional therapeutics [ 28 ]. 

 Recently, photosensitizers loaded on nanoscaffolds are widely being used as 
 theranostic nanoagents   for their capability to serve as both therapeutic and imaging 
module through a single moiety. Near-IR absorbing  photosensitizers      can take part in 
performing both detection and treatment of various diseases. An advantage of using 
 nano-photosensitizers   as theranostic agents is that they tend to possess lower toxic-
ity and provide sophisticated treatment module thus minimizing lengthy recovery 
time for patients [ 32 ]. 

 Recently published literature reports show the evidence of substantial use of nano-
 phototheranostics   for the diagnosis and treatment of cancer and other diseases. 
Remarkable systems in this topic are summarized in Table  22.1 . For example, lipopro-
tein nanoparticles in combination with bacteriopheophorbide (used as both imaging 
and therapeutic agent) formed nano- phototheranostics   and used in the treatment of 
oral cancer (Table  22.1 , entry 1) [ 33 ].  Chlorin e6   is a photosensitizer, which can act as 
both diagnostic and therapeutic agent due to its strong absorption in the red region 
of visible spectra along with its singlet oxygen generation (SOG) capacity.  Chlorin 
e6   was conjugated to human serum albumin NPs by Jeong et al. to construct nano-
photosensitizers and administered in vivo to image and treat colon carcinoma 
(Table  22.1 , entry 6) [ 34 ]. In another instance, chlorin e6 was incorporated into 
hyaluronic acid NPs via conjugation technique and in vivo diagnosis and therapy 
was carried out using a colon cancer model (Table  22.1 , entry 7) [ 35 ]. Huang et al. 
reported the use of chlorin e6 in combination with iron oxide NPs as  nano-photo-
sensitizers   for dual mode near-IR fl uorescence imaging and MRI to treat gastric 
cancer via PDT (Table  22.1 , entry 8) [ 36 ].  Upconversion nanoparticles (UCNPs)   
possess the capability of converting near-infrared radiations (lower energy) into vis-
ible radiations (higher energy) through a nonlinear optical process; chlorin e6 was 
used in combination with  UCNPs   to image and treat breast and cervical cancer [ 37 , 
 38 ]. In another photosensitizer-nanoparticle combination, bacteriopheophorbide–
lipoprotein conjugate was used for the treatment of oral cancer (Table  22.1 , entry 1) 
[ 33 ]. A nanoconjugate consisting of pyropheophorbide-a (as both imaging and diag-
nostic agent) and polyacrylamide (as a nanoscaffold) was successfully used in the 
treatment of colon cancer (Table  22.1 , entry 4) [ 39 ].  Pyropheophorbide-a   was also 
utilized in combination with gold nanorods (GNR) to treat fi brosarcoma (Table  22.1 , 
entry 5) [ 40 ].  Lung cancer   could be treated by using a cluster of protoporphyrin IX 
and PEG-PLA copoymer (Table  22.1 , entry 11) [ 41 ]. Protoporphyrin IX was also 
applied in the treatment of squamous cell carcinoma along with glycol chitosan 
nanoparticles.  Methylene blue   was effective in the treatment of breast cancer, gli-
oma, and melanoma when combined with polyacrylamide nanogel (Table  22.1 , entry 
17) [ 43 ]. 5,10,15,20-tetrakis( N -methylpyridinium-4-yl)porphyrin (H 2 TM-4-PyP 4+ ) 
was incorporated into different nanoscaffolds to form nano-phototheranostics and 
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applied in the diagnosis and treatment of various cancers [ 44 ]. Use of encapsulated 
photosensitizers, such as methylene blue [ 45 ] and tosylate salt of H 2 TM-4-PyP 4+  
[ 26 ], was reported by few research groups who developed nano- phototheranostics   
for cancer diagnosis and treatment.

   A photosensitizer-gold nanoconstruct was developed by Jang et al. using Al(III) 
phthalocyanine chloride tetrasulfonic acid (AlPcS4) for near-IR imaging and treat-
ment of cancer [ 46 ]. Upon complex formation with GNR, both fl uorescence and 
SOG from AlPcS4 were quenched. When AlPcS4–-GNR was compared with free 
AlPcS4 in terms of intracellular uptake, the nanomaterial seemed to be four times 
more effi cient than the free PS. After systemic administration of AlPcS4–GNR 
complex the tumor site could be easily located by near-IR fl uorescence imaging 
within 1 h of injection. Interestingly, the tumor-to-background ratio reached up to 
3.7 after 24 h of probe administration. Taking the advantage of the presence of both 
photosensitizer (AlPcS4) and metal nanoparticles, (gold) a combination of PDT and 
 photothermal therapy (PTT)   could be performed simultaneously: when PDT was 
applied alone tumor growth regression was 79 %, whereas when the combination of 
PDT and  PTT   was applied the regression reached up to 95 %. This research work is 
a good example of combining photosensitizers to nanoparticles for dual imaging 
and therapy of various cancers. 

 Recently, a multifunctional nano- phototheranostic   carrier was developed by 
Wang et al. [ 47 ]. The probe was based on biodegradable polyacrylamides, which 
included an imaging agent (a cyanine dye), a photosensitizer drug (HPPH) and a 
targeting agent (F3-Cys) [ 47 ]. This novel multimodal theranostic system was spher-
ical in shape with ~44 nm in size and consisted of a biocompatible PEG surface 
coating. The nanoplatform was based on “see” and “treat” strategy, which combined 
PDT with fl uorescence imaging to effi ciently destroy cancer. The conjugation of 
targeting peptide to the NPs signifi cantly improved accumulation in cancer cells. 
Additionally, presence of imaging probes on the nanocarrier assisted in the detec-
tion of tumor cells. Most importantly, PSs attached to the polymeric nanomaterial 
generated singlet oxygen upon shining light thereby destructing cancer cells with-
out showing any dark toxicity. This unique combination of biodegradable, targeting, 
imaging, and therapeutic nanotheranostic platform is certainly an immense contri-
bution to cancer research. 

 Jang et al. described the development of gold nanorods–photosensitizer 
(MMP2P-GNR) conjugates for cancer treatment [ 40 ]. In this nano-platform, a 
 protease cleavable peptide linker was used to conjugate photosensitizers on the sur-
face of GNR. They have demonstrated that the fl uorescence and phototoxicity prop-
erties of the  nano-photosensitizers   is kept suppressed until protease cleavage takes 
place. Thus, the photosensitizer-decorated GNR remained inactive until delivered 
into the tumor cells, which are rich in  matrix metalloprotease-2 (MMP2)  . The pep-
tide linkages in  MMP2P–GNR   were cleaved by the protease and the photosensitizer 
gained both fl uorescence and phototoxicity, thereby damaging cancer cell lines. The 
in vitro studies with phototheranostic  nanoagent    MMP2P–GNR   showed that the 
probe was highly effective in SOG when protease rich HT1080 cell lines were used. 
Interestingly, with BT20 cell lines, which lack MMP2 (protease), the effi cacy of the 
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probe was rather low. Additionally, while comparing the nanoprobe MMP2P-GNR 
with a free photosensitizer (pyropheophorbide-a), the nanoprobe showed much 
higher effi cacy in damaging the cells lines. This study indicates the importance and 
effi cacy of conjugating photosensitizers to nanomaterials. This innovative activat-
able nano-phototheranostic  agent   can be applied effi ciently for simultaneous detec-
tion and treatment of various cancers.    

22.5     Concluding Remarks and Future Considerations 

 Nano-phototheranostics fi eld is very young compared to the area of nanothera-
peutics. However, this multifunctional imaging plus drug delivery nanoplatform 
has the full potential to eradicate many life-threatening diseases due to its targeta-
bility along with minimal side effects. Given the potential of these entities to 
incorporate versatile therapeutic and diagnostic moieties, they can defi nitely be 
benefi cial for the treatment of various diseases. Upon incorporation of targeting 
moieties such as antibodies, small molecules, or peptides onto nanosensitizers, 
their output will certainly be enhanced. 

 Phototheranostic nanoagents are attracting much attention for imaging and ther-
apy of certain cancers and other diseases. Imaging and therapy based on photother-
anostics is minimally invasive, rapid, inexpensive, and safer than the conventional 
alternatives [ 54 – 67 ]. Novel combinations of photosensitizers, nanoparticles, and tar-
geting agents are improving the theranostic capabilities, reducing side effects, and 
broadening the applications of this emerging technology. Further research is needed 
in broadening the applicability of nano-phototheranostics. This emerging imaging 
and drug delivery platform has the potential to be more broadly used than at present. 
Highly specifi c targeting agents including antibodies can be combined with more 
effective photosensitizers for enhanced usefulness. Developing new treatments based 
on phototheranostic nanotechnology requires a collaborative effort of a range of spe-
cialists including physicians, chemists, biologists, physicists, and engineers.     
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Chapter 23
Quantum Dots in Photodynamic Therapy

Osnir S. Viana, Martha S. Ribeiro, Adriana Fontes, and Beate S. Santos

23.1  Introduction

Since the first applications of nanostructured semiconductor materials in heteroge-
neous photocatalysis in the 1980s, their unique optical and electrical properties have 
open up several research fields. These semiconductor nanoparticles were denomi-
nated “quantum dots” (QDs) when their optical and electrical properties could be 
controlled by the dimensions of the nanocrystals. Soon, their unique properties 
attracted scientists at the biomedical and health interfaces and the first accomplish-
ments of these QDs included the concept of a new class of fluorescent labels. A 
deeper knowledge of the preparation, stabilization, and characterization of these 
systems allowed their recent applications in Photodynamic Therapy. Photodynamic 
Therapy (PDT) is a well-established clinical treatment modality for various dis-
eases, including especially malign tumors (e.g., melanoma, and esophagus and 
bladder cancers) and antimicrobial inactivation. This treatment is based on the 
administration of a photosensitizer, which induces the production of oxygen 
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reactive species upon excitation by light within the targeted tissue, causing cellular 
death by oxidative stress. Only in the last decade (>2000s) QDs have emerged as 
new photosensitizer candidates in PDT processes [1–3] and, although a deeper sce-
nario must still be drawn, a great number of studies already delineate the state of the 
art of their applications in this treatment modality. In the following sections of this 
Chapter, we will present the fundaments of Photodynamic Therapy and some fea-
tures related to QDs as active redox materials. The last section in the Chapter sum-
marizes the QD applications in PDT and shows that more studies are still needed to 
completely understand the therapeutic role of these nanoparticles.

23.2  Photodynamic Therapy

Photodynamic therapy (PDT) is the application of light-activated photosensitizers 
(PSs) in the presence of oxygen for either host cell destruction, as desired in cancer 
PDT, or antimicrobial purposes (also known as photodynamic inactivation, PDI). 
This process results in light-activated transfer of energy or electrons from the PS 
molecule to the surrounding environment. The first step in this process is to admin-
ister the PS to the target, which may be achieved by topical (skin lesions and cancer) 
or systemic (mainly in cancer PDT) routes. After a certain period of time (pre-irra-
diation time) sufficient to allow biodistribution of PS, the treatment site is irradi-
ated. The absorption of light by PS induces a cascade of photochemical reactions 
producing reactive oxygen species (ROS). Subsequently, there is the generation of 
multiple redox processes that install oxidative stress in the site of action leading to 
irreversible damage to the target cell and/or tissue.

The first experiences with PDT date from over 115 years ago, were reported by 
Raab, who observed that the exposure of paramecium to acridine dye and light 
could be lethal to the protozoan that causes malaria disease. He postulated that this 
effect was caused by the transfer of the luminous energy to the chemical environ-
ment within the cell, similarly to the process that occurs in plants by the absorption 
of light by chlorophyll. Neither the dye nor the light alone had any apparent effect 
on the paramecium organisms, but together they were highly cytotoxic [4]. In 1903, 
Von Tappeiner and his colleague Jesionek attempted to apply PDT in humans, for 
treatment of cancerous, syphilitic, and tuberculosis conditions [5].

Since then, several examples of photodynamic activity were observed for a vari-
ety of photosensitizers, both in vitro and in vivo. The research then took a different 
turn, concentrating the studies on the diagnosis and treatment of cancer and also 
the development of new photosensitizers and new light sources. In 1972, Diamond 
and colleagues tried to destroy tumor cells with an hematoporphyrin association, 
currently one of the most accepted photosensitizing agents, with X-ray exposure. 
However, experiments were unsuccessful, demonstrating that the light source (i.e., 
its electromagnetic radiation) should be in resonance with the absorption spectrum 
of the dye photosensitizer [6].
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Diseases, such as macular degeneration of the retina, several types of cancer, 
psoriasis, fungal and bacterial infections, warts, which are characterized by an 
abnormal growth of cells, are also being treated by photodynamic therapy [2, 7, 8].

The photodynamic effect depends on the combined action of drugs that are pho-
toactivated (photosensitizers) by a specific wavelength and energy of light, to 
destroy pathogenic organisms or tissues that have rapid multiplication. The photo-
dynamic process is based on the photo-oxidation of organic matter. The presence of 
PS, oxygen, and light irradiation at the site to be treated is needed. When PS absorbs 
light, it goes from the ground state to an excited state. The return to the ground state 
may take place through a triplet state, which then reacts with either the substrate 
(mechanism type I) or with molecular oxygen (mechanism type II) (Fig. 23.1).

Representative type I and type II reactions are expressed in Eqs. (23.1) and 
(23.2), respectively:

 

Type I
PS sub PS sub transfer

sub O sub O H
:

*3

3
2 2

+ ® + ( )
+ +® ®

·+ ·- -

·- ·-

e  

OO HO- ·+
 

(23.1)

 

Type II
PS

:
( )*3 3 1 1

1

+ ®
+ ® -

O PS+ O energy transfer

O sub sub OOH
2 2

2  

(23.2)

where sub is substrate.

Fig. 23.1 Modified Jablonski diagram adapted from personal communication of Michael 
R. Hamblin. The photosensitizer in the ground state (0PS) absorbs luminous energy (E = hν), result-
ing in an excited singlet state (1PS*). Returning to the ground state, the excited photosensitizer may 
undergo a transition to its triplet excited state (3PS*), where it may have two types of reaction. In 
the type I reaction, it can react directly with the substrate, such as the cell membrane or a molecule, 
transferring electrons (e-) to form a radical or radical ion in both PS and substrate. These radicals 
can further interact with oxygen to produce oxidized products. Otherwise, in the type II reaction, 
the excited photosensitizer transfers its energy directly to molecular oxygen (3O2), to produce sin-
glet oxygen (1O2), a highly reactive oxygen species, which may oxidize the substrate. IC internal 
conversion, F fluorescence, ISC intersystem crossing, P phosphorescence
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Thus, reactive oxygen species (hydroxyl radical, superoxide anion, hydrogen 
peroxide in reaction type I, and singlet oxygen in reaction type II) are generated 
locally, resulting in cell death in tumor tissue or inactivation of infectious agents by 
oxidative stress.

Literature strongly supports the hypothesis that PDT can represent a viable alter-
native to treat cancer and infectious diseases. For cancer, the major favorable fea-
tures of PDT comprise the avoidance of systemic treatment, selectivity for malignant 
cells, and repeatability. Regarding antimicrobial PDT (PDI), the main advantages 
are (i) the broad spectrum of action (bacteria, yeasts, and parasitic protozoa), (ii) 
outcome is independent of the antibiotic resistance pattern of the microbial strain, 
(iii) wide decrease in pathogens with minimal damage to the host tissue, (iv) absence 
of selection of photoresistant strains after multiple treatments, and (v) lack of muta-
genicity. In addition, PDT is a low cost and minimally invasive localized therapy.

For successful PDT, biological, physical, and chemical factors should be consid-
ered. The selectivity and retention of the photosensitizer by the target cell is of out-
most importance. Additionally, the intensity of light reaching the treatment region 
should be adequate to promote oxidizing effects on PS. Different types of organic 
molecules and complexes have been synthesized and studied as PS agents for use in 
PDT, such as phenothiazines, porphyrins and their derivatives, chlorins, and phthalo-
cyanines [9]. Although literature reports successful uses of PDT for treatment of 
some types of cancer and resistant infections in clinical trials, few photosensitizing 
agents have been produced commercially, due to the difficulty in obtaining stable and 
highly efficient photosensitizers. Therefore, the search for new alternatives has 
driven the use of nanoparticles for this type of therapy and QDs, as a unique class of 
nanostructured fluorophores, appear as promising alternative PS [10].

23.3  Quantum Dots: A Brief Review

The resizing of many materials from macroscopic to the nanoscale world has revealed 
that their physical and chemical properties could be changed drastically, depending 
on their size and shape. These features were key factors for the nanotechnology suc-
cess. Among these materials, are the nanocrystals of semiconductor materials in the 
quantum confinement regime, also known as Quantum Dots (QDs) [11, 12].

QDs are fluorescent colloidal nanocrystals composed by semiconductor materi-
als mainly comprised of II-VI or III-V chemical elements in binary or ternary com-
binations. With dimensions ranging from 2 to 10 nm, they present unique optical 
properties, such as their size-dependent fluorescence wavelength and great photo-
stability. Due to these special properties, QDs have been applied as fluorescent 
probes for molecular, cellular, and in vivo imaging, cytometry and fluoroimmunoas-
says, for biosensors and also, more recently, as photosensitizer in photodynamic 
therapy [13–24]. As fluorescent probes, QDs present the following advantages:

 1. Broad absorption spectrum band, which allows the fluorescence excitation of 
different QDs sizes at the same time (Fig. 23.2a) [14].

O.S. Viana et al.



529

 2. Fluorescence emission tuned according only to the nanoparticle size, for QDs 
synthesized from the same semiconductor materials, which provides access to a 
wide range of fluorophores colours tuned by the particle size (Fig. 23.2b).

 3. Narrower and symmetric emission bands (full width at half-maximum ~25–
40 nm), from the blue to the near infrared region, which allow multicolour analy-
ses avoiding spectral crosstalk.

 4. Large Stokes shift (Fig. 23.2a), interesting for experiments with QDs as FRET 
(Forster resonance energy transfer) donors for minimizing the possibility of 
direct excitation of the acceptors [25].

 5. Long emission lifetimes (dozens to hundreds of nanoseconds), allowing elimina-
tion of cell autofluorescence (which has considerably shorter lifetime) by fluo-
rescence lifetime analysis.

 6. Higher brightness and photostability, especially for core/shell QDs, which presents 
an even greater resistance against photobleaching (1000-fold more  photostable 

Fig. 23.2 Some interesting optical and structural properties of II–VI semiconductor quantum 
dots. (a) Size-dependent behaviour of absorption and emission spectra. (b) Characteristic size- 
dependent narrow emission band profile of the nanocrystals. (c) Chemical active surface of the 
quantum dots, allowing the bioconjugation of targeting molecules
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than organic compounds), allowing the follow up of events by fluorescence detec-
tion for long periods [26, 27].

 7. An active surface for chemical conjugation. The QDs can be conjugated to a 
variety of biomolecules and become hybrid (inorganic-biological) nanoparticles 
combining the characteristics of the two materials, the fluorescence properties of 
the QDs and the biochemical functions of the conjugated biomolecule, allowing 
analysis with a high specificity (Fig. 23.2c) [22]. The conjugation can be achieved 
electrostatically, by adsorption, or by covalent bonding.

QDs are generally constituted of atoms of elements from the II–VI (for example: 
CdS, CdSe, and CdTe) or III-V (such as, InP and InAs) groups of the periodic table. 
Semiconductors from the two groups have been extensively studied and can be pre-
pared using colloidal synthesis involving organic or inorganic building blocks, 
depending on the solvent (organic or aqueous, respectively) to render hydrophilic or 
hydrophobic QDs [26, 28–31]. In general, III–V semiconductor based QDs are 
more difficult to prepare due to their physicochemical nature. Thus, hydrophobic or 
hydrophilic, II–VI QDs became more popular fluorescent probes than III–V QDs.

As QDs are synthetized from semiconductor materials, their electronic 
descriptions are characterized by energy band profiles, which contrast with the 
molecular energy level description of ordinary single molecules. The most 
important optical properties of these materials are related to their valence band 
and their conduction band, which are separated by an energy band gap (Eg). This 
energy band gap depends on the intrinsic nature of the QDs. After light excita-
tion, the electrons from valence band are promoted to the conduction band and 
this transient charge separation within the particle is called “exciton”. After 
being excited to the conduction band, electrons return to the valence band pro-
ducing the excitonic recombination and producing fluorescence. The colour of 
the fluorescence is proportionally related to the QD band gap. The higher the QD 
band gap, the more energetic is the observed emission band. The exciton is 
described as an independent electronic species, which describes an excited elec-
tron (e) interacting with the hole (h) that was left in the valence band. The e-h 
pair may be described with an electronic level configuration distinct from that of 
the energy band of the semiconductor material and also by its radius (named 
exciton Bohr radius, aB). When the nanocrystals reach the size dimension of the 
exciton Bohr radius of that semiconductor material, their excitons sense the size 
confinement and as a consequence the nanocrystals’ energy levels modify. This 
is called the quantum confinement of the exciton and it is possible to tune the 
band gap energy and consequently the optical properties in this size regime (as 
depicted in Fig. 23.2a, b). The size regime in which the quantum-confinement 
effect is observed is dependent on the chemical nature of QD composition. QDs are 
nanocrystals quantum-confined in all three dimensions (3D), and as a consequence, 
smaller QDs present higher band gaps than larger QDs. Thus, smaller QDs present 
fluorescence towards the blue spectral region and, in the other hand, larger QDs 
emit light toward the red spectral region reaching, occasionally, the infrared spectral 
region (as in the case of PbS QDs).
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The QDs absorption and emission spectra can offer important information about 
these nanoparticles. The position (wavelength) and width of the maximum of the 
first absorption band (Fig. 23.2a) is related to the nanoparticles size and size 
 dispersion, respectively. The particle size of CdS and CdTe QDs has been correlated 
experimentally to their absorption band maximum wavelengths; the absorbance 
value can also provide the nanoparticles` concentrations for CdTe QDs [26, 32, 33]. 
Additionally, the width of the emission spectrum reflects the combination of the 
excitonic emission and the presence of crystal surface defects. The presence of sur-
face dangling bonds results in new electronic state traps between the valence and 
conduction bands. These new electronic states are responsible for the red shift and 
an enlargement of the emission band [14, 31, 34]. Figure 23.3 depicts the radiative 
pathways usually observed for light-excited QDs.

The emission quantum yield of these systems is related to the energy conver-
sion output in excitonic recombination processes. In order to decrease the pos-
sibility of energy losses by traps, the dangling bonds of the QDs may be 
compensated by growing a shell on the semiconductor core. QDs semiconductor 
core can be capped with organic or inorganic materials. For emission enhance-
ment purposes, a shell of another semiconductor material of greater band gap is 
usually applied. This chemical shell is called passivation shell and is formed by 
depositing some monolayers of a second semiconductor onto the QD core to 
guarantee a physical separation of the optically active core from the surround-
ing medium. This removes the trapping electronic stages and reduces the QDs 
sensitivity to chemical changes of the neighbouring environment, which results 
in improved optical properties (Fig. 23.3) [35].

Fig. 23.3 Light deactivation pathways observed in QDs. For surfaces where defects are in great 
concentration, the emission band is composed of wider bands of lower energy than that observed 
for the exciton recombination band
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QDs can label living biological systems by non-specific and specific interactions. 
Usually, the labeling of living cells by QDs is limited to the membranes. The use of 
QDs for intracellular study is still restricted because their passage through the cell 
membrane does not occur passively. QDs usually are internalized by cells and 
become trapped in endocytic vesicles, requiring the development of methods to 
deliver them freely into the cytosol. The internalization process depends either on 
the QDs properties (such as size, shape, surface functionalization, surface charge, 
and the combination of these properties) or on the cell type, for example: cell lin-
eage, metabolic state, cell cycle stage, normal or cancerous cells [31, 36, 37].

As the stages of preparation, conjugation, and application of QDs in biology are 
relatively well-established, there is a growing interest in testing these nanocrystals 
in clinical research. Although promising, there is a noteworthy concern in using 
QDs in humans due to the potential risk of toxicity, especially when they are based 
on heavy metals such as cadmium [38]. In this context, QDs of different composi-
tions and coatings are being evaluated not only in in vitro cell culture assays, but 
also in in vivo small animal and primates experiments [39]. Although there are QDs 
based on InP, ZnSe, and silicon that can be considered less toxic, QDs based on 
cadmium stand for their optical quality and good fluorescence intensity.

One of the alternatives explored to minimize the effect of QD toxicity is to modify 
their surface with materials that form a protective shell around the core of the nano-
crystal. Among the types of coatings, there are: (1) polyethylene glycol, which is 
able to circumvent the immune system responses and (2) zinc-based shells, as this is 
an essential element for humans. These coatings can be important to avoid degrada-
tion of cadmium-based QD cores and consequently release of toxic Cd2+ ions. A 
study using mass spectrometry showed that the release rate of Cd2+ ions resulting 
from the deterioration of the core was greater in CdTe QDs without a passivation 
layer. Conversely, the release of Cd2+ ions from coated QDs was lower, which resulted 
thus in lower toxicity, especially when QD were coated with a zinc shell [40].

In terms of biodistribution, hydrophilic QDs based on cadmium tend to concentrate 
in the liver in the first four hours after injection. A greater accumulation of QDs in 
kidney was observed over the following days, with QDs being detected in the body 
even after 80 days. Despite this long-term QDs accumulation, toxicity in mice in 
in vivo studies was not observed, even after QDs decomposition [41]. Controversially, 
cytotoxicity has been observed for Cd2+ QDs in in vitro studies. Although considerable 
information aroused from toxicity studies, further investigations are still needed to pro-
vide better conclusions on QDs toxicity and to address the consequences of their use in 
clinical research [42]. Aspects such as the QDs toxicity and the QDs interaction with 
living biological systems are critical to the development of QDs as photosensitizers.

23.4  Photodynamic Therapy and Quantum Dots

Almost a decade after QDs were successfully applied as fluorescent nanolabels in 
biological systems, their potential as ROS inductors for PDT started to be tested [43]. 
What attracted scientists to apply these nanocrystals as PSs was their known 
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capability of selectively transferring energy and/or charge to the surrounding species 
when excited by light. Unlike most organic photosensitizers, QDs do not have meta-
stable excited states, which can promote effective energy transfer, and distinct pro-
cesses are expected to occur in these systems to yield reactive oxygen species [44]. 
Two processes, namely type I and type II (depicted in Fig. 23.4), are described in the 
literature as possible mechanisms for QD-promoted ROS production.

In the so-called type I-induced photoreaction, QDs absorb a photon and pro-
duce electron-hole pairs, named excitons. These excited electrons normally 
return to the ground state emitting light, but they may also migrate to electronic 
traps present on the surface of the QDs. These trapped electrons may eventually 
be scavenged by O2 or O-containing molecules present in the surrounding 
medium, resulting in ROS production. This effect is even more expected for 
unpassivated QDs or those that were partially corroded by chemical processes 
exposing unshared bonds and increasing electronic traps. Some authors observed 
that up to a certain amount of corrosion of CdTe QD surface in water, the parti-
cles increased their ROS production, indicating a successful trapping of elec-
trons at the surface electronic levels [44, 45].

The type II photoreactions induce the excitation of the surrounding species after 
the primary excitation of QDs followed by relaxation via electron-hole recombina-
tion. This transferred energy may be sufficient to promote singlet oxygen (1O2) spe-
cies. For these processes, efficient luminescence is a determining factor for ROS 
production efficiency.

In the late 1980s, some authors reported on the energy transfer occurring between 
QDs and other species (molecules, proteins, and nanoparticles). The first attempts 
observed in the literature of producing ROS using QDs were summarized by Samia 
and coworkers in 2003 [43]. They found that direct photoactivation of QDs pro-
duces singlet oxygen (1O2) due to the excitonic energy transfer from QD to molecu-
lar oxygen (3O2) (Fig. 23.5); this process is marked, however, by an energy transfer 

Fig. 23.4 Light excitation of QDs followed by their possible mechanisms (type I and II) of pro-
ducing ROS
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of low efficiency. Some years later, Lovric et al. [46] were studying the cytotoxicity 
of QDs and they observed that one of the mechanisms related to their toxicity 
involved the production of reactive oxygen species within the cell cytoplasm. They 
concluded that applying bare QDs to biological systems caused a greater cell injury 
including damage to the plasma membrane, mitochondrion, and nucleus. Moreover, 
they suggested that QDs induced ROS formation and demonstrated that they avoided 
the oxidative processes by treating the cells with molecular antioxidants such as 
N-acetylcysteine or by surface modifications of QDs.

Alternatively, there is also a third indirect process by which QDs may induce 
ROS production. This process involves the QD energy transfer (via radiative or 
non- radiative manner by FRET) to other PS species present nearby the nanopar-
ticles (Fig. 23.5). In this case, the PS molecules attached to the particles or present 
in the colloidal medium can be activated by radiative or non-radiative energy 
transfers.

The use of QDs associated with photosensitizers has attracted the attention of 
many researchers particularly due to the ability of QDs to produce light over a 
broad range of wavelengths, which can be tuned to the correct wavelength to 
excite the PS [47–52]. Several authors have tried to increase the PS efficiency by 
exciting the associated QDs, expecting to induce energy transfer to organic PS 
compounds, such as porphyrins, phthalocyanines, dopamine, methylene blue, and 
peptides, or to inorganic complexes. Since the light extinction coefficients of QDs 
are one order of magnitude larger than that of PSs, the conjugation of QDs-PS 
seems a potential strategy to increase the PDT effect. Nevertheless the expecta-
tion, in the majority of cases the quantum yields observed for ROS production by 
the QDs-PS conjugates have been found to be lower than that of the free PS. Other 
energy-wasting processes, such as self-quenching of PS on the QD shell, are 
accounted for this inefficiency [53].

We observe that in a period of over a decade several systems have been tested for 
PDT applications: bare QDs, QDs in the presence of other PS molecules, and QDs 
attached to PS molecules. QDs of CdSe and CdTe have been the main systems 
tested. Some examples of systems tested in PDT are described in Table 23.1.

Fig. 23.5 ROS production process of QDs associated to other PS molecules
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Biological systems are, however, much more complicated as compared to aque-
ous solution chemistry. Up to the present date, a great number of studies showed 
that the QDs are indeed good candidates for PDT purposes [13, 20, 52, 55, 58]. So 
far, the (energy transfer)-mediated PDT by PS-QD conjugates has not been achieved 
in living systems, leaving a doubt whether the PS-QD conjugates can really work in 
PDT [47]. The mechanisms by which QDs are internalized within the cell moiety, 
for instance, also play an important role in the PDT action. We have recently 
reported that the internalization mechanism of QDs by cells can control the PDT 
performance [53]. For cells without cell wall such as parasites and human cells, 
QDs end up internalized more easily and the overall PDT action usually can be 
greater. For those cells that present a cell wall, such as the Candida albicans yeast 
cells, QDs are not  internalized by the common uptake mechanisms. This challenge 
may be overcome by bioconjugating the QDs with specific targeting molecules.

23.5  Conclusions and Perspectives

There are several advantages and limitations for both conventional PS drugs and 
QDs when individually applied for PDT. For example, some properties such as NIR 
absorption, broad absorption bands, and photostability are desirable for PDT. In 
contrast, the current PSs still present some disadvantages when compared to the 
unique optical properties of QDs, such as narrow absorption band, poor photostabil-
ity, and visible light absorption. The need to meet most of these properties together 
has led the search for new photosensitizers for PDT [62]. Besides the QDs’ advanta-
geous properties such as efficient light outputs and the capacity of tuning their 
absorption and emission bands, they present an exceptional photoresistance, when 
compared to the known organic photosensitizers. This last characteristic allows 
light excitation for continuous ROS production either via type I or type II processes 
enabling prolonged phototherapies. Some photoresistance studies were performed 
with different organic PS molecules and QDs, confirming that PSs are more prone 
to photodegradation (e.g. Kunz et al. [61]).

Although the overall reports [59] show a potential application of QDs and 
their conjugates with other PSs in PDT, the ΦΔ (quantum yield of singlet oxy-
gen) of different systems (mainly CdSe and CdTe QDs) determined by distinct 
authors in different colloidal media lie within the ΦΔ = 0.01–0.05 range [20, 43, 
54, 60]. These values are considered low when compared to the most common 
photosensitizers and several key points must be also taken into account when 
choosing the systems such as: (1) absorption and emission profiles of both QDs 
and PS species, (2) resilient time decay of the excited electron on the surface of 
the nanocrystals, which models transfer time interval of the excited light, and 
(3) photoresistance of the QDs.

Looking at the big picture, after a decade since the first results on application of 
QDs as PSs, there is still no definite answers, but rather some nice clues on the real 
potential of using QDs in PDT.
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 Metalloporphyrin in CNS Injuries                     
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      Abbreviations 

   CO 3  ∙−     Carbonate anion radical   
  CNS    Central nervous system   
  ECSOD    Extracellular superoxide dismutase   
  EMSA    Electromobility shift essay   
  FeP    Fe(III) porphyrin   
  FeTE-2-PyP 5+     Fe(III)  meso -tetrakis ( N -ethylpyridinium-2-yl) porphyrin   
  FeTM-4-PyP 5+     Fe(III)  meso -tetrakis( N -methylpyridinium-4-yl)porphyrin   
  FeTnHex-2-PyP 5+     Fe(III)  meso -tetrakis ( N - N -hexylpyridinium-2-yl) porphyrin   
  FeTSPP 3−     Fe(III)  meso -tetrakis(4-sulfonatophenyl)porphyrin   
   ∙ OH    Hydroxyl radicals   
  8-OHdG    8-Hydroxy-2′-deoxyguanosine   
  H 2 O 2     Hydrogen peroxide   
  HClO    Hypochlorous acid   
  ICV    Intracerebroventricular   
  IL-6    Interleukin-6   
  IP    Intraperitoneal   
  IT    Intrathecal   
  IV    Intravenous   
  LDH    Lactate dehydrogenase   
  MAP    Mean arterial blood pressure   
  MCAO    Middle cerebral artery occlusion   
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  MnP    Mn(III)-substituted  N -pyridyl- and  N,N′ -imidazolylporphyrin   
  MnTDE-2-ImP 5+     Mn(III)  meso -tetrakis ( N,N′ -diethylimidazolium-2-yl) 

porphyrin   
  MnTE-2-PyP 5+     Mn(III)  meso -tetrakis ( N -ethylpyridinium-2-yl) porphyrin   
  MnTnHex-2-PyP 5+     Mn(III)  meso -tetrakis ( N - n -hexylpyridinium-2-yl) porphyrin   
  MnTnOct-2-PyP 5+     Mn(III)  meso -tetrakis ( N - n -octylpyridinium-2-yl) porphyrin   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NF-κB    Nuclear factor -kappa-B   
   ∙ NO    Nitric oxide radical   
   ∙ NO 2     Nitrogen dioxide radical   
  O 2  ∙−     Superoxide anion radical   
  OGD    Oxygen glucose deprivation   
  ONOO −     Peroxynitrite   
  PBS    Phosphate-buffered saline   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  SAH    Subarachnoid hemorrhage   
  SOD    Superoxide dismutase   
  Sq    Subcutaneous   
  TNF-α    Tumor necrosis factor α   
  tPA    Tissue plasminogen activator   

24.1         Introduction 

  Metalloporphyrins   belong to a class of porphyrin-based redox-active compounds. In 
the center of a macrocyclic porphyrin ligand sits the metal, such as manganese, iron, 
or zinc. All reactions of interest occur at the metal site. The type and magnitude of 
the reactivity of metalloporphyrins are largely impacted by the structure of the por-
phyrin ligand. The macrocyclic character of porphyrin ligand results in vast stability 
of the metal complex towards the loss of metal. Such immense stability is the reason 
why nature has used porphyrin ring for essential metabolic functions such as trans-
port of oxygen and cytochrome P450-mediated metabolism of thousands of endog-
enous and exogenous chemicals. 

 Most  preclinical studies   have focused on cationic Mn(III)-substituted  N -pyridyl- 
and  N,N′ -imidazolylyl porphyrins (MnPs), which were optimized to exhibit high 
SOD-like activities [ 11 ]. Few studies examined Fe(III) porphyrins (FePs) also 
[ 67 ]. Initially, MnPs were described as mimics of SOD because their SOD-like 
activity, similar in magnitude to that of enzymes, was demonstrated [ 8 ,  15 ]. Animal 
studies have shown that they protect tissue and organs against ischemic brain injury 
[ 45 ,  68 ,  72 ], spinal cord injury [ 71 ], radiation-induced lung injury [ 31 ,  57 ,  58 ,  87 ], 
breast cancer [ 1 ,  2 ], and diabetes [ 55 ]. While MnPs possess same thermodynamic 
and kinetic properties as SOD enzymes, they are small molecules and thus no steric 
hindrance to reactive species larger than O 2  ∙−  is imposed. In turn, MnPs were 
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shown to very effi ciently scavenge other reactive species such as peroxynitrite and 
hypochlorite [ 11 ,  13 ]. MnPs, due to a biologically compatible reduction potential, 
oxidize signaling thiols (presumably acting in thiol oxidase or glutathione peroxi-
dase fashion) and thereby modulate redox signaling and activation of cellular 
 transcription factors such as NF-κB [ 10 ,  40 ,  59 ,  60 ], which has opened new avenues 
for treating CNS injury [ 13 ]. 

  FePs have   been also synthesized and proved effective in promoting the growth of 
SOD-defi cient  E. coli  [ 86 ]. The protective effects are seen only at low <1 μM levels 
and are toxic at concentrations of ~20 μM where Mn analogs are effi cacious [ 86 ]. 
The effects of FePs were reported in animal models, and one compound, INO-4885, 
is in clinical trials [ 67 ]. The data on FePs vs. MnPs suggest different mechanisms of 
action and toxicity; further studies on animal models are needed to understand chem-
istry and biology of FePs. Redox-inactive Zn porphyrins are used predominantly as 
photosensitizers [ 53 ] or as redox-inactive controls to MnPs or FePs. The largest 
database for metalloporphyrins in CNS injury has been obtained from the studies of 
MnPs, and it will be the focus of this chapter.  

24.2     Role of Oxidative Stress in CNS Injury 

 Numerous studies  have   reported that oxidative stress is  increased   following CNS 
injury including cerebral ischemia [ 17 ,  21 ,  34 ,  37 ,  76 ], traumatic brain injury [ 3 ,  5 , 
 24 ,  54 ,  61 ,  74 ], spinal cord injury [ 38 ,  43 ,  44 ,  49 ,  81 ], and hemorrhagic stroke 
[ 6 ,  27 ,  33 ,  95 ]. Oxidative stress plays a major role in the progression of injury and 
contributes to the severity of the outcome, not only in animal models, but also in 
humans [ 14 ,  18 ,  25 ,  28 ]. The key mechanism of action of MnPs involves restoring 
the balance of  reactive oxygen and nitrogen species   via redox-based activity [ 7 ,  10 ]. 
Therefore, it is important to learn how injury induces oxidative stress and to deter-
mine the status of those reactive species developed at different stages in the progres-
sion of injury. Such fi ndings will allow for the best management plan for preventing 
tissue damage resulting from oxidative stress in CNS injury. 

 Superoxide (O 2  ∙− ) is  a   primary free radical that is generated during the injury 
process [ 20 ,  75 ,  89 ]. It reacts with nitric oxide ( ∙ NO) to form peroxynitrite 
(ONOO − ), a powerful nitrating agent, resulting in nitration of tyrosine in cellular 
proteins and initiation of cell dysfunction and death. The human body has three 
known SOD isoforms: MnSOD, which is localized in the mitochondrial matrix 
[ 41 ], Cu,ZnSOD, which is located in cytoplasm and intermembrane space of 
 mitochondria [ 23 ,  39 ], and a Cu,ZnSOD isoform that is localized in the extracel-
lular space (ECSOD) [ 65 ]. These enzymes present our fi rst line of antioxidative 
defense and prevent the adverse effects of O 2  −  by dismuting it to hydrogen peroxide 
(H 2 O 2 ) and oxygen, thereby maintaining physiological nM levels of O 2  ∙− . SODs 
operate as an antioxidant system only if coupled with removal of H 2 O 2 . H 2 O 2  is 
readily removed by a number of redundant systems. Such are catalases, which dis-
mute H 2 O 2 , i.e., reduce it to water and oxidize it to oxygen. Glutathione peroxidases 
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and peroxyredoxins reduce H 2 O 2  to H 2 O (Fig.  24.1 ). If these enzymes are defi cient 
or inactivated during injury, damage can occur. H 2 O 2  reacts with reduced iron Fe 2+  
to form highly damaging but shortly lived hydroxyl radicals ( ∙ OH − ) via the Haber–
Weiss reaction. Another source of  ∙ OH −  in tissue is spontaneous degradation of 
ONOO −  to form  ∙ OH −  and highly oxidizing nitrogen dioxide radical ( ∙ NO 2  ∙ ) [ 20 ]. Yet, 
due to high in vivo levels of carbonate, ONOO −  readily forms an adduct with CO 2  
producing ONOOCO 2  − , which then gives rise to CO 3  ∙−  and  ∙ NO 2  radicals. The  ∙ OH 
radical is able, at sites of its production, to initiate lipid peroxidation by hydrogen 
abstraction and cause protein oxidation and DNA damage in cells. The endogenuous 
antioxidant enzymes may be impaired/inactivated due to oxidative modifi cations of 
their amino acid residues. Additionally, their expression may be suppressed due to 
modifi ed cellular transcriptional activity associated with CNS injury. Cumulatively, 
oxidative stress is induced and perpetuated, resulting in continuous/cycling damage 
to cells and tissues. In addition,  ∙ NO, a critical molecule that regulates local blood 
fl ow, may be removed in the reaction with O 2  ∙−  producing ONOO − . This results in 
decreased local  ∙ NO levels, which indirectly decreases tissue perfusion and thereby 
worsens the tissue damage. Additionally, nitric oxide synthase activity may be 
suppressed.

    Cationic MnPs are   powerful redox-active compounds which catalytically remove 
O 2  ∙−  and reduce ONOO −  [ 10 ], as well as other reactive species including carbonate 
anion (CO 3  ∙− ), hypochlorous acid (HClO), lipid peroxyl, and alkoxyl radicals [ 85 ]. 

  Fig. 24.1    Schematic showing formation of  reactive oxygen   and nitrogen species, and the action 
targets of MnPs in CNS injuries. While the ability of MnP to catalyze H 2 O 2  dismutation in 
catalase- like fashion is negligible [ 83 ], its reaction with H 2 O 2  in a glutathione peroxidase fash-
ion, leading to oxidative modifi cations of signaling protein cysteines, is likely to affect cellular 
signaling pathways [ 13 ]       
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In vivo Mn porphyrins also readily couple with cellular reductants (ascorbate, and 
thiols) and therefore remove reactive species in catalytic manner [ 10 ,  11 ]. Such has 
been shown with ONOO −  and O 2  ∙− . Further, MnPs, in a thiol oxidase or glutathione 
peroxidase fashion, can couple with H 2 O 2  to oxidize and/or glutathionylate signal-
ing thiols of p50 and p65 subunits of NF-κB subunits, which would result in 
 inhibition of NF-κB and subsequent suppression of excessive infl ammation [ 35 ]. 
This unique activity has been demonstrated repeatedly in in vitro and in vivo experi-
ments [ 9 ,  45 ].  Reactive oxygen and nitrogen species (ROS/RNS)   also participate in 
regulating cellular transcriptional signaling [ 19 ,  63 ,  64 ]. It has been shown in 
middle cerebral artery occlusion (MCAO) models that MnPs protect tissue in part, 
by inhibiting NF-κB transcription activity [ 12 ,  70 ] and in turn suppression of infl am-
matory responses. These fi ndings form a scientifi c basis for developing MnP-based 
therapy for CNS injury. 

 The effi cacy  of   treatment depends on dosing regime: administration during the 
optimal therapeutic window and for a suffi cient duration, in the absence of adverse 
drug effect. Thus, it is critical to defi ne the status of oxidative stress and the 
dynamic changes that occur during injury progression. O 2  ∙− , the initial free radical 
generated during injury, comes from several sources. In stroke or trauma, the inter-
ruption of blood fl ow leads to energy depletion and impaired metabolism. Electrons 
that are normally transferred along the respiratory chain of the mitochondria to 
oxygen at the site of cytochrome oxidase begin to accumulate at different sites of 
electron transport chain (e.g., complexes I and III). When blood fl ow is restored, 
oxygen, O 2 , is reduced by accepting an electron, giving rise to superoxide O 2  ∙− . 
This is believed to be the major source of reperfusion-derived O 2  ∙− . Other biologi-
cal chemicals including epinephrine, norepinephrine, ascorbate, semiquinones, 
and hemoglobin can also autoxidize to form O 2  ∙− . NADPH oxidases are another 
source of O 2  ∙− . The NADPH oxidase complex is a cluster of proteins that donate an 
electron from NADPH to molecular oxygen to produce O 2  ∙− . Although NADPH 
oxidases present a natural defense system to kill bacteria, they can also damage tissue 
at the injury site. Studies have shown that suppression of NADPH oxidases improves 
functional and histological recovery after cerebral ischemia and reperfusion injury 
[ 32 ,  48 ,  51 ]. 

 Oxidative stress,  through   activation of redox-regulated transcription factors, 
leads to expression of infl ammatory cytokines and chemokines, further disruption 
of the blood-brain barrier, recruitment of neutrophils, and activation of macrophage 
and microglia, all of which in turn amplify and sustain the infl ammatory response. 
This response may persist for several weeks. While infl ammation causes direct tis-
sue injury, it also serves a role in repair and neurogenesis. Hence, the interaction 
between Mn porphyrins and recovery may be complex and defi ned, at least in part, 
by timing of treatment onset and duration of treatment. Better defi nition of these 
interactions will likely lead to improved effi cacy from the MnPs. We know from 
existing data (see below) that MnP treatment must be sustained for at least 1 week 
to provide long-term effi cacy, presumably because this interval represents the acute 
phase of oxidative/infl ammatory injury. Effects of longer treatment intervals on the 
biology of recovery are not yet defi ned.  
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24.3     Therapeutic Potential of MnPs After CNS Injury 

  Transgenic and knockout mice   have  served   as novel tools in understanding the role 
of endogenous antioxidant enzymes in the progression of CNS injury. Overexpression 
of Cu, ZnSOD is neuroprotective in multiple injury models including cerebral 
ischemia [ 23 ,  29 ], spinal cord injury [ 80 ,  94 ], intracerebral hemorrhage [ 88 ], and 
cardiac arrest and resuscitation [ 93 ]. MnSOD overexpression is also neuroprotec-
tive in models of cerebral ischemia [ 30 ,  41 ,  47 ,  50 ,  52 ] and subarachnoid hemor-
rhage [ 46 ]. Our group examined the role of EC-SOD in brain injury and confi rmed 
that it is protective as well [ 56 ,  65 ,  66 ,  69 ]. These studies provide a rationale for 
investigation of exogenous SOD mimics in treating brain and spinal cord injury. 

 MnPs are more effective SOD mimics in SOD-defi cient  E. coli  and  S. cerevisiae  
models when compared to other compounds such as Mn(II) macrocyclic polyamines, 
nitroxide, nitrone, and Mn(III) salen complexes [ 84 ]. While Mn(II)  macrocyclic poly-
amines   are as  effi cient   in catalyzing O 2  ∙−  dismutation as MnPs, they are less stable 
towards the loss of Mn. The log value of their stability constant log  K  is 13.6 for 
M40403, which is similar to the stability constant for complex of Mn(II) with EDTA, 
log  K  = 14.04; in turn biological chelators can easily extract Mn from M40403 [ 7 ,  10 ]. 
MnPs are of such high stability that detection of their stability constant is not possible. 
The log K is likely much higher than 30. Most effi cacy studies of MnPs have focused 
on three compounds: manganese(III)  meso -tetrakis ( N -ethylpyridinium-2-yl) porphy-
rin (MnTE-2-PyP 5+ ) [ 45 ,  68 ], manganese(III)  meso -tetrakis ( N,N′ -diethylimidazolium-
2-yl) porphyrin (MnTDE-2-ImP 5+ ) [ 68 ,  72 ], and manganese(III)  meso -tetrakis 
( N - N -hexylpyridinium-2-yl) porphyrin (MnTnHex-2-PyP 5+ ) [ 70 ] (Fig.  24.2 ). These 
compounds have similar SOD-like activities, but have different redox properties and 
different lipophilicities and bulkiness, which affect their pharmacokinetic profi les, 
ability to cross the blood-brain barrier, and accumulation/distribution within cells 
and mitochondria [ 13 ]. All three of these MnPs have been demonstrated to be effi -
cacious [ 11 ,  77 – 79 ,  90 ], albeit with differential impacts on outcome, most likely 
due to bioavailability.

  Fig. 24.2     Molecular structures   of MnP compounds       
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24.3.1       Manganese(III) Meso-Tetrakis ( N -Ethylpyridinium- 
2-yl)Porphyrin (MnTE-2-PyP 5+ ) 

     MnTE-2-PyP 5+  was   the fi rst  MnP   demonstrated  to   have high SOD-like activity and 
was thus the fi rst examined in animal CNS injury models [ 13 ]. The MCAO is the 
most studied model of CNS injuries. It is performed by inserting a nylon monofi la-
ment coated with silicone into the right internal carotid artery until it reached to the 
anterior cerebral artery, largely blocking blood fl ow to the MCA. Cerebral blood 
fl ow was restored after 90 min of occlusion and injured rats were left to survive for 
1 week. To assure bioavailability to brain, 150 or 300 ng MnTE-2-PyP 5+  was 
directly injected into the right lateral ventricle 60 min before ischemia. Both groups 
treated with MnTE-2-PyP 5+  lost less body weight ( P  = 0.004) and had improved 
neuroscores ( P  < 0.01) and reduced infarct volumes ( P  < 0.01) compared to the 
phosphate buffered saline (PBS)-treated vehicle group. These fi ndings confi rmed 
that MnTE-2-PyP 5+  is neuroprotective in ischemic brain injury [ 45 ]. 

 Treatment following stroke is often delayed several hours since patients are 
often slow to present for medical care. An effective compound for treating stroke, 
therefore, must have a wide therapeutic window. To assess the therapeutic window 
for MnTE-2-PyP 5+ , rats were subjected to 90 min MCAO and received treatment 
60 min before ischemia, or at 5 min, 90 min, 6 h, or 12 h after ischemia [ 45 ]. PBS 
or 300 ng MnTE-2-PyP 5+  was injected directly into the right lateral ventricle. 
Injured rats were left to survive for 1 week. Neurological defi cits and infarct 
volumes were then measured. In rats treated with MnTE-2-PyP 5+  before ischemia, 
or at 5 or 90 min post-injury, the infarct volume was reduced to approximately 
25 % of the infarct volume of PBS-treated vehicle group. In the group that received 
delayed treatment at 6 h post-ischemia, the infarct volume was ~50 % of infarct 
volume of PBS-treated animals. However, in rats treated at 12 h post-ischemia, the 
infarct volume was not signifi cantly different from the one of the vehicle group 
(Fig.  24.3 ). These fi ndings indicate that MnTE-2-PyP 5+  offers a suffi ciently wide 
therapeutic window of 6 h.

   To determine the effi cacy in other species, MCAO was performed in mice [ 45 ]. 
Ischemia was induced for 90 min. PBS, or 50 or 100 ng MnTE-2-PyP 5+ , was injected 
into the right lateral ventricle at 5 min following reperfusion. Neuroscores and 
infarct volumes were assessed at 24 h post-injury. Again, both MnTE-2-PyP 5+  treat-
ment groups had improved neuroscores and reduced infarct volumes, indicating that 
effi cacy is reproducible across species. 

 In humans, intravenous administration is preferred. To test effi cacy following 
intravenous administration, mice were subjected to 90 min MCAO [ 45 ]. PBS, or 1 or 
2 mg/kg MnTE-2-PyP 5+ , was given through a jugular vein catheter at 5 min  following 
reperfusion, and neurological defi cits and infarct volumes were examined at 24 h. 
Compared to vehicle, both treatment groups had improved neuroscores ( p  = 0.04, 
vehicle 3 ± 0.75, 1 mg/kg MnTE-2-PyP 5  3 ± 2, 2 mg/kg MnTE-2-PyP 5  2 ± 2) and 
reduced infarct volumes ( p  = 0.009, vehicle 77 ± 24 mm 3 , 1 mg/kg MnTE- 2- PyP 5  
52 ± 33 mm 3 , 2 mg/kg MnTE-2-PyP 5  42 ± 33 mm 3 ). 
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 With MCAO treatments, we are targeting oxidative stress. Thus, in the rat model 
of transient MCAO, the extent to which MnTE-2-PyP 5+  decreases oxidative stress in 
ischemic brain injury was evaluated [ 45 ]. Aconitase activity, an enzyme that is sen-
sitive to superoxide-driven inactivation, and 8-hydroxy-2′-deoxyguanosine 
(8-OHdG), a biomarker of oxidative stress-related DNA damage, were measured in 
brain tissue samples harvested at 4 h posttreatment. Ischemic injury caused 
decreased aconitase activity, while 8-OHdG increased. However, in rats treated with 
300 ng MnTE-2-PyP 5+ , brain aconitase activity was 47 % greater than in the vehicle 
group, and 8-OHdG levels were decreased compared to the vehicle group. These 
fi ndings demonstrated that MnTE-2-PyP 5+  attenuates oxidative stress, which is con-
sistent with its benefi cial therapeutic effects. 

 MnTE-2-PyP 5+  showed no dose-dependent effect in mouse MCAO studies even 
when the dose was doubled, regardless of administration route. One explanation is 
that a dose higher than the minimal dose required for effi cacy does not enhance the 
protective effects due to the catalytic nature of its action. Hence, doses examined to 
date may have exceeded the dose necessary to provide maximal effi cacy. More 
detailed studies are needed to determine the minimally effi cacious dose and associ-
ate outcome effects with impact on oxidative stress. 

 The effi cacy of MnTE-2-PyP 5+  in other CNS injury models remains unclear. Two 
studies performed in forebrain ischemia and closed-head injury models yielded neg-
ative results [ 42 ,  45 ]. A rat model of forebrain ischemia mimics brain dysfunction 

  Fig. 24.3    Therapeutic window of  MnTE-2-PyP 5+    in a rat model of middle cerebral artery occlu-
sion. PBS or 300 ng MnTE-2-PyP 5+  was injected into the right lateral cerebral ventricle at 60 min 
before ischemia, or 5 or 90 min, or 6 or 12 h following reperfusion. Infarct volume measured at 7 
days post-injury is reported as a percentage change from the mean infarct volume in the respective 
vehicle-treated groups ( n  = 13–16 per group). * P  < 0.05       
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simulates some elements of cardiac arrest. In this model, blood fl ow to the cortex and 
hippocampus is transiently interrupted by ligating both common carotid arteries for 
10 min in a setting of hypotension, which was induced by withdrawing blood from 
the right jugular vein to maintain mean arterial blood pressure (MAP) at 30 mmHg. 
This low MAP prevents the collateral blood fl ow from the basilar artery, thereby 
causing near-complete ischemia in the cortex, basal ganglia, and hippocampus; how-
ever, the thalamus and brain stem retain suffi cient fl ow to prevent the injury [ 91 ]. 

 PBS or a single 300 ng dose of MnTE-2-PyP 5+  was injected directly into the right 
lateral cerebral ventricle 60 min before injury. Neurological function and cell death 
of region 1 of hippocampus proper (CA1) were assessed at 5 days post-injury. No 
difference in neurological function or percentage of dead cells in CA1 was detected 
between MnTE-2-PyP 5+ - and PBS-treated groups. This suggests that this compound 
does not protect CA1 neurons against ischemic insult, even though it was present in 
the ventricle adjacent to the hippocampus. Yet, only single 300 ng dose was tested. 
Plausibly, the sustained treatment would allow for a different result (see below). 

 Similar lack of effect was reported in a mouse traumatic brain injury model [ 42 ]. 
Closed-head injury was induced by placing a concave 4.2-mm metallic disc on the 
midline of the skull surface just caudal to bregma and then using a pneumatic cylin-
der containing a metal piston (3 mm diameter) to impact the disc at a velocity of 
6.8 ± 0.2 m/s, with a skull depression of 3 mm. PBS or 3 mg/kg MnTE-2-PyP 5+  was 
given intravenously 15 min after the injury. Neurological function and histology 
were assessed at 5 days post-injury. No effect of MnTE-2-PyP 5+  was found in this 
acute outcome experiment. Because aconitase activity was signifi cantly preserved 
in the treatment group at 2 h after injury, but not at 6 or 24 h, a single dose and its 
level might not have been suffi cient for outcome. Therefore, another experiment 
was performed using 6 mg/kg MnTE-2-PyP 5+ . Motor function was tested daily on a 
rotarod for the fi rst 5 days after injury, but the treatment group showed no improve-
ment. The Morris water maze test was performed at 3 weeks post-injury. Again, the 
treatment group showed no improvement in learning memory defi cit. A skull 
depression of 3 mm normally causes severe brain damage. Again, MnTE-2-PyP 5+  
failed to rescue tissue from this insult. A single dose may not have been adequate to 
cause sustained improvement in a long-term survival outcome study [ 77 ]. Thus, 
while evidence of effi cacy was absent, a sustained treatment paradigm might yield 
a different result. 

 MnTE-2-PyP 5+  has two major adverse side effects in rodents, behavioral change 
and arterial hypotension. Normal mice tolerate up to 5 mg/kg intravenous MnTE-2- 
PyP 5+ . However, when this dose was given 5 min after 90 min MCAO, severe behav-
ioral changes including proptosis, ataxia, and hypersensitivity to sound appeared at 
approximately 2 h after injection [ 45 ]. This adverse effect was sometimes lethal and 
was also observed in injured rats given an intracerebroventricular injection of 1 μg 
MnTE-2-PyP 5+ . Mice with cerebral ischemia tolerated up to 2 mg/kg intravenously 
without behavioral changes. Thus, 2 mg/kg served as the upper limit for the study. 
Hypotension is an adverse effect dependent upon the specifi c MnP, its dose, and the 
species and appears to be mediated by an intravascular mechanism [ 62 ]. Transient, 
but signifi cant, hypotension was induced after intravenous injection of 25 μg/kg 
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MnTE-2-PyP 5+  in normal rats. However, 5 mg/kg intravenous MnTE-2-PyP 5+  did 
not induce hypotension in mice [ 62 ]. When injected into the lateral cerebral ven-
tricle, however, hypotension was not induced. 

 Benefi cial effects of MnTE-2-PyP 5+  have not yet been investigated in cases when 
blood fl ow to the brain is not restored, as in a permanent focal ischemia state, which 
is commonly seen in clinical practice. Overexpression of Cu,ZnSOD does not pro-
tect brain in permanent cerebral ischemia [ 22 ]. The extent to which this predicts 
effi cacy of MnTE-2-PyP 5+  is not known. Stroke patients who present for care early 
and have a thrombotic vascular occlusion are treated with tissue plasminogen acti-
vator (tPA) or endovascular thrombectomy. MnTE-2-PyP 5+  combined with tPA or 
endovascular intervention may increase the effi cacy of current stoke treatment inter-
ventions. Preclinical testing is needed to explore this possibility   .  

24.3.2     Manganese(III) Tetrakis ( N,N ′-Diethylimidazolium- 
2- yl)Porphyrin (MnTDE-2-ImP 5+ ) 

     MnTDE-2-ImP 5+  is less   toxic due  to   its bulky structure, which suppresses the 
unfavorable interaction  with   biological targets. Thus, it accumulates less in  E. coli  
and is signifi cantly less protective to SOD-defi cient  E. coli  [ 84 ]. Its SOD-like 
activity is similar to that of MnTE-2-PyP 5+  [ 11 ]. Yet it has 118 mV higher  E  1/2  for 
Mn III P/Mn II P redox couple, the implication of which on therapeutic effects has not 
yet been assessed [ 68 ]. Behavioral side effects were compared in normal rats 
using multiple graded doses of these two compounds. The maximal intracerebro-
ventricular doses that induced only slightly noticeable behavioral effects were 
600 ng MnTE-2-PyP 5+  and 9 μg MnTDE-2-ImP 5+  [ 68 ], a reduction in toxicity to 
1/15 of MnTE-2-PyP 5+ . 

 The differential effi cacy of these two compounds was assessed in rat focal cere-
bral ischemia model [ 68 ]. Rats were subjected to 90 min MCAO, and given one 
dose of PBS, or either 300 or 4500 ng of MnTDE-2-ImP 5+ , or 300 ng MnTE-2- 
PyP 5+  via intracerebroventricular injection at 90 min after reperfusion. Neurological 
defi cit and infarct volume were assessed at 7 days post-injury. Surprisingly, these 
compounds improved functional and histological outcomes equally at 300 ng doses. 
The 4500 ng dose of MnTDE-2-ImP 5+ did not provide more protection compared to 
300 ng. The compound is catalytic and perhaps 300 ng may have produced a ceiling 
effect due to its effi ciency. To test this, another experiment was performed. The 
same experimental design was used except that MnTDE-2-ImP 5+  was administered 
in doses of 0, 100, 300, or 900 ng. Both sensorimotor function ( P  = 0.006) and total 
infarct volume ( P  = 0.03) were improved in a dose-dependent fashion (Fig.  24.4 ). 
Thus, a ceiling effect is yet to be defi ned, but likely is near 900 ng as this dose 
 produced outcome benefi t similar to that previously observed at 4500 ng. If so, this 
is important because limited MnTDE-2-ImP 5+  bioavailability, when given parenter-
ally, may still provide near-maximal therapeutic effi cacy.
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   To defi ne the brain elimination half-life of MnTDE-2-ImP 5+ , 300 ng was injected 
into the right lateral ventricle in normal rats, and brain samples were harvested at 
0.5, 1, 3, 6, 24, or 48 h after injection. The brain half-life was determined to be 
~10 h [ 68 ]. 

 To determine the therapeutic window, rats were subjected to 90 min MCAO, and 
300 ng MnTDE-2-ImP 5+  was given 6 h following reperfusion. The infarct volume 
was 160 ± 74 mm 3  in the vehicle group, and 92 ± 80 mm 3  in the treatment group 
( P  = 0.015) [ 68 ]. The data indicate that the therapeutic window is similar to 
MnTE-2-PyP 5+ . 

 All rats in experiments described above survived for 7 days. To assess the long- 
term effi cacy of MnTDE-2-ImP 5+ , another experiment was performed. The protec-
tive effect of a single intracerebroventricular dose of 900 ng was compared to the 
effects of an intracerebroventricular loading dose of 900 ng followed by a continu-
ous infusion of 56 ng/h for 1 week [ 72 ]. Sensorimotor function ( P  = 0.03) and total 
infarct volume ( P  = 0.003) were improved at 8 weeks post-injury in rats treated for 
1 week (Fig.  24.5 ), but not in rats treated with a single dose. This suggests ongoing 
molecular events in the post-ischemic brain amenable to MnP treatment. However, 
should that treatment be discontinued prior to resolution of such events, a rebound 
may occur resulting in loss of therapeutic benefi t.

   To test the protective effects of MnTDE-2-ImP 5+  in mice, 60 min of transient 
MCAO was performed [ 68 ]. An intravenous bolus dose of PBS, or 125 or 500 μg/kg 
MnTDE-2-ImP 5+ , was given at 5 min after reperfusion onset followed by PBS, or 

  Fig. 24.4    Dose-dependent effect of  MnTDE-2-ImP 5+    in a rat model of middle cerebral artery 
occlusion. At 90 min following reperfusion, 0, or 100, or 300, or 900 ng MnTDE-2-ImP 5+  was 
injected into the right lateral cerebral ventricle. Infarct volume was measured at 7 days post-injury. 
A dose-dependent decrease in total infarct volume (mean ± SD) was observed ( P  = 0.03)       
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250 μg/kg/h or 1 mg/kg/h for 24 h. Infarct volume at 24 h post-injury was reduced by 
28 % in treated groups compared to vehicle; however, no difference was found between 
the two MnTDE-2-ImP 5+  doses. Neurologic scores followed the same pattern. A phar-
macokinetic study showed that, in the high-dose group, plasma MnTDE- 2- ImP 5+  con-
centration was 2475 ± 471 ng/mL at 1 h post-treatment and slightly increased at 5 h. At 
24 h, the concentration increased to 5353 ± 4770 ng/mL. In the ischemic hemisphere, 
brain concentrations in the high-dose group were 78 ± 22, 151 ± 97, and 582 ± 645 ng/
mL at 1, 5, and 24 h post-treatment, respectively, which was two- to threefold higher 
than in the contralateral (uninjured) hemisphere. At 5 h following the low-dose infu-
sion, the MnTDE-2-ImP 5+  concentration in brain tissue was 34 ± 21 ng/mL and was 
identifi ed as the brain protective concentration. Effi cacy was further demonstrated in 
an in vitro experiment in which MnTDE-2-ImP 5+  attenuated oxygen/glucose/depriva-
tion (OGD)-induced lactate dehydrogenase (LDH) release and preserved aconitase 
activity in primary neuronal cell cultures ( P  < 0.01) [ 68 ,  92 ]. 

 A  proteomic analysis   was performed in mouse brain samples harvested from sham 
surgery and ischemic injury at 6 h following vehicle or high-dose MnTDE-2- ImP 5+  
given via intravenous infusion as described above [ 68 ]. The 2D gel electrophoresis 
showed that 40 proteins were upregulated and 6 proteins were downregulated twofold 
or more in the treatment compared to the vehicle group. Ischemia alone upregulated 
41 proteins and downregulated 9 proteins compared to sham surgery. Intravenous 
infusion of high-dose MnTDE-2-ImP 5+  upregulated 37 proteins in ischemic brain and 

  Fig. 24.5     MnTDE-2-ImP 5+    effi cacy in a long-term survival study in a rat model of middle cerebral 
artery occlusion. At 90 min following reperfusion, rats were treated with vehicle (PBS) or a single 
dose of 900 ng MnTDE-2-ImP 5+ . A separate cohort received vehicle or a 900 ng bolus of MnTDE- 
2- ImP 5+  followed by 56 ng/h continuous infusion for 1 week ( n  = 13–15 per group). Infarct volume 
(mean ± SD) was measured at 8 weeks post-injury. * P  = 0.003       
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downregulated no proteins compared to vehicle. The same dose of MnTDE-2-ImP 5+  
also attenuated mRNA expression of infl ammatory genes defi ned by reverse tran-
scriptase polymerase chain reactions [ 16 ]. 

 The effi cacy of MnTDE-2-ImP 5+  was also tested in a different mouse injury 
model, transient spinal cord compression injury. It was induced by transversely 
placing a fl exible silicone tube into the vertebral canal and removing it after 60 min. 
Such procedure generates a moderate degree of traumatic and ischemic tissue dam-
age. Intrathecal injection of PBS, or 2.5 or 5.0 μg MnTDE-2-ImP 5+  at the onset of 
compression, improved rotarod performance and total histology damage score in a 
3-week survival study [ 71 ]. However, intravenous continuous infusion of 0.5 mg/kg 
followed by 1 mg/kg/h for 24 h did not provide protection, indicating that the effi -
cacy in this model was dependent upon the route of administration, and that bio-
availability is critical in defi ning therapeutic effi cacy.     

24.3.3     Manganese(III) Meso-Tetrakis( N -Hexylpyridinium- 
2-yl)Porphyrin (MnTnHex-2-PyP 5+ ) 

    Both MnTE-2-PyP 5+  and MnTDE-2-ImP 5+   are   hydrophilic  compounds   and have 
demonstrated effi cacy in treating  cerebral   ischemia, but exhibit poor ability to pen-
etrate blood-brain barrier. MnTnHex-2-PyP 5+  is ~4 orders of magnitude more lipo-
philic than MnTE-2-PyP 5+  [ 11 ]. In normal mice, brain MnTnHex-2-PyP 5+  
accumulation is approximately ninefold greater than MnTE-2-PyP 5+  at 24 h after 
treatment with a single intraperitoneal dose [ 70 ]. 

 The maximal intravenous dose of MnTnHex-2-PyP 5+  in rats was determined 
based on arterial blood pressure changes. In 300 g Wistar rats, 75 μg MnTnHex-2- 
PyP 5+  was the maximal dose at which arterial blood pressure was not substantively 
affected, compared to a maximal dose of only 10 μg/kg MnTE-2-PyP 5+  [ 62 ]. Thus, 
MnTnHex-2-PyP 5+  has less effect on arterial blood pressure than MnTE-2-PyP 5+  
and can be administered to rats via a systemic route. The reason may lie in fact that 
cationic charges are less exposed to interactions with biotargets when they are sur-
rounded by a long hexyl chain when compared to short ethyl chains. 

 Based on this data, we performed MCAO outcome studies in rats treated with 
75 μg MnTnHex-2-PyP 5+  bolus intravenous infusion followed by 225 μg MnTnHex- 
2- PyP 5+  injected subcutaneously twice a day [ 70 ]. To defi ne the dynamic change in 
brain concentration, brain and plasma samples were harvested at 1 or 4 h, and at 1, 
3, or 7 days after start of treatment. Pharmacokinetic analysis revealed that up to 
25 nM MnTnHex-2-PyP 5+  was accumulated in the brain at the end of 7 days [ 70 ]. 
The dose is similar to ~35 nM identifi ed as protective dose of MnTDE-2-ImP 5+  
when given intracerebroventricular injection. After 90 min MCAO, treatment began 
at 5 min or 6 h after reperfusion and improved both neurological function and infarct 
volume at 7 days post-injury. In a second confi rmatory experiment, the effi cacy of 
treatment beginning at 6 h post-reperfusion was assessed. Cerebral blood fl ow was 
monitored with laser Doppler during the surgical procedure and for the duration of 
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ischemia to evaluate the severity of ischemia insult for all rats. Intra-ischemia laser 
Doppler red blood cell fl ow velocity was reduced to 20–30 % of baseline in both 
vehicle and MnTnHex-2-PyP 5+  treatment groups. Given this documented similarity 
of ischemic insult, MnTDE-2-ImP 5+  treatment continued to improve both neuro-
logical ( P  = 0.002) and histological outcome ( P  = 0.01), as measured at 7 days post- 
ischemia [ 70 ]. 

 Since MnTDE-2-ImP 5+  modulates infl ammatory responses at the transcriptional 
level [ 16 ,  68 ], an experiment was performed to determine whether MnTnHex-2- 
PyP 5+  operates through a similar mechanism of action. Rats were subjected to 
90 min MCAO and received 225 μg MnTnHex-2-PyP 5+  at 5 min after reperfusion 
onset, followed by another subcutaneous injection 12 h later. MnTnHex-2-PyP 5+  
inhibited TNF-α and IL-6 expression in the ischemic brain at 24 h post-injury. To 
determine whether this decrease in pro-infl ammatory cytokines was modulated by 
NF-κB, electromobility-shift assays (EMSA) were performed on nuclear extracts 
obtained at 6 h post-MCAO in rats treated with MnTnHex-2-PyP 5+  or vehicle. 
NF-κB activation was increased in the vehicle group. Treatment with MnTnHex-2- 
PyP 5+  inhibited nuclear NF-κB binding, which corresponded to a decrease in nuclear 
translocation of NF-κB, as shown by NF-κB p65 supershift analysis. Thus, 
MnTnHex-2-PyP 5+  suppressed infl ammatory responses by inhibiting NF-κB 
activation. 

  Cerebral artery aneurysm rupture   is a hemorrhagic stroke that causes subarach-
noid hemorrhage (SAH) leading to cerebral vasospasm and delayed neurological 
defi cit. Lysis of red blood cells in the blood clot releases O 2  ∙− , which reacts with  ∙ NO 
to form ONOO − . Decreased  ∙ NO and vascular wall damage by ONOO −  contribute 
to cerebral artery vasospasm. In a mouse model of subarachnoid hemorrhage, the 
hypothesis was tested whether MnTnHex-2-PyP 5+  scavenges O 2  ∙−  and ONOO −  and 
preserves  ∙ NO [ 70 ]. A blunt 6-0 fi lament was inserted into the internal carotid artery 
(ICA) and allowed to penetrate through the bifurcation of the anterior and middle 
cerebral arteries (ACA and MCA) to induce subarachnoid hemorrhage. Sixty min-
utes after injury, 225 μg MnTnHex-2-PyP 5+  or vehicle was given intraperitoneally 
twice per day for 3 days. Neurological function was assessed at 72 h, and cerebral 
arteries were casted by ink-gel perfusion. The internal diameters of the cerebral 
arteries were measured and the hemorrhagic size was scored. No differences in 
hemorrhagic scores were found between groups. However, treatment improved neu-
rological function score at 3 days post-injury ( P  = 0.02). Further, the diameters of all 
major cerebral arteries ipsilateral to the perforation were greater in the treatment 
group compared to vehicle ( P  = 0.015 in ACA, 0.0005 in MCA, and 0.003 in ICA). 
Basilar artery diameter was similar for both groups ( P  = 0.73), indicating that the 
ink-gel perfusion technique was consistent. Hypotension is considered as a side 
effect of Mn porphyrin treatment, but, here, the vasodilation effect of MnTnHex-2- 
PyP 5+  prevents SAH-induced cerebral artery vasospasm and improves tissue perfu-
sion and subsequently attenuated the neurological defi cit. Importantly, this vascular 
effect is not selective; therefore, patients who have already developed vasospasm 
may be adversely affected by MnTnHex-2-PyP 5+ , although this has not yet been 
examined at the preclinical level.     
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24.3.4     Other Metalloporphyrins in CNS Injury 

 Two  iron   porphyrins—Fe(III)  meso - tetrakis  (4-sulfonatophenyl)porphyrin 
(FeTSPP 3− ) and Fe(III)  meso -tetrakis( N -methylpyridinium-4-yl)porphyrin (FeTM- 
4- PyP 5+ )—can catalytically decompose peroxynitrite [ 36 ,  73 ]. Intravenous adminis-
tration of 3 mg/kg FeTSPP 3−  or FeTM-4-PyP 5+  at 2 and 6 h post-MCAO attenuated 
neurological defi cit and decreased infarct volume in a rat focal cerebral ischemia 
3-day survival study [ 82 ]. Intraperitoneal administration of 1 or 3 mg/kg FeTM-4- 
PyP 5+  30 min before 5 min of global ischemia in gerbils also showed a dose- 
dependent effect in improving neurological score, locomotor activity, and passive 
avoidance test scores at 24 h and decreased CA1 neuronal death measured 4 days 
post-ischemia [ 26 ]. Thus, two new FePs—FeTE-2-PyP 5+ and FeTnHex-2-PyP 5+—

 were synthesized by replacing Mn with Fe and compared with their respective 
MnPs [ 86 ]. In one experiment that assessed the effect of both compounds on the 
aerobic growth of SOD-defi cient  E. coli , 1 μm FeTE-2-PyP 5+  had an effect equal to 
20 μM MnTE-2-PyP 5+ . However, 10 mg/kg FeTE-2-PyP 5+  given twice a day for 1 
week was more toxic in mice compared to MnTE-2-PyP 5+ . The toxicity issues of 
FePs are still an issue to be explored given involvement of either free Fe 2+  or 
involvement of the Fe site in the Fenton chemistry formation of  ∙ OH species [ 11 , 
 86 ]. Interestingly, in mice treated with a single intraperitoneal injection of 5 mg/kg 
FeTnHex-2-PyP 5+  or MnTnHex-2-PyP 5+ , all 4 of the MnTnHex-2-PyP 5+  mice died 
within 2 h after injection, but two of the four FeTnHex-2-PyP 5+  mice survived for 1 
week. Further, 10 mg/kg FeTnHex-2-PyP 5+  injected intraperitoneally did not lead to 
hypotension, while the same dose of MnTnHex-2-PyP 5+  caused lethal hypotension. 
Such data suggest that FeTnHex-2-PyP 5+  may be preferred as it does not cause 
hypotension, but it may not have a benefi cial vascular effect potentially limiting its 
application. The origin of hypotension is still not understood. The differential effi -
cacy of MnPs and FePs requires further exploration. 

 A very lipophilic MnP compound, Mn(III) meso-tetrakis( N -n-octylpyridium- 2-yl)
porphyrin (MnTnOc-2-PyP 5+ ), should also be mentioned here. It had a benefi cial 
effect in an in vitro experiment showing >1000-fold higher effi cacy than its hydro-
philic analogue, MnTE-2-PyP 5+ , in attenuating OGD-induced lactate LDH release 
[ 92 ]. MnTE-2-PyP 5+  is 4.5 log units less lipophilic than MnTnOct-2-PyP 5+  [ 85 ].   

24.4     Conclusion 

 MnPs are clearly neuroprotective against insults to the central nervous system such 
as cerebral ischemia and reperfusion injury (Table  24.1 ). Both hydrophilic and lipo-
philic compounds can improve post-injury neurological scores and decrease tissue 
damage even when given at 6 h after reperfusion. Further investigation is needed to 
defi ne the dosing regime in each particular disease model including optimal dosing 
regimens, particularly in the context of clinically relevant long-term outcome 
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effi cacy analysis. Infl ammatory cytokines and reactive species are essential to direct 
stem cell migration in the process of neurogenesis, and suppression of their function 
may slow the tissue repair process, although this is undocumented. Additional 
studies are needed to determine whether sustained treatment after traumatic brain 
injury, global cerebral ischemia, or intracerebral hemorrhage is effective in contrast 
to single bolus doses, which have proven ineffective. Although those concerns must 
be addressed, MnP-based therapy is promising.
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      Abbreviations 

   COX    Cyclooxygenase   
  DA    Dopamine   
  EAAC1    Excitatory amino acid carrier 1   
  GABA    Gamma aminobutyric acid   
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  PNI    Peripheral nerve injury   
  PTM    Post-translational modifi cation   
  RVM    Rostral ventromedial medulla   
  SC    Spinal cord   
  PK    Protein kinase   
  SO    Superoxide   
  SOD    Superoxide dismutase   
  SODm    Superoxide dismutase mimetic   
  TH    Tyrosine hydroxylase   
  TRP    Transient receptor potential   
  XO    Xanthine oxidase   

25.1         Introduction 

  Physiological pain   is an unpleasant protective response that signifi es potential or 
actual tissue damage. As such,  acute pain   plays a vital role in survival and demands 
an inherent plasticity in order to attune physiological responses to the threat, degree, 
or persistence of injury. In some cases,  acute pain   responses can undergo a transi-
tion to chronic pain that results in a continuous state of non-productive pain that can 
severely hamper an individual’s quality-of-life [ 1 ]. Changes in cellular oxidative 
status serve an important function in detecting tissue insult and arbitrating or regu-
lating appropriate and inappropriate stress responses; to this end, it is known that 
the overproduction of oxidant molecules can signal a genomic antioxidant response 
and additionally produce molecular oxidative modifi cations that play a critical role 
in the initiation and persistence of pathophysiological pain and opioid analgesic 
failure (opioid tolerance and paradoxical hyperalgesia) [ 2 – 6 ]. The key molecules 
involved in  pathological pain   responses are superoxide radical anion (O 2  •– , SO), 
nitric oxide (NO), and their reaction product peroxynitrite (ONOO – , PN) [ 7 ]. These 
molecules can be produced by cellular enzymatic and mitochondrial sources and be 
potentiated as a result of the feedback-inactivation of scavenger systems by PN 
(e.g., the nitrative inactivation of mitochondrial superoxide dismutase, MnSOD). 
Collectively, processes resulting in and from the overproduction of SO, NO, and PN 
can be described by the term “nitroxidative stress.” In this chapter, we will discuss 
the role  of   nitroxidative stress in pathophysiological pain by fi rst examining the 
tools used to uncover the actions of these mediators and then dissecting the sources 
of nitroxidative stress in nociceptive processing. Finally, we will explore the contri-
bution of nitroxidative modifi cations to important classical pro- and anti-nocicep-
tive signaling systems in pain, including glutamate, opioid, vanilloid, catecholamine, 
and prostaglandin systems, and the transcriptional regulation of these pathways. 
The aim of this chapter is to foster a greater understanding of nitroxidative media-
tors in the induction and maintenance of persistent pathophysiological pain.  
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25.2     Pharmacological Strategies Targeting 
 Nitroxidative Stress   

  Because reactive species are inherently short-lived and therefore diffi cult to measure 
directly, pharmacological scavengers or decomposition catalysts have provided the 
greatest insight into the role of nitroxidant molecules in pain and their potential as 
therapeutic targets. The earliest studies investigating the role of nitroxidant mole-
cules in pain utilized scavengers such as  phenyl  N -tert-butylnitrone (PBN)   and 
 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL)   and unanimously impli-
cated nitroxidant molecules in a variety of infl ammatory [ 8 ], neurogenic [ 9 – 12 ], vis-
ceral [ 13 ], orofacial [ 14 ], and neuropathic [ 10 ,  15 – 17 ] pain states. However, it was 
quickly discovered that PBN and TEMPOL nonspecifi cally scavenge a number of 
reactive species including NO, SO, and in particular PN-derived species, such as the 
carbonate radical anion and hydroxyl radical, depending upon their oxidative status 
(reduced nitroxides form hydroxylamine or oxidized nitroxides form oxoammonium 
cations) [ 18 – 21 ]. Accordingly, these molecules failed to provide informative data 
about specifi c molecule involvement. To further the burgeoning understanding of the 
umbrella term “ oxidative stress”   as a category of distinct signaling molecules with 
specifi c pro-nociceptive actions, the development of more precise tools for probing 
the action of nitroxidative mediators in nociception was required. 

 Synthetic metal-based and non-metal SO dismutase enzyme mimetics (SODm) or 
“synzymes” [ 20 ,  22 ,  23 ] have been reported to facilitate the disproportionation of SO 
to hydrogen peroxide and molecular oxygen in paired single-electron transfer reac-
tions [ 29 ]. Current SODm  compounds   that have offered the greatest preclinical 
insights fall into two categories: (1) functionalized manganese(II) polyazamacrocy-
cles (e.g., SC-72325) and (2) iron(III) and manganese(III) porphyrins. Among Mn 
porphyrins, the  ortho  isomeric MnTE-2-PyP 5+  and MnTnBuOE-2-PyP 5+  are the most 
frequently and successfully studied compounds and are entering clinical trials. The 
most frequently studied Fe porphyrin is FeTM-4-PyP 5+  (Fig.  25.1 ) [ 20 ,  21 ,  24 ]. 
Functionalized manganese (II) compounds offer some selectivity toward various 
oxidant species through the low reduction potential of the metal center, which cannot 
be further reduced by many one-electron reductants (e.g., ascorbate, thiols), but can 
be oxidized by SO to Mn(III) and then rapidly reduced back to Mn(II) by SO [ 4 ]. 
Mn(II) polyazamacrocycles have been reported as specifi c SODms, but we now 
know that they are most likely SO-selective agents that can react at slower rates with 
PN [ 20 ]. These compounds are also shown to dismute NO into nitroxyl, HNO, and 
nitrosonium ion [ 25 ,  26 ]. As such, they have limited utility in sorting the contribution 
of SO from PN in various pathological states given their kinetic preference for react-
ing with SO. Indeed, Mn(II)-based SODms have demonstrated effi cacy in infl amma-
tory [ 27 ], osteoarthritis, and chronic articular pain models [ 28 ] and successfully 
identifi ed SO as a critical mediator in these pain states [ 20 ].

   The Mn(III) and Fe(III) metalloporphyrins are excellent  SODms   that operate 
through a Mn(III)-resting/Mn(II) redox couple. In addition to  SODm activity  , they 
also behave as  PN decomposition catalysts (PNDCs)   in the presence of biological 
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reductants [ 30 ]. These types of complexes are often considered to be SODms with 
PNDC activity and are thus powerful but nonselective antioxidants (Fig.  25.1 ) [ 20 , 
 21 ,  24 ]. The nonselective metalloporphyrin compounds have shown effi cacy in 
sphingosine-1-phosphate-induced [ 31 ] and carrageenan-induced [ 32 ] hyperalgesia, 
neuropathic pain associated with ischemia-reperfusion injury [ 33 ] and chemotherapy- 
induced neuropathy [ 34 ], and opioid tolerance and hyperalgesia [ 35 – 37 ]. Importantly, 
the potential clinical utility of these early metalloporphyrins remains limited by poor 
lipid solubility and oral bioavailability [ 4 ]. 

 Since the metalloporphyrin framework is an ideal scaffold for designing oxida-
tion catalysts with electronically tuned redox potentials, it was realized that metal-
loporphyrins could also be developed as PN-selective, SO-sparing tools through 
modifi cations of the ligand system. One interesting example is the widely used 
“SODm”  Mn(III) tetrakis-(4-benzoic acid)porphyrin (MnTBAP)  . This compound 
was recently shown to lack SODm activity, indicating that its biological activity is 
most likely due to its weak  PNDC   properties [ 38 ,  39 ]. Furthermore, data indicating 
anti-nociceptive synergy between  PNDC   compounds and clinically employed anal-
gesics (e.g., COX-1/COX-2 inhibitors [ 40 ] and opioids [ 35 ]) spurred the develop-
ment of SO-sparing metalloporphyrins with an eye towards clinical utility. 
Specifi cally, changes were made in order to generate compounds with in vivo oral 
bioavailability, tolerability (reduced toxicity), and SO-sparing properties. Utilization 
of manganese as a catalytic center circumvents the toxic Fenton chemistry that is 
seen with iron complexes [ 41 ]. In order to avoid the highly cationic nature of ortho 
and para Mn porphyrins—which renders these compounds unacceptable for clinical 
use due to poor lipophilicity and ion channel interaction-associated acute toxicity—
lipophilic cyclohexenyl functionality was incorporated to shield the hydrophilic 

SC-72325 MnTMPyP5+ SRI6 SRI110

Catalyst Selectivity
SO-selective        Non-selective          PN-selective       PN-selective

  Fig. 25.1    Structures of catalysts used to reduce  nitroxidative stress  . From  left  to  right , manganese 
decomposition catalyst structures ordered from superoxide-selective to superoxide-sparing. The 
PN-selective SRI compounds possess substitutions that lower the oxidation potential of the manga-
nese center in order to preclude SO reaction and favor PN decomposition as well as bioavailability       
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metal center during passive transcellular transport [ 4 ]. These compounds therefore 
have enhanced membrane permeability, reduced overall positive charge, and pos-
sessed a metal-centered reduction potential that is well below the useful range for 
dismutation of superoxide (+0.30 V is optimal for high SOD activity) [ 42 ,  43 ]. 
Applying the aforementioned ligand substitutions to the bis(hydroxyphenyl)dipyro-
methene and porphyrin classes has produced the clinically usable compounds 
SRI110 [ 44 ] and SRI6 [ 4 ] (Fig.  25.1 ). These next-generation  PNDCs   have already 
demonstrated anti- nociceptive qualities in models of neuropathic pain associated 
with  chemotherapy- induced peripheral neuropathy (CIPN)   [ 34 ] and are perhaps the 
fi rst  PNDCs   poised to bridge the preclinical use of metalloporphyrins with the clini-
cal targeting of PN in chronic pain.   

25.3     Generation of Nitroxidant Mediators in Pain 

 As discussed, a variety of pharmacological tools have intimated a role for SO, NO, 
and PN in several pathophysiological pain states.  Post-translational modifi cation 
(PTM) of proteins      is a key pro-nociceptive mechanism of nitroxidative stress [ 45 ], 
and specifi cally the relevance of PN nitration among the alternative actions of PN 
has been controversially highlighted in the literature [ 46 ]. Importantly, the conse-
quence of NO nitrosylation [ 47 ] is separate from the ability of PN to nitrate tyrosine 
residues [ 48 – 50 ] and consequently modify protein function. The latter appears to be 
a mechanism specifi c to pathological rather than physiological pain. For example, in 
pathophysiological pain, an abundance of NO in the presence of unmanaged mito-
chondrial SO production (e.g., due to the nitrative inactivation of MnSOD) is thought 
to favor nitration rather than nitrosylation of amino acid residues. Evaluating the 
relative abundance of specifi c molecules is therefore important in understanding 
nitroxidative mechanisms in pain. Unlike other PTM mechanisms like phosphoryla-
tion, a “denitrase” capable of reversing nitrative PTMs has only been fl eetingly 
described [ 51 ,  52 ] and to date remains uninvestigated in pain. At present, it appears 
that targeting reactive species directly is the best approach to alleviate nitroxidative 
stress in the context of chronic pain. As such, unraveling the enzymatic sources of 
SO and PN in nociceptive processing is of paramount importance [ 3 ,  23 ]. 

25.3.1      Superoxide         

    Superoxide (O 2  •– , SO) has a longstanding role in the etiology of chronic pain states 
and the induction of central sensitization [ 4 ,  5 ]. By measuring the SO dismutation 
product H 2 O 2  or utilizing SODm compounds to scavenge SO, a host of literature has 
implicated SO generation in a variety of infl ammatory and neuropathic pain states 
[ 12 ,  15 ,  53 ,  54 ]. While SO (through the formation of hydrogen peroxide) plays a 
vital role in regulating the oxidation status of thiol protein residues [ 55 ] and can 
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therefore alter protein function directly, the role of SO in pain is largely regarded as 
a rate-limiting precursor to PN formation [ 4 ,  5 ]. 

 SO is classically produced as a byproduct of mitochondrial metabolism. 
Specifi cally, electron transport through complexes I and III of the respiratory chain 
generates a basal level of SO [ 56 ,  57 ] and represents a coupling of cellular energy 
demand to oxidative stress. Pharmacological disruption of electron transport in dor-
sal horn spinal neurons shifts the nociceptive threshold and leads to mechanical 
hypersensitivity [ 58 ]. Bioenergetic dysfunction and unregulated mitochondrial SO 
production has been implicated in fi bromyalgia [ 59 ], capsaicin-induced secondary 
hyperalgesia [ 11 ], persistent pain associated with CIPN [ 60 ] and diabetic neuropa-
thy [ 61 ,  62 ], loss of opioid analgesia [ 63 ], and opioid-induced hyperalgesia [ 64 ]. 

 Alternatively,  cytosolic production of SO   can occur via the enzymes NADPH 
oxidase (NOX) and xanthine oxidase (XO). The membrane-bound  NOX   generates 
SO through the transfer of electrons across the plasma membrane coupled to a reac-
tion process wherein NADPH donates an electron to oxygen.  NOX   activity is initi-
ated and regulated through PTMs and requires the assembly of several components 
that can include the membranous subunits, p22  phox   and the catalytic core gp91  phox  , as 
well as several cytosolic components, including p47  phox  , p40  phox  , p67  phox  , and rac1/2 
[ 65 ]. Importantly, the enhanced availability of SO reinforces the expression of the 
gp91   phox   [ 66 ] and other  NOX   subunits [ 67 ]. The  protein components of NOX   are 
expressed in neurons, astrocytes, and microglia [ 68 – 70 ] and its induction is impli-
cated in central sensitization associated with infl ammatory hyperalgesia [ 71 ], 
peripheral nerve injury-induced neuropathic pain [ 72 ], and the development of 
paclitaxel-induced CIPN [ 73 ]. Accordingly, the regulation of the NOX  homologs   
NOX1, NOX2, and NOX4 are growing targets in the fi eld of chronic pain [ 74 ]. 
NOX2 is thought to generate SO in reactive microglia during peripheral nerve 
injury (PNI)-induced neuropathic pain [ 72 ,  75 ], and indeed, activation of spinal 
NOX2 leads to mechanical hypersensitivity and is involved in the induction phase 
of neuropathic pain resulting from chronic constriction injury [ 76 ]. Spinally 
expressed NOX1 [ 77 ] and NOX2 [ 35 ] have also been demonstrated to play a pivotal 
role in sensitizing mechanisms associated with the development of opioid analgesic 
tolerance [ 78 ]. NOX4 is functional in a subset of nonpeptidergic nociceptors and 
myelinated dorsal root ganglion (DRG) neurons and plays a pro-nociceptive role in 
the maintenance of PNI-induced neuropathic pain [ 79 ]; silencing NOX4 by restor-
ing miR23b microRNA function ameliorates neuropathic pain by protecting 
GABAergic neurons from reactive oxygen species-mediated apoptosis [ 80 ]. Thus, 
there is a clear role for NOX-derived SO in the etiology of several pain conditions. 

 The  generation of SO   as a byproduct of XO-catalyzed reactions is not the exclu-
sive purpose of the enzyme, and accordingly, fewer anti-nociceptive strategies have 
targeted this enzyme with the intention of SO attenuation. Importantly,  XO inhibi-
tors   are clinically utilized for the treatment of gout and gout-associated pain. While 
some work has suggested that diminishing SO generation could be one mechanism 
by which  XO inhibitors   function to relieve pain [ 81 ] and indeed, allopurinol has 
demonstrated effi cacy in a model of post-ischemic pain [ 82 ], XO is not currently 
targeted as a fundamental mechanism of SO production in pathological pain. 
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 As discussed above, several mechanisms contribute to the generation of SO 
under normal and pathological conditions. Accordingly, the  SO dismutase (SOD) 
enzymatic system   is dedicated to the disproportionation of SO in the mitochondrial 
matrix via SOD2/MnSOD [ 83 ] and SO in the cytosolic and mitochondrial inter-
membrane spaces via SOD1/CuZnSOD [ 84 ]. In pathophysiological pain states, the 
functional inactivation of the mitochondrial SOD system can occur via the 
Mn-catalyzed nitration of the tyrosine residue Tyr34 by PN [ 85 ]. The  functional 
inactivation of MnSOD   provides a critical self-perpetuating mechanism for the con-
tinued production of SO as a substrate for PN formation in the development and 
maintenance of central sensitization [ 11 ,  12 ,  27 ,  36 ,  42 ,  86 ]. Inactivation of MnSOD 
has also been implicated in the loss of opioid analgesia [ 63 ] and the development of 
opioid-induced hyperalgesia [ 35 ,  78 ], further suggesting a role for this mechanism 
in  nociceptive plasticity  . As such, the mitochondrial SOD system is an important 
target for regulating the generation of SO as a precursor to PN during pain.     

25.3.2     Nitric Oxide 

     Nitric oxide (NO)         has a long and well-investigated history in neuronal signaling as 
a neurotransmitter [ 87 – 89 ] and as a retrograde signaling molecule [ 90 ] that func-
tions to activate guanylyl cyclase to result in the production of cyclic GMP and 
 protein kinase G (PKG) activation   [ 91 ,  92 ]. NO has been intensively investigated 
for its pro-nociceptive functions as an activator of cGMP [ 93 ] and as a nitrosylating 
agent [ 94 ], but more recent data has focused on NO as a rate- limiting step in the 
formation of PN [ 4 ,  5 ,  95 ]. Whereas the induction of canonical NO signaling has 
important functions in protective physiological pain, the function of NO subserving 
the formation of PN is only implicated in pathophysiological pain states [ 27 ,  40 ]. In 
therapeutic development for pathological pain, it is vital to target mechanisms that 
do not interrupt the normal pain response to damaging stimuli; as such, this chapter 
will focus on NO as a rate-limiting precursor to PN. Many reviews are available on 
the role of canonical NO signaling in physiological pain [ 96 ,  97 ]. 

  NO is a diffusible gas mediator synthesized from  L -arginine by  nitric oxide syn-
thase (NOS)  , of which there exist three isoforms [ 98 ].  Endothelial NOS (eNOS)   is 
most well-known for its expression in the cardiovascular system as a regulator of 
vascular tone.  eNOS   is a membrane-bound enzyme that is constitutively expressed; 
however, it requires the interaction of calcium and calmodulin for its activation [ 99 ]. 
 Neuronal NOS (nNOS)   is also constitutively expressed and also requires calcium for 
its activation [ 100 ], but is primarily found in the cytosolic compartment of neurons—
specifi cally, anchored to the post-synaptic density [ 101 ].  nNOS   activation is there-
fore coupled to neuronal activity, as the availability of cytosolic calcium results in its 
activity. In abnormal pain states, neuronal hyperexcitability and excessive activation 
of postsynaptic  N -methyl- D -aspartate (NMDA) receptors can result in increased 
 calcium infl ux and hyperactivation of  nNOS   in a calcium/calmodulin- dependent 
 manner [ 102 ]. Genetic studies have implicated  nNOS   in the development of neuro-
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pathic pain and specifi c nNOS inhibitors show preclinical utility in PNI and CIPN 
models [ 103 – 106 ]. Activation of  nNOS   contributes to the PN-mediated downstream 
phosphorylation of NMDA receptors in a mechanism of central sensitization [ 10 ] 
and is a principal source for PN formation in the DRG during diabetic neuropathy 
[ 107 ]. Lastly,  inducible NOS (iNOS)   is a cytosolic isoform that is widely expressed 
in many cells of the immune system and glia.  iNOS   expression fi rst requires tran-
scriptional activation, and once translated, the iNOS isoform is constitutively 
active—that is, iNOS activity is independent of calcium [ 108 ]. The induction of 
 iNOS   is one of the most provocative mechanisms of PN formation in glia, although 
as a gas mediator, glial-derived NO can easily diffuse across membranes to directly 
impact neuronal function. The contribution of glial  iNOS   to PN generation has been 
shown to be signifi cant in neuropathic pain [ 95 ] and some studies have suggested 
that iNOS induction is more critical to the maintenance phase rather than the induc-
tion phase of neuropathic pain states [ 103 ]. Orally bioavailable  iNOS   inhibitors have 
been developed preclinically in infl ammatory and neuropathic models of pain [ 109 ], 
but the effect of these agents on PN formation remains to be investigated.  

 It is now evident that in spite of the nomenclature, all three NOS isoforms are 
relevant to aberrant nociception [ 102 ,  110 ]. However, while NOS activation is a 
prerequisite to the formation of PN, targeting NOS isoforms in order to abrogate PN 
formation may be limited by the off-target functions of NO in the cardiovascular 
system, the immune system, and physiological nociception.     

25.3.3     Peroxynitrite 

    As we have emphasized in this chapter,  peroxynitrite         (ONOO − , PN) is a highly reac-
tive oxidant and nitrating agent that largely accounts for the biological actions of 
SO and NO in pathological pain. PN is generated by a diffusion–controlled cou-
pling of SO and NO, and as such, the proximal availability of SO and NO regulates 
the production of PN. While there is not a single PN-synthesizing enzyme, some 
studies have suggested that a phenomena known as  NOS uncoupling   could result in 
the production of both SO and NO as a mechanism of direct PN generation in vivo. 
In diabetic patients, the production of PN is hypothesized to produce NOS uncou-
pling as a positive feedback mechanism on PN generation [ 111 ]. However, the 
physiological occurrence and relevance of NOS uncoupling in pain remains unin-
vestigated [ 112 ]. 

 The coordinated proximal induction of SO and NO has been documented in 
endothelial cells through the formation of membranous microdomain “redox sig-
nalosomes” in response to pro-infl ammatory stimuli (e.g., TNF-α) [ 113 ]; in these 
microdomains,  eNOS   and the catalytic subunits of NOX are tethered in close prox-
imity to reinforce the interaction of SO and NO to form PN. The relevance of redox 
signalosome microdomains in non-endothelial cells and NOS enzymes that are non-
membrane bound (i.e., iNOS and nNOS) is an area ripe for investigation. It is 
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known that eNOS residues that allow its association with caveolin-1 in microdo-
mains is conserved across all three NOS isoforms [ 114 ]. Moreover, we have dis-
cussed the membrane tethering of nNOS in neurons, but it is not known whether 
 nNOS   or  iNOS   associate with NOX subunits in lipid microdomains in neurons or 
glia. Such a mechanism could fulfi ll an important gap in our knowledge about the 
cooperative induction of NOS and NOX to form PN in response to infl ammatory or 
stress-associated stimuli in the CNS. In Fig.  25.2 , we have summarized our 
discussion of the known and hypothesized mechanisms of PN generation in neurons 
and glia.   

25.4         Nitrative Modifi cations of Neurotransmitter Systems 
in Pathological Pain 

 During pathophysiological pain, changes in neuroplasticity occur at multiple levels 
of the neuraxis in order to enhance the perception of pain; we have referred to this 
neuroplasticity as sensitization. Nociceptive sensitization is a theoretical mecha-
nism underlying hyperexcitability that can occur peripherally in afferent neurons or 
centrally at spinal or supraspinal sites. Herein, we will discuss how nitroxidative 
stress underpins systems-level changes in endogenous pro-nociceptive and anti- 
nociceptive pathways (Fig.  25.3 ). Specifi cally, we will discuss how nitroxidative 
stress elicits hyperexcitability in pain neurons by modifying the synaptic half-life, 
effi cacy, or functionality of neurotransmitters, altering ion conductance and mem-
brane potential, or interfering with intracellular signaling. We will highlight the 
possibility of nitration events (see Table  25.1  for summary) in systems such as lipi-
dergic and peptidergic neurotransmitter systems, and how attenuating PN in these 
systems may lead to relief of pain. It is important to note that this discussion is 
limited by a dearth of pain-related studies of nitration in pain-related neurotransmit-
ter systems, and this research is urgently needed in order to better realize the thera-
peutic utility of targeting PN-driven nociception.

25.4.1        Part 1: Pro-nociceptive Systems 

     Glutamatergic Signaling            

     Abnormal pain states and loss of pharmacological analgesia feature dysfunctional 
glutamatergic signaling [ 115 – 117 ]. Alterations in glutamate function are a funda-
mental mechanism of spinal central sensitization [ 118 ] and supraspinal descending 
facilitation [ 119 ] in pathophysiological pain. Nitrative alterations in the glutamater-
gic system therefore provide an archetypal example of the relevance of nitroxida-
tive signaling modifi cation in pathophysiological pain [ 32 ]. 
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 Glutamate is a small molecule neurotransmitter that is the primary excitatory 
mediator in nociception and is a signaling partner to the slow peptide transmitter 
substance P in peptidergic nociceptors [ 120 ]. Glutamate is released presynaptically 
to function at post-synaptic depolarizing ionotropic NMDA, kainate (KA), and 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors as well 
as at pre/post-synaptic metabotropic glutamate receptors [ 121 ]. Given the excitatory 
nature of glutamate binding, the glutamatergic synapse is tightly regulated in order to 
protect neurons from excitotoxicity [ 122 – 124 ]. Following  neurotransmission, gluta-
mate is removed from the synaptic cleft by sodium-dependent high- affi nity membra-
nous glutamate transporters (GTs) in both neurons and glia [ 125 – 128 ] and 
enzymatically decomposed to glutamine by glutamine synthase (GS). Glial gluta-
mate reuptake transporters GLAST (EAAT1) and GLT-1 (EAAT2) [ 129 ,  130 ] are 
responsible for >90 % of total glutamate transport in the superfi cial dorsal horn [ 131 ], 
and the functional inhibition of these transporters by nitration [ 132 – 139 ] plays a role 
in the etiology of infl ammatory hyperalgesia [ 32 ], neuropathic pain [ 73 ], and opioid 
analgesic tolerance [ 36 ]. Attenuating glial GT nitration directly with PNDCs [ 32 ,  34 ] 
or indirectly by reducing PN formation with the spinal administration of A 3  adenos-
ine receptor agonists [ 73 ] ameliorates behavioral indicators of pathological pain. 

  Fig. 25.3    Generation of nitroxidative stress in the nervous  system  . The production of nitroxidant 
mediators in glia (a) and neurons ( b ). Mitochondrial respiration is a primary source of intracellular 
SO and is a key mechanism in sustaining the production of PN in both neurons and glia. Membrane-
bound NOX isoforms can oxidize intracellular NADPH to produce extracellular SO that can then 
be transported into the cell or alternatively diffuse paracellularly. In glia, NO can be generated 
through the transcriptional induction of the constitutively active, calcium-independent iNOS 
enzyme. In neurons, constitutively expressed but calcium-dependent nNOS is tethered to the post-
synaptic density by PSD-95 in order to produce NO in a calcium-dependent and therefore activity- 
dependent fashion. Accordingly, PN is readily generated in metabolically active cells and, 
specifi cally, activated neurons and glia ( NOX  NADPH oxidase,  XO  xanthine oxidase,  iNOS  induc-
ible nitric oxide synthase,  nNOS  neuronal nitric oxide synthase,  Glu  glutamate)       
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Similarly, the neuronal GT, EAAC1 [ 140 – 145 ], can be inactivated via nitration and 
thus further contribute to the synaptic availability of glutamate. Importantly, neuronal 
EAAC1 is also largely responsible for the uptake of cysteine [ 146 – 148 ], a rate-limit-
ing substrate for the synthesis of the thiol- protective antioxidant glutathione [ 149 ]. 
PN nitrative inactivation of EAAC1 leads to a reduction in neuronal oxidant-handling 
capacity [ 139 ,  150 ] and reinforces glutamate- driven pro-nociception [ 151 ], such that 
anti-PN strategies are likely to produce dual inhibition of synaptic nitroxidative stress 
by restoring thiol-protective redox systems (i.e., glutathione). 

 In addition to the inactivation of transporters that limit the synaptic half-life of 
glutamate, nitration of glutamine synthase produces a loss-of-function that eliminates 
GS-driven glutamate decomposition [ 134 ,  135 ]. GS inactivation results in neuronal 
excitability [ 152 ,  153 ] and astrocyte hypertrophy associated with enhanced glutamate 
release [ 154 ,  155 ]. Similar to GLT-1 and GLAST, nitrative inhibition of GS in patho-
logical pain states [ 32 ,  36 ] can be attenuated directly using  peroxynitrite decomposi-
tion catalysts (PNDCs)   [ 32 ,  34 ] or indirectly by inhibition of PN generation via A 3  
adenosine receptor agonists [ 73 ] and is associated with the reversal of nociceptive 
behaviors in infl ammatory, neuropathic, and chemotherapy-induced pain states. 

 Finally, nitration events can modify postsynaptic glutamate receptors [ 156 – 158 ] 
as a mechanism of nociceptive sensitization [ 118 ,  119 ]. The NR1 subunit of the 
 NMDA receptor (NMDAR)   is a critical regulator of NMDAR function [ 159 ] and is 
subject to several PTMs including nitration and phosphorylation. Interestingly, PN 

   Table 25.1    Biological nitrations relevant to aberrant nociception and opioid analgesic failure   

 Receptors and 
transporters  Functional consequence  References 

 NR1  Increase in conductance  [ 156 – 158 ] 
 TRPV1 a   Loss of desensitization  [ 195 ] 
 EAAC1  Loss of transport activity  [ 150 ] 
 EAAT2 (GLT-1) b   Loss of transport activity  [ 36 ] 
  Intracellular enzymes  
 TH  Inactivation  [ 264 ] 
 GS b   Inactivation  [ 135 ] 
 COX-2  Activation of prostaglandin synthesis  [ 224 ,  225 ] 
 PKC  Activation or inhibition of kinase activity  [ 162 ,  163 ,  189 ] 
 IkB  Enhances phosphorylation and degradation  [ 269 ,  271 ] 
 MnSOD b   Inactivation of SOD activity  [ 85 ] 
 SIRT1/3/6  Inactivation of deacetylase activity  [ 291 ,  292 ] 
 HDAC2  Inactivation of deacetylase activity  [ 287 ] 
  Ligands and mediators  
 Met-enkephalin b   Loss of opioid receptor activity  [ 37 ] 
 Leu-enkephalin  Protective in neutrophils  [ 236 ,  237 ] 
 NE  Loss of activity  [ 257 ] 
 Linoleic acid  Gain of TRPA1 agonist properties  [ 205 ] 

   a Computational hypothesis 

  b Known contribution to opioid analgesic failure (tolerance and/or paradoxical hyperalgesia)  
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can elicit both of these mechanisms of NMDAR regulation in pathological pain 
states. For example, tyrosine nitration of NR1 by PN results in the potentiation of 
synaptic current and calcium conductance [ 156 – 158 ] and is thought to be a vital 
pro-nociceptive mechanism in neuropathic pain. NMDAR function is also posi-
tively regulated by PKC-mediated phosphorylation of NR1 [ 160 ,  161 ] and PN has 
been illustrated to produce the nitrative activation of PKC [ 162 ,  163 ] and the 
PN-dependent phosphorylation of NR1 [ 164 ]. Accordingly, a free radical scavenger 
reduces spinal NR1 phosphorylation in neuropathic and infl ammatory hyperalgesia 
[ 10 ], underscoring the contribution of nitroxidative species to NMDAR activity in 
central sensitization. Adenosine-targeted pharmacological strategies have also been 
useful in attenuating the effects of PN. In hypoxia-reoxygenation injury, the adenos-
ine 2A receptor agonist attenuates NR1 phosphorylation-mediated excitotoxicity 
[ 165 ]. Furthermore, our group has utilized selective adenosine 3 receptor agonists 
to preclude the nitration of GLT-1 and GS in  chemotherapy-induced neuropathic 
pain   [ 73 ]. These studies implicate the adenosine axis as a pharmacological receptor-
mediated mechanism by which nitration events can be infl uenced.      

    Transient Receptor Potential  Channels            

      The transient receptor potential (TRP) family of nonselective cation channels plays 
a vital role in the molecular integration of multiple endogenous and exogenous sen-
sory stimuli including but not limited to noxious heat or cold, pH, stretch, pressure, 
oxidants, and noxious chemicals [ 166 ,  167 ]. The  TRP vanilloid channel 1 (TRPV1)   
is of particular relevance to pain [ 168 – 171 ] as these receptors are found on small and 
medium primary afferent nociceptors and in CNS areas responsible for nociceptive 
processing [ 172 – 174 ]; acting as critical mediators of infl ammatory thermal hyperal-
gesia [ 175 – 177 ]. Because TRPV1 mediates the infl ux of sodium and calcium ions in 
neurons, its activation promotes glutamatergic signaling [ 178 – 182 ] and is thought to 
promote long-term potentiation [ 183 ], which we have discussed as an important con-
tributor to central sensitization. Accordingly, TRPV1 has been targeted in the man-
agement of various pain states with a degree of success [ 184 – 186 ]. 

 The interplay of TPRV1  and PN      in pathological nociception is an area that warrants 
further investigation. Importantly, a host of literature implicates oxidation events in the 
activity, expression, and sensitivity of TRPV1 receptors: SO stimulates TRPV1 activ-
ity in infl ammation [ 187 ,  188 ] and this may occur through a PN-mediated mechanism 
involving PKC nitrative activation [ 162 ,  163 ,  189 ] and the subsequent phosphorylative 
activation of TRPV1 [ 190 ,  191 ]. Further, in vitro studies demonstrate that NOX activ-
ity and oxidant donors induce TRPV1 channel expression and activity [ 192 ,  193 ]. 
While the physiological nitration of TRPV1 by PN has not been conclusively demon-
strated to date, studies have identifi ed the tyrosine residue  Tyr671   on TM6 of TRPV1 
as essential to the characteristic slow desensitization of the channel—a mechanism 
that permits sensory neuron adaptation to noxious stimuli over time [ 194 ]. Substitutions 
 of   Tyr671 result in the loss of TRPV1 desensitization [ 195 ], leading to the hypothesis 
 that   Tyr671 nitration may modify TRPV1 desensitization properties. Conversely, the 
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activation of TRPV1 in skeletal muscle during muscular hypertrophy is dependent on 
the formation of PN via the concurrent activation nNOS and NOX4 [ 196 ]. Furthermore, 
oxidation of cysteine residues in the cytoplasmic termini of TRPV1 produces receptor 
sensitization [ 197 ,  198 ], such that oxidative or nitroxidative modifi cations of TRPV1 
can lead to the persistent activation of TRPV1-expressing nociceptors in pathophysi-
ological pain [ 197 ]. 

 TRPV1 activation also appears to provide positive feedback on PN generation in 
pain. TRPV1 sensitization drives the production of nitroxidative species in CGRP- 
positive neurons [ 199 ] and trigeminal ganglion neurons [ 200 ], and furthermore, 
TRPV1 drives NOX expression in activated microglia [ 201 ] and DRG neurons dur-
ing infl ammatory pain [ 71 ]. Recent evidence suggests that TRPV1-mediated 
increases in oxidant and nitrative mediators contribute to the maintenance of infl am-
mation by promoting the expression of the tumor necrosis factor (TNF) receptor in 
DRG neurons [ 202 ]. 

 Finally, the ability of specifi c oxidized lipids to act as TRP ligands has been 
hypothesized to play a role in the development of hyperalgesia and allodynia. The 
oxidized linoleic acid metabolites (9- and 13-hydroxyoctadecadienoic acid) act as 
TRPV1 agonists in the periphery and spinal cord to promote hyperalgesia [ 203 , 
 204 ], and importantly, the nitrative product nitrooleic acid also leads to nociceptor 
activation through the TRPA1 channel [ 205 ]. Indeed, oxidized linoleic acid metabo-
lites are thought to drive persistent pain following thermal injury [ 206 ]. Given the 
extensive documentation of nitroxidative stress in the periphery and spinal cord 
during infl ammatory hyperalgesia [ 27 ,  86 ,  207 ], it is plausible that nitroxidant 
mediators also regulate TRPV1 activity through the generation of oxidized linoleic 
acid and the increased formation of oxidized metabolites. Taken together, the cycle 
of TRPV1-mediated nitroxidative stress and nitroxidant activation of the TRPV1 
system provides a provocative target in persistent pain states; however, a greater 
understanding of the specifi c contributions of PN, SO, and other oxidants to this 
system is required.       

     Cyclooxygenases and Prostaglandin Signaling               

      Since the advent of NSAID pain relievers, cyclooxygenase (COX) enzymes have 
held a time-honored role in nociceptive processing; these enzymes include the con-
stitutive COX-1 and inducible COX-2 [ 208 ,  209 ]. COX is responsible for the gen-
eration of prostanoids through the conversion of free arachidonic acid to prostaglandin 
H2 (PGH 2 ), which can serve as a precursor for downstream prostaglandins such as 
PGE 2 , prostacyclin, and thromboxanes [ 210 ]. The function of PGE 2  at its cognate 
receptors (EP 1-4 ) in pain has been documented at the peripheral level, and most 
famously in infl ammatory pain where it plays a vital role in the activation and sensi-
tization of peripheral nociceptors [ 211 – 213 ]. Prostaglandin signaling has also been 
documented to play a role at the spinal level in the dorsal horn in somatic pain and 
in the late phase of carrageenan-induced peripheral infl ammatory pain [ 214 – 216 ] 
and is implicated in preclinical neuropathic pain and clinical neuropathic pain 
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resultant from nerve injury and painful neuroma in humans [ 217 ]. Accordingly, 
 successful antinociceptive strategies have inhibited COX-1 and/or COX-2 function 
and/or prostaglandin generation. The impact of PN on COX activity and prostaglan-
din generation is therefore of paramount relevance to nociception. 

 COX enzymes are “receptor targets” for the multifaceted action of NO in noci-
ception and as such are regulated in its presence [ 209 ,  218 – 221 ]. Whereas we have 
previously mentioned that this chapter will discuss NO as a substrate for PN due to 
the role of NO in protective pain states, the interaction of iNOS and the inducible 
COX-2 isoform represents a unique and important mechanism in the maintenance 
of chronic and pathological pain states. A physical interaction between iNOS and 
COX-2 exists wherein iNOS binds COX-2 and facilitates an increase in the cata-
lytic activity of COX-2 through S-nitrosylation [ 222 ]. Excessive prostaglandin syn-
thesis by COX-2 is thought to play a priming role in the acute-to-chronic pain 
transition both peripherally and spinally [ 223 ], such that the pathological induction 
of these enzyme isoforms could serve as a “bridge” between normal protective pain 
and pathophysiological chronic pain. 

 It is now acknowledged that PN can also produce the activation of COX enzymes 
in pathological states, although this interaction is less understood. For example, PN 
can produce the oxidative modifi cation of key amino acids residues in the COX 
polypeptide backbone in order to result in enhanced prostaglandin biosynthesis 
[ 224 ,  225 ]. To this end, PN-mediated increases in prostaglandin synthesis via 
COX-1 and COX-2 contribute to the development of peripheral sensitization in 
infl ammatory pain [ 40 ]. In other biological systems, the PN-mediated nitrative inac-
tivation of prostacyclin (PGI 2 ) synthase shifts the balance of prostanoid metabolism 
to favor PGH 2  and subsequently PGE 2  [ 226 ,  227 ]. Taken together, these data illus-
trate a clear mechanism for PN-mediated favor of prostaglandin signaling in noci-
ception and may represent a primary avenue by which PN-scavenging strategies 
attenuate pain.        

25.4.2     Part 2: Anti-nociceptive Systems 

     Opioid signaling            

     Perhaps most famous in the realm of analgesia is the endogenous and exogenous mod-
ifi cation of opioid signaling. In pathological pain states, a variety of hypotheses exist 
regarding endogenous anti-nociceptive opioid signaling (e.g., endorphins and enkeph-
alins [ 228 ,  229 ]) and the function of pro-nociceptive opioidergic signaling (i.e., dyn-
orphin [ 230 ,  231 ]) in descending facilitation [ 232 ,  233 ]. Importantly, the endogenous 
anti-nociceptive endorphins and enkephalins possess tyrosine residues that can be 
prone to nitration [ 234 ]. The nitration of leu-enkephalin with PN at physiological pH 
has been described in liquid and gas chromatography studies [ 235 ,  236 ] and nitrated 
enkephalins have been isolated from human neutrophils [ 237 ]. Because the tyrosine in 
 met-enkephalin (MENK)   is the key biologically active pharmacophore required for 
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binding with all opioid receptors [ 238 ,  239 ], it is hypothesized that  nitration [ 240 ] 
reduces or eliminates binding and anti-nociceptive properties at μ- and δ-opioid recep-
tors. It is known that the supraspinal (i.e., rostral ventromedial medulla, RVM) activity 
of PN suppresses descending inhibitory input, as intra-RVM administration of PNDCs 
attenuates infl ammatory hyperalgesia [ 37 ] and opioid tolerance [ 63 ]. Indeed, the 
PN-mediated nitration of MENK to  3- nitrotyrosine- methionine-sulf oxide (NSO-
MENK)   results in a functional inactivation of the peptide. NSO- MENK   has no appre-
ciable binding to opioid receptors and furthermore lacks analgesic qualities and 
anti-nociceptive effi cacy in neuropathic pain relative to MENK [ 37 ]. A clear role 
exists for nitroxidative modifi cation of the descending opioidergic system in patho-
logical pain states, but largely remains to be investigated. 

 In counterpoint, we have referenced at length the driving role of nitroxidative 
stress in the development of opioid tolerance and opioid paradoxical hyperalgesia. 
There exists an intricate and only partially understood link between opioid tolerance 
and hyperalgesia, and certainly these properties of the opioidergic system have been 
targeted in an attempt to increase the clinical effi cacy of opioids in pathological 
pain. Our laboratory has extensively characterized the overlapping pro-nociceptive 
and pro-tolerance role of PN in the opioidergic system. At the spinal level, induction 
of pathological SO derived from NOX and mitochondrial activity drives PN accu-
mulation in a spinal mechanism that underpins tolerance [ 35 ,  64 ,  78 ]. At a supraspi-
nal level (RVM), the nitrative inactivation of MnSOD contributes to opioid 
tolerance, and co-administration of a PNDC prevents both MnSOD nitration and 
the development of tolerance [ 63 ]. Finally, PN formation plays a critical role in 
neuroimmune activation associated with tolerance and nitration of glial proteins 
[ 241 ,  242 ]. There is a defi nitive role for the activation of glia in tolerance mecha-
nisms [ 117 ], and accordingly, it is thought that PN could drive the reactive state of 
these cells. The diversity of mechanisms by which PN enacts opioid plasticity in 
rodent models lends support to the use of PNDC or SODm compounds in tandem 
with opioids as a mechanism of ameliorating tolerance mechanisms and improving 
analgesic effi cacy.      

     Catecholamine Signaling            

     Catecholamines, including dopamine (DA) and norepinephrine (NE), play a vital 
role in the descending modulation of spinal nociception and pathological pain [ 243 –
 249 ]. Dopaminergic signaling is thought to mediate tonic pain suppression via the 
mesolimbic dopamine circuit [ 250 ,  251 ] and in ventrolateral orbital cortex-evoked 
descending inhibition of nociception [ 252 ]; the loss of these inhibitory pathways 
has been implicated in neuropathic pain [ 253 ] and may permit the persistence of 
pain states. Similarly, norepinephrine comprises a vital inhibitory system that 
principally originates in the locus coeruleus and descends to stimulate spinal α2 
receptors in a mode of descending inhibition of nociceptive transmission [ 254 , 
 255 ]. Because the catecholamine structure lends itself to nitration, the nitrative 
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modifi cations of DA, epinephrine, and NE have been described chemically [ 256 ], 
but have not been directly investigated in pain to date. In sepsis, catecholamine 
inactivation by PN mediates the hyporeactivity of patients to NE-mediated vasocon-
striction; in these instances, NE sensitivity is restored with administration of a 
SODm [ 257 ]. It may be hypothesized that nitrative inactivation of NE and/or DA 
could underlie persistent pain in pathological states. 

 In addition to the direct nitration of catecholamines, the nitrative inactivation of 
tyrosine hydroxylase—the enzyme responsible for converting  L -tyrosine into 
 L -DOPA, a precursor to both DA and NE [ 258 ]—has been extensively documented 
in neurodegenerative literature. Nitrative inactivation of TH in the striatum and 
subsequent loss of DA transmission is observed in models of Parkinsonian neurode-
generation [ 259 ,  260 ]. Furthermore, chronic estradiol-17β elicits the nitrative inac-
tivation of TH associated with decreases in NE production in areas of the CNS 
[ 261 ]. Critically, it remains controversial whether PN mediates TH inactivation via 
sulfhydryl oxidation [ 262 ,  263 ] or tyrosine nitration [ 264 ], as both of these modifi -
cations are known to occur in the presence of PN. A greater understanding of the 
interaction between PN and the catecholamine systems will benefi t our ability to 
target these systems via PN-attenuating strategies in pain.        

25.5     Nitroxidative Regulation of Transcription 
in Pathological Pain 

25.5.1     NF-κB  Transcriptional Regulation         

    Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a tran-
scriptional regulatory complex that serves as a cytosolic “stress response” sensor in 
virtually all vertebrate cell types. The complex NF-κB detects a variety of noxious 
or damage-associated stimuli including infl ammatory mediators, bacterial or viral 
antigens, and changes in cellular redox status [ 265 ]. There is a demonstrated rela-
tionship between PN and NF-κB activation in a variety of pain states: NF-κB activa-
tion occurs in persistent infl ammatory pain and in the development and processing 
of pathological pain [ 266 ]. The pathological activation of the NF-κB complex in 
glia contributes to reactive hypertrophic states and the production of infl ammatory 
mediators during pain [ 117 ]. In human intervertebral disc cells, PN stimulation or 
treatment with SIN-1, a concomitant SO/NO donor, produces the translocation of 
NF-κB and gene expression of pro-infl ammatory IL-1β and IL-6, implicating PN in 
degenerative back pain [ 267 ]. Furthermore, paw injection of PN produces activation 
of NF-κB in paw tissues and subsequent changes in COX expression in infl amma-
tory pain [ 40 ]. NF-κB therefore has a reputable role in pathophysiological nocicep-
tion due to the tight correlation between nociceptive mechanisms and cellular stress; 
however, current research techniques struggle to uncouple the role of NF-κB in pain 
from its broader role in other insults such as ischemia, excitotoxicity, and cell death. 
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 In unstimulated cells, the NF-κB dimer is sequestered in the cytoplasm by its 
cytosolic inhibitor, IκB. The canonical activation of NF-κB involves TNF, TLR, or 
T-cell receptor activation of the IκB serine/threonine kinase (IKK) complex, resulting 
in phosphorylation and proteolysis of IκB and the nuclear translocation of activated 
NF-κB [ 265 ]. Importantly, IκB can also be phosphorylated on Tyr42 to impede its 
degradation and persistently inactivate NF-κB [ 268 ]. It has been suggested that PN 
can activate NF-κB signaling directly through tyrosine nitration, and this may occur 
via the documented ability of PN impair regulatory tyrosine phosphorylation by alter-
natively nitrating the residue [ 269 ,  270 ]. Indeed, PN produces an increase in nitration 
of IκB at Tyr42, a dose-dependent decrease in IkB phosphorylation, and concomitant 
increases in NF-κB activation in human peripheral blood monocytes as a mechanism 
of pro-infl ammatory activation [ 271 ]. These data suggest that PN-mediated IκB 
Tyr42 nitration facilitates the persistent activation of NF-κB. In counterpoint, it has 
been suggested that NF-κB p65 can also be nitrated in a NO-dependent manner on 
residues Tyr66 and Tyr152 to result in the inactivation of NF-κB signaling in the P19 
embryonic carcinoma cell line [ 272 ]. Additional work in a lung carcinoma cell line 
implicates this mechanism only in the absence of infl ammatory activation, suggesting 
that the persistent activation of NF-κB by PN is context-dependent [ 273 ]. In the cir-
cumstance of aberrant nociception, it is likely that neuroinfl ammation and pathologi-
cal production of PN coincide to produce a favorable context for PN-mediated 
activation of NF-κB [ 6 ]. Indeed, in vivo, PN has been implicated in the direct and 
robust activation of NF-κB signaling during pain and neurological insult: administra-
tion of PNDCs reduces NF-κB expression and associated production of infl ammatory 
mediators in infl ammatory pain [ 40 ] and spinal cord injury [ 274 ,  275 ]. While in-
depth studies are required to better understand the unique interplay between PN gen-
eration and NF-κB signaling, these studies highlight the potential for PN-targeted 
therapies to impact transcriptional regulation in pain.     

25.5.2      Histone Modifi cation         

    In addition to the modulation of cytosolic sensors that mediate transcriptional 
events, PN is a membrane-permeant molecule and can cross the nuclear envelope in 
order to mediate oxidation events. While highly reactive molecules such as the 
hydroxyl radical and even PN are known to play a role in oxidative DNA damage 
and cell death, PN can in fact impact transcription by modifying the coiling and 
therefore transcriptional availability of DNA on histones. Histone acetylation and 
deacetylation events play a remarkably intricate molecular role in the transition 
between neuronal excitation and potentiation [ 276 ]; similarly, it is thought that epi-
genetic modifi cations can play a role in the transition from acute to chronic pain 
states [ 277 ]. Persistent infl ammatory pain and neuropathic pain are in part main-
tained by histone deacetylase (HDAC)-mediated epigenetic suppression of gluta-
mate decarboxylase (Gad2) transcription—encoding GAD65, a GABA synthesis 
enzyme—in the nucleus raphe magnus [ 278 ]. Indeed, class II-selective  HDAC 
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inhibitors   show analgesic effi cacy in infl ammatory hyperalgesia [ 279 ] and class I 
selective- HDAC inhibitors   appear to have therapeutic value in neuropathic pain 
through epigenetic regulation of targets including cytokines, metabotropic gluta-
mate receptors, GABA synthesis, and relevant ion channels such as NaV1.8 [ 278 , 
 280 – 282 ]. Conversely, studies have indicated that some HDAC inhibitors can pro-
mote nociception and enhance opioid-induced hyperalgesia [ 283 ]. Epigenetics is an 
increasingly provocative topic in pathophysiological pain states and we are only 
beginning to understand the complex, specifi c mechanisms of epigenetic regulation 
in protective versus aberrant nociception. 

 The nitration of  HDACs   and histones by PN has been identifi ed in painful auto-
immune disorders such as rheumatoid arthritis [ 284 ] and lupus [ 285 ,  286 ]. PN can 
mediate the specifi c nitrative inactivation of HDAC2, a class I HDAC, through 
nitration of Tyr253 [ 287 ]. Interestingly, HDAC2 can also be phosphorylated and 
positively modulated by tyrosine kinases [ 288 ], such that it may be hypothesized 
that in this system as well, tyrosine is a competitive site for nitration versus phos-
phorylation. Given the role of class I HDACs in anti-nociception as previously dis-
cussed, it is plausible that the PN-mediated inactivation of HDAC2 contributes to 
anti-nociception. Furthermore, evidence exists for the nitrative inactivation of sir-
tuin HDACs in pain; in particular, the SIRT6 deacetylase plays a role involved in 
nociception [ 289 ] presumably through its role in synaptic function [ 290 ]. PN nitra-
tion functionally inhibits the deacetylase activity of SIRT6 [ 291 ]. Additionally, spi-
nal PN generated as a consequence of peripheral infl ammatory pain has been 
demonstrated to nitrate SIRT1 and 3 as a mechanism to decrease transcriptional 
production and activation of MnSOD and catalase in a model of acute infl ammatory 
pain [ 292 ]. These data offer a unique insight into the way in which PN nitration is 
functionally relevant to transcriptional regulation in pain.      

25.6     Conclusions and Future Outlook 

 The mechanism by which nitroxidative stress drives nociception in pathophysiolog-
ical pain is only beginning to be understood as a specifi c cellular process that can be 
therapeutically targeted. In this chapter, we have lead the reader from the infancy of 
nitroxidant generation to the formation of PN as a critical signaling molecule, 
through the multiplicative actions of PN as a nitrating agent and an oxidant in the 
nociceptive system, and frequently, to a positive feedback loop that perpetuates the 
actions of PN both cellularly and in persistent pain. In conclusion, we purport that 
the clinical targeting nitroxidant mediators has and continues to be limited by two 
factors: fi rst, the tolerability and bioavailability of SODm and PNDC compounds 
has been unacceptable until the recent concerted effort to develop the SRI-series of 
compounds. Secondly and most importantly, the literature on the role of nitroxida-
tive stress in pathophysiological pain has been disconnected and vague at best. It is 
the goal of this chapter to provide a unifi ed perspective on nitroxidative stress and 
furthermore to posit specifi c, targetable actions of nitroxidative stress (i.e., nitration) 
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to make it more accessible for preclinical and clinical development. Given the inad-
equacies of the present therapeutic repertoire for chronic pain, a new generation of 
more drug-like PNDCs and SODms offers a unique opportunity to improve the 
clinical standard of pain management.     
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    Chapter 26   
 Amyotrophic Lateral Sclerosis: Present 
Understanding of the Role of SOD                     

     Kristina     Ramdial      ,     Fabian     H.     Rossi      ,     Maria     Clara     Franco      , 
and     Alvaro     G.     Estevez     

      Over the last 20 years, the focus on superoxide dismutase research has been to identify 
the gain-of-function associated with the mutations that cause amyotrophic lateral scle-
rosis (ALS). The more than 160 mutations in 80 different positions in the enzyme 
produce the same phenotype—ALS. Expression of the mutant enzyme in rodents 
leads to a phenotype that closely resembles the human disease. In contrast, gene 
deletion or  overexpression   of  wild-type human   SOD in rodents does not produce 
major phenotypic alterations, which led to the conclusion that the mutations produce 
a toxic gain-of-function. Some mutations have no alterations of the enzymatic activ-
ity, while others have a reduction or even ablation of the enzymatic activity when 
tested in vitro in the presence of metal chelators. In spite of the experimental efforts 
and the many hypotheses that have been proposed to explain the mutant SOD’s gain-
of-function, the mechanism for the selective motor neuron toxicity remains elusive 
and highly controversial. However, there are some facts that have generally been 
accepted. Mutant SOD-induced disease in rodent models of ALS produces aggrega-
tion, oxidative stress, mitochondrial dysfunction, astrocyte activation, neuroinfl am-
mation, and selective motor neuron death. It is also accepted that in spite of the recent 
identifi cation of several other genes responsible for familial ALS, it is the mutant 
SOD transgenic rodent models that better replicate the human disease. 
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 Evidence supporting and negating every proposed mechanism has been reported. 
Recently, it was reported that mutant SOD has “prion” properties [ 1 ,  2 ]. However, 
there is no direct evidence that  aggregation of SOD   causes the disease. The evi-
dence, suggesting a pathological role of aggregation, is based on correlations with-
out demonstration of any causal relation. Moreover, there is evidence that SOD 
aggregation can even be protective by preventing the action of soluble toxic forms 
of SOD [ 3 ]. Additionally, treatment with a copper chelator is protective in an animal 
model of ALS and paradoxically increases the concentrations of the fully metallated 
mutant SOD in the spinal cord [ 4 ]. Cross-breeding of transgenic mice for mutant 
SOD with transgenic mice overexpressing human wild-type SOD results in 
enhanced pathology characterized by faster onset and progression of the disease 
[ 5 – 8 ]. Some authors attribute the enhanced toxicity to increased aggregation [ 7 – 9 ]. 
Conversely, the enhanced toxicity found in animals transgenic for both wild-type 
and mutant SOD has also been attributed to the stabilization and increased solubility 
of mutant SOD by wild-type SOD [ 6 ,  10 ,  11 ]. 

 We and others have provided evidence for an oxidative mechanism-mediating 
SOD toxicity. A common property for all mutant SOD tested is their lower affi n-
ity for zinc [ 12 – 15 ]. Zn-defi cient SOD has a high tendency to form monomers, 
which aggregate easily (Fig.  26.1 ). The formation of dimers with fully metal-
lated SOD increases the Zn-defi cient SOD heterodimer stability, which enhances 
solubility and increases the enzyme toxicity (Fig.  26.1 ) [ 3 ]. Additionally, the 
removal of critical cysteine residues from the SOD decreases the mutant SOD’s 
tendency to aggregate and also increases the Zn-defi cient wild-type and mutant 
SOD toxicity (Fig.  26.1 ) [ 3 ,  16 ]. The copper in  Zn-defi cient SOD   can be reduced 
not only by superoxide, but also by biological reductants such as ascorbic acid, 
and it has an increased capacity to catalyze the nitration of proteins (Fig.  26.2 ) 
[ 13 ,  17 ,  18 ]. The presence of nitrotyrosine, a foot print left by the oxidant, per-
oxynitrite, in the spinal cord of patients and animal models of ALS, is well-
established [ 19 – 23 ]. In addition, intracellular release of Zn-defi cient SOD into 
motor neurons triggers apoptosis by a mechanism that requires the nitration of 
proteins [ 3 ,  17 ]. Similarly, motor neurons from mouse and rat overexpressing 
mutant SOD die by apoptosis when incubated with nitric oxide at physiological-
relevant concentrations by a mechanism that requires the production of per-
oxynitrite and tyrosine nitration (Fig.  26.2 ) [ 3 ,  24 ]. Although the role of nitric 
oxide in the pathology of ALS has become controversial due to the use of an 
incomplete knockout for neuronal nitric oxide synthase [ 25 ,  26 ], the use of the 
complete knockout for the enzyme was impaired due to the number of abnor-
malities present in the animals [ 27 ]. However, the expression of different iso-
forms of nitric oxide synthase, particularly the neuronal isoform in the spinal 
motor neurons of ALS patients, is well-established [ 19 ,  28 ,  29 ].

    A critical protein that nitration turns toxic is the protein chaperone heat 
shock protein 90 (Hsp90). Hsp90 is an abundant and ubiquitous protein chaper-
one essential for cell survival [ 30 – 33 ]. Nitrated Hsp90 is found in the spinal 
motor neurons from  ALS   patients and animal models [ 34 ]. The mechanism by 
which nitrated Hsp90 stimulates apoptosis involves the activation of purine 
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receptor P2X7, followed by the activation of the Fas cell death pathway 
(Fig.  26.2 ) [ 24 ,  34 ]. Inactivation of the Fas ligand extends the survival of  an 
  ALS animal model [ 35 ]. Collectively, these results provide a model for the tox-
icity of SOD starting with the change in a property of the protein, namely low 
zinc affi nity, all the way to the activation of the cellular mechanism involved in 
the stimulation of the cell death (Fig.  26.1 ). 

 In summary, although knowledge has been accumulated on the possible causes 
of mutant SOD-induced motor neuron death over the last 2 decades, more research 
is necessary to translate this knowledge into an effective treatment for ALS patients. 
Despite the shortcomings in the use of the rodent models of ALS carrying mutant 
SOD, transgenic mouse and rat models for the mutant SOD are still the best in vivo 
models of the human disease.    
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  Fig. 26.1    SOD  dimer interactions  . SOD dimers have a half-life of approximately 17 min at 37 °C 
[ 36 ]. In the absence of reducing agents, SOD remains a dimer with a small proportion in the form 
of an exchange intermediate, independently of the metal content. The presence of reducing agents 
slightly but signifi cantly increases the amount of fully metallated SOD in the form of the exchange 
intermediate, but no monomers can be detected. In contrast, incubation with reducing agents ren-
der most Zn-defi cient to become a monomer with a large proportion in the form of the exchange 
intermediate. The incubation of Zn-defi cient SOD with Cu, ZnSOD dramatically decreases the 
amount of monomers in the presence of reducing agents. Under these conditions, most of the 
enzyme is in the form of the exchange intermediate without signifi cant changes on the amount of 
dimers. In addition, the presence of fully metallated SOD signifi cantly decreased the susceptibility 
of Zn-defi cient SOD disulfi de bonds to be reduced [ 3 ]. In summary, Cu, ZnSOD increases the 
stability and solubility of Zn-defi cient SOD       
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has enhanced catalysis of tyrosine by peroxynitrite [ 13 ,  18 ]. Zn-defi cient SOD and mutant SOD 
require nitric oxide and tyrosine nitration to stimulate motor neuron apoptosis [ 3 ,  17 ,  24 ]. Hsp90 
is nitrated in spinal cord motor neurons from ALS patients and in a mouse model of ALS. Nitration 
of one of two residues in Hsp90 is necessary and suffi cient to stimulate motor neuron apoptosis by 
activation of the purine receptor P2X7. Downstream of P2X7 receptor activation, Fas ligand is 
translocated to the plasma membrane where it stimulates the Fas death pathway [ 24 ,  34 ]       
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    Chapter 27   
 Redox Regulation and Misfolding of SOD1: 
Therapeutic Strategies for Amyotrophic 
Lateral Sclerosis                     

     Wouter     Hubens       and     Ayako     Okado-Matsumoto     

      Abbreviations 

   ALS    Amyotrophic lateral sclerosis   
  CSF    Cerebrospinal fl uid   
  FALS    Familial ALS   
  HD    Huntington’s disease   
  SALS    Sporadic ALS   
  SOD1    Cu, Zn-superoxide dismutase   
  TG2    Transglutaminase 2   
  WT    Wild type   

27.1         Introduction 

  Amyotrophic lateral sclerosis (ALS)   is the most common fatal neurodegenerative 
disease with an incidence rate of 1–2 per 100,000. The disease is characterized by 
death of upper and lower motor neurons in the central nervous system. After diag-
nosis, average life expectancy is 2–5 years, which is mainly attributed to paralysis 
of the respiratory muscles. Currently, there is no cure available and the only FDA- 
approved drug (Riluzole) increases life expectancy by a couple of months. This 
highlights the importance of fi nding new therapeutic targets. 
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 ALS was fi rst described in 1869 by Jean-Martin Charcot, but despite extensive 
research the past 150 years, the exact pathophysiology remains to be clarifi ed. 
10 % of ALS cases are of hereditary origin, and in 1993, it was discovered that in 
a subset of these  familial ALS (FALS)   patients the disease is caused by mutations 
in Cu, Zn-superoxide dismutase (SOD1) [ 1 ]. To date, 178 FALS-related muta-
tions have been reported in the SOD1 gene (  http://alsod.iop.kcl.ac.uk    ). Due to 
dramatic improvements in sequencing, and an increase of whole-genome associa-
tion studies, many other familial and sporadic ALS mutations have been discov-
ered. Mutations in  TAR DNA Binding Protein (TARDBP)  , fused in sarcoma (fus), 
ubiquilin 2 (UBQLN2), and C9orf72, are most frequently mutated in 
ALS. TARDBP mutations result in  TPD-43   inclusions which are a major hallmark 
of sporadic ALS. These have been reviewed elsewhere. Since this book’s primary 
focus is on oxidative stress in applied basic research and clinical practice, this 
chapter gives insight in therapeutic strategies related to SOD1.  

27.2     SOD1:  Enzymatic Function and Structure      

   SOD1 is a highly conserved enzyme and is extremely stable. The human SOD1 
has a homodimeric quaternary structure resisting even temperatures up to 80 °C 
[ 2 ]. Each monomer of 16 kDa consists of an eight-stranded beta barrel with two 
large loops (Fig.  27.1 ), of which the “metal-binding” loop binds copper and zinc 
[ 3 ]. Further contributing to stability of SOD1 is a unique intrasubunit disulfi de 
bond between C57 and C146 (Fig.  27.1 ). SOD1 maintains physiological nM 
levels of superoxide, O 2  •− , through catalyzing its dismutation, i.e., oxidation to 
O 2  and reduction to H 2 O 2 . Under physiological conditions, SOD1 along with 
other isoforms (SOD2, MnSOD, and extracellular SOD3) presents our fi rst line 
of endogenous antioxidative systems. One of the major sites of O 2  •−  production 
under physiological conditions is mitochondrial respiration [ 4 ,  5 ].

   The importance of SOD1 is reflected by its abundant expression, comprising 
almost 1 % of all cellular proteins [ 6 ]. Wild-type ( WT) SOD1      can be found in 
the cytosol and in the intermembrane space of mitochondria [ 7 ,  8 ].  Mutant 
SOD1  , however, also has vesicular locations in the lysosomes, ER, and the 
trans-Golgi network [ 9 ]. Due to mutations, it interacts with chromogranin and 
gets secreted via the Golgi network [ 10 ]. 

 Initially, it was contemplated that  mutations in SOD1   would somehow desta-
bilize the enzyme and cause ALS in a loss-of-function matter, because of its 
vital role in dismuting toxic O 2  •− . However, transgenic mice with mutant 
SOD1 G93A  or SOD1 G37R  exhibited ALS-like symptoms despite having increased 
enzymatic activity [ 11 ]. Furthermore, SOD1 knockout models showed no signs 
of ALS [ 12 ]. It is therefore now postulated that mutant SOD1 have an as-of-yet-
unknown toxic gain-of-function.    
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27.3      Pro-Oxidant Gain of Function      

   One of the hypotheses for SOD1 toxicity suggests that SOD1 mutations contribute 
to oxidative stress.  Oxidative stress   denotes an imbalance between oxidants and 
antioxidants in favor of the oxidants, leading to a disruption of redox signaling and 
to molecular damage [ 13 ].  Oxidative stress   is a well-known hallmark of ALS, as 
shown by elevated concentrations of protein carbonyls in the spinal cord and motor 
cortex of ALS patients [ 14 ,  15 ]. Additionally, many of the environmental risk fac-
tors for  sporadic ALS (SALS)   increase oxidative stress [ 16 ]. The level of 
3-Nitrotyrosine, which is used as a marker for oxidative/nitrosative stress, is ele-
vated in both sporadic and FALS cases [ 17 ,  18 ]. 

 The nature of pro-oxidant SOD1 remains elusive. Two mutations (A4V and 
G93A) exhibit altered reactivity. An increased catalysation of oxidative reactions 
was observed, which induced apoptosis in a neuronal cell line [ 19 ]. This apoptosis- 
inducing effect was diminished with Copper chelator treatment, suggesting oxida-
tive reactions catalyzed by mutant SOD can play a role in ALS. 

 Most mutant SOD1s also exhibit a 5- to 50-fold lower affi nity for Zn(II) and thus have 
a larger fraction of Zn(II) free SOD (Cu,E,SOD1) compared to WT SOD1 [ 20 ,  21 ]. Loss 

  Fig. 27.1    The crystal structure of human  SOD1  . The crystal structure of human SOD1 (Protein 
data bank #1SPD) is shown. Human SOD1 consists of a homodimer. Each monomer has 8 
β-strands and binds zinc ( small white ) and copper ( small yellow ) in the metal-binding loops. Each 
monomer has four cysteines ( CPK coloring ), of which C57 and C146 form an intramolecular dis-
fulfi de bond. Of the remaining two cysteines, C6 is buried deep within the protein, while C111 is 
near the dimer interface accessible for modifi cations. The two monomeric subunits of SOD1 are in 
very close proximity of each other with only 8–10 Å space between the two C111       
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of Zn affects SOD1 folding, leaving the copper site more accessible. It is hypothesized 
that this induces toxicity by allowing oxidative reactions to occur through a copper- and 
peroxynitrite-dependent mechanism. Superoxide can react with nitric oxide to form the 
powerful oxidant peroxynitrite. Peroxynitrite in turn reacts with SOD1 to nitronium-like 
intermediates which can nitrate tyrosine  residues, slowly injuring cells. When replete 
Cu,E,SOD1 with zinc, this toxicity is no longer observed [ 21 – 24 ]. The importance of 
zinc is also refl ected in data of dietary depletion and supplementation of zinc in a 
SOD1 G93A  mouse model. Zinc deprivation increases disease severity, whereas zinc sup-
plementation provides protection [ 25 ]. A rational for this was found in 2011 by Rhoads’s 
research group who utilized the newly developed electrospray mass spectrometry method 
to measure 1-metal SOD content in vivo. SOD G93A  rats had a twofold increase of 1-metal 
SOD1 in ALS- affected spinal cord regions [ 26 ]. However, Rhoads’s group could not 
distinguish between Cu,E,SOD1 and copper-depleted-zinc-repleted SOD1 (E,Zn,SOD1). 
An increased fraction of E,Zn,SOD1 is also observed in spinal cords of ALS mice [ 27 , 
 28 ] and copper treatment experiments slightly alleviate ALS symptoms [ 28 – 30 ]. 
Combining these fi ndings suggest a role for both 1-metal SOD1 in ALS. 

 Subramaniam et al. challenged the pro-oxidative hypothesis by creating a mutant 
SOD1 mouse model in which copper chaperone for SOD1 ( CCS)      that loads copper 
into the active site was deleted. In this model, ALS disease progression was not 
affected, which refutes copper-mediated toxicity as mentioned above [ 31 ]. However, 
despite  CCS      deletion, 15–20 % of SOD1 activity remained. Instead of disputing the 
role of copper, this experiment suggested that mutant SOD1 has an alternate method 
of copper binding [ 32 ]. Others also challenged the hypothesis by creating a copper- 
binding- site-null mouse model where all four histidines of the active site for copper 
binding are mutated [ 33 ]. Although this study shows copper in the active site is not 
a necessity for SOD1 toxicity, it does not exclude ectopic binding. 

 Several researchers have reported that mutant SOD1 can ectopically bind copper, 
giving a rationale why copper chelators can alleviate ALS symptoms in a SOD1 H46R  
mouse model, in which there is reduced copper binding in the active site [ 32 ,  34 –
 36 ]. Using  immobilized metal-affi nity chromatography  , a technique that separates 
proteins based on their interaction with an immobilized copper [ 37 ], it was shown 
that mutant SOD1 mice have a SOD1 fraction, which has a very high affi nity for 
copper (HAC), whereas WT SOD1 lack this fraction [ 35 ,  38 ]. This fraction gains a 
pro-oxidative action presumably based on copper-related oxidative events, contrib-
uting to oxidative stress. A similar  redox-active HAC fraction   could be created from 
 WT SOD1      after oxidation. Intriguingly, these fractions are monomerized SOD1, 
while  WT SOD1      is normally present as a homodimer. Monomerization of SOD1 is 
the basis of the second toxic gain-of-function hypothesis [ 39 ].    

27.4      Misfolding of Human      SOD1 

   One of the  pathological features of FALS   is the aggregation of SOD1 in the cytosol 
[ 40 ]. It is therefore hypothesized that SOD1 aggregation may be a mechanism of 
toxic gain-of-function in mutant SOD1 [ 39 ,  41 ] (Fig.  27.2 ). Before SOD1 gains its 
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  Fig. 27.2    SOD1  toxic gain-of-function hypotheses   and therapeutic strategies. According to the 
pro-oxidant hypothesis, presence of 1-metal SOD1 creates oxidative stress. Possible treatments for 
restoring metal content include the addition of Cu(II)amts, copper chelation, and zinc repletion, 
respectively [ 25 ,  28 – 30 ,  127 – 129 ]. Under oxidative stress C111 is oxidized (C111ox), which 
results in misfolding of SOD1. Misfolding of SOD1 is key element of the second toxic gain-of-
function hypothesis. Oxidative stress can be reduced with antioxidant therapy and with SOD mim-
ics (MnPs) [ 119 – 121 ]. Modifying C111 can give protection against oxidation and thereby reduce 
monomerization and misfolding [ 101 ,  106 ]. However, glutathionylation on C111 induces dimer 
dissociation and misfolding [ 98 – 100 ]. Unfolded SOD1 oligomerizes by hydrogen bonding, hydro-
phobic contacts, disulfi de bonding, and crosslinking [ 52 ,  53 ,  107 ,  154 ]. Cystamine can reduce 
crosslinking and also aid in lowering oxidative stress [ 107 ]. Passive or active immunization can 
trigger the immune system to clear SOD1 oligomers [ 133 – 135 ]. Lastly, addition of Hsp104, a 
protein dissagrase, can break down oligomers. Soluble oligomers can also aggregate into insoluble 
plaques. These are believed to be compensatory and can partly be removed via autophagy [ 22 ,  155 , 
 156 ].  Zn  zinc,  Cu  copper,  MnP  cationic Mn(III)  N -substituted pyridylporphyrins,  Cu(II)amts  
diacetylbis( N (4)-methylthiosemicarbazonato)copper(II)       
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active function, it undergoes four steps during maturation: copper binding, zinc 
binding, formation of the intramolecular disulfi de bond between C57 and C146, and 
dimerization [ 42 – 44 ]. Copper binding is mediated by copper chaperone for  SOD1     , 
which is also involved in the formation of the intramolecular disulfi de bond. The 
mechanism of zinc acquisition is currently unknown [ 44 – 47 ].

   SOD1 mutations have the greatest effect on the premature metal-free apo-SOD1 
and can destabilize apo-SOD1 to the point that it unfolds at physiological tempera-
tures ( T  m  < 37 °C) [ 42 ,  48 ,  49 ]. Upon misfolding, destabilized apo-SOD1 is prone to 
oxidation which triggers oligomerization via intermolecular disulfi de bonds. As the 
disease progresses, these soluble oligomers cluster into insoluble aggregates 
(Fig.  27.2 ). Since insoluble aggregates are only detected in disease-affected tissues 
like the spinal cord, researchers used to hypothesize these were causative for ALS 
[ 42 ,  50 – 53 ]. The toxicity of  SOD1 oligomers   is, however, correlated with solubility. 
The higher the oligomer solubility, the more toxicity it induces [ 54 ]. The insoluble 
aggregates are nontoxic and present a compensatory removal mechanism for ALS- 
associated mutant SOD1, and specifi cally for the toxicity-inducing 1-metal SOD1 
mentioned earlier [ 22 ,  55 ]. This is also supported by the lack of correlation between 
aggregated SOD1 and cell death [ 56 ]. 

 Researchers have extensively investigated which substructure or amino acids of 
SOD1 are vital in oxidative stress-induced oligomerization. Some fi ndings suggest 
 cysteine 111 (C111)   plays a vital role. The previously mentioned increased affi nity 
for copper is mediated by C111 [ 35 ,  36 ]. When  C111   is substituted for serine 
in vitro, copper affi nity of mutant SOD1 is decreased back to normal [ 35 ]. 
Furthermore, oxidation of C111 creates intermolecular disulfi de bonds, which 
mediates aggregation of SOD1 [ 57 ]. Substitution of  C111   via point mutations sig-
nifi cantly reduces disulfi de-binding capabilities, reduces oligomerization of SOD1, 
and results in increased cell viability [ 58 ]. These fi ndings are however controversial, 
since another study by Sahawneh et al. shows that substituting  C111   increases 
Cu,E,SOD1-induced toxicity [ 22 ]. Using  force-clamp spectroscopy   and  single mol-
ecule atomic force microscopy techniques   [ 59 ], Solson et al. monitored  C111   and 
noticed that mutant SOD are more prone to oligomerize due to altered thiol chem-
istry at C111 [ 60 ]. Modifying C111 might therefore be a therapeutic strategy for 
FALS if the 1-metal SOD1 toxicity is taken into account (discussed further below). 

 Molecular evidence for a common pathogenic mechanism between  SALS   
and  FALS   remains elusive, but due to clinical similarities, it is highly plausible 
that a common pathway is involved. Gruzman et al. who modifi ed SOD1 via a 
biotinylated crosslinker observed a covalently crosslinked SOD species in spi-
nal cord extracts of  FALS   and  SALS   patients. This crosslinked SOD species 
was present neither in extracts from normal tissue, nor in extracts from patients 
with other neurodegenerative diseases [ 61 ]. This implies that SOD1 plays a role 
in both sporadic and FALS. 

  WT SOD1      could be modifi ed by oxidative stress giving it a similar misfolded 
state as mutant SOD1. Inducing oxidative stress with hydrogen peroxide causes 
misfolding of WT SOD1 [ 62 – 64 ]. Since SALS usually has a late onset with fi rst 
clinical signs visible at an average age of 45–50, and aging is associated with an 
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increase in oxidative stress [ 65 ,  66 ], it is plausible that the accumulated oxidative 
stress over the years induces misfolding of WT SOD1 in SALS [ 63 ,  67 ]. This notion 
is supported by the discovery of an over-oxidized form of SOD1 in a subset of 
SALS patients, which exhibits toxic properties [ 68 ]. In yeast cells modifi ed to 
express SOD1 tagged with green fl uorescent protein (SOD1-GFP), two fractions 
could be observed, one with a low molecular weight and one with a high molecular 
weight (HMW). The HMW fraction corresponded to  SOD1   oligomers and the fl uo-
rescent signal of this fraction was increased almost 40 times in aged cells (stationary 
phase-30 days) compared to young cells (stationary phase-3 days) [ 67 ]. This indi-
cates that oxidative stress from aging could be enough to induce misfolding, oligo-
merization, and subsequent aggregation of SOD1. Authors used native yeast SOD1; 
this oligomerization was due to the oxidative modifi cation of C146 and H71. Since 
yeast lacks the free cysteine, C6 and  C111   (having A6 and S111 instead) [ 69 ], the 
role of C111 in this age-associated oxidative stress-mediated aggregation of SOD1 
remains to be elucidated. 

 In 2007, the  C4F6 antibody   was created which detected conformational changes 
of mutant SOD1, but not of WT  SOD      [ 70 ]. This  antibody   selectively stained 
SOD1 in ALS-affected tissues like spinal cords [ 71 ]. Remarkably, it also managed 
to detect misfolded SOD1 from SALS and a fraction of  WT      SOD1 after exposure to 
oxidative stress [ 72 ]. This confi rms that SOD1 has an altered conformation in 
SALS, induced by oxidative stress, which is similar to the  misfolded conformation 
in FALS  . Interestingly,  C111   plays a key role in oxidative stress-induced conforma-
tional changes. The  C4F6 antibody   no longer detected oxidative stress-exposed 
SOD1 when C111 was substituted for serine (C111S). Further studies of the  C4F6 
antibody   revealed that its epitope is at the D90–D96 region of SOD1 [ 73 ,  74 ]. 
Mutations and oxidative modifi cation of SOD1 destabilize the beta loops IV and 
VII [ 75 ], exposing the D90–D96 epitope region allowing C4F6 binding. Exposure 
of this C4F6 epitope region positively correlates with SOD1-induced toxicity mea-
sured by microglial activity [ 74 ]. 

 Overexpression  of      WT SOD1 in mutant SOD1 mice models of ALS increases 
disease severity rather then alleviate symptoms. WT SOD1 interacts with mutant 
SOD1 as heterodimer, which is generally more stable. Sahawaneh et al. attribute 
this observed increase of toxicity to stabilization of WT SOD1 with mutant Cu,E 
SOD1 [ 22 ,  76 – 79 ]. Thus, soluble oligomeric SOD1 and stable misfolded SOD1 
with mutation and/or oxidative modifi cation could be therapeutic targets for ALS.    

27.5      Altered Signaling Pathway      by Mutant SOD1 

   Another proposed mechanism of SOD1 motoneuron degeneration is that mutations 
lead to increased susceptibility to activate the neuron-specifi c Fas receptor death 
pathway [ 80 ]. The Fas receptor signals through two synergetic pathways, the classic 
Fadd/caspase-8 pathway and the neuron-specifi c Daxx/Ask1/p38/nNOS pathway. 
 Nitric oxide (NO)  , one of the end-products of the Daxx/Ask1/p38/nNOS pathway, 
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induces expression of the ligand for Fas receptor (FasL). In mutant SOD1 neurons 
but not in healthy neurons, this unexpectedly leads to chronic activation of the Fas 
receptor, causing a Fas/NO amplifi cation feedback loop. This feedback mechanism 
is supported by an observed increase in some of the pathway intermediates (like 
Ask and p38) during the pre-symptomatic stage of ALS [ 81 – 83 ]. Chronic low-level 
activation of this feedback loop results in motoneuron cell death and may explain 
the relatively slow progression of ALS [ 84 ]. 

  Heat shock protein 90 (Hsp90)   plays a role in the Fas-induced apoptosis. Due to 
the feedback loop present in mutant SOD1 neurons, the concentration of NO gradu-
ally increases and can react with superoxide to produce peroxynitrite. Peroxynitrite 
reacts at a currently unknown rate with Hsp90 and modifi es one of two tyrosine resi-
dues. It remains to be elucidated whether this modifi cation occurs via radicals or that 
it is a catalyzed reaction. Modifi ed  Hsp90   exhibits a toxic gain of function. Normally, 
Hsp90 has an anti-apoptotic function, but modifi ed  Hsp90   stimulates the P2X7 recep-
tor, which results in mobilization of FasL to the plasma membrane, which in turn 
activates the Fadd/caspase-8 apoptotic pathway [ 85 ]. Removing the feedback loop by 
 FasL   knockout reduced loss of motor neurons and increased survival in ALS mice 
[ 86 ]. These fi ndings suggest that therapy aimed at the death receptors and the associ-
ated Daxx/Ask1/p38/nNOS pathway could be benefi cial early in the disease onset. 

 The role of anti-apoptotic  heat shock proteins (Hsps)   in ALS motoneuron degenera-
tion has been the focus of many researchers and fi ndings have been extensively reviewed 
elsewhere [ 8 ,  87 ]. Mutant SOD1 does not only infl uence  Hsps   indirectly as described 
above, but can also directly interact with them, to prevent entering into mitochondrial 
intermembrane space [ 88 ]. After aggregation with SOD1,  Hsps   lose their function, 
which has been assigned to mutant SOD1 toxicity. The ongoing phase II clinical trial 
with arimcolomol, a co-inducer of Hsps, shows therapeutic benefi ts in ALS [ 89 ,  90 ].    

27.6     Therapeutic Strategies for ALS 

 Based on the main hypotheses of redox regulation and SOD1 misfolding, there is a 
diverse amount of therapeutic strategies available (Fig.  27.2 ). One strategy focuses on 
C111, since it can play a key role in misfolding and oligomerization as well as in pro-
oxidation. Other strategies include focusing on the metal state of SOD1 or decreasing 
SOD1 oligomers. Current advances in these strategies are discussed below. 

27.6.1     Modifi cation of Cysteine  111         

    In healthy human brain tissue, almost half of the C111 site of SOD1 is modifi ed, of 
which the most prevalent modifi cation is cysteinylation [ 91 ]. In vitro experiments 
indicated that cysteinylation on C111 protects against H 2 O 2 -induced oxidation of 
SOD1. Despite the large excess of cysteine used during in vitro experiments, only 
one C111 was cysteinylated per SOD1 dimer. Since the distance between two 
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C111 in the homodimeric formation is only 8–10 Å (Fig.  27.1 ) [ 36 ], cysteinylation 
of either C111 physically blocks the binding place on the other monomer. This sug-
gests that SOD1 cysteinylation does not completely protect SOD1 against oxidation 
since one C111 remains free. Unfortunately, this research group only looked at the 
chemical properties of SOD1 modifi cation via mass spectrometry, so no conclu-
sions can be made whether or not C111 cysteinylation can prevent oxidative stress- 
mediated aggregation of SOD1. They hypothesize that cysteinylation can greatly 
ameliorate SOD1 dimer destabilization and minimize (but not completely prevent) 
formation of SOD1 aggregates. Further research into cysteinylation of C111 looks 
promising and much can still be unraveled. Cystine, an oxidized dimer of cysteine, 
can naturally cysteinylate SOD1. In healthy people, cystine concentrations double 
during aging (52 μM at 26 compared to 105 μM at 60) [ 92 ]. This indicates that cys-
teinylated SOD1 might be an adaptive mechanism to age-related oxidative stress. 
Further study of the post-translational modifi cation pattern of ALS tissue can deter-
mine if there is altered cysteinylation of C111, which (if altered) contributes to 
development and progression of ALS. 

 Another naturally occurring modifi cation of C111 is glutathionylation. 
 Glutathione (GSH)   is an antioxidant that protects against oxidative damage and gets 
upregulated in response to oxidative stress [ 93 ]. Oxidative stress was a hallmark of 
ALS [ 14 – 18 ,  94 ], and GSH concentration is expectedly increased in the cerebrospi-
nal fl uid of ALS patients [ 95 ].  GSH   can bind to C111 by sulfi de-glutathionylation 
to prevent permanent oxidation, as part of a coping mechanism to oxidative stress 
[ 96 ,  97 ]. However, glutathionylation on C111 changes the tertiary structure of 
SOD1, modulating stability of the enzyme, and induces dimer dissociation [ 98 ,  99 ]. 
This is due to the narrow 8–10 Å, space between C111 residues (Fig.  27.1 ). 
S-glutathionylation of C111 is therefore detrimental for SOD1 misfolding, indicat-
ing that not all antioxidant modifi cations of C111 are good for therapy. Intriguingly, 
C4F6 reactivity is increased in SOD1 modifi ed by GSH, suggesting that GSH con-
tributes to misfolding of SOD1 in ALS [ 100 ]. 

 Commercially available human SOD1 isolated from erythrocytes shows a dis-
tinct absorption at 325 nm and has a mass 30 units more than expected from hSOD1, 
which could either be a persulfi de (Cys-S-SH) or trisulfi de bond (Cys-S-S-S-Cys) 
between subunits [ 101 – 103 ]. De Beus et al. replicated a sulfhydryl modifi cation 
with sodium sulfi de, inducing the formation of a persulfi de group at C111. This 
resulted in a more stable WT SOD1 with higher resistance to SOD1 aggregation 
in vitro [ 101 ]. However, the modifi cation in hSOD1 turned out to be from a trisul-
fi de bond between C111’s of the monomers, and SOD1 was detected as a holo 
dimer in these experimental conditions [ 102 ]. Other SOD1 tested in this study were 
detected as apo monomers suggesting that a trisulfi de bond between C111’s does 
not occur naturally in humans, but does have the potential to stabilize SOD1, pre-
venting dissociation to monomers. The observed trisulfi de bond in erythrocytes 
might be explained by increased physiological concentration of hydrogen sulfi de 
(H 2 S) or anion hydrosulfi de (HS - ). Reactive sulfur species can modify cysteine 
 thiols and thus potentially crosslink C111. Although a truly accurate method for 
detecting H 2 S concentration is lacking, the concentration of H 2 S is believed to be 
much higher in blood compared to brain tissue [ 104 ,  105 ]. 
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 Similarly, crosslinking C111 using a maleimide crosslinker (DTME or BMOE) 
increased thermostability of SOD1 [ 106 ]. This study did not investigate aggregation 
properties of SOD1, but it is hypothesized that SOD1 becomes more resistant to 
oxidative stress-induced misfolding due to decreased availability of C111. 

 These in vitro studies indicate that modifying C111 is benefi cial in preventing 
SOD1 misfolding. The next step will be to investigate which Cys111 modifi cation 
is the safest ex vivo and results in the highest resistance to oxidative stress-induced 
SOD1 misfolding, accompanied with increased neuronal survival.     

27.6.2      Transglutaminase 2         

    Oono et al. published a paper linking transglutaminase 2 (TG2) with ALS [ 107 ]. 
TG2 is a calcium-dependent endogenous crosslinker that covalently binds gluta-
mine and lysine residues. TG2 is ubiquitously expressed in intra- and extracellular 
spaces of the central nervous system and has previously been associated with many 
neurodegenerative diseases [ 108 ]. Pathogenic proteins such as α-synuclein 
(Parkinson’s disease) [ 109 ], β-amyloid (Alzheimer’s disease) [ 110 ], and huntingtin 
(Huntington’s disease, HD) [ 111 ] could all be crosslinked by TG2. Elevated con-
centrations of TG2 are observed in the brain and cerebrospinal fl uid (CSF) of HD 
patients and targeting TG2 has therapeutic effects in animal models of HD [ 112 , 
 113 ]. Similarly, an increase of TG2 is detected in CSF and in the brain of ALS 
patients, but its role in the pathogenesis of ALS was only recently clarifi ed [ 114 ]. 
SOD1 has many glutamine and lysine residues prone to TG2-mediated crosslinking 
(Fig.  27.3 ). With co-immunoprecipitation and western blot experiments, it became 
clear that TG2 interacts with misfolded SOD1 (from mutant SOD1 but also apo WT 
SOD1) and promotes covalently crosslinked oligomerization. TG2-mediated SOD1 
oligomerization induces microglial activation and neuroinfl ammation associated 
with neurotoxicity. These results provide a novel role of TG2 in SOD1 toxicity and 
demonstrate that TG2 is a therapeutic target for ALS. Cystamine, an inhibitor of 
TG2, signifi cantly delayed ALS progression and reduced SOD1 oligomer formation 
and microglial activation [ 107 ]. Since cystamine has multiple functions (including 
increasing antioxidant levels [ 115 ]), a synergistic effect might be expected.   

27.6.3         Antioxidant Approach         

    A different approach is not to modify C111, but to reduce oxidative stress with anti-
oxidants, which may suppress the chance of C111 oxidation. A free radical scaven-
ger edavarone ameliorated ALS symptoms in a phase II Clinical Trial [ 116 ] and 
results of the phase III trial are still pending (NCT00330681, NCT00424463, 
NCT00415519). Of a different antioxidant, dexpramipexole, the phase III 
(NCT00600873) results were recently posted, but unfortunately no signifi cant ben-
efi cial outcome on survival or disease progression was reported. 
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 Extensive reviews have been published on porhyrins-based SOD mimics [ 117 , 
 118 ]. The most potent SOD mimics are cationic Mn(III)  N -substituted pyridylpor-
phyrins (MnPs), of which the most frequently studied are the MnTE-2-PyP 5+ , 
MnTnHex-2-PyP 5+ , and MnTDE-2-ImP 5+ . Beside their ability to reduce O 2  •- , they 
can also remove peroxynitrite. In animal experiments, MnTDE-2-ImP 5+  alleviated 
ALS symptoms and could markedly extend survival of mice, even if administered 
during disease onset [ 119 – 121 ]. A phase I toxicity Clinical Trial with ALS patients 
was performed to assess the safety of MnTDE-2-ImP 5+  (AEOL 10150) and was 
deemed not to be toxic at doses far above therapeutic concentrations [ 122 ,  123 ]. 
 MNPs   have been explored for many applications including stroke, cancer, and radio-
protection. Thus far, no additional clinical trials have been conducted to investigate 
therapeutic effects with regard to ALS. Recently, it was reported that MnTE- 2- PyP 5+  
potentiates glucocorticoid-induced apoptosis in lymphoma cells [ 124 ]. In doing so, 
MnTE-2-PyP 5+  acts as a pro-oxidant in presence of GSH and H 2 O 2  and glutathionyl-
ates critical survival proteins including nuclear factor κB (NF-κB) [ 125 ]. Intriguingly, 
the benefi cial mechanism of MnPs in cancer treatment might also be applicable for 
ALS. GSH concentrations are increased in ALS [ 95 ] and neuronal cell death is 
induced by microglia via the NF-κB pathway [ 126 ]. Under these conditions, MnTE-
2-PyP 5+  may function as a pro-oxidant at microglia and inhibit NF-κB-induced cell 
death. This could possibly explain the observed positive effects in ALS animal mod-
els [ 119 – 121 ]. Therefore, the research on MnPs in ALS therapy is warranted. 

  Fig. 27.3    Glutamine, lysine, and cysteine residues on the surface of human SOD1. Glutamine 
( blue ), lysine residues ( purple ), and cysteine ( yellow ) on the surface of human SOD1 (Protein data 
bank #1SPD) are shown. Other amino acid residues were shown in  gray . Transglutaminase cata-
lyzes covalently crosslinking between glutamine and lysine. Transglutaminase 2 catalyzed FALS- 
associated mutant SOD1 and apo WT SOD1 [ 107 ]       
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 The role of SOD metal content in its SOD1-mediated oxidative stress was discussed 
earlier in this review [ 38 ,  94 ]. Based on the hypothesis that 1-metal-defi cient SOD1 is 
the toxic intermediate, treatment options could approach this toxicity either via metal 
chelation or metal addition to apo-SOD1 or holo-SOD1, respectively. At fi rst, therapy 
was aimed at lowering copper content by copper chelator treatment, which slightly 
alleviates ALS symptoms [ 127 – 129 ]. However, recent data suggests this is a less effec-
tive approach for ALS treatment. In contrast, addition of diacetylbis( N (4)-methylthios-
emicarbazonato)copper(II) (Cu(II)atsm), an orally bioavailable, blood-brain barrier 
permeable copper complex, exhibits signifi cant therapeutic effects in ALS mice [ 28 –
 30 ]. Survival and locomotor function improved in a dose-dependent matter, consistent 
with an observed decrease in protein nitration and increased antioxidant activity. 
Commencing treatment during symptomatic stages of ALS also improved locomotor 
function and survival albeit less potent as in preventive treatment. The potential to 
alleviate symptoms even during disease onset makes CuII(atsm) an interesting novel 
treatment option for ALS, which should be explored in clinical trials.      

27.7      Immunization         

    One of the latest SOD1-targeted therapies is immunization. There are many anti-
bodies created against misfolded SOD1, each with different epitope regions, includ-
ing: A5C3, D3H5, SEDI, and C4F6 [ 70 ,  73 ,  130 – 132 ]. Passive immunization with 
D3H5 antibodies delayed ALS onset and increased life span in SOD1 G93A  mice. 
Passive immunization with A5C3, however, had no effect on disease onset, indicat-
ing that not all epitopes of the misfolded SOD1 are associated with SOD1 misfold 
toxicity. Finding the suitable epitope is therefore essential for successful treatment 
of ALS [ 133 ]. Recently, a novel therapeutic approach mediated by adeno-associated 
viruses was applied to mice. Authors used a  single-chain fragment variable anti-
body (scFvA)   composed of light and heavy chains of D3H5. A single intrathecal 
injection of a scFvA-containing virus caused sustained expression of  scFvA   in the 
spinal cord and delayed disease onset and increased life span up to 28 % [ 134 ]. 

 Active immunization against the SEDI epitope was effective as well; delayed dis-
ease onset in mice and increased survival up to almost 40 days. This survival correlated 
with a decrease in misfolded/aggregated SOD1, providing evidence that reduction of 
misfolded SOD1 is a viable therapy for ALS [ 135 ]. Unfortunately, at the time of this 
study the epitope binding of C4F6 was unknown, so the researchers decided not to test 
the effect of active immunization against this epitope. Since the exposure of the C4F6 
epitope directly correlates with microglial activation [ 74 ], an interesting follow-up will 
be to perform passive or active immunization with C4F6 antibodies. 

 In contrast to immunotherapy applied in  Alzheimer’s disease (AD)  , which failed 
due to an excessive infl ammatory Th1 response, proposed ALS immunizations 
elicit SOD1 clearance via a Th2 response [ 135 ,  136 ]. This combined with the posi-
tive results gained from in vivo experiments are a good sign that SOD1-targeted 
immunotherapies may soon enter clinical trials.     
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27.8     Other ALS-Associated Genes and Advances 
in Targeted  Therapies            

     ALS is a complex disease with a wide variation of causes other than SOD1 
mutations and their toxic SOD1 intermediates. Mutations in  TAR DNA binding 
protein (TARDBP)  ,  fused in sarcoma (FUS)  , ubiquilin 2, and C9orf72 are also 
causative for ALS. The relation between these and ALS are reviewed extensively 
elsewhere [ 137 – 141 ].  TARDBP   and  FUS   regulate transcription and alternative 
splicing via direct interaction with DNA, RNA, and mRNA.  In ALS, TPD-43   is 
prone to aggregate into TPD-43 inclusions, which are a major hallmark of sporadic 
ALS. These inclusions are currently missing from ALS mouse models, which are 
based on SOD1 mutations. Since our knowledge about TDP-43 function and its 
regulatory pathways is still limited, the exact mechanism by which mutations in 
 TARDBP   induce ALS remains to be elucidated. Nonetheless, several therapeutic 
strategies are in development. These include protein–protein interaction modulators 
that modulate the interaction between  TPD-43   and other proteins (like SOD1, FUS, 
and Hsp), targeting TDP-43-RNA interactions and lastly developing compounds 
which decrease  TPD-43   concentrations and/or TPD-43 aggregates. Rational for 
these strategies and related drug candidates has been reviewed by Budini et al. 
[ 142 ]. Ubiquilin 2 associates with ubiquitin ligases and proteosomes to form an 
 ubiquitin proteasome system (UPS)  , which mediates protein degradation. Mutations 
of the gene result in inclusions of ubiquilin 2 in ALS-affected neurons. One of the 
targets for degradation by  UPS   is TDP-43, which explains why they are often found 
together inside inclusions. It is hypothesized perturbations in protein clearance play 
an important role in neurodegeneration [ 143 ,  144 ]. New therapeutic strategies are 
aimed at restoring perturbed protein clearance using activators for autophagy, the 
 UPS   system, or the chaperone network [ 145 ]. 

 The function of  C9orf72   is unknown, but C9orf72 gene expansions have great 
impact on ALS. Within the C9orf72 gene is a hexanucleotide repeat (GGGGCC), 
which is normally repeated <25 times. Almost 50 % of European FALS patients and 
5–10 % of sporadic ALS patients have this repeat more than 1000 times [ 146 ]. At 
the end of 2014, a research group managed to create an inducible mouse model 
based on this hexanucleotide repeat expansion and observed ubiquitin positive 
inclusions [ 147 ]. This model supports a RNA toxic gain-of-function mechanism of 
the increased  C9orf72   repeats. Further studies utilizing this newly created mouse 
model can give valuable insights in ALS disease progression and contribute to ther-
apeutic intervention. One therapeutic strategy involves silencing RNA expression of 
 C9orf72  . Hypermethylation of CpG islands is known to protect the genome and 
stably silences gene expression. This effect was also observed in mutant  C9orf72   
when the promoter was hypermethylated in ALS-derived lymphoblasts [ 148 ]. 
Clinical comparisons of methylation status of  C9orf72   in ALS patients further sug-
gest that hypermethylation of the gene is neuroprotective [ 149 ]. Combining these 
fi ndings with the newly created animal model can open the door for creating drugs 
against C9orf72-mediated ALS.      
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27.9     Related Therapies in  Neurodegenerative Diseases   

 There is a slight overlap in general disease mechanism between ALS and other 
neurodegenerative diseases like AD and Parkinson’s disease (PD). All these 
diseases have aggregation of oligomeric proteins and some form of oxidative 
stress in common. 

 In AD, similar to SOD1-associated ALS, oligomeric protein (amyloid β) is 
associated with neurotoxicity rather than amyloid aggregates [ 150 ]. One of the 
most recent therapeutic drugs that are in clinical trial is  8-hydroxyquinolines 
(8-HQ)  . These reduce oxidative stress by inhibition of metal-mediated reactive 
oxygen species. They also seem to inhibit oligomerization of amyloid β by stabi-
lization into small dimeric fractions [ 151 ]. Especially the combination of regulat-
ing metal homeostasis and dimeric stabilization is a promising approach. Since 
there is still a struggle between metal content-induced oxidative stress and oligo-
merization as toxic intermediates in SOD1-associated ALS, an approach like this 
is highly promising. Even more, considering the success this strategy has in clini-
cal trials of AD patients. 

 One interesting therapeutic approach covers all aggregation-related neurodegen-
erative diseases. Hsp104, a protein disaggregase isolated from yeast, transduces 
energy from ATP hydrolysis to reverse oligomerization and aggregation. Its applica-
tion to protein misfolding diseases was reviewed by Vashist et al. in 2010 [ 152 ]. 
Recent technological advances has made it possible to modify Hsp104, altering its 
activity and effi ciency. Subtle modifi cations give increased protective activity 
against α-synuclein (PD), TDP-43 (ALS, AD and fronto-temporal lobar degenera-
tion), FUS (ALS), and amyloid β 42 (AD) [ 153 ]. Since this strategy has a broader 
focus than previously mentioned strategies which mainly focus on one disease 
mediator, it may have a higher effi cacy to alleviate ALS symptoms.  

27.10     Conclusion 

 ALS is a complex disease with several causative factors. A subset of the disease is 
a consequence of toxic-gain-of-function of SOD1, of which the exact mechanism 
remains to be elucidated. SOD1 oligomerization and the metal content of SOD1 are 
the main two hypotheses and focus for current therapeutic strategies. Since evidence 
for both hypotheses is strong, it is plausible the disease is a combination of oligo-
merization and SOD1 metal content. It is therefore vital to keep both hypotheses in 
mind when trying to create new therapeutic strategies. Preventing SOD1 misfolding 
by stabilizing cysteine 111 without altering metal-free SOD1 toxicity, restoring 
SOD1 metal content, reducing oxidative stress with antioxidants, and immunization 
against specifi c misfolded SOD1 are all promising therapeutic strategies. 
Immunization and restoring SOD1 metal content already show promise in mice 
models and await clinical trials. Perhaps combination treatments that target both 
hypotheses will show the greatest therapeutic affect and can ameliorate ALS 
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symptoms completely in this particular subset of ALS. Other causes for ALS and 
therapies were discussed briefl y, of which advances in reducing general protein 
aggregation with Hsp104, restoring perturbed protein clearance, and altering gene 
expression are currently exciting highlights.     
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    Chapter 28   
 Redox-Based Therapeutics for Prevention, 
Mitigation, and Treatment of Lung Injury 
Secondary to Radiation Exposure                     

     Isabel     L.     Jackson       and     Zeljko     Vujaskovic     

28.1           Introduction 

  Ionizing radiation   plays an important role in medical diagnostics and cancer treatment. 
Approximately, two-thirds of all cancer patients will receive radiation therapy as part 
of treatment regimens to control local disease, prevent recurrence or metastasis, and 
improve the odds for surgical resection. The accompanying risk for development of 
normal tissue injury, however, greatly limits the maximum effective radiation dose that 
can be delivered to achieve local tumor control and improve treatment outcomes. 
Normal tissue complications for which patients are at risk range from acute toxicities, 
leading to hospitalizations, treatment interruptions, and poor clinical outcomes, to 
chronic injury resulting in reduced quality of life and, in extreme cases, organ failure. 

 In addition to treatment-related complications, exposure to supratherapeutic 
doses of  ionizing radiation   may occur as a result of clinical overdose, during use of 
industrial sources or transport of radioactive sources, in nuclear power plant acci-
dents, or in events involving large-scale radioactivity-producing weapons or radia-
tion dispersal devices (“dirty bombs”). 

 At this time, no U.S. Food and Drug Administration (FDA)-approved treatments 
are available to reduce the probability for pulmonary complications following radi-
ation therapy. The lack of postexposure treatment options also presents a major 
impediment to survival following exposure to supratherapeutic doses such as those 
that might occur in a nuclear accident or attack. In part, the development of targeted 
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therapeutic approaches to prevent, mitigate, and/or treat the side effects of radiation 
exposure has been hindered by the complexity surrounding the pathogenesis of 
radiation-induced normal tissue injury [ 111 ]. 

 It is well-known that the processes leading to functional recovery or failure 
of irradiated tissues are multifactorial and, as such, a single therapeutic target 
is unlikely to be sufficient to dampen the proapoptotic, proinflammatory, and 
profibrotic processes that underlie the development of injury. However, at the 
heart of each of these processes lies  chronic oxidative stress  , a disruption in the 
balance between pro- and antioxidants, which hijacks the cellular machinery 
responsible for regulatory control over tissue response to insults and leads to 
destruction of the physiologic processes that orchestrate wound healing 
(Fig.  28.1 ). A number of therapeutic strategies to prevent, mitigate, and/or treat 

Inflammatory phase

Platelet response

Chemokines, cytokines

Cell migration, macrophages, monocytes

Angiogenesis

DNA damage recognition
Repair/mis-repair

Radiation-induced
apoptosis

Perpetual cytokine cascades

Mitotic cell death

Tissue hypoxiaROS/RNS imbalance

Vascular damage

Minutes Hours

TGFβ activation

Days Weeks Months Years

Anti-fibrotic
cytokines

ECM and
collagen
deposition

Excessive
ECM and
collagen
deposition

Collagen synthesis
and degradation

Proliferative phase

Wound
healing

Radiation-induced
fibrosis

Tissue remodelling phase

  Fig. 28.1     Radiation fi brosis  : a wound that does not heal. The pathogenesis of radiation fi brosis 
begins at the time of insult and progressing through a so-called “latent” period that may last months 
to years before manifesting clinically. Unlike the normal wound healing response which is tightly 
controlled, radiation fi brosis results from excessive tissue remodeling that occurs over a prolonged 
period of time. The mechanisms that drive the tissue response to radiation damage not towards 
resolution but rather acute pathogenesis are complex and not fully understood. Following the ini-
tial ionizing event, secondary production of reactive species alters the environmental milieu lead-
ing to vascular leakage and edema, infl ammatory cell recruitment, tissue hypoxia, and excessive 
collagen deposition. Therapeutic targeting of chronic oxidative stress is an attractive approach to 
mitigate the pathogenic biochemical, molecular, and cellular events that lead to radiation fi brosis. 
 TGFβ  transforming growth factor beta,  ECM  extracellular matrix,  ROS/RNS  reactive oxygen/nitro-
gen species.  Reproduced from Bentzen SM. Preventing or reducing late side effects of radiation 
therapy: radiobiology meets molecular pathology. Nature Reviews. 2006 Sep; 6(9):702-713 with 
permission from Nature Publishing Group[  1  ]        
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radiation-induced normal tissue injury have focused on  neutralizing   chronic 
oxidative stress and restoring homeostasis to mitigate the injurious process and 
promote wound healing.

28.2        Clinical Relevance and Pathogenesis of  Radiation- 
Induced Lung Injury      

   The lung is one of the most radiosensitive organs. In patients undergoing thoracic 
radiotherapy, pulmonary complications can severely hinder the ability to achieve 
local tumor control. Functional defi cits resulting from radiation exposure can have 
signifi cant effects on long-term quality of life among survivors. Apart from clinical 
radiotherapy, radiation lung damage plays a major contributory role in multiorgan 
dysfunction syndrome and organ failure following partial- or total-body irradiation 
after successful treatment of acute radiation syndromes (hematopoietic and gastro-
intestinal) [ 2 ,  3 ]. Radiation lung damage is generally characterized as acute pneu-
monitis occurring 1–6 months after exposure, with a peak incidence between 3 and 
4 months, or as chronic fi brosis that may occur months to years later. 

 Clinical manifestations of  lung damage   include cough, dyspnea, exhaustion on 
exertion, impaired gas exchange, and, in cases in which the entire thorax has been 
exposed, possible organ failure. Molecular features of  lung damage   include vascu-
lar hyperpermeability and edema, type II pneumocyte hyperplasia, mononuclear 
infl ammatory cell infi ltrates, increased alveolar wall thickness, and fi brous plaques 
[ 4 ]. Although clinical symptoms may not manifest until several weeks to months 
after exposure, radiographic injury may be seen much earlier because of the ongo-
ing biochemical, molecular, and cellular changes that occur at the subclinical level 
beginning immediately upon exposure [ 4 ]. Medical management involves cortico-
steroid treatment for  pneumonitis   at the time of symptoms and, on occasion, anti-
biotics and oxygen supplementation [ 5 ]. No FDA-approved strategy is currently 
available to prevent, mitigate, or treat radiation pneumonitis/fi brosis. 

  Radiation pneumonitis  / fi brosis   has been studied experimentally in rodent [ 6 – 9 ], 
canine [ 10 ], and nonhuman primate [ 11 ] models, as well as other species the mecha-
nisms underlying  pulmonary radiobiology   have been primarily characterized in the 
C57BL/6J (B6) mouse strain as a result of its designation as “fi brosis prone” in the 
late 1980s and advances in genetic manipulation in the 1990s. However, recent studies 
have shown signifi cant differences in the pulmonary radiotolerance of B6 mice and 
that of other strains, such as the C57L/J, with a right-shift in the dose–response curve 
for the B6 strain when compared with that of the C57L/J strain, rhesus macaques, and 
humans [ 12 ]. In addition to similarities in dose–response, the C57L/J strain appears to 
be more analogous to the human pulmonary response to radiation in temporal onset 
and pathogenesis [ 13 – 16 ]. As a result, the relevance of the B6 strain in enhancing 
understanding of mechanisms associated with radiation pneumonitis and, to a lesser 
extent, fi brosis has been questioned. Studies are ongoing to evaluate the predictive 
value of the various strains, but the CBA/J and C57L/J strains currently appear to hold 
the most promise.    
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28.3     Role of  Redox Biology      in Radiation Pneumonitis/
Fibrosis 

 Although the initial ionizing event is short-lived, lasting only a few milliseconds, 
the biological consequences of radiation exposure may take days, weeks, or even 
years to manifest clinically. At the time of exposure, energy is deposited along the 
radiation track, disrupting the constitutive structure of the molecular framework 
and leading to both isolated and clustered DNA lesions [ 17 ,  18 ]. 

 Isolated DNA lesions are effi ciently repaired through the base excision repair 
pathway or nonhomologous end joining. However, it is well-documented that clus-
tered DNA damage sites and complex double-strand breaks (DSB) present greater 
challenges to DNA repair machinery, resulting in less reparability, genetic instabil-
ity, and lethality through apoptosis or mitotic catastrophe [ 17 ]. The number of 
clustered DNA lesions and complex DSBs increases with increasing ionization 
density. As a result, the level of complexity of clustered DNA lesions, a hallmark 
of ionizing radiation, plays an important role in determining the biologic conse-
quences of exposure [ 17 ]. 

 At the time of exposure, irradiated cells, sensing the danger posed, set off myr-
iad alarm signals that activate resting antigen-presenting cells to initiate an immune 
response [ 19 ,  20 ]. The majority of these alarm signals are thought to be free radical 
intermediates, but are also likely to include cytokines, growth factors, and even 
free DNA, which activate a complex biological response to orchestrate cellular 
repair and regenerate damaged tissue [ 21 ]. However, the number of alarm signals 
activated multiplies in a dose-dependent manner (corresponding to increasing 
severity of injury), recruiting more and more responders of constitutive or infl am-
matory cell origin to the site of injury to participate in repair processes. If not 
resolved, the propagation and ultimate exhaustion of repair and recovery mecha-
nisms leads to bioenergetic collapse of the tissue and fulminant organ failure [ 22 ]. 

 The complex biological processes involved in  radiation-induced normal tissue 
injury   are propagated at least in part by oxidative stress secondary to the initial ion-
izing event [ 17 ,  18 ].  Redox-sensitive biomolecules   play a role in both physiological 
and pathological conditions through their ability to mobilize energy resources, act 
as intracellular or extracellular messengers, and control gene expression [ 23 ]. In 
irradiated tissues, cellular macromolecules are modifi ed directly by ionization or 
indirectly by the radiolytic products of water (i.e., hydroxyl radical,  • OH; electron, 
e − ; superoxide, O 2  •− ; hydrogen peroxide, H 2 O 2 ) [ 24 ]. Prompt damage to critical cel-
lular biomolecules is amplifi ed through secondary production of intracellular reac-
tive species, RS (reactive oxygen ROS, reactive nitrogen RNS, reactive sulfur 
species RSS, etc.) via chemical cascades (e.g., O 2  •− ; H 2 O 2 ; and peroxynitrite, 
ONOO − , formation), mitochondrial leakage, and activation of enzymatic sources 
(e.g., NADPH oxidases, nitric oxide synthases) (Fig.  28.2 ) [ 24 ]. Oxidative/nitroxi-
dative modifi cations of DNA, lipids, and proteins set off a cascade of downstream 
phenomena, including activation of transcription factors, growth factor signaling, 
infl ammatory cell recruitment, cytokine production, mitochondrial dysfunction, and 
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vascular changes, which underlie the pathogenesis of radiation damage. These 
processes lead to an environment of chronic oxidative stress that overwhelms 
endogenous antioxidant defense mechanisms and disrupts the physiological pro-
cesses that normally contribute to wound healing [ 26 ].

   One of the major sources of cellular ROS is mitochondrial respiration leading to 
adenosine triphosphate production, ion channel activation, or purinergic signaling 
[ 18 ]. Mitochondria-derived ROS regulate cellular homeostasis and, in times of oxi-
dative stress or low physiologic oxygen concentrations, may shift metabolic path-
ways away from oxidative phosphorylation toward glycolytic metabolism and fatty 
acid oxidation to provide cells with the energy needed to undergo repair and regen-
eration. Radiation induces mitochondrial dysfunction in vitro, including altera-
tions in mitochondrial membrane potential, complexes I–IV activities, and O 2  
consumption, which lead to genomic instability [ 27 ]. The damaging effects of 
radiation on mitochondria are not unexpected, given the lack of introns and histone 
proteins to protect mitochondrial DNA and its relatively ineffi cient DNA repair 
mechanisms [ 28 ]. When the antioxidant defense system is overwhelmed, the 
regenerative cycle of mitochondrial ROS formation and release may result in 
potentially cytotoxic levels of ROS, leading to further deterioration of the func-
tional cell population and organ failure [ 29 ]. 

  Fig. 28.2    Sources of reactive oxygen/nitrogen  species   after irradiation. The pro-infl ammatory, 
pro-oxidant microenvironment is a key driver of radiation-induced lung injury.  ATP  adenosine 5′ 
triphosphate,  CD39  cluster of differentiation 39,  DAMPs  damage associated molecular pattern 
molecules,  ER  endoplasmic reticulum,  HMGB1  high mobility group protein B1,  NADPH  nicotin-
amide adenine dinucleotide phosphate,  NKGD2  natural killer group 2 MemberD,  ROS/RNS  reac-
tive oxygen/nitrogen species,  TLR  toll-like receptor.  Reproduced from Schaue D, Kachikwu EL, 
and McBride W. Cytokines in Radiobiological Responses: A Review. Radiation Research 
178(6):505-23 with permission from Radiation Research [  25  ]        
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 Mitochondrial ROS are postulated to be “sensors” of radiation damage because 
of their prominent role in  radiation-induced bystander effect (RIBE)   signaling and 
response [ 30 ]. Bystander effects are important in propagating cell damage outside 
of the radiation track. Irradiated cells defi cient in mitochondrial DNA are less effi -
cient at generating a  RIBE   in neighboring cells [ 31 ]. Bystander effects, including 
DNA damage induction, micronuclei formation, chromosomal instability, and 
apoptosis, have been observed in non-irradiated neighboring cells up to 1 mm 
away in three-dimensional human tissue models [ 32 ,  33 ]. Sedelnikova and col-
leagues have shown that DNA DSBs in bystander cells reach a maximum between 
12 and 48 h after exposure, with 40–60 % of bystander cells affected [ 32 ]. The 
reduced clonogenic capacity of nonirradiated cells cultured with media from [ 34 ]
Co irradiated cultures suggests that irradiated cells secrete an unknown factor that 
causes genomic instability and cytotoxicity in their neighbors [ 35 ]. In addition, 
impaired mitochondrial respiration through depletion of cytochrome c leads to a 
signifi cant reduction in RIBEs [ 36 ]. 

 Another source of RS is chronic infl ammation that occurs after radiation expo-
sure. Rubin et al. were the fi rst to suggest that a perpetual cytokine cascade is 
activated within hours of exposure, perpetuating tissue damage and leading to 
delayed effects (e.g., fi brosis) in late-responding tissues [ 37 ]. Schaue et al. pro-
vided an excellent overview of the role of cytokines in radiobiologic responses in 
a review published in  Radiation Research  [ 38 ]. 

 Apart from DNA damage response, the cellular response to radiation is mostly 
proinfl ammatory and includes activation of genes, such as c-fos, c-myc, and c-jun, 
and beta-actin, TNF-α (tumor necrosis factor α), COX2 (cyclooxygenase 2), and 
ICAM1 (intracellular adhesion molecule 1) [ 25 ].  Infl ammatory mediators   play a 
role in endothelial cell activation and vascular leakage. As infl ammatory cells are 
recruited to areas of tissue injury, they participate in further amplifi cation of oxida-
tive stress that supersedes the ability of the antioxidant machinery to neutralize 
damaging ROS/RNS [ 39 ].  

28.4     Redox-Based  Therapeutics      to Prevent, Mitigate, and/or 
Treat Radiation-Induced Lung Injury 

   As redox signaling and oxidative stress have emerged as key players in the development 
of radiation-induced normal tissue injury, academic and industry scientists have focused 
on designing broad-spectrum therapeutic interventions that neutralize reactive species, 
upregulate antioxidant defense, or both (Table  28.1 ).

   The ability of redox-based therapeutics to protect cells against radiation damage 
and improve the likelihood of cell survival was fi rst shown by Patt et al. in 1949 
[ 61 ]. Since then, a number of clinical trials have shown that redox-based therapeu-
tics are capable of reversing radiation-induced fi brosis involving the skin and 
underlying areas [ 62 – 65 ] as well as sternocostal and mandibular osteoradionecro-
sis [ 66 ,  67 ]. Such therapeutics have led to symptom improvement in patients with 
proctitis/enteritis [ 68 ] and genitourinary dysfunction [ 69 ,  70 ]. 
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 The approach to medical management of radiation pneumonitis/ fi brosis      has not 
changed signifi cantly since the 1970s and mainly includes administration of corti-
costeroids and anti-infl ammatories, with supplemental oxygen in the most severe 
cases [ 5 ,  71 ]. Amifostine (Ethyol; WR2721; MedImmune, Inc., Gaithersburg, 
MD), a sulfhydral-containing pro-drug that acts as a free radical scavenger when 
dephosphorylated, is the only FDA-approved  radiomitigator   to date, with the 
approved indication of prevention of xerostomia and nephrotoxicity. Although pre-
clinical data have been promising, Amifostine has not been conclusively shown to 
prevent and/or mitigate radiation pneumonitis and fi brosis in the clinic. Because of 
Amifostine’s potential side effects (nausea, vomiting, hypotension), the required 
intravenous administration, and minimal-to-moderate effi cacy for radiation pneu-
monitis and fi brosis, new therapeutic interventions to mitigate and/or treat these 
indications are warranted [ 72 ].   

28.4.1      SOD-Mimics         

    Scientists began investigating the ability of superoxide dismutase (SOD) to confer 
radiobiologic protection not long after McCord and Fridovich fi rst characterized its 
enzymatic activity in 1968 [ 73 ]. SODs are important in preserving homeostasis 
through catalyzing the one-electron reduction and oxidation of superoxide anion 
(O 2  ∙− ) to hydrogen peroxide (H 2 O 2 ) and oxygen (O 2 ), respectively. H 2 O 2  is further 
eliminated via either reduction to water (H 2 O) by glutathione peroxidase or other 
systems such as peroxyredoxins or is dismutated, i.e., reduced two- electronically 
to water and oxygen by catalase. Petkau was the fi rst to demonstrate that adminis-
tration of Cu/Zn-SOD (bovine) prior to and after radiation exposure could signifi -
cantly increase the lethal dose for 50 % of animals at 30 days (LD50/30), from 7.34 
to 11.4 Gy [ 74 ]. Symonyan and Nalbandyan later observed that this effect was 
more pronounced when Cu/Zn-SOD was delivered immediately after irradiation 
rather than before, leading them to investigate the effects of X-rays on SOD enzy-
matic activity in vitro and in vivo. Those studies demonstrated that irradiation led 
to reduction of enzymatic copper and loss of activity [ 75 ]. Investigators hypothe-
sized that by restoring antioxidant defense capabilities, the damaging effects of 
radiation at the molecular and cellular levels could be mitigated, thereby reducing 
normal tissue functional defi cits and morbidity. 

 Despite acknowledgment that SOD can protect cells from the damaging effects 
of ionizing radiation (and other diseases characterized by oxidative stress), its 
therapeutic potential has yet to be realized clinically. This is in part because of the 
unfavorable pharmacologic properties of the enzyme as well as diffi culty in strik-
ing the proper oxidant–antioxidant balance: too little leads to oxidative damage to 
DNA and proteins; too much increases lipid peroxidation and exacerbates the 
injury [ 76 ]. This very narrow window of effi cacy on the bell-shaped curve between 
helpful and harmful poses signifi cant challenges to identifying the appropriate 
therapeutic dosing regimen [ 76 ]. 
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 Scientists have attempted to overcome the short half-life of SOD through 
pegylation, liposomal delivery, and development of SOD mimics with vari-
ous degrees of lipophilicity. Those that have shown the greatest effi cacy include 
the MnSalens, MnSOD plasmid/liposomes (MnSOD PL), liposomal SOD 
(LipSOD), and Mn(III) porphyrins. Among Mn porphyrins, the most frequently 
explored are Mn(III)  meso-tetrakis ( N,N′ -diethylimidazolium-2-yl)porphyrin, 
MnTDE-2-ImP 5+  (AEOL10150), Mn(III)  meso - tetrakis ( N -ethylpyridinium-2-yl)
porphyrin, MnTE-2- PyP 5+  (BMX-010, AEOL10113), Mn(III)  meso - tetrakis( N-n-
hexylpyridinium-2-yl)porphyrin, MnTnHex-2-PyP 5+  and Mn(III)  meso-tetrakis ( N -
n- butoxyethylpyridinium- 2-yl)porphyrin, MnTnBuOE-2-PyP 5+  (BMX-001) [ 77 ,  78 ]. 

 The  therapeutic effi cacy   of LipSOD for radiation-induced fi brosis of the skin 
and underlying tissues has been extensively tested alone and in combination with 
anti- infl ammatories in phase I/II clinical trials. Those trials demonstrated that 
 LipSOD   (6 injections of 5 mg over 3 weeks) was capable of reversing severe 
radiation- induced fi brosis [ 64 ,  79 ]. In cases of prefi brotic skin disease, complete 
regression was observed. Of a total of 50 patients receiving treatment, a reduc-
tion in the average size of the fi brotic lesion was observed in one-third and 82 % 
saw a signifi cant softening of the area [ 64 ]. The success of  LipSOD   in radiation-
induced skin fi brosis in clinical cancer therapy provides a rationale for evaluat-
ing SOD-like compounds in other normal tissues commonly affected by radiation, 
such as the lung and esophagus. Preclinical studies have shown that both Cu/
Zn-SOD (SOD1) and MnSOD (SOD2) mitigate a number of radiation-induced 
pathologies in clinical and preclinical trials, including skin fi brosis [ 80 ], esopha-
gitis [ 81 ], and lung damage [ 82 ]. 

 Sections  28.4.1.1  and  28.4.1.2  describe successes and failures experienced 
with the most relevant SOD-like compounds undergoing investigation as 
 radiomitigators   of lung injury.    

     SOD  Mimics         

    SOD mimics were among the fi rst compounds developed soon after the discovery of 
the functional role of the SOD protein [ 34 ]. As mentioned, the therapeutic potential 
of the SOD protein is hindered by its large molecular weight, short half-life, antige-
nicity, and high cost of manufacture [ 83 ]. In contrast, low-molecular-weight  SOD 
mimics   have greater cellular permeability and retention than the bulky SOD pro-
teins, thereby improving their half-life and localization to sites of oxidative stress 
[ 83 ]. These manganese-containing catalytic antioxidants are capable of performing 
a variety of redox reactions, many of which are as yet unknown [ 78 ]. It has been 
demonstrated that the ability of SOD mimics to catalyze the O 2  •−  dismutation paral-
lels their ability to reduce peroxynitrite and parallels their therapeutic potential. 
Among those which are emerging as major ones are oxidative modifi cations of thi-
ols of signaling proteins such as NF-κB (nuclear factor-κB) and complexes I and III 
of mitochondrial respiration [ 78 ,  84 ]. Due to the ability to accept (be reduced) and 
give away electron (be oxidized) as exemplifi ed in catalysis of O 2  ∙−  dismutation, Mn 
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porphyrins can impart their therapeutic effects via both anti- and pro-oxidative 
actions. The most prominent pro-oxidative action is the oxidative modifi cation of 
NF-kB thiols with subsequent inhibition of its transcription and in turn suppression 
of excessive infl ammation [ 78 ]. 

 Since the late 1990s, SOD mimics have undergone exhaustive testing to assess 
their effi cacy as mitigators of radiation-induced lung injury, with a focus on their 
ability to dampen infl ammation through modulation of key redox-sensitive tran-
scription factors, including HIF-1α (hypoxia inducible factor α), NF-κB, AP-1 
(activator protein 1), and SP-1 (specifi city protein 1) [ 34 ]. The best-characterized 
SOD mimics, the ortho isomeric MnTDE-2-ImP 5+  (AEOL 10150), MnTE-2-PyP 5+  
(AEOL 10113, BMX-010), and MnTnHex-2-PyP 5+ , have been shown to mitigate 
pneumonitis and fi brosis after radiation by suppression of the four major mediators 
of radiation injury: oxidative stress [ 85 ,  86 ], apoptosis [ 86 ,  87 ], infl ammation [ 58 , 
 59 ], and fi brosis [ 58 ,  59 ]. 

 Vujaskovic and colleagues were the fi rst to demonstrate that MnTE-2-PyP 5+  
could signifi cantly mitigate functional damage and reduce collagen content in the 
lungs of rats following high-dose hemithoracic irradiation [ 57 ]. This was associ-
ated with a signifi cant reduction in plasma levels of transforming growth factor β, 
TGF- β, a biologic predictor of pulmonary normal tissue response to radiation [ 88 ]. 
This was followed by studies by Gauter-Fleckenstein et al., who compared the effi -
cacy of MnTE-2-PyP 5+  (3 or 6 mg/kg) with the more lipophilic MnTnHex-2-PyP 5+  
(0.05, 0.3, 0.6, or 1.0 mg/kg) when administered daily for 2 weeks after hemitho-
racic irradiation in rats [ 58 ]. Both compounds mitigated lung damage, as assessed 
by respiratory function and histologic evaluation, and affected expression of 
HIF-1α, vascular endothelial growth factor, VEGF, macrophage activation, and 
suppressed oxidative stress (as measured by 8-hydroxydeoxyguanosine, 8-OHdG, 
marker of DNA oxidative damage) [ 58 ,  60 ]. The investigators hypothesized that 
MnTnHex-2- PyP 5+ , with ~7000-fold greater lipophilicity than MnTE-2-PyP 5+ , 
would better mitigate lung damage because of greater depth of penetration and 
increased tissue retention [ 89 ]. While MnTE-2-PyP 5+  afforded radioprotection at 
6 mg/kg, MnTnHex-2-PyP 5+  was similarly effi cacious at 120-fold lower concentra-
tion [ 60 ]. Both compounds were successful in reducing TGF-β and carbonic anhy-
drase IX, CAIX (an endogenous marker of hypoxia), in irradiated lungs [ 58 ]. 
Proteomic profi ling of treated and untreated irradiated lungs showed reduced 
expression of biologic markers of protein degradation and apoptosis, indicating 
that MnTE-2-PyP 5+  mitigates radiation pneumonitis/fi brosis by preventing cell loss 
and preserving pulmonary structural integrity following hemithoracic radiotherapy 
[ 86 ]. Follow-up studies to determine the therapeutic window found that MnTE-2-
PyP 5+  could mitigate lung damage even when administered starting 8 weeks after 
exposure, suggesting that it either stopped or reversed the proinfl ammatory and 
profi brotic processes leading to severe functional and histologic damage. This was 
associated with a decrease in HIF-1α, TGF-β, and VEGF. This is consistent with 
previous studies demonstrating activated macrophages produce O 2  •− , TGF-β, and 
VEGF, which can be mitigated by MnTE-2-PyP 5+  in vitro [ 90 ]. 
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 The SOD mimic most advanced along the development pipeline, AEOL 10150 
(Aeolus Pharmaceuticals; Mission Viejo, CA), has been shown to protect both 
rodent and nonhuman primate lungs from irradiation [ 47 – 49 ]. The compound is 
currently under development as a medical countermeasure (MCM) to reduce mor-
bidity and improve survival from the delayed effects of acute radiation exposure on 
lung (i.e., pneumonitis/fi brosis). In pneumonitis-prone CBA/J mice, AEOL 10150 
delivered daily starting 24 h after whole-thorax lung irradiation (consistent with 
the current United States Government concept of operations document) at a dose 
of 25 mg/kg (but not 5–10 mg/kg) was effective in improving survival >30 % when 
administered for a total of 28 days [ 91 ]. In a pilot study in nonhuman primates, 
administration of AEOL 10150 starting 24 h after lethal whole-thorax radiation 
exposure resulted in a 28.6 % improvement in survival. This was associated with a 
reduction in quantitative radiologic injury (pneumonitis, fi brosis, pleural effu-
sions), less dexamethasone support, and improved peripheral capillary oxygen 
saturation among AEOL 10150-treated animals compared to nontreated irradiated 
controls [ 49 ]. Larger studies found similar results with a doubling of 180-day sur-
vival among AEOL 10150-treated nonhuman primates compared to nontreated 
irradiated controls (personal communication with Dr. Thomas J. MacVittie). 

 In mechanistic studies, AEOL 10150 reduced proapoptotic signaling and apop-
tosis of lung parenchymal cells [ 87 ] and decreased oxidative stress associated with 
metabolic dysfunction [ 85 ] in fi brosis-prone C57BL/6J mice. Ongoing studies 
using a systems biology approach and state-of-the-art  matrix-assisted laser desorp-
tion ionization (MALDI)   mass spectrometric imaging are being performed to 
assess temporal changes in irradiated nonhuman primate and murine lungs and 
mitigation by AEOL 10150 and other MCMs to better defi ne the mechanisms asso-
ciated with injury and improve therapeutic targeting [ 22 ,  92 – 95 ].     

     MnSOD Plasmid/ Liposomes            

     In the latter part of the 1990s, Engelhardt and colleagues demonstrated that MnSOD 
plasmid/liposome (PL) gene therapy to increase SOD expression could signifi cantly 
reduce lung epithelial cell apoptosis in vitro at 72 h postexposure [ 96 ]. It was also shown 
that cellular protection was dependent on mitochondrial localization of MnSOD-PL 
both in vitro and in vivo [ 97 ]. MnSOD PL was shown to reduce levels of proinfl amma-
tory (interleukin-1, IL-1, tumor necrosis factor-α, TNF-α) and profi brotic (TGF-β) cyto-
kines and mitigate radiation pneumonitis/fi brosis in wild-type [ 82 ,  98 ] and 
SOD2-defi cient mice [ 99 ]. Of note, MnSOD PL did not alter radiation- induced cytotox-
icity in orthotopic thoracic tumors, a critical requirement for clinical translation [ 100 ]. 

 In addition to providing protection against pulmonary injury, MnSOD PL was 
shown to decrease lipid peroxidation of the esophagus [ 101 ] and protect multilineage 
squamous epithelial progenitor cells [ 102 ], leading to mitigation of esophageal stric-
ture and esophagitis after single or fractionated doses of radiation [ 81 ,  103 ,  104 ]. 

 Although MnSOD PL has not entered into clinical trials for radiation pneumonitis/
fi brosis, a phase I dose-escalation study to assess the safety and feasibility of oral 
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administration of MnSOD PL in patients with locally advanced non-small cell lung 
cancer receiving concurrent radiochemotherapy was completed in 2011 [ 105 ]. The 
study authors concluded that oral administration at all dose levels (0.3, 3, and 
30 mg) was safe and recommended 30 mg as the starting dose for phase II investiga-
tions to assess the effi cacy of MnSOD PL in reducing the incidence of grade 3 or 4 
esophageal toxicity. Other endpoints include clinical response to combination 
chemoradiotherapy and MnSOD PL.       

28.4.2      Genistein         

    Genistein is a soy isofl avone that belongs to a family of redox-active polyphenols 
which can act both as pro- and antioxidants similar to SOD mimics. Genistein acts 
as a tyrosine kinase inhibitor, has been shown by multiple investigators to reduce 
micronuclei formation, decrease functional injury, and delay morbidity/mortality 
when administered after radiation exposure [ 52 – 54 ]. However, one of the limita-
tions of the effi cacy of genistein is its low bioavailability because of poor dissolu-
tion in water. To address this limitation, Landauer and colleagues at the Armed 
Forces Radiation Research Institute developed an orally available nanoparticle sus-
pension to improve water solubility and increase bioavailability by >300-fold 
[ 106 ]. The genistein nanosuspension (BIO 300) was subsequently licensed to 
Humanetics Corporation (Minneapolis, MN), which, through fi nancial backing 
from the Biomedical Advanced Research and Development Authority, evaluated 
the effi cacy of BIO 300 as a mitigator of radiation pneumonitis/fi brosis in the lungs 
of C57L/J mice. Those studies found that BIO 300 (oral gavage) could signifi -
cantly improve survival when treatment was started 24 h after whole-thorax lung 
irradiation and given daily thereafter for a total of 4–6 weeks [ 55 ].     

28.4.3     Activators of  Antioxidant Defense Enzymes         

    A therapeutic area that has been relatively unexplored is development of com-
pounds that upregulate natural antioxidant defense enzymes [ 107 ]. New com-
pounds, such as TMC (Cureveda; Halethorpe, MD) and secoisolariciresinol 
diglucoside (SDG, LignaMed; Philadelphia, PA), are under development to tar-
get oxidative stress and restore redox balance through modulation of nuclear 
factor (erythroid-derived 2)-like 2 (Nrf2)-mediated cytoprotection. The Nrf2/
Keap1 pathway maintains the redox balance of the cell by regulating phase II 
detoxifying and antioxidant enzymes, including heme-oxygenase 1 (HO-1), 
metallothioneins, NAD(P)H dehydrogenase quinone 1 (NQO1), aldo-keto reduc-
tases, glutathione reductase and glutathione S-transferases, and others. Studies 
have shown that Nrf2-defi cient C57BL/6J mice have increased susceptibility to 
radiation-induced lung damage [ 108 ]. In addition to increased oxidative burden, 
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Nrf2-defi cient mice display elevated levels of plasminogen activator inhibitor-1, 
a TGF-β1 target gene that is coincident with an earlier onset of lung damage than 
in wild-type mice [ 108 ]. 

 Christofidou-Solomidou and colleagues have shown that dietary flaxseed 
mitigates oxidative damage, reduces pulmonary inflammation/fibrosis, and 
improves survival in C57/BL6 mice [ 50 ,  51 ,  109 ,  110 ]. The bioactive lignan 
component of flaxseed, SDG, has potent antioxidant properties, including the 
ability to inhibit lipid peroxidation [ 51 ].  Cytoprotective proteins      including 
transcription factor Nrf-2 and its regulated enzymes HO-1 and NQO1 are 
shown to be upregulated in the irradiated lungs of flaxseed/SDG-treated mice 
[ 51 ]. An increased likelihood of survival associated with improved pulmo-
nary hemodynamics and blood oxygenation levels, decreased inflammation, 
and reduced collagen deposition/fibrosis is seen when flaxseed is provided in 
the diet ad libitum starting as late as 6 weeks after thoracic irradiation in 
C57/BL6 mice [ 50 ]. 

 Targeting upregulation of Nrf2 gene expression and cytoprotection may have 
the ability to reverse the cellular redox imbalance that facilitates chronic oxidative 
stress, DNA damage and apoptosis, infl ammation, and fi brosis leading to acute and 
chronic lung damage.      

28.5     Conclusions 

 At this point in time, there is no FDA-approved therapy to mitigate and/or treat 
radiation-induced lung injury. Redox-based therapeutics are attractive as 
radiomitigators due to their ability to neutralize chronic oxidative stress that 
drives the development of radiation pneumonitis/fi brosis. A number of com-
pounds have shown therapeutic effi cacy in small and large animal models using 
endpoints that include mitigation of functional injury and radiographic changes 
and reduction of major morbidity/mortality. Thus, the development and optimi-
zation of redox therapeutics offers a promising approach for the treatment of 
radiation-induced lung injury.     
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    Chapter 29   
 Using Metalloporphyrins to Preserve β Cell 
Mass and Inhibit Immune Responses 
in Diabetes                     

     Gina     M.     Coudriet     ,     Dana     M.     Previte     , and     Jon     D.     Piganelli     

29.1          Introduction 

 As of 2012, 29.1 million Americans are living with diabetes [ 1 ], creating a signifi cant 
healthcare concern for the United States. Diabetes is a disease highly driven by infl am-
mation and reactive oxygen species (ROS). Therefore, agents that affect secondary 
infl ammation as a result of oxidative stress like metalloporphyrins are a desirable 
approach to alleviate the infl ammation associated with disease. Here, we will discuss 
the role  ROS   play in the immunopathology of diabetes, the work that has elucidated 
the effi cacy of metalloporphyrins in the disease, and their future utility in the clinic.  

29.2     Diabetes  Mellitus   

  Diabetes mellitus encompasses a group of diseases whereby blood sugar levels are 
uncontrolled due to inadequate insulin production, secretion, and/or signaling. 
Progression to diabetes occurs when the  β cell   is damaged and can no longer perform 
appropriate glucose sensing and insulin secretion, resulting in hyperglycemia and 
glucotoxicity. Common symptoms of diabetes include increased urination, thirst, 
and hunger. Diabetes is a chronic disease and the consequences of poorly controlled 
blood glucose levels, if left untreated, include metabolic ketoacidosis and death [ 1 ]. 
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Even if blood sugar levels can be somewhat maintained, exposure to high glucose 
can damage target organs leading to secondary complications such as neuropathy, 
nephropathy, retinopathy, and cardiovascular disease [ 2 ]. These secondary complications 
remain a major health concern for patients. 

 Specifi cally,  type 1 diabetes (T1D)               is an autoimmune disease accounting for 
approximately 10 % of all diabetes patients. T1D ensues from self-reactive T cells 
escaping tolerogenic mechanisms and mediating targeted destruction of pancreatic 
β cells [ 3 ]. This destruction results in reduced β cell mass and uncontrolled blood 
glucose levels from diminished insulin production. While the initiating events that 
trigger immune activation against the β cell are not fully elucidated, it is well- 
accepted that genetic and environmental factors may be responsible for promoting 
the break in tolerance. These factors include: viral infection [ 4 ], family history [ 5 ], 
pancreatic ROS and infl ammation [ 6 ], and chemical exposure [ 7 ]. 

 By the time  T1D   patients present with hyperglycemia, 80–90 % of the β cell 
mass has already been lost [ 8 ,  9 ]. Therefore, in order to maintain blood glucose 
levels, patients must administer exogenous insulin for the remainder of their lives. 
While this therapy is effi cacious for most, there are a percentage of patients who 
cannot manage blood glucose with insulin alone. Islet transplantation has become a 
potential therapy for these patients. However, with transplantation, patients must be 
placed on rigorous immunosuppressive regimens to minimize islet graft rejection. 
In order to study autoimmune-mediated diabetes in the laboratory, the NOD, or non- 
obese diabetic, is the primary mouse model used, as it closely mimics human dis-
ease onset [ 10 ]. Knockout and transgenic NOD mice are regularly exploited for 
studying T1D in vivo. 

  Type 2 diabetes (T2D)   is the more common form of the disease, accounting for 
about 90% of cases. Although the genetic susceptibility is more complex, obesity is 
a major risk factor for progression to  T2D   [ 11 ]. In contrast with T1D, patients suf-
fering from T2D experience insulin resistance through a loss of insulin sensitivity. 
Lacking an autoimmune component,  T2D   often manifests with islet hypertrophy 
and hyperinsulinemia [ 12 ]; however, insulin signaling is greatly impaired, ulti-
mately resulting in poorly controlled blood glucose levels. Treatment options for 
obese T2D patients begin with weight loss, in conjunction with insulin-sensitizing 
drugs. However, poor control can result in eventual insulin therapy and potential β 
cell loss by apoptosis. Mice with a genetic predisposition for obesity are available 
for studying T2D; however, the high fat diet (HFD) model of obesity is widely stud-
ied as it closely mimics what is seen in the human population [ 13 ]. 

 ROS and  reactive nitrogen species (RNS)   contribute to β cell damage in both 
T1D [ 14 ,  15 ] and T2D [ 16 ], yet the underlying mechanisms differ. In T1D, β cell 
damage occurs from autoimmune-mediated proinfl ammatory cytokine production 
which fuels oxidative stress. Superoxide anion, hydrogen peroxide, hydroxyl radi-
cals, and nitric oxide (NO) are all produced as a result of the infl ammation, and 
these molecules are suffi cient for inducing β cell death [ 17 ]. In  T2D  , glucose toxicity 
is the driving force behind generation of ROS and resultant β cell dysfunction [ 17 ]. 
With this in mind, it is logical to think that antioxidant therapies would be advanta-
geous in both of these disease settings. 
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 In order to combat the chronic infl ammation and oxidative stress displayed in 
diabetes, manganese metalloporphyrin antioxidants are seemingly viable  therapeutics. 
MnP abbreviation is used to describe MnTE-2-PyP 5+ /AEOL10113, BMX-010, 
except when indicated that it relates to MnTDE-2-ImP 5+ /AEOL10150. Both com-
pounds have similar redox-properties, yet differ with respect to size and shape which 
differentially affects their bioavailabilities [ 18 ]. Not only can these agents scavenge 
free radicals and other reactive species such as superoxide and peroxynitrite [ 19 ,  20 ], 
but they also possess a high bioavailability; particularly relevant is their preferable 
mitochondrial relative to cytosolic accumulation. Their actions are frequently cata-
lytic and display oxidoreductase properties [ 21 ,  22 ]. These characteristics allow for 
preservation of β cell integrity and modulation of autoimmunity in T1D, which have 
been extensively studied. While work has yet to be published examining the potential 
of MnP in T2D, preliminary studies suggest its effi cacy.   

29.3     The Oxidative Environment of the  β Cell      

   The primary role of the pancreatic β cell is to sense blood glucose levels, and in 
response, produce and secrete insulin to maintain glucose homeostasis. Insulin pro-
duction and secretion requires continual obligation for protein translation, modifi ca-
tion, and export by β cells. To power these processes, β cells must oxidize glucose 
via oxidative phosphorylation to generate the required ATP. Oxidative phosphoryla-
tion is responsible for mitochondrial-derived ROS production (hydrogen peroxide 
and superoxide) [ 23 ]. Acute doses of these ROS and RNS are required for insulin 
secretion and aid β cell function [ 24 – 26 ]. However, the overall demand on the β cell 
in the pre-diabetic environment results in increased stress, and if uncontrolled, 
excessive ROS and RNS production can tip the balance of oxidative homeostasis. 
This ensuing, chronic oxidative stress is detrimental to proper insulin signaling and 
can drive β cell apoptosis [ 15 ,  26 ,  27 ]. 

 With increased susceptibility to oxidative stress due to high rates of glucose 
oxidation, one might assume that β cells would express high levels of antioxidant 
enzymes and effectively repair DNA following oxidative damage. Notably, β cells 
express very low levels of catalase, glutathione peroxidase, and superoxide dis-
mutase [ 28 ] and demonstrate poor DNA repair following oxidative damage [ 29 ]. 
Therefore, since the sole function of the β cell, glucose-stimulated insulin secretion 
follows a metabolic pathway concomitant with ROS production, it has been hypoth-
esized that the β cell sets itself up for failure in terms of oxidative damage [ 30 ]. To 
circumvent this defect, studies where antioxidant enzymes were overexpressed in β 
cells were conducted. Results showed that overexpression of these enzymes pro-
tected β cells from cytokine and ROS-induced apoptosis and limited NF-κB activa-
tion, thereby reducing proinfl ammatory cytokine production by the β cell itself [ 31 , 
 32 ]. These studies indicate the potential for antioxidant therapy to preserve β cell 
mass and function. 
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  Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases  , or  NOX  , are 
also key mediators of ROS in β cells [ 33 ]. The  NOX   enzymes are responsible for 
transferring electrons across membranes, leading to the generation of superoxide 
and hydrogen peroxide [ 33 ]. β cells have been shown to express several NOX 
  isoforms   including NOX-1, 2, and 4, NOXA1, and NOXO1 [ 16 ,  33 – 35 ]. While 
NOX-1 and 2 are located at the plasma membrane, NOX-4 is expressed in the mito-
chondria [ 36 ]. NOX are activated following glucose sensing by β cells, and the ROS 
generated aid in glucose-stimulated insulin secretion [ 24 ,  26 ]. Moreover, NOX-
generated ROS can serve as a positive feedback loop, enabling more ROS produc-
tion [ 37 ]. If uncontrolled, NOX are yet another oxidative stress-inducing mechanism 
working against the β cell in diabetes. Increased serum levels of free fatty acids and 
proinfl ammatory cytokines, like those seen in diabetic patients, are suffi cient for 
upregulating NOX expression in β cells, leading to increased ROS generation [ 38 ]. 
This upregulation, coupled with low antioxidant enzyme expression, further renders 
the β cell susceptible to oxidative damage. 

 Studies have been conducted to specifi cally examine if NOX inhibition preserves 
β cell function; however, results have been contradictory. Work by Thayer et al. 
utilized islets from the transgenic NOD.NCF-1 mlJ  mouse model [ 39 ]. These mice 
contain a point mutation that results in truncation of the p47 phox  subunit and prevents 
functional NOX assembly and ROS production [ 39 ,  40 ]. Specifi cally in β cells, this 
results in loss of functional NOX-1 and 2. Interestingly, these NOX-defi cient islets, 
when treated with infl ammatory cytokines, produced similar levels of NO and had 
similar viability, as compared to wild-type control islets [ 39 ]. However, in another 
study, treatment of human and murine islets with the NOX-1 inhibitor ML171 pro-
vided protection from infl ammatory cytokines [ 41 ]. 

 Overall, constant oxidative stress due to glucose sensing and insulin secretion, 
coupled with low expression of oxidative stress defense mechanisms, render the β 
cell highly susceptible to apoptosis. A therapeutic with the ability to globally scav-
enge free radicals and enhance the antioxidant defense of the β cell would therefore 
be benefi cial for use in preserving β cell viability and function in diabetic patients.    

29.4     Preserving β Cells  with Metalloporphyrins      

   Despite vast advances in medicine, oxidative stress and ROS-mediated damage still 
remain hurdles in maintaining β cell function and viability [ 17 ,  42 ]. In order to 
overcome these issues, multiple studies have been performed to examine if MnP 
treatment is able to dissipate ROS and preserve β cell mass and function. 

 β cells require high rates of glucose oxidation in response to glucose sensing and 
for the production of insulin [ 17 ,  30 ]. Increased glucose oxidation results in high 
levels of mitochondrial-derived ROS, leading to oxidation-induced β cell dysfunc-
tion and death [ 27 ,  43 ]. Aconitase is an important enzyme responsible for catalyzing 
the reaction of citrate to isocitrate in the  tricarboxylic acid cycle (TCA)  . Additionally, 
aconitase’s iron sulfur cluster is highly susceptible to the direct inactivation by 
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superoxide produced as a result of increased glucose oxidation by the mitochondria 
[ 43 ,  44 ]. In a healthy environment,  ROS   serve as a negative feedback loop to 
 modulate mitochondrial metabolism in order to avoid overproduction of 
ROS. Conversely, increased aconitase inactivation, due to an overabundance of 
superoxide, leads to a build-up of glucose, resulting in a feed-forward loop of oxida-
tive stress in diabetes [ 45 ]. Recent studies investigating various metabolic pathways 
showed that MnP treatment sustained aconitase activity and resulted in increased 
glucose oxidation, most likely through the scavenging of  mitochondrial-derived 
ROS   [ 46 ]. Therefore, it was concluded that MnP treatment enabled more effi cient 
 TCA   cycle function, respiratory chain coupling, and ultimately mitochondrial respi-
ration, while minimizing the deleterious effects of the ROS produced [ 46 ]. This 
treatment may prove benefi cial for β cells due to their high susceptibility to oxida-
tive stress and their dependence on glucose oxidation for driving their physiological 
functions. While this is promising, future studies are necessary to elucidate this 
potential in β cells, specifi cally. 

 Insulin injections are the main therapeutic for maintaining blood glucose in dia-
betic patients. Currently,  pancreatic islet transplantation   is a therapeutic approach 
for those who cannot successfully maintain blood glucose levels by injection alone. 
With this approach, islets must be successfully isolated from the donor, purifi ed, 
and transplanted into recipient patients. The nature of this labor-intensive process is 
unfavorable to the already fragile β cell, as it induces hypoxia and ischemia- 
reperfusion injury [ 47 ]. Preservation of the graft is of utmost importance; however, 
several hurdles still remain, including preventing β cell apoptosis, limiting oxida-
tive stress, and maintaining functionality. Several studies have explored the poten-
tial for MnP in overcoming these hurdles. Treatment of  human donor islets with 
MnP   during and after isolation enhanced islet cell mass 2 and 7 days post-isolation 
[ 48 ] (Fig.  29.1a ). MnP treatment also resulted in increased pro-insulin staining of 
islet preparations following isolation, indicating preserved insulin production. 
While functional glucose responsiveness did not differ between MnP-treated and 
untreated islets in vitro, islets treated with MnP prior to transplantation better nor-
malized blood glucose levels of diabetic mice in vivo following transplantation 
[ 48 ]. Additionally, MnP afforded protection against streptozotocin (STZ)-induced β 
cell damage.  STZ   is a chemical agent that causes oxidative stress-induced β cell 
death, thus mimicking the stress that occurs from islet isolation. MnP protected 
human islets from STZ damage in vitro [ 49 ] (Fig.  29.1b, c ). In vivo, mice were 
similarly protected from STZ-induced diabetes onset by the systemic administra-
tion of MnP. Additionally, islets pretreated with MnP improved β cell function in 
syngeneic, allogeneic, and xenogeneic murine islet transplants [ 49 ].

   Follow-up studies from Bottino et al. provided a mechanistic explanation for 
MnP preservation of islet mass and function. They determined that MnP treatment 
resulted in decreased islet NF-κB nuclear translocation and reduced poly (ADP- 
ribose) polymerase (PARP) cleavage, indicative of islet survival [ 50 ]. Specifi cally, 
 NF-κB-DNA binding   was inhibited, thereby decreasing expression of NF-κB- 
dependent monocyte chemoattractant protein-1 (MCP-1) and interleukin-6 (IL-6) 
[ 50 ]. While other NF-κB-regulated genes such as interleukin-1β (IL-1β), tumor 
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  Fig. 29.1     MnP   protects human islets from  streptozotocin (STZ)-induced cell death  . ( a ) Percentage 
of preserved human β cell mass following 5-day culture in control ( black bars ) and MnP-treated 
( white bars ) groups ( n  = 9) ( p  = 0.02). Data adapted from Bottino et al. [ 48 ]. ( b ) Human islets 
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necrosis factor-α (TNF-α), and macrophage infl ammatory protein 1α (MIP-1α) 
were not examined, the data would suggest that these infl ammatory mediators 
would also be dampened with MnP treatment. 

 These studies demonstrate that oxidative and infl ammatory damage is detrimen-
tal to islets and blocking these pathways via MnP treatment is a viable option for 
maintaining graft mass and function. These studies have led to recent clinical trials 
in Canada, where donor pancreata are being treated with MnP during perfusion, 
digestion, and culture, prior to transplantation. At present, the results of the studies 
have yet to be published.    

29.5      Immunopathology of T1D   

  As mentioned previously, T1D is an autoimmune disease with an orchestrated 
immunopathology involving both the innate and adaptive arms of the immune sys-
tem. Macrophages and T cells explicitly contribute to β cell destruction via direct 
and indirect mechanisms. It is well-documented that ROS play signifi cant roles in 
activation of both macrophages and T cells in T1D models [ 6 ]. Therefore, MnP 
treatment remains a reasonable therapeutic to minimize ROS generation and aber-
rant immune responses. The various roles ROS play in the activation of macro-
phages and T cells, and how MnP has been used to dampen these responses and 
delay T1D (Fig.  29.2 ), will be discussed. 

29.5.1        Macrophages         

    Under normal conditions, macrophages are present in the pancreas as a means of 
immune surveillance. Following genetic and environmental triggers, β cells release 
antigens, activating tissue-resident macrophages. Once activated, macrophages 
serve two important roles in driving the early stages of T1D: (1) Producing proin-
fl ammatory cytokines and ROS that result in β cell death, and (2) Serving as  antigen- 
presenting cells (APC)   to activate antigen-specifi c T cells [ 6 ]. 

 In pre-diabetic NOD mice, macrophages are observed during the early stages of 
insulitis, [ 51 ,  52 ] concomitant with islet MCP-1 expression [ 53 ]. Macrophages are 
also considered the early and major producer of TNF-α, which can directly mediate 
β cell destruction [ 54 ]. They also produce large amounts of IL-1β, driving more 
direct inducible nitric oxide synthase (iNOS)-mediated β cell death [ 55 ]. Macrophage 
depletion studies in animal models of T1D display inhibition of disease onset [ 39 ,  56 ]. 

Fig. 29.1 (continued) (60 islets/group) were cultured in media alone, 68 μM MnP (CA), 11 mM 
STZ, or 68 μM MnP (CA) + 11 mM STZ. Fluorescence microscopy of islets after an 8-h incubation, 
stained with acridine orange ( green /live) and ethidium bromide ( red /dead). ( c ) Quantifi cation of live 
cells following treatment, demonstrating that MnP (CA) treatment protects islets from chemical-
induced death ( n  ≥ 3). Data are presented as mean ± SEM. Signifi cance was tested using one-way 
ANOVA (** p  < −0.05). Data adapted from Sklavos et al. [ 49 ]       

29 Using Metalloporphyrins to Preserve β Cell Mass…



654

In vitro, co-culture experiments show that β cell death is increased in the presence 
of activated macrophages [ 57 ]. Collectively, these studies underscore the critical 
role of macrophages in early-onset and progression to diabetes. 

 Similar to β cells, macrophages also express a functional NOX, which during 
activation generates superoxide and hydrogen peroxide-free radicals [ 58 ,  59 ]. These 
free radicals create an oxidative environment in the islet, inducing even more 
 oxidative stress in the β cell. ROS can also act as signaling molecules that activate 
various cellular pathways including the mitogen-activated protein kinases (MAPK), 
NF-κB, and cell cycle pathways. To further elucidate the role of NOX in T1D pro-
gression, NOD.NCF-1 mIJ  were studied [ 39 ,  40 ]. Ablation of NOX in macrophages 
resulted in decreased respiratory burst, a skewed cytokine response [ 60 ], and a 
dampened  Toll- like receptor 3 (TLR3) response   [ 61 ], emphasizing the pivotal role 
NOX plays in mediating macrophage activation and immune responses. Similar 
results were shown in vivo following adoptive transfer of diabetogenic T cells into 
NOD.NCF- 1 mlJ  animals [ 62 ]. 
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  Fig. 29.2     Reactive oxygen species (ROS)   play a signifi cant role in the immunopathology of  type 
1 diabetes (T1D)     . An initiating environmental and/or genetic insult(s) to the pancreatic β cell 
induces the release of β cell antigens and ROS. Phagocytosis of these antigens in the presence of 
ROS leads to macrophage activation via NF-κB. Following activation, macrophages ferry antigen 
to the pancreatic lymph nodes (LN) where they stimulate antigen-specifi c CD8 +  and CD4 +  T cells 
(TH0), with the help of ROS (third signal). The activated T cells (TH1) traffi c to the pancreas 
where they can directly or indirectly contribute to β cell death. Studies from our laboratory and 
others have indicated that redox modulation by MnP treatment is capable of inhibiting T1D immu-
nopathology at the indicated stages (shown in  red ). Figure adapted from Delmastro et al. [ 6 ]       
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 Given that the  pathology of T1D   is highly driven by ROS and infl ammation, M1 
polarized (proinfl ammatory) macrophages, induced by interferon-γ (IFN-γ) and 
TNF-α, prevail. M1 macrophages not only act as antigen-presenting cells (APC), 
but also as effectors by their expression of ROS (superoxide), RNS (nitric oxide), 
cytokines (TNF-α and IL-1β), and chemokines (CCR5, CXCR3, and CCR8) [ 63 , 
 64 ]. These effector molecules are important not only for driving T cell activation 
and traffi cking, but also for inducing β cell death directly. The importance of NOX 
in driving M1 macrophage differentiation is highlighted by Padgett et al. Here, 
NOX-defi cient intra-islet macrophages displayed a diminished M1 phenotype, with 
an increase of arginase positive M2 polarized (anti-infl ammatory) macrophages, 
due to reduced STAT1 phosphorylation [ 62 ]. 

  NF-κB   is one of the hallmark transcription factors promoting infl ammation. 
Under non-infl ammatory conditions, binding to its inhibitor, IκB sequesters NF-κB 
in the cytoplasm. Following activation signals, like ROS, IκB releases NF-κB and 
is targeted to the proteasome for degradation. NF-κB then translocates to the 
nucleus, binds targeted DNA regions, and drives proinfl ammatory gene expression 
[ 65 ].  NF-κB   itself is a redox-dependent transcription factor, in that the cysteine 62 
residue of the p50 subunit must be reduced for optimal DNA binding [ 66 ]. 
Macrophages isolated from the diabetes-prone NOD mouse exhibit exacerbated 
 NF-κB   activity and proinfl ammatory cytokine production, as compared to those 
from immune-competent strains [ 67 ]. The propensity for  NF-κB   activation by NOD 
macrophages also results in an enhanced ability to stimulate T cells [ 68 ]. 

 These studies illustrate the importance of innate infl ammation, highly potenti-
ated by macrophages, and NF-κB activation of proinfl ammatory cytokines. 
Additionally, the role of NOX and continual ROS production facilitates mediators 
of β cell death and progression to T1D onset.      

29.6     Inhibition of the  Innate Immune Response 
by      Metalloporphyrins 

   As discussed,  macrophages   are responsible for presenting β cell antigens to patho-
genic autoreactive T cells. They also are the fi rst cell type to infi ltrate the islet [ 51 , 
 52 ], rendering them key to the pathogenesis of T1D. If treatment with MnP can 
ameliorate the initial infl ammatory events driven by macrophages, then perhaps 
disease pathology could be dramatically lessened. Work by Tse et al. addressed this 
issue with extensive studies on MnP treatment of LPS-stimulated bone marrow- 
derived macrophages [ 69 ]. 

 MnP treatment of  LPS-stimulated macrophages   in vitro dampened superoxide 
and nitrite production and inhibited production of the infl ammatory cytokines 
TNF-α and IL-1β (Fig.  29.3a, b ). This suppression was neither attributed to altera-
tions in the MAPK pathway, nor effects on phosphorylation/degradation of IκB, nor 
p65 nuclear translocation. In fact, MnP prevented the binding of NF-κB to a DNA 
consensus sequence in the TNF-α promoter (Fig.  29.3c ). Since MnP possess oxido-
reductase capabilities, creating an oxidizing environment, it can impair NF-κB 
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activity, as it is a redox-sensitive transcription factor. The underlying mechanism 
was attributed to the ability of MnP to oxidize the cysteine 62 residue of NF-κB, 
thereby inhibiting DNA binding and transcription of proinfl ammatory genes. This 
was the fi rst mechanistic explanation of how MnPs control infl ammation and dem-
onstrated its potential for dampening infl ammation in various diseases.

   These data provided evidence for the applicability of MnP in  infl ammatory- 
mediated diseases  , including diabetes. In T1D, β cells are highly susceptible to the 
ROS and cytokines secreted by activated macrophages, due to the islet’s poor anti- 
oxidant defense. Therefore, the  effect MnP   has on dampening macrophage activa-
tion, while protecting β cell mass from bystander destruction, is twofold: (1) 
promoting β cell viability by scavenging free radicals, and (2) reducing NF-κB- 
mediated cytokine production. This mechanism is also pertinent in the pathology of 
T2D as obesity drives a chronic state of macrophage-driven innate immunity and 
hyperglycemia, mediating enhanced NF-κB activation.   

29.6.1      T Cells      

   T cell activation is an intricate process that requires three specifi c signals in order to 
protect from aberrant immune activation. First, antigen must be presented in the 
context of  major histocompatibility complex (MHC)   on the APC to the T cell via its 
 T cell receptor (TCR)  . Next, co-stimulatory molecules on both the APC (i.e., CD80, 
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  Fig. 29.3    Redox modulation of  macrophages with MnP   blocks proinfl ammatory cytokine produc-
tion by inhibiting NF-κB DNA binding. ( a ) TNF-α and ( b ) IL-1β secretion was measured in culture 
supernatants from LPS-stimulated (100 ng/mL) macrophages (control;  black bars ) and those stim-
ulated following MnP (MnTE-2-PyP 5+ ) treatment ( white bars ) (** p  < −0.001). ( c ) Electrophoretic 
mobility shift assay (EMSA) results from purifi ed recombinant NF-κB p50 treated with and with-
out MnP (MnTDE-2-ImP 5+ /AEOL 10150) to measure p50-DNA binding capacity. Results are 
 representative of fi ve independent experiments. Data were adapted from Tse et al. [ 69 ]       
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CD86) and T cell (i.e., CD28) must engage [ 70 ]. With only MHC:TCR engagement 
and no co-stimulation, T cell anergy, or hyporesponsiveness, will result. Last, sig-
naling molecules like cytokines and ROS are released by macrophages to drive T 
cell clonal expansion and effector function [ 71 ]. 

 In the context of T1D, activated macrophages and  dendritic cells (DC)   within the 
β cell phagocytose β cell antigens and ferry them to the pancreatic draining lymph 
nodes (Fig.  29.2 ). In the draining lymph node, activated macrophages and  DCs   pres-
ent β cell antigens to self-reactive CD4 +  and CD8 +  T cells. Once activated, these T 
cells traffi c to the pancreas and induce β cell destruction by either direct killing (CD8 +  
T cells) or production of infl ammatory cytokines like IFN-γ (CD4 +  T cells) [ 6 ]. 

 While ROS  production   is often associated with oxidative stress, it has been widely 
accepted that moderate levels of ROS are required for optimal T cell activation [ 72 ]. 
These levels ensure proper TCR activation and downstream signaling, NF-κB activa-
tion, as well as effector cytokine production. If the scale is tipped towards high levels 
of ROS, oxidative damage and apoptosis will ensue [ 73 ,  74 ]. Conversely, if ROS 
levels are too low, improper TCR signaling and suboptimal clonal expansion will 
result. As a source of ROS, both CD8 +  cytotoxic T cells and CD4 +  T helper cells are 
known to express a functional phagocyte-type NOX [ 75 ]. The  T cell-expressed NOX      
is activated following TCR and cytokine stimulation and results in the production of 
hydrogen peroxide and superoxide [ 75 – 77 ]. Interestingly, experiments performed 
with αCD3/αCD28 stimulation demonstrated that ROS via the APC are not required 
for optimal T cell activation [ 75 ,  76 ]. Those produced by the T cells themselves are 
suffi cient. These results were corroborated in crisscross assays utilizing T cells and 
APCs from NOD.WT and NCF-1 mlJ  mice [ 40 ]. Using this mouse model, it was con-
cluded that ROS are required in some capacity, either from the APC or T cell, for 
priming the T cell response exhibited in diabetes, and defects can lead to altering the 
overall T helper cell phenotype, delaying disease onset. 

  ROS produced   by APC or T cells serve several roles in T cell activation. First, 
activated T cells must clonally expand 100–1000-fold, and the ROS produced dur-
ing MHC:TCR engagement are important mitogenic signals that push T cells out of 
quiescence and into cell cycle [ 72 ]. Second, as T cells transition from naïve to effec-
tor, many signaling pathways must be activated to support these changes. ROS gen-
erated during activation can serve as secondary signaling molecules to drive these 
cascades including the MAPK [ 76 ], PI3K/Akt [ 78 ,  79 ], and NF-κB [ 80 ] pathways. 
As a specifi c example,  linker for activation of T cells (LAT)   is an important adaptor 
protein for the TCR complex and is required for amplifying and mediating down-
stream TCR signaling [ 81 ]. LAT conformation and localization is highly dependent 
upon intracellular glutathione levels, highlighting the infl uence of cellular redox 
balance on T cell signaling [ 82 ,  83 ]. 

 T cell metabolism has recently gained increased interest in the fi eld. Understanding 
how immune cells utilize different metabolites like glucose and fatty acids has pro-
vided further insight into the regulation of various effector processes. Mitochondria 
are known to be pertinent ROS generators, and oxidation of glucose, fatty acids, and 
glutamine via the mitochondria results in ROS production [ 43 ]. Driving metabolism 
through the mitochondria and electron transport chain results in superoxide 
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 production and alterations in redox balance. In T cells, mitochondrial-derived 
superoxide plays an important role in regulating changes in T cell metabolism and 
activation. Studies by Sena et al. showed that mitochondrial-derived ROS via the 
electron transport chain are necessary and suffi cient for driving T cell activation 
[ 84 ]. Through the use of various electron transport chain complex inhibitors, they 
verifi ed that superoxide generated by complex III was most critical. 

 Given the pivotal role of ROS in T cell activation and T1D  pathogenesis        , it is not 
surprising that spontaneous T1D onset is signifi cantly delayed in NOD.NCF-1 mlJ  
mice, in part, due to defective T cell responses [ 40 ]. Similarly, T1D onset was 
delayed in the adoptive transfer of diabetogenic CD4 +  T cell clones into NOD.NCF- 
1 mlJ  recipients [ 39 ], highlighting the requirement for ROS during T cell activation 
and in the context of T1D. These genetic studies further support the hypothesis that 
NOX- and ROS-targeted therapies are relevant for immune modulation and may 
prove benefi cial in autoimmune diseases like T1D.     

29.7     Metalloporphyrins  and T Cell Inhibition      

   As both CD8 +  and CD4 +  T cells play important roles in mediating T1D, our labora-
tory has performed extensive in vitro and in vivo work, including various T1D and 
transplantation models, in order to understand how MnP treatment modulates 
responses by both T cell subsets [ 46 ,  85 – 87 ]. Each of these models serves as a 
potential mimic for delaying T1D onset and preserving transplanted allogenic β cell 
grafts in human T1D patients. 

 Specifi cally in CD8 +  T cells, Sklavos et al. showed that proliferation and IFN-γ 
and TNF-α production were signifi cantly inhibited by MnP treatment in a mixed 
lymphocyte reaction (MLR) [ 87 ]. Cytotoxicity of MnP-treated and untreated CD8 +  
T cells was tested in an antigen-specifi c cytotoxicity assay. MnP treatment resulted 
in a 50% reduction in targeted killing by CTLs at both 100:1 and 50:1 effector:target 
ratios (Fig.  29.4a ). MnP-treated OT-I CD8 +  T cells during in vitro stimulation with 
SIINFEKL peptide also exhibited similar reductions in IFN-γ and TNF-α produc-
tion, proliferation, and targeted killing. In both models, the reduced cytotoxicity by 
MnP treatment was in part due to reduced expression of both perforin and granzyme 
B [ 87 ]. Taken together, the results from both the MLR and OT-I models indicated 
that MnP’s ability to inhibit CD8 +  T cell activation and effector function was not 
specifi c to any one model, supporting its applicability to suppress diabetogenic and 
anti-graft T cell responses. Here, MnP’s effects are relevant to islet transplantation 
in autoimmune prone individuals, as it would suppress both anti-graft and autoim-
mune responses.

   Delmastro et al. investigated the effects of  MnP   on activation and effector func-
tion of CD4 +  diabetogenic T cells. These studies used the NOD.BDC-2.5.TCR.Tg 
mouse expressing the rearranged TCR of the diabetogenic BDC-2.5 T cell clone 
that respond to the β cell antigen, chromogranin [ 88 ]. Splenocytes isolated from 
these mice were stimulated in vitro with their cognate peptide, mimetope, with or 
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  Fig. 29.4    CD8 +  and CD4 +  effector responses are inhibited upon  treatment with MnP  . ( a ) OT-I 
CD8 +  T cells were stimulated with their cognate peptide SIINFEKL, with or without MnP (CA) for 
96 h. Lytic capacity was measured following incubation with fl uorescently labeled targets EL-4 
(non-OVA expressing; control) or EG.7 (OVA-expressing) (** p  < −0.05). Data were adapted from 
Sklavos et al. [ 87 ]. ( b ) BDC-2.5.TCR.Tg splenocytes were stimulated with no antigen, mimetope 
(M), or mimetope + MnP (M+CA) for 96 h. IFN-γ production by CD4 +  T cells was measured in 
culture supernatants by ELISA (* p  < −0.05). Data adapted from Delmastro et al. [ 85 ]       

without MnP treatment. In vitro results indicated that MnP treatment inhibited 
CD4 +  T cell activation and effector function by reducing IFN-γ production 
(Fig.  29.4b ), proliferation, and CD69 (marker of activation) and Tbet expression 
[ 85 ]. These results correlated with MnP treatment inhibiting the cleavage of the T 
cell surface molecule  Lymphocyte Activation Gene 3 (LAG-3)  . LAG- 3   is an inhibi-
tory receptor, and upon ligand engagement, mediates signaling that results in damp-
ened T cell activation [ 89 ,  90 ]. In order for optimal T cell activation, LAG-3 must 
be cleaved from the T cell surface by the metalloproteases ADAM10 and ADAM17 
[ 91 ]. ADAM17, like many metalloproteases, is a redox-dependent enzyme in that 
oxidation of specifi c cysteine residues must occur to change its confi rmation from 
its latent to its activated form [ 92 – 94 ]. As MnP has been shown to scavenge ROS 
during immune cell activation, Delmastro et al. determined that MnP treatment 
inhibited ADAM17 activation, thereby maintaining LAG-3 expression on the T cell 
surface, leading to CD4 +  T cell inhibition and delayed T1D onset [ 85 ]. 

 In vivo studies by Delmastro et al. further showed that MnP treatment of diabe-
togenic splenocytes diminished their potential for inducing T1D in a murine adop-
tive transfer model. Severe combined immunodefi ciency mice on the NOD 
background (NOD. scid ), lacking endogenous adaptive immunity, received diabeto-
genic BDC-2.5.TCR.Tg splenocytes. Throughout the course of the study, serum 
was taken from the MnP treated and control animals, to measure levels of  soluble 
LAG-3 (sLAG-3)  . Results indicated that elevated levels of sLAG- 3   (suggesting 
CD4 +  T cell activation) correlated with progression to diabetes in untreated animals 
[ 85 ]. Alternatively, sLAG- 3   levels in MnP treated mice remained steady and all 
animals were euglycemic. Collectively, these results not only demonstrate that MnP 
treatment in vivo inhibits T1D onset, but also that sLAG- 3   may serve as an early 
biomarker of T1D progression. 
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 Recent work from our laboratory has demonstrated that MnP  treatment   can mod-
ulate the metabolic profi le of diabetogenic T cells both in vivo [ 46 ] and in vitro 
(unpublished data). During in vivo studies, NOD.BDC-2.5.TCR.Tg mice were 
either treated with or without MnP for 7 days, and then various metabolic pathways 
of bulk splenocytes were assessed. Not only did MnP treatment inhibit diabetogenic 
potential of splenocytes in an adoptive transfer model, but it also resulted in reduced 
utilization of glucose via aerobic glycolysis. While aerobic glycolysis was decreased, 
indicated by reduced lactate production, splenocytes demonstrated more effi cient 
glucose oxidation. These effects were attributed to enhanced aconitase activation, 
as described earlier. While this result was exhibited in naïve splenocytes, we are 
also exploring the effects of MnP on inhibiting the metabolic reprogramming exhib-
ited by T cells during activation (unpublished data). Our data suggest that redox 
modulation may inhibit this reprogramming, indicating another layer of immuno-
suppressive potential for MnP. 

 Not only does MnP protect the β cell and modulate the innate immune response, 
it also has dramatic effects on the adaptive immunity involved in T1D pathogenesis. 
MnP’s ability to modulate the behavior of specifi c cell types involved in all arms of 
the immune system makes it a powerful therapeutic option not only in T1D, but also 
in other complex immune-mediated diseases, including cancer [ 95 ].    

29.8     Metalloporphyrins  Delay T1D Onset      

   As mentioned previously, the NOD mouse model is used to recapitulate T1D as 
these mice develop spontaneous autoimmune diabetes. In addition, the adoptive 
transfer of BDC-2.5. splenocytes into NOD. scid  mice leads to rapid immune- 
mediated β cell destruction and diabetes onset within 7–14 days. To understand the 
role that ROS play in the NOD spontaneous T1D model, the NOD.NCF-1 mlJ  model 
was studied [ 40 ]. These mice experienced a delay in spontaneous diabetes progres-
sion, in large part due to suboptimal immune activation. These results further sup-
ported targeting NOX and ROS as a potential therapeutic in T1D. 

 Early studies in T1D were performed using an adoptive transfer model of the 
diabetogenic BDC2.5 T cell clone into NOD. scid  animals pretreated with or without 
MnP [ 86 ]. MnP  intraperitoneal injections      were continued several days during the 
experiment, and then ceased. Of the mice treated with MnP, 50 % developed diabe-
tes by 28 days post-transfer, while 100 % of the untreated animals progressed to 
full-blown disease (Fig.  29.5a ). Most notably, histology results showed decreased 
pancreatic immune cell infi ltrate with MnP treatment. Additional in vitro studies 
indicated that MnP treatment reduced IFN-γ production by BDC-2.5 T cells and 
inhibited respiratory burst of peritoneal macrophages upon LPS stimulation [ 86 ]. 
Together, these results demonstrated the immunomodulatory capacity of MnP treat-
ment in T1D and its potential therapeutic use in autoimmunity.

   More recent studies in  T1D with MnP      have included the use of 14-day sustain 
release MnP pellets implanted subcutaneously at the nape of the neck in NOD mice 
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  Fig. 29.5    MnP administration in vivo delays  type 1 diabetes onset   in the spontaneous NOD and 
adoptive transfer models. ( a ) NOD. scid  mice received an adoptive transfer of 1 × 10 7  BDC-2.5 diabe-
togenic T cell clones and either MnP (10 mg/kg; ( fi lled circle )) or HBSS ( fi lled square ) intraperitone-
ally every other day for the fi rst 5 days of the experiment. Diabetes incidence was determined by 
blood glucose with two consecutive readings of >300 mg/dL. Data adapted from Piganelli et al. [ 86 ]. 
( b ) NOD females were implanted with a 14-day sustain-release MnP pellet (CA-treated) (2.1 mg/kg/
day) biweekly or left untreated (control). Diabetes was measured by blood glucose, with two con-
secutive readings of >300 mg/dL indicating overt disease. Data adapted from Delmastro et al. [ 85 ]       

[ 85 ] (Fig.  29.5b ). This administration allows for systemic MnP treatment and drasti-
cally decreases the number of administrations. In this study, all untreated NOD mice 
developed T1D by 20 weeks of age [ 85 ]. By 30 weeks of age, only 50 % of animals 
treated with MnP developed diabetes. These data, together with the data from the adop-
tive transfer models, further support targeting ROS for preventing T1D. Nevertheless, 
the protective effects of MnP end when treatment ends, as 25 % more animals pro-
gressed to diabetes following MnP treatment conclusion [ 85 ]. Overall, MnP treatment 
does delay diabetes onset; yet, it does not provide durable tolerance. Therefore, the 
need for other therapies in conjunction with MnP treatment may be necessary.    
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29.9     Potential of Metalloporphyrins in  Type 2 Diabetes      

   The majority of the work on the therapeutic role that MnP plays in diabetes has focused 
on autoimmune T1D. However, MnPs have therapeutic potential in T2D as well. 

 Traditionally, the pathology and progression to T2D is heavily dependent on 
macrophages fueling the innate immune response [ 96 ,  97 ], whereas studies on the 
role of T cells in insulin resistance are only recently emerging. Obesity is 
 well- characterized as a state of chronic infl ammation, and the presence of adipose 
tissue correlates with an increase in macrophage infi ltration and concomitant IL-6, 
TNF- α, and MCP-1 expression [ 98 – 101 ]. Additionally, oxidative stress occurs and 
stress- sensitive pathways are activated in the hyperglycemic state affecting all tis-
sues of the body, including the β cell itself [ 102 ]. The NF-κB pathway is pivotal in 
T2D progression and has been undoubtedly linked to insulin resistance [ 103 ,  104 ]. 
Additionally, the JNK/SAPK and p38 MAPK pathways are also activated in 
response to hyperglycemia and are key in the pathobiology of T2D [ 102 ]. Sustained 
activation of these pathways contributes to not only late stage complication of dia-
betes, but also can exacerbate insulin resistance and β cell dysfunction. 

 Extensive work in T2D animal models underscores the role of proinfl ammatory 
cytokines directly inhibiting proper insulin signaling [ 102 ,  105 – 107 ]. Anti- 
infl ammatory therapies, as well as insulin sensitizers, lead the way in T2D pharma-
ceuticals [ 108 ,  109 ]. However, in recent years, many of these drugs have incited 
controversy over potential side effects including stroke, bladder cancer, and hepato-
toxicity [ 110 ,  111 ]. Consequently, MnPs are an attractive alternative as they regu-
late infl ammation, notably in macrophages, and exhibit low systemic toxicity [ 112 ]. 
Unpublished data demonstrates administration of MnP is safe in a high fat diet 
(HFD) model of obesity-induced T2D. Close examination of the livers of MnP- 
treated mice fed a HFD showed a decrease in steatosis and improved insulin sensi-
tivity over 12 weeks of HFD feeding. Future work is necessary in order to support 
MnP as a viable and safe therapeutic option for insulin-resistant individuals.    

29.10     Conclusions 

 Diabetes mellitus is a group of diseases where pancreatic β cells are either destroyed 
by the immune system (T1D) or become insulin-resistant (T2D). It has been well- 
documented that the pathologies of both types are highly driven by oxidative stress 
and ROS leading to secondary infl ammation [ 14 – 16 ]. Under normal conditions, low 
levels of ROS are required for mediating dynamic glucose sensing and insulin pro-
duction in the β cell, as a means of regulating blood glucose. However, the pancre-
atic β cell demonstrates a high susceptibility to oxidative stress. This is exemplifi ed 
by their physiological glucose oxidation function, which results in high ROS output, 
coupled with low expression of antioxidant enzymes and ineffi cient DNA repair. 
Overexpression of antioxidant enzymes in β cells alleviates oxidative stress and 
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reduces apoptosis, indicating redox modulation as a potential therapeutic strategy 
for preserving β cell function and viability. 

 Specifi cally in T1D, the autoimmune threat to the β cell creates another layer of 
complexity with regard to treatment. ROS is required for tissue-resident macro-
phage activation as well as stimulating ROS production from these cells. In addi-
tion, ROS are required for optimal T cell activation following antigen encounter. 
Therefore, tipping the redox balance towards a more reduced state is favorable for 
suppressing aberrant immune responses, like those in autoimmunity and T1D. 

 Since alleviating ROS production results in enhanced β cell function and immu-
nosuppression, therapies using manganese metalloporphyrins would circumvent 
both of the main issues faced in T1D. In addition, we postulate that due to the infl am-
matory nature of T2D, MnPs would likely limit infl ammation and restore insulin 
sensitivity. While these agents are not yet approved for use in diabetic patients, cur-
rently, clinical trials in Canada are being conducted to further study the effi cacy of 
MnPs in preserving β cells following donor islet-isolation and  transplantation. With 
these trials underway, MnPs are one step closer to becoming a regular therapeutic 
option for patients suffering from diabetes.     
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30.1         Historical Use of Metal Complexes 
Against Trypanosomatids 

   Trypanosomatids   are protozoan parasites that cause various diseases in human, such 
as leishmaniasis, Chagas disease, and sleeping sickness. According to World Health 
Organization (WHO), trypanosomiasis and leishmaniasis are the most challenging 
among the neglected tropical diseases [ 1 ,  2 ]. 

 At the beginning of the last century, Paul Ehrlich, considered the father of mod-
ern chemotherapy, discovered the anti-trypanosomal arsenic-based drug, atoxyl, for 
treatment of sleeping sickness [ 3 ]. However, atoxyl caused side effects, mainly 
blindness. In 1934, Ernst Friedheim, in the search for a safer drug, designed and 
developed melarsoprol which saved three millions of lives in the 1940s [ 4 ]. This 
 arsenical drug   is still in use for sleeping sickness, but is limited to cases of advanced 
infections with  Trypanosoma brucei gambiense  and  rhodesiense . More recently, 
trivalent arsenicals in the form of As 2 O 3  started to be used clinically in the treatment 
of acute promyelocytic leukemia [ 5 ]. 

  Antimony-based drugs   have also a long history of use in the treatment of infec-
tious diseases. The importance of antimony in the early medicine is well- documented 
due to the debate created around their utilization in this period [ 6 ]. The fi rst anti-
mony compounds prepared for medicinal applications were introduced in the six-
teenth and seventeenth centuries, with emphasis on antimony(III) potassium tartrate 
(tartar emetic). Tartar emetic was fi rst obtained placing sour wine in glasses of anti-
mony metal and its use was prescribed for many diseases, especially the lung dis-
eases. During the late nineteenth century, tartar emetic was used for fever and 
pneumonia and its use declined slowly until the beginning of twentieth century. 

 At the beginning of the last century, the Brazilian physician Gaspar Vianna, pio-
neer researcher in the treatment of leishmaniasis, reported the effi cacy of tartar 
emetic for clinical treatment of muco-cutaneous leishmaniasis [ 7 ]. In India, 
Brahmachari discovered in 1912 the organoantimonial compound urea stibamine, 
the fi rst effective drug against visceral leishmaniasis, and was a nominee for the 
Nobel Prize in 1929 for this fi nding [ 8 ]. 

 From the 1940s, these antimonials were substituted by the less toxic pentavalent 
antimony (Sb(V)) complexes, meglumine antimoniate and sodium stibogluconate 
(Fig.  30.1 ), in the therapeutics of leishmaniases. Typically, these Sb(V) drugs are 
given at 20 mg of Sb/kg per day intramuscularly or intravenously for 20–30 days 
[ 9 ]. Even though pentavalent antimonials are still the fi rst-line drugs against all 
forms of leishmaniasis in most developing countries, their mechanism of action is 
still not fully understood and their use in the clinical setting is limited by their side 
effects and the emergence of resistance to antimony [ 9 ].

   Recent advances in understanding the molecular and cellular biology of  leish-
maniasis   as well as the cellular accumulation pathways, mechanisms of resistance, 
and target identifi cation allow a more systematic rationale-based approach for 
development of new anti-parasitic drugs [ 10 – 12 ]. In this context, complexes with 
other metals including gold showed promising pharmacological activities. 
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 Most of the progress regarding drug development and mechanism of action was 
achieved using cell and animal models of leishmaniasis [ 13 ]. The in vitro models 
include extracellular log-phase leishmania promastigotes and established axenic 
leishmania amastigotes and the intracellular amastigotes in primary mouse perito-
neal macrophages or monocyte transformed macrophages as host cells. The in vivo 
models use mostly inbred strains of mice infected with leishmania species causing 
either cutaneous or visceral leishmaniasis. 

 Interestingly, in the case of these metal-based compounds, evidence was obtained 
that those exert their antiparasitic action by causing oxidative stress. This chapter 
will describe in details the current knowledge on their mechanism of action, with 
emphasis on antimonial drugs and gold complexes for leishmaniasis .  

30.2     Importance of Redox Systems in the Host–Leishmania 
Parasite Relationship 

    The  protozoan    leishmania parasite   has a  relatively   simple life cycle with two prin-
cipal stages: the fl agellated mobile promastigote living in the gut of the sandfl y 
vector and the intracellular amastigote within phagolysosomal vesicles of the verte-
brate host macrophage. After recognition of  Leishmania  spp., macrophages are acti-
vated, triggering phagocytosis and various cellular processes to destroy the parasite. 
These cellular processes include production of phagolysosomal degradation 
enzymes, oxidative burst generation, and nitric oxide (NO) production. The oxida-
tive burst provoked by the enzyme NADPH oxidase is a result of the increase in 
oxygen consumption as a consequence of the phagocytosis process. After macro-
phage activation, increased concentrations of various cytokines such as IFN-γ and 
TNF-α enhance NADPH oxidase activity and subsequently production of reactive 
oxygen species (ROS), such as superoxide radical. The production of superoxide 

  Fig. 30.1    Structural formula proposed for meglumine antimoniate ( a ) and stibogluconate ( b ). 
Adapted from Frézard et al. [ 9 ]       
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radical leads to the spontaneous or enzymatic formation of hydrogen peroxide, 
hydroxyl radical, hypochlorite, and peroxynitrite. The increased NO and 
NO-metabolite levels in activated macrophages are the result of inducible nitric 
oxide synthase (iNOS) activation. Parasite persistence within the macrophages is 
determined by a balance between the ability of the immune response to suffi ciently 
activate  Leishmania -infected macrophages and the ability of the parasite to resist 
cytotoxic mechanisms of macrophage activation [ 14 ]. 

 Although  Leishmania  species are susceptible in vitro to exogenous superoxide 
radical, hydrogen peroxide, nitric oxide, and peroxynitrite, they manage to survive 
the endogenous oxidative burst during phagocytosis and the subsequent elevated 
nitric oxide production in the macrophage. The parasite adopts various defense 
mechanisms against oxidative stress: the lipophosphoglycan membrane decreases 
superoxide radical production by inhibiting NADPH oxidase assembly and the par-
asite also protects itself through antioxidant enzymes [ 15 ]. Among the various para-
site defense mechanisms against host attack, thiol metabolism appears as a fi rst-line 
defense. One major system involved in the redox homeostasis in trypanosomatids is 
the trypanothione (T(SH) 2 )/trypanothione reductase (TR)system. The (T(SH) 2 )/TR 
system, which keeps T(SH) 2  under the reduced state, replaces the nearly ubiquitous 
glutathione/GR system, protects trypanosomatids from oxidative damage, and 
delivers the reducing equivalents for DNA synthesis [ 16 ]. 

 It has been reported that T(SH) 2  is capable of reducing NO (generated by the host 
cell) and iron into harmless stable dinitrosyl iron complex with 600 time greater 
affi nity than mammalian glutathione (GSH) reductase system [ 17 ]. This is the 
mechanism by which the parasite protects itself from such lethal environment   .  

30.3     Pentavalent Antimonial Drugs Against Leishmaniasis 

  The metabolism  and   mechanism of action of pentavalent antimonials against leish-
mania parasites are not fully understood [ 9 ]. However, the data available so far 
converge towards the central role of redox processes. 

30.3.1     Drug Activation Though Metal Reduction 

  It is  generally   assumed that Sb(V) behaves as a prodrug, undergoing reduction 
within the organism into the more toxic and active trivalent form. This model is sup-
ported by several reports that Sb(V) is reduced into Sb(III) in the vertebrate host and 
that reduction could also happen in the parasite [ 18 – 22 ]. However, the exact micro-
environment where the reduction occurs is still unclear. 

 Leishmania promastigote forms are insensitive to Sb(V). On the other hand, 
amastigote-like cultured parasites are sensitive to pentavalent antimonials, suggest-
ing the occurrence of intracellular Sb(V) reduction in this life-cycle stage [ 23 ]. 
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However, in the latter case, thiol availability from the culture medium and low pH 
as well as high temperature may also be determinant factors in Sb(V) to Sb(III) 
reduction and consequently high sensitivity to Sb(V) [ 24 ,  25 ]. 

 The higher sensitivity of intramacrophagic amastigotes to Sb(V) compared to 
axenic amastigote-like favors the hypothesis of host-associated Sb(V) to Sb(III) 
reduction [ 23 ]. 

  Thiols   have been reported as potential reducing agents in this conversion [ 24 , 
 26 ]. Reduction of Sb(V) to Sb(III) was found to occur spontaneously in the pres-
ence of the following thiols: (1) GSH, which is the main thiol in the cytosol of mam-
malian cells; (2) cysteine (Cys) and cysteinyl-glycine (Cys-Gly) found predominantly 
within lysosomes; and (3) the bis(glutathione)-spermidine conjugate T(SH) 2 , which 
is the main thiol within the parasite [ 27 ]. 

 The observations that Cys, Cys-Gly, and T(SH) 2  are more effective reducing 
agents than GSH and that this reaction is favored in acidic pH [ 18 ] led to the hypoth-
esis that Sb(V) may be reduced in vivo by T(SH) 2  within leishmania parasites and 
by Cys or Cys-Gly within the acidic compartments of mammalian cells. Both pro-
mastigotes and intracellular amastigotes maintain intracellular pH values close to 
neutral (~7) even in the presence of extracellular acidic pH (~4–5). This observation 
reinforces the hypothesis that thiol-mediated Sb(V) to Sb(III) reduction takes place 
preferentially in the host cell. 

 Other studies have suggested the participation of a parasite-specifi c enzymes in 
the process of reduction of Sb(V) to Sb(III) [ 28 ,  29 ]. However, these parasite- 
specifi c enzymes are expressed in both life-cycle stages and therefore it is diffi cult 
to accommodate the different toxicity of pentavalent antimony toward promasti-
gotes and amastigotes. 

 Recently, the pentavalent antimonial drug meglumine antimoniate was found to 
contain up to 30 % of Sb(III), indicating that the mode of action of this drug could 
be mediated by this residual amount of Sb(III) [ 30 ]. Additionally, the availability of 
Sb(III) increased at low pH values, suggesting that this drug may act as molecular 
carrier releasing the active Sb(OH) 3  form specifi cally in the acidic intracellular 
compartment where leishmania parasite resides.   

30.3.2     Antimony-Induced Redox Imbalance 

  Sb(III) is classifi ed as  a   borderline metal ion within Pearson’s hard-soft acid-base 
theory and has a high affi nity towards nitrogen- and sulfhydryl-containing ligands. 
The anti-leishmanial mechanisms of Sb(III) are probably related to its interaction with 
sulfhydryl-containing biomolecules, including thiols, peptides, proteins, and enzymes. 

 Thus, Sb(III) was found to form stable complex with the major intracellular 
thiols, GSH and T(SH) 2 , in the form of a 1:3 and 1:1 Sb-thiol complexes, respectively 
[ 24 ,  26 ,  31 ]. Once Sb(III) is in the cell and conjugated to T(SH) 2 , the complex can 
be sequestered inside a vacuole or extruded by ATP-binding cassette (ABC) trans-
porters [ 32 ,  33 ]. 
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 It has been reported that Sb(III) interferes with the thiol metabolism, not only by 
inducing effl ux of intracellular T(SH) 2  and GSH from intact leishmania cells, but 
also by inhibiting TR through specifi c interaction with the redox-active catalytic site 
[ 34 ], resulting in lower [T(SH) 2 ]/[[T(S) 2 ] ratio [ 35 ]. Both actions synergistically 
contribute to lowering the parasite-neutralizing capacity of reactive species coming 
from the host. It is worth noting that similar effects in thiol metabolism were 
observed with Sb(V) on axenic amastigotes in these studies. Now, it is also clearly 
established that Sb(III) triggered apoptotic cell death associated with ROS [ 36 ]. 

 Whether the oxidative stress resulting from metal interference in thiol metabolism 
is suffi cient to promote cell death or additional event involving metal interaction with 
other molecular target(s) takes place still has to be determined. In that sense, recent 
studies have identifi ed zinc-fi nger protein as potential target of Sb(III) [ 37 ,  38 ]. The 
zinc fi nger domain is characterized by the coordination of a zinc atom by several 
amino acid residues, including cysteine and histidine. Zinc fi nger proteins sharing the 
CCHC motif have been identifi ed in trypanosomatids and are likely to be involved in 
DNA replication, structure, and repair [ 39 ]. On the other hand, CCCH zinc fi nger 
domains, which are found mainly in RNA-binding proteins with regulatory functions 
at all stages of mRNA metabolism [ 40 ], are suspected to play a crucial role in the 
biology of kinetoplastid protozoa, because of the unusual emphasis on post-tran-
scriptional control of gene expression in this group of organisms [ 41 ]. Interestingly, 
Sb(III) promotes Zn(II) ejection more effectively from CCCH zinc fi nger peptides 
than CCHC peptides [ 38 ], suggesting that the action of antimonial drugs could be 
related mainly to interaction of Sb(III) with CCCH zinc fi nger proteins. 

 Despite the strong evidence that Sb(III) mediates the antileishmanial action of 
pentavalent antimonials, some studies have suggested intrinsic pharmacological 
actions of Sb(V) [ 42 – 44 ]. 

 Demicheli and co-workers have reported the formation of a complex between 
adenine ribonucleoside and Sb(V). This was the fi rst report of a physiologically 
relevant biomolecule capable of forming stable complexes with Sb(V). Both 1:1 and 
1:2 Sb(V)-ribonucleoside complexes were evidenced [ 19 ,  42 ,  45 – 47 ]. The large 
NMR resonance changes for H2′signal suggested that –OH groups in the ribosome 
are the binding sites for Sb(V) probably via ring chelation at C2′ and C3′. 

  Stibogluconate   was found to be a potent inhibitor of protein tyrosine phosphatases, 
which leads to an increase in cytokine responses [ 44 ]. Another recent study revealed 
that this drug induced generation of ROS and NO via phosphoinositide 3-kinase and 
mitogen-activated protein kinase activation in  Leishmania donovani - infected macro-
phages [ 48 ,  49 ], indicating that Sb(V) can stimulate the innate arm of the immune 
system. Meglumine antimoniate was also reported to increase the phagocytic capacity 
of monocytes and neutrophils and enhance superoxide anion production by phago-
cytes, which represent the fi rst line of defense against the parasite [ 50 ]. 

 As summarized in Fig.  30.2 , these data taken altogether suggest that pentavalent 
antimonials affect the parasite viability through both Sb(III)-induced imbalance of 
thiol metabolism in parasite and Sb(V)-induced stimulation of macrophage micro-
bicidal activity .
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30.3.3        Redox Changes in Antimony-Resistant Parasites 

   Resistance of  leishmania   parasites to antimony has been  extensively   studied in both 
laboratory-selected resistant leishmania lines and fi eld isolates [ 51 ,  52 ,  53 ], allow-
ing important insights into the molecular and functional factors that modulate para-
site sensitivity to the drug. 

 Most antimony-resistance associated genes are involved in metabolic process 
related to oxidative stress, cell redox homeostasis, and thiol biosynthesis [ 54 ], 
which is not surprising considering the mode of action of antimonial drugs. 

 A change often encountered in both laboratory-selected and fi eld-isolated resis-
tant leishmania parasites is overexpression of rate-limiting enzymes of thiol biosyn-
thesis, such as ornithine decarboxylase and γ-glutamylcysteine synthetase, which 
causes an overproduction of intracellular thiols and extra protection against the 
 oxidative stress upon drug exposure [ 55 – 58 ]. The higher rate of thiol synthesis may 
also result in enhanced rates of effl ux through ABC transporters contributing to the 
resistance phenotype [ 33 ]. Overexpression of the multidrug resistance-associated 
protein A transporter responsible for sequestration of Sb-thiol conjugates in 
intracellular vesicles is another frequently observed change that contributes to the 
resistance phenotype in  Leishmania  [ 32 ]. Thiol depletion of these strains reestab-

  Fig. 30.2    Model for the mechanism of action of pentavalent antimonial drugs against leishmaniasis       
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lished their susceptibility to Sb [ 57 ], indicating that the increased T(SH) 2  levels are 
causing resistance. 

 Elevated levels of tryparedoxin and tryparedoxin peroxidase, key enzymes in 
hydroperoxide detoxifi cation, were also observed in antimonial resistant parasites 
resulting in an increased metabolism of peroxides   [ 59 ].  

30.3.4     Redox-Related Toxicity of Antimonial Drugs 

  Even though pentavalent  antimonials   are still the fi rst-line drugs in several countries 
against all forms of leishmaniasis, their use in the clinical setting has several 
limitations. 

  Antimony therapy   is often accompanied by local pain during intramuscular 
injection and by severe side effects that include cardiotoxicity, pancreatitis, hepato-
toxicity, and nephrotoxicity [ 9 ,  60 ]. 

 Although the mechanism involved in the toxicity of pentavalent antimonials is 
not fully elucidated, it is generally accepted that Sb(III), either present as residue in 
pentavalent antimonials [ 61 ] or produced in the tissues through reduction [ 19 ], may 
be responsible for their side effects and antileishmanial action. 

 Studies of the mechanism of  cytotoxicity   of the trivalent tartar emetic drug sug-
gest that Sb(III) compromises thiol homeostasis through depletion of intracellular 
glutathione and inhibition of glutathione reductase [ 22 ]. Then, Sb(III) enhances oxi-
dative stress and leads to apoptosis through increase of ROS [ 22 ,  62 – 64 ]. 

 Further evidence that pentavalent antimonials exert toxicity through induction of 
oxidative stress was obtained by Kato et al. [ 65 ], who demonstrated the protective 
effect of the antioxidant ascorbic acid during antimonial chemotherapy in a murine 
model of visceral leishmaniasis  .   

30.4     Gold Complexes Against Leishmaniasis 

    Auranofi n (Fig.  30.3 ) is  a   US Food and Drug Administration- approved   drug used 
 t  herapeutically for rheumatoid arthritis. It is the prototypical gold drug with remark-
able broad-spectrum medicinal properties, inspiring the development of other Au(I) 
and Au(III) compounds [ 66 ]. More recently, the awarding of orphan-drug status to 
auranofi n for the possible treatment of amebiasis (caused by  Entamoeba histolytica , 
an intestinal protozoan parasite) has signifi cant global health implications in devel-
oping countries [ 67 ]. Transcriptional profi ling and thioredoxin reductase assays sug-
gested that auranofi n targets the  E. histolytica  thioredoxin reductase, preventing the 
reduction of thioredoxin and enhancing sensitivity of trophozoites to ROS-mediated 
killing. Auranofi n also inhibits viral load in simian virus [ 68 ,  69 ]. In combination 
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with auranofi n, administration of buthionine sulfoximine, an inhibitor of glutathione 
synthesis, under a highly intensifi ed antiretroviral treatment was followed, after 
therapy suspension, by a signifi cant decrease of viral RNA and DNA in peripheral 
blood as compared to pre-therapy levels.

    Auranofi n   has also shown antiparasitic (malaria, leishmaniasis) activity, very 
likely arising from inhibition of parasitic enzymes involved in the control of the 
redox metabolism [ 11 ,  66 ]. The validation of TR as a key enzyme of  Leishmania 
infantum  polyamine-dependent redox metabolism and a target for antileishmanial 
drugs suggested that thiophilic agents besides Sb(III) could be effective enzyme 
inhibitors and potential antileishmanial agents. The X-ray crystal structure of the 
auranofi n–trypanothione reductase–NADPH complex resolved at 3.5 Å resolution 
showed gold bound to the two active site cysteine residues of TR [ 70 ]. The thio-
sugar moiety of auranofi n is located at the trypanothione binding site, suggesting 
that auranofi n may inhibit TR through a dual mechanism. Enzymatic assays revealed 
that auranofi n causes a pronounced enzyme inhibition and the drug kills the pro-
mastigote stage of  L. infantum  at micromolar concentrations. 

 An integrated in vitro and in vivo screening platform incorporating multiple 
leishmania life cycles and species probed a focused library of pharmaceutically 
active compounds for identifi cation and prioritization of  bona fi de  cytotoxic chemo-
types toward leishmania parasites. Auranofi n was confi rmed as a potent cytotoxic 
antileishmanial agent and inducer of apoptotic-like death in promastigotes. 
Signifi cantly, the antileishmanial activity of auranofi n transferred to cell-based 
amastigote assays as well as in vivo murine models [ 71 ]. 

  Auranofi n   may represent a prototype drug that can be used to identify signaling 
pathways within the parasite and host cell critical for parasite growth and survival. 
Indeed, a structurally diverse group of Au(I)/Au(III) compounds behave as highly 
effective inhibitors of  Leishmania infantum  TR, some being even more effective 
than antimonials [ 72 ]. Simultaneous consideration of TR inhibition and antiprolif-
erative potency has identifi ed appropriate candidates for further evaluation. The 
current results suggest a foundation for potential exploitation of gold-based com-
plexes as chemical tools or the basis of therapeutics for leishmaniasis   .     
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  Fig. 30.3    Structure of 
Auranofi n       
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E2 Erratum

On Page 380, under section 15.2.1, line 43 “function and” is incorrectly captured. 
The correct format is “function to”.

On Page 380, under section 15.2.1, line 51 it is (Cys 520 in human) is incorrectly 
captured. The correct format should be (Cys 520 in humans).

On Page 380, under section 15.2.1, line 54,it is given as 100 to 300 is incorrectly 
captured. The correct format should be “100 to 500”.

On Page 380, under section 15.2.1, line 58, it is given as “metastasis [76]” is incor-
rectly captured. The correct format should be “metastasis [76, 77].

On Page 384, the numbering style is 15.3.3 which was incorrectly captured. The 
correct format is 15.3.2.1.

On Page 385, the numbering style is 15.3.4 was incorrectly captured. The correct 
format is 15.3.2.2

On Page 386, the numbering is given as 15.3.5: The correct format should be 
changed to 15.3.2.3

On Page 387, the numbering is given as 15.3.6: The correct format is 15.3.3

On Page 387 under section:15.3.3 , HNO Donors and Their Potential Usage the text 
has been inserted:

“The role of HNO as a key pharmacological agent in the treatment of alcoholism, 
cardiovascular disease, and cancer has generated much interest. However, HNO 
chemical biology has been limited due to its irreversible dimerization, thus neces-
sitating use of donor compounds for production of HNO in situ”

On Page 387 above “Angeli’s salt (AS, Na2N2O3)” a new subheading needs to be 
added:

15.3.3.1 Diazeniumdiolate based HNO donors

On Page 387, under section: 15.3.3, line-10, it is incorrectly captured as “a structur-
ally”. The correct format is “the structurally”

On Page 387, under section 15.3.3, line-11, it is given as “NO and HNO”. The cor-
rect format should be “NO and/or HNO”.

On Page 387, under section 15.3.3, line-10 “class of compounds known as” should 
be deleted. On Page 389, the numbering is 15.3.7:

The correct numbering should be changed to 15.3.3.2

On Page 390, the numbering is 15.3.8: The correct numbering should be 15.3.4

On page 391, the under 15.4 Conclusion below the line-11, “as novel therapeutic 
agents” the next paragraph is to be added:
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