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Series Preface
HYDROGEN PEROXIDE METABOLISM IN HEALTH AND DISEASE

Oxidative stress is an underlying factor in health and disease. In this series of books 
the importance of oxidative stress and disease associated with cell and organ systems 
of the body is highlighted by exploring the scientific evidence and the clinical appli-
cations of this knowledge. This series is intended for researchers in the biomedical 
sciences, clinicians, and all persons with interest in the health sciences. The potential 
of such knowledge for healthy development and aging and disease prevention war-
rants further understanding on how oxidants and antioxidants modulate cell and tis-
sue function.

It is a privilege for the editors of the series Oxidative Stress and Disease to have this 
book dedicated to Christine Winterbourn. The editors, Margreet C.M. Vissers, Mark 
B. Hampton, and Tony J. Kettle, completed their PhD studies under Dr. Winterbourn’s 
mentorship and have honored her with this book, Hydrogen Peroxide Metabolism in 
Health and Disease, that compiles important and state-of-the-art insights on the ever-
growing field of redox biology. The book also contains a foreword (A Perspective on 
Hydrogen Peroxide) by Christine Winterbourn, a nicely documented path from free 
radicals to hydrogen peroxide biology and underscoring the significance of chemis-
try to understand the complexity of biological systems.

Lester Packer
Enrique Cadenas

Oxidative Stress and Disease Series Coeditors



http://taylorandfrancis.com


xv

Foreword
A PERSPECTIVE ON HYDROGEN PEROXIDE

Hydrogen peroxide impacts life in numerous ways, and I am delighted to see so 
much of its biological chemistry brought together in this impressive volume. I feel 
greatly honored that the book has been dedicated to me, and I would like to pay 
tribute to my long-term colleagues and friends, Margreet Vissers, Tony Kettle, and 
Mark Hampton, who, under Margreet’s guidance, have done a sterling job in making 
it a reality. I am also grateful to Lester Packer for seeding the idea and to all my col-
leagues who agreed to contribute. Most authors I have known for years, some I have 
collaborated with, others have been competitors (in the best sense of the word), and 
together their chapters give us a wide-ranging overview of hydrogen peroxide and its 
relatives. Thank you all.

Hydrogen peroxide is no stranger to biology. As Koppenol and Bechara recount 
in more detail in subsequent chapters, it has been known as a chemical species for 
200 years. Catalase was named more than 100 years ago and was one of the first 
enzymes to be crystallized, and anyone wanting to demonstrate its existence has 
only to add reagent peroxide to blood and observe the bubbles of oxygen that evolve. 
Hydrogen peroxide production by bacteria was demonstrated in the 1920s and by 
phagocytosing neutrophils in the 1960s, and a decade later Sies and Chance detected 
it inside living cells. However, investigation into its biology remained relatively low 
key until the seminal discovery of superoxide dismutase by Fridovich and McCord 
ignited interest in superoxide and the discipline of free radical biology and medicine. 
Hydrogen peroxide was seen as one of the players in the field, but with the early 
emphasis on free radicals and toxicity, it remained more in the background. However, 
as it has become appreciated that biological reactions of reactive oxidants are not 
necessarily detrimental and have an important cell regulatory role, hydrogen perox-
ide has come to receive more of the attention.

Hydrogen peroxide is produced by a multitude of biological mechanisms. Currently, 
the focus tends to be mainly on release from mitochondria, from activated NADPH 
oxidases, and from autoxidation or redox cycling reactions, with the context being cell 
signaling or toxicity. Yet it is important to recognize that hydrogen peroxide is also an 
end product of metabolic activities that go on in the background of this activity. These 
include peroxisomal oxidation of a range of substrates, as well as disulfide formation 
in the endoplasmic reticulum (ER), where one hydrogen peroxide is produced for 
each disulfide formed. Whereas aberrant peroxisomal or ER function can have redox 
consequences, it would appear that basal peroxide formation from these sources is 
well handled by cell metabolism without invoking signaling or toxicity mechanisms. 
Therefore, to understand how cells respond to hydrogen peroxide, it is a matter of 
knowing not only how much they are exposed to it but also where it is produced, how 
far it can travel, and what is in the vicinity for it to react with. This volume addresses 
these aspects of hydrogen peroxide biology, but there is still much to be learned about 
how the disparate activities involving hydrogen peroxide are distinguished.



xvi Foreword

It seems hard to believe, but my career spans the field of free radical biology 
and medicine right from the early days. It has covered free radicals, nonradical oxi-
dants, cells that produce these species and enzymes that react with them, and the vast 
majority of the papers that I have published on these topics would mention hydrogen 
peroxide. It first captured my interest in my work with red blood cells, when we 
observed that superoxide radicals are produced during hemoglobin autoxidation and, 
following the discovery of superoxide dismutase, wanted to know how this radical 
is handled by the cells. It was already known from studying glucose-6-phosphate 
dehydrogenase deficiency that red cells need defenses against hydrogen peroxide, 
and mechanisms involving superoxide and other radicals could not be understood 
without considering the role of hydrogen peroxide. My interest in free radicals also 
brought me to study hydrogen peroxide in another context: oxidant production by 
neutrophils. Although there were earlier indications from Eyer and Quastel that 
these cells produce hydrogen peroxide, and Klebanoff had identified the myeloper-
oxidase antimicrobial system, it was the report from Babior’s group that neutrophils 
release superoxide radicals that attracted most attention. We investigated the fate of 
this superoxide, leading into a large body of work on interactions of superoxide and 
hydrogen peroxide with myeloperoxidase and characterizing reactions of the hypo-
chlorous acid generated in this system.

Although we initially expected the superoxide radical to be highly reactive and 
cytotoxic, it came to be realized that its biological activity is limited. As a conse-
quence, there is now a tendency to consider superoxide as merely a precursor of 
hydrogen peroxide. To me, this is unwise as it ignores the more selective yet impor-
tant reactions that superoxide undergoes, just as I think it is important not to consider 
the two species as a ROS (reactive oxygen species) that reacts as a single entity. 
Nevertheless, toxicity and redox regulatory mechanisms do commonly involve 
hydrogen peroxide, and much of my research has been directed at understanding the 
reactions involved. These include reactions with heme peroxidases and transition 
metal complexes, which are mostly fast and generate either one-electron (radical) 
oxidants or, in the case of peroxidases, hypohalous acids, which are more reactive 
than hydrogen peroxide. Direct, two-electron oxidation of biological substrates by 
hydrogen peroxide is restricted mainly to thiol compounds. This specificity is a good 
attribute for signaling, and we know some of the factors that determine reactivity. 
However, there are still many unanswered questions about how selectivity between 
different thiol proteins is achieved.

When explaining how hydrogen peroxide can be both a signaling molecule and a 
toxic agent, it is often proposed that free radicals and one-electron reactions are the 
bad guys, whereas signaling is good and involves nonradical, two-electron oxidation 
steps. While this concept has some merit, it may be too clear a distinction, particu-
larly as many of the most favorable reactions of hydrogen peroxide are with metal 
centers and there is evidence that one-electron reactions occur even under conditions 
of low oxidant exposure. Also, considering how any outcome is likely to depend on 
the nature of the particular oxidant(s) and where they are generated, the adage that 
low concentrations of oxidants are good and high concentrations are bad seems sim-
plistic. I prefer to think more of a continuum over which an oxidant can participate in 
metabolic, signaling, and destructive pathways. It is then more appropriate to change 
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our concept of “antioxidants” from agents that remove oxidants to agents that regu-
late this redox metabolism.

Incredible advances in our understanding of the biological chemistry of hydrogen 
peroxide and other reactive oxidants have occurred during my time in the redox 
field. What may be less evident is the feeling I have that as the field expands with the 
excitement of the biology, some of the known chemistry gets left behind. We do need 
the chemistry in order to understand the more complex biological systems, and I am 
optimistic that this book will help bridge the gap.

Christine Winterbourn
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xix

Preface
The idea for this book was first proposed in 2015 by Lester Packer, longtime col-
league and champion of the oxidative stress field. The invitation was for a volume 
in the CRC Press series on oxidative stress to be dedicated to Professor Christine 
Winterbourn, to acknowledge her substantial contribution to this research area over 
many decades. Professor Winterbourn’s scientific career began in the 1960s when, 
as a graduate with a specific talent for physical chemistry, she undertook studies into 
the aging of red blood cells. It was the exploration of Heinz body formation in red 
cells as a result of oxidative damage mediated by mutant hemoglobins that triggered 
her interest in oxidative reactions in a biological setting. These findings coincided 
with the discovery of superoxide dismutase in 1969; the realization that this enzyme 
was both ubiquitous and necessary for survival in an oxygen-rich environment 
was the genesis of the free radical and oxidative stress research area. The 1970s, 
1980s, and 1990s were exciting decades for discovery in redox biology. Professor 
Winterbourn’s curiosity, energy, and drive led her to engage with many aspects of 
this research area—from the chemistry and enzymology of oxidant generation in a 
biological environment to the cellular and pathological impacts of oxidant generation 
by inflammatory cells and xenobiotics.

We three editors completed our PhD studies under Professor Winterbourn’s 
mentorship, all in different aspects of oxidative stress. Over the decades, our col-
laboration resulted in a complementary and collaborative research program identi-
fied locally as the Centre for Free Radical Research, with interests and expertise 
in redox and peroxidase chemistry, white cell–derived oxidants and inflammation, 
and redox influences on cell biology. This diversity serves as an illustration of 
Professor Winterbourn’s broad scientific interests and drive for new knowledge. 
The challenge of understanding, investigating, and validating biochemical reac-
tions in complex biological environments requires a breadth of understanding that 
few in our field have managed. A particular strength of Professor Winterbourn’s 
research has been the relentless rigor with which she approaches all aspects of her 
work—her insistence that a particular reaction be both biologically possible and 
chemically feasible before it can be considered a possibility is legendary, as is her 
tendency to scribble calculations in the margins of published papers to both check 
and extend the data analysis!

When considering the makeup of a prospective book dedicated to Professor 
Winterbourn, we wished to reflect the breadth of her interest in, and influence on, the 
oxidative stress field. The diversity of potential topics provided us with a significant 
challenge when identifying a unifying theme for the book. We eventually settled on 
hydrogen peroxide as the central protagonist. H2O2 can be considered the archetypi-
cal reactive oxygen species, generated in many different ways in biological systems, 
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the substrate for a range of peroxidases, and a potent signaling molecule through the 
oxidation of specific thiol proteins. However, there are many unanswered questions, 
and we believe it is fitting and timely to provide a volume that refocuses attention on 
the central role that H2O2 plays in redox biology.

We have divided the book into subsections. The first topic is the biological chem-
istry of H2O2 and includes reviews of H2O2 itself (Chapter 1), its detection and chem-
istry in biological settings (Chapters 2 through 4), and its capacity to react with 
proteins, both generally (Chapter 5) and specifically (Chapter 6). The reader of this 
section should emerge with an appreciation of not only the historical research context, 
with the earliest reference in Chapter 1 dating back to 1818, but also the continued 
biological relevance of H2O2 and the more recent identification of biological targets 
such as the peroxiredoxins. Section II focuses on the sources of H2O2 in biology. As 
summarized in Chapter 7, mitochondria are recognized as a continual and important 
source of cellular reactive oxidants, and evidence is emerging that controlled leakage 
from the electron transport chain enables communication between mitochondria and 
the rest of the cell. The generation of H2O2 by quinones is the topic of a review in 
Chapter 8, and reading this should deflect the reader from any impression that cell-
derived oxidants are the only source of oxidative stress. Undoubtedly, a major source 
of H2O2 in biology are the NOX enzymes, and Chapters 9 and 10 provide overviews 
of the current state of knowledge of these protein complexes.

Much of the influence of H2O2 is mediated by peroxidases that are abundant 
throughout biology. None is more important or abundant than myeloperoxidase, the 
green enzyme that predominates in inflammatory cells. It is present in sufficient con-
centrations to lend its color to the neutrophils that contain it—these “white” cells are 
actually pale green—and to the biological fluids of inflammation, for example, the 
green tinge of pus. Myeloperoxidase and other peroxidases, such as osinophil and 
salivary peroxidase, and lactoperoxidase, use H2O2 to generate a variety of haloge-
nated oxidants and free radicals that are predominant sources of oxidative stress. 
In Section III, Chapters 11 through 13 provide an overview of the enzymology of 
myeloperoxidase and of the generation and reactivity of the poorly understood halo-
genated oxidants and their impact on inflammation and the resulting tissue injury.

Oxidant production was long thought to have deleterious consequences, but the 
identification of the NOX enzymes in many cellular settings led to the realization 
that it can be a signaling mechanism. This depends on the existence of redox sen-
sors, and reactive cysteine residues in proteins are the most prominent mechanism. 
Section IV contains a smorgasbord of papers that are an introduction to the area 
of H2O2-mediated cellular signaling. These range from an up-to-date perspective of 
the aquaporins that assist with delivery and transport of H2O2 across membranes to 
descriptions on how H2O2 impacts thioredoxin and glutathione systems, and finish-
ing with a discussion of the role of H2O2 in regulating vascular tone.

We are grateful to the authors of the contributed chapters for their generosity—
each has taken time out from an extremely busy schedule to provide us with an over-
view of many important aspects of the oxidative stress field. The contributors to this 
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book are all long-standing colleagues and friends of Professor Winterbourn, and 
each is an expert in her/his field, having made significant research contributions. As 
a consequence, we have amassed a volume that presents both a historical context and 
updated information on the most recent developments in redox biology. We believe 
the diversity of this book is a fitting tribute to the broad interests and expertise of 
Professor Winterbourn, and we hope that it will be of value to those new to the field 
and to experts alike.

Margreet Vissers
Mark Hampton

Tony Kettle



http://taylorandfrancis.com


xxiii

Contributors
Elias S.J. Arnér
Division of Biochemistry
Department of Medical Biochemistry 

and Biophysics
Karolinska Institutet
Stockholm, Sweden

Ohara Augusto
Departamento de Bioquímica
Instituto de Química
Universidade de São Paulo
São Paulo, Brazil

Wilhelm J. Baader
Departamento de Química 

Fundamental
Instituto de Química
Universidade de São Paulo
São Paulo, Brazil

Etelvino J.H. Bechara
Departamento de Química 

Fundamental
Instituto de Química
Universidade de São Paulo
São Paulo, Brazil

Gerd Patrick Bienert
Metalloid Transport Group
Leibniz Institute of Plant Genetics and 

Crop Plant Research
Gatersleben, Germany

Sebastián Carballal
Departamento de Bioquímica
Facultad de Medicina
and 
Center for Free Radical and Biomedical 

Research
Universidad de la República
Montevideo, Uruguay

Michael J. Davies
Department of Biomedical Sciences
Panum Institute
University of Copenhagen
Copenhagen, Denmark

Becky A. Diebold
Department of Pathology and 

Laboratory Medicine
Emory University
Atlanta, Georgia

Louisa V. Forbes
Department of Pathology
Center for Free Radical Research
University of Otago, Christchurch
Christchurch, New Zealand

Henry Jay Forman
Professor of Research Gerontology
University of Southern California
Distinguished Professor Emeritus of 

Biochemistry
University of California
Merced, California

Shivaprakash Gangappa
Influenza Division
Centers for Disease Control and 

Prevention
Atlanta, Georgia

Mark B. Hampton
Department of Pathology
Center for Free Radical 

Research
University of Otago, Christchurch
Christchurch, New Zealand



xxiv Contributors

Clare L. Hawkins
Department of Biomedical Sciences
University of Copenhagen
Sydney, New South Wales, Australia

and

Department of Biomedical Sciences
Panum Institute
University of Copenhagen
Copenhagen, Denmark

Elizabeth C. Hinchy
MRC Mitochondrial Biology Unit
University of Cambridge
Cambridge, United Kingdom

Amelia R. Hofstetter
Ruminant Diseases and Immunology 

Research Unit
National Animal Disease Center
United States Department of Agriculture
Agricultural Research Service
Ames, Iowa

P. Andrew Karplus
Department of Biochemistry and 

Biophysics
Oregon State University
Corvallis, Oregon

Anthony J. Kettle
Department of Pathology
Center for Free Radical Research
University of Otago, Christchurch
Christchurch, New Zealand

Willem H. Koppenol
Department of Chemistry and Applied 

Biological Sciences
Swiss Federal Institute of Technology
Zürich, Switzerland

J. David Lambeth
Department of Pathology and 

Laboratory Medicine
Emory University
Atlanta, Georgia

Ghassan J. Maghzal
Vascular Biology Division
Victor Chang Cardiac Research 
 Institute
and
St Vincent’s Clinical School
University of New South Wales
Sydney, New South Wales, Australia

Matilde Maiorino
Department of Molecular Medicine
University of Padova
Padova, Italy

Iria Medraño-Fernandez
Division of Genetics and Cell Biology
Vita-Salute San Raffaele University
San Raffaele Hospital (IRCCS-OSR)
Milan, Italy

Hugo P. Monteiro
Department of Biochemistry
Center for Cellular and Molecular 

Therapy
Escola Paulista de Medicina
Universidade Federal de São Paulo
São Paulo, Brazil

Rex Munday (Deceased)
AgResearch Limited
Ruakura Research Centre
Hamilton, New Zealand

Michael P. Murphy
MRC Mitochondrial Biology Unit
University of Cambridge
Cambridge, United Kingdom



xxvContributors

William M. Nauseef
Department of Medicine
Roy J. and Lucille A. Carver College 
 of Medicine
University of Iowa and Veterans 

Administration Medical Center
Iowa City, Iowa

Fernando T. Ogata
Department of Biochemistry
Center for Cellular and Molecular 

Therapy
Escola Paulista de Medicina
Universidade Federal de São Paulo
São Paulo, Brazil

Alexander V. Peskin
Department of Pathology
Center for Free Radical Research
University of Otago, Christchurch
Christchurch, New Zealand

Leslie B. Poole
Department of Biochemistry
and
Centers for Redox Biology and 

Medicine, Molecular Signaling, and 
Structural Biology

Wake Forest School of Medicine
Winston-Salem, North Carolina

Juliet M. Pullar
Department of Pathology
Center for Free Radical Research
University of Otago, Christchurch
Christchurch, New Zealand

Rafael Radi
Departamento de Bioquímica
Facultad de Medicina
and
Center for Free Radical and Biomedical 

Research
Universidad de la República
Montevideo, Uruguay

Benjamin S. Rayner
The Heart Research Institute
and
Sydney Medical School
University of Sydney
Sydney, New South Wales, Australia

Roberto Sitia
Division of Genetics and Cell Biology
Vita-Salute San Raffaele University
San Raffaele Hospital (IRCCS-OSR)
Milan, Italy

Christopher P. Stanley
Vascular Biology Division
Victor Chang Cardiac Research 

Institute
Sydney, New South Wales, Australia

Roland Stocker
Vascular Biology Division
Victor Chang Cardiac Research 

Institute
and
St Vincent’s Clinical School
University of New South Wales
Sydney, New South Wales, 

Australia

Arnold Stern
School of Medicine
New York University
New York, New York

Cassius V. Stevani
Departamento de Química 
 Fundamental
Instituto de Química
Universidade de São Paulo
São Paulo, Brazil



xxvi Contributors

Madia Trujillo
Departamento de Bioquímica
Facultad de Medicina
and
Center for Free Radical and Biomedical 

Research
Universidad de la República
Montevideo, Uruguay

Daniela Ramos Truzzi
Departamento de Bioquímica
Instituto de Química
Universidade de São Paulo
São Paulo, Brazil

Fulvio Ursini
Department of Molecular Medicine
University of Padova
Padova, Italy

Margreet C.M. Vissers
Department of Pathology
Center for Free Radical Research
University of Otago, Christchurch
Christchurch, New Zealand

Ari Zeida
Facultad de Ciencias Exactas y Naturales
Departamento de Química Inorgánica
Analítica y Química-Física and 

INQUIMAE CONICET
Universidad de Buenos Aires
Buenos Aires, Argentina

and

Departamento de Bioquímica
Facultad de Medicina and Center for Free 

Radical and Biomedical Research
Universidad de la República
Montevideo, Uruguay



Section I

Chemistry and 
Biochemistry of H2O2



http://taylorandfrancis.com


3

Hydrogen Peroxide, 
a Molecule with 
a Janus Face
Its History, Chemistry, 
and Biology

Willem H. Koppenol

CONTENTS

Introduction  ...............................................................................................................3
Discovery and Properties of Hydrogen Peroxide  ......................................................3
Reaction of Hydrogen Peroxide with Iron(II)  ...........................................................5
Fenton Reaction in Biology  ......................................................................................7
Hydrogen Peroxide in Biology  .................................................................................9
Hydrogen Peroxide: Friend or Foe?  ........................................................................10
Acknowledgment .....................................................................................................11
References  ...............................................................................................................11

INTRODUCTION

In biology, H2O2 plays an important role as a component of oxidative stress and as a 
signaling molecule. After a description of the discovery and properties of H2O2, where 
I stress that this molecule is not as reactive as often thought, I focus on the Fenton reac-
tion, as for decades this reaction illustrated the bad side of H2O2. The more recently 
discovered role of H2O2 as a redox mediator and messenger represents its good side. 
These two aspects define H2O2, a molecule with a Janus face. I come to the conclusion 
that the way we now perceive H2O2 is quite different from that 40 years ago.

DISCOVERY AND PROPERTIES OF HYDROGEN PEROXIDE

“C’est en traitant le peroxide de barium par les acides que je suis parvenu à faire ces 
nouvelles combinaisons, qui, pour la plupart, sont très-remarquable et dignes de fixer 
l’attention des chimistes” (“While treating the peroxide of barium with acids, I have 
achieved to make these mixtures, which are mostly very remarkable and worthy to 
draw the attention of chemists”). The citation is the first sentence of Thenard’s first 
article, published nearly 200 years ago, on what later turned out to be the discovery 
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4 Hydrogen Peroxide Metabolism in Health and Disease

of H2O2 [1]. And yes, hydrogen peroxide has drawn our attention for nearly 200 
years. When Thenard (1777–1857) heated barium in O2 and subsequently dissolved 
the solid in acid, he obtained acidic solutions that contained extra oxygen. Initially, 
he thought that the acid he used became oxygenated, but by the end of 1818, he 
had already realized that the water was oxygenated [2] by removing all ions: he 
had dissolved BaO2 in HCl, precipitated Ba2+ with dilute H2SO4, and removed Cl− 
with Ag2O. He concentrated the solution by exposing it to reduced pressure [2] and 
gave the density as 1.453 [3], which corresponds, in essence, to anhydrous H2O2 
(see Table 1.1). He refined his synthesis, which made it into textbooks. In 1953, one 
could still find a lecture demonstration based on his research [4]: First, 100 mL of 
20% H2SO4 in a 300 mL beaker is placed in an ice bath. To the cooled sulfuric acid 
some ice is added, and BaO2 is slowly added until the solution is still weakly acidic. 
One lets the solution stand and frees it from BaSO4 by filtration. Properties of H2O2, 
such as decomposition upon heating, catalytic decomposition by KI, by catalase, 
by silver colloids, oops, nanoparticles, and various oxidations were then demon-
strated with the synthesized H2O2. Higher concentrations of H2O2 can be achieved by 
distillation under reduced pressure, as H2O boils at a lower temperature than H2O2 
(Table 1.1). In the 1960s, some undergraduate students at the University of Utrecht, 
the author being one of them, were tasked with preparing 100% H2O2 from a com-
mercial solution of approximately 30% (w/w) [5]. It was considered safe to distill off 
water under reduced pressure to a concentration of 90% H2O2. Further purification 
was attempted by repeated crystallizations, as H2O2 freezes at a slightly lower tem-
perature than water (Table 1.1). As reviewed by Schumb et al. [6], frozen or liquid 
H2O2 will not explode; only when the concentration in the gas phase is too high, H2O2 
will decompose and possibly explode on a rough surface. Other properties of H2O2 
are summarized in Table 1.1.

H2O2 is remarkably stable; Thenard already showed that.
Today H2O2 is no longer produced by burning Ba in O2. Synthesis by elec-

trochemistry was attempted, but is not very efficient. Instead, the anthraquinone 
process is used: the quinone is reduced with H2 to the hydroquinone with the 
help of a metal catalyst; then the hydroquinone is oxidized by O2 to yield the qui-
none and H2O2. This process was first commercially used by IG Farbenindustrie, 
Ludwigshafen, Germany, during World War II; the quinone used was 2-methyl-
anthraquinone [6].

As oxygen is transferred from H2O2 during oxidation, one of the structures origi-
nally proposed was H2O=O. In 1927, Raikow discussed this structure with many 
others and concluded that H−O−O−H was in equilibrium with H2O=O. He argued 
that H−O−O−H was reducing and proposed the name hydrogen pseudoperoxide, 
while H2O=O was the real, oxidizing, hydrogen peroxide [7]. We now know that 
H2O2 can be both oxidizing and reducing (Table 1.1). Please note that at the time 
this structure was proposed, there were no generally accepted theories of chemi-
cal bonding. The valence shell electron pair repulsion theory predicts the correct 
structure: imagine a book open at 90°C, then one hydrogen is on the upper left page 
and the other on the lower right page. The O−O bond is 145 pm, the H−O bond is 
99 pm, the H−O−O angle is 103° [8,9]. These parameters apply to frozen H2O2 with 
a purity greater than 99%.
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The properties of H2O2 have been known for over 60 years.

H2O2 is unstable with respect to disproportionation. The energy released at pH 7 
is 2F[E°′(H2O2, 2H+/2H2O) – E°′(O2, 2H+/H2O2)], or 103 kJ mol−1 H2O2, in which F 
is the Faraday, E°′ is the electrode potential at pH 7 (Table 1.1 [12]), and the  number 
2 preceding F is the number of electrons in the redox equation. The high value of 
+1.35 V for the two-electron electrode potential of E°′(H2O2, 2H+/2H2O) does not 
necessarily indicate that H2O2 is a strong oxidant: kinetically, in dilute solution, elec-
tron transfers generally take place one electron at a time. For that reason, the one-
electron electrode potential of the H2O2, H+/HO•, H2O couple, +0.39 V [12], is more 
relevant to one-electron reductants, for example, redox-active metal complexes.

H2O2 is a thermodynamically strong two-electron oxidant, but kinetically a weak 
one-electron oxidant.

REACTION OF HYDROGEN PEROXIDE WITH IRON(II)

During the 1970s, the Fenton reaction was proposed as the causative agent of oxida-
tive damage because it produced the reactive hydroxyl radical. The following is a 
short summary of Fenton’s findings [14]. Fenton (1854–1929) studied chemistry at 
the University of Oxford; King’s College, London; and the University of Cambridge, 

TABLE 1.1
Physical Properties of H2O2

Physical Property Value Comments

Melting point −0.43°Ca Sat. solutions tend to supercool

Boiling point 150.2°Ca Extrapolated, decomposes

Eutectic points 1st 45.2%,b −52.2°Ca

2nd 61.2%,b −56.1°Ca

Formation of H2O2 · 2H2O

Density, g mL−1 1.4425a At 25°C

pKa 10.65c At 25°C

ΔfG°, kJ mol−1 −134.03d

ΔfH°, kJ mol−1 −191.17d

S°, J/(mol K) +143.9d

E°′ (H2O2, H+/HO•, H2O) +0.39 Ve At 25°C, pH 7

E°′ (O2, 2H+/H2O2) +0.28 Ve At 25°C, pH 7, pO2 = 100 kPa

E°′ (H2O2, 2H+/2H2O) +1.35 Ve At 25°C, pH 7

O−O bond strength 232 kJ mol−1 (ΔH°)f

Dipole moment 2.26 Debye (2.26 × 10−18 esu)a 7.54 × 10−30 cm

a [6].
b By weight.
c [10].
d [11].
e [12].
f [13].
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where, in 1878, he obtained the post of “Additional Demonstrator in Chemistry.” In 
1899, he became a fellow of the Royal Society on the basis of his work with H2O2 
and iron(II). He was appointed to the post of University Lecturer in Chemistry at the 
University of Cambridge in 1904.

The origin of the Fenton reaction was a case of serendipity. A fellow student, whose 
identity is unfortunately not known, showed a solution with a violet color to Fenton. 
The student obtained this violet solution by mixing reagents at random. Present in 
the solution were H2O2 and tartaric acid; upon the addition of a ferrous salt, immedi-
ately followed by a base, an intense violet color developed. In 1876, Fenton, still an 
undergraduate student, sent a brief note to Chemical News [15], which was published 
10 days after submission! The same note also mentioned that the same color was 
obtained with HOCl instead of H2O2. A full description, delayed by his heavy teach-
ing load, was published in 1894 [16]. A number of other organic compounds, such 
as citric, succinic, oxalic, and acetic acids, do not produce this color, although these 
compounds can be modified by iron(II) and H2O2. A ferric salt also failed to produce 
the violet color; iron(II) is essential. In 1893, he isolated the product, and he reported 
its empirical formula as C2H2O3 [17]. He mentioned [16] that the amount of iron is 
not very important, because it acts catalytically: Fe(III) is reduced during the reaction. 
The product of the oxidation of tartaric acid turned out to be dihydroxymaleic acid, 
C4H4O6. Fenton did not publish a reaction mechanism for this reaction.

Fenton did not know that hydroxyl radicals are formed when Fe(II) reduces H2O2.
Two years after Fenton’s death in 1929, the two Nobel Prize winners Fritz Haber 

(1868–1934) and Richard M. Willstätter (1872–1942) wrote a hypothesis paper on 
radical chain reactions in organic chemistry and biochemistry [18]: they assumed 
that the first step in the reaction of catalase with H2O2 is Reaction 1.1, now known 
as the Fenton reaction, followed by the chain reactions (1.2) and (1.3). These two 
reactions—they further assumed—did not require an enzyme; thus, catalase was 
only necessary to initiate the chain reactions (1.2) and (1.3). Haber and his assistant 
Joseph Weiss (1905–1972) adopted this mechanism for the decay of H2O2 by iron 
salts at low pH and concluded that since more than 1H2O2 per 2Fe2+ is consumed 
when H2O2 is present in excess, indeed the chain reactions (1.2) and (1.3) take place 
[19,20]. Chain termination takes place by Reaction 1.4, as reviewed [21].

 Fe2+ + H2O2 + H+ → Fe3+ + H2O + HO• (1.1)

 HO• + H2O2 → H2O + HO2
• + H+ (1.2)

 HO2
• + H+ + H2O2 → O2 + HO• + H2O (1.3)

 Fe2+ + HO• + H+ → Fe3+ + H2O (1.4)

Because of being of Jewish descent, Haber decided to leave Germany in 1933 with 
his assistant J. Weiss. They worked for a few months in Cambridge, and while visit-
ing Basel, Haber died of heart disease at the age of 65 [22]. Weiss stayed in England 
and later became professor of chemistry at the University of Newcastle upon Tyne 
[23]. Reactions 1.2 and 1.3 have become known as the Haber–Weiss cycle, although 
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it would be more appropriate to name it the Haber–Willstätter cycle [21]. Neither 
Haber and Willstätter [18] nor Haber and Weiss [20] cited Fenton. Given that super-
oxide does not reduce hydrogen peroxide, the expression “Haber–Weis reaction” 
should not be used. Furthermore, given the definition of superoxide by Haber and 
Willstätter (“und die Eigenschaft beigelegt, Hydroperoxyd unter Entstehung von 
molekularem Sauerstoff, Wasser und ungeladenetn Hydroxyl zu zersetzen” or “has 
been attributed the property to destroy hydrogen peroxide under formation of molec-
ular oxygen, water and hydroxyl”), the expression of “Fenton-catalyzed Haber–
Weiss reaction” is, given this definition, equally unacceptable.

The use of a chain reaction was an innovation.
By the late 1940s, the mechanism proposed by Haber and Weiss had been criti-

cized by Philip George (1920–2008), who showed that O2
•– does not react with H2O2 

[24]. He did so by dropping pieces of KO2 in a concentrated solution of H2O2. The 
oxygen produced corresponded entirely to what would be expected from the dismu-
tation of O2

•−, not to what would have been released if H2O2 underwent the chain 
reactions (1.2) and (1.3). An improved mechanism for the decomposition of H2O2 at 
low pH proposed by George and coworkers in 1949 [25] is shown in Table 1.2. Weiss 
and Humphrey admitted that the reaction of Fe3+ with HO2

• “largely replaces reaction 
1.3” [26]. More details were published in 1951 [27,28]. For the first time, reference 
is made to Fenton’s full report of the oxidation of tartaric acid [16]. George moved 
from the United Kingdom to the United States and, in 1955, he became professor of 
biophysical chemistry at the University of Pennsylvania (see http://academictree.org/
chemistry/peopleinfo.php?pid=80406&expand=bio)

George and coworkers showed that HO2
• does not reduce H2O2.

FENTON REACTION IN BIOLOGY

The discovery in 1969 of an enzymatic function for hemocuprein [32], namely catal-
ysis of the disproportionation of O2

•− [33], started a new field of study—free radical 
biochemistry. Mn- and Fe-containing superoxide dismutases were discovered sub-
sequently [34–36]. Given that aerobic organisms contain superoxide dismutase(s), 

TABLE 1.2
Rate Constants for the Reactions in the Mechanism of Iron-Catalyzed 
Decomposition of H2O2 at Low pH

Reactions Reaction No. k (M−1 s−1)a

Fe2+ + H2O2 + H+ → Fe3+ + H2O + HO• 1.1 41.5

HO• + H2O2 → H2O + HO2
• 1.2 2.7⋅107

Fe2+ + HO• + H+ → Fe3+ + H2O 1.4 4.3⋅108

Fe2+ + HO2
• + H+ → Fe3+ + H2O2 1.5 1.2⋅106

Fe3+ + HO2
• → Fe2+ + O2 + H+ 1.6 2.0⋅104 (pH 1)

a Rate constants from [29–31].

http://academictree.org
http://academictree.org
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that the reaction of O2
•− with—at least Cu/Zn—superoxide dismutases is extremely 

efficient [37–39] and fast [40–44], that, in the cytosol, the concentration of CuZn 
superoxide dismutase is in the low micromolar range, that the uncatalyzed dismuta-
tion of O2

•− is already rapid: k = ca. 106 M−1 s−1 at neutral pH [45], the conclusion is 
warranted that O2

•− is reactive and, thus, dangerous. However, at that time, O2
•− was 

known to react with, aside from the superoxide dismutases, iron complexes [46], 
copper [47], quinones and similar molecules [48–50], and the electron transfer pro-
tein cytochrome c [51]. Later, proteins with Fe4S4 clusters [52] and NO• [53] were 
added to this list. However, at the end of the 1970s, there was no evidence from radia-
tion–chemical studies that O2

•− damages proteins, lipids, or DNA. Thus, O2
•− begets 

a more harmful molecule, and Reaction 1.3, which yields the very reactive hydroxyl 
radical, is resurrected. History repeated itself: It was pointed out that Reaction 1.3 is 
too slow to be significant, as reviewed [21]. When O2

•− is not allowed to dispropor-
tionate, as in an organic solvent [54], or in the gas phase [55], then Reaction 1.3 may 
occur. To save the Haber–Weiss cycle, iron complexes were invoked to act as cata-
lysts, as in the mechanism proposed by George et al. [25], and Reactions 1.1 and 1.7 
became known as the “Fenton-catalyzed Haber–Weiss reaction,” although O2

•− was 
defined by Haber and Willstätter [18] as capable of reducing H2O2.

 Fe3+X + O2
•− → Fe2+X + O2 (1.7)

In Reaction 1.7, at pH 7, X stands for an uncharacterized ligand, or ligands, of iron. 
At low pH, Fe3+(aq) does oxidize HO2

• (see Reaction 1.6 in Table 1.2). However, 
there is no evidence for a fast reduction of a physiological iron(III) complex by 
superoxide. Later, it was realized and accepted that other reductants, for example, 
monohydrogen ascorbate, are more likely candidates to reduce Fe3+ complexes 
in vivo, yet the identity of intracellular iron complexes and the kinetics of their reac-
tions with O2

•−, ascorbate, and H2O2 were never established. This is not to say that 
excess iron is not harmful. In iron-overload diseases, the iron is present in serum as 
non-transferrin-bound iron, consisting of iron, citrate, and albumin at micromolar 
concentration. Furthermore, in a cellular compartment with a low pH and devoid 
of enzymes that scavenge H2O2, such as the lysosome, the Fenton reaction may be 
relevant [56]. We recently investigated whether iron citrate complexes—mostly cor-
responding to Fe(III)(citrate)2—could participate in the Fenton reaction and be re-
reduced by ascorbate. Such iron complexes may be present in blood. We found an 
electrode potential of −0.03 V < E°′ > +0.01 V, that is, ca. 0 V, for the (Fe3+cit/Fe2+cit) 
couple potential at pH 7. Redox cycling does occur, with re-reduction by ascorbate 
being rate limiting, k ≈ 3 M−1 s−1. Most of the ascorbyl radical formed is sequestered 
by complexation with iron and remains EPR silent. We concluded that when H2O2 
is available, iron-citrate complexes may contribute to pathophysiological manifesta-
tions of iron-overload diseases [57]. In general, not much is known about the coordi-
nation of intracellular iron. Often it is referred to as “free” or “labile” iron, whereby 
the use of the term “labile” runs counter to its definition in inorganic chemistry, 
where it indicates a metal ion that rapidly exchanges ligands, not necessarily a metal 
complex that is chelatable or redox-active.

The role of “free” iron in oxidative stress may have been overestimated.
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Given that superoxide dismutase alone could be protective during oxidative chal-
lenges, Beckman and coworkers proposed in 1990 that ONOO− was formed from 
NO• and O2

•− [58], both of which are enzymatically produced. In addition, O2
•− is 

formed by leakage of the electron transport chain. The rate of the reaction of O2
•− with 

NO• is diffusion controlled [53]. ONOOH does not react very fast with biomolecules 
and is therefore more selective in its reactions than HO•. This molecule oxidizes, 
hydroxylates, and nitrates biomolecules; an example is tyrosine [59]. Evidence for 
the formation of ONOO− in vivo followed from the observation of nitrated tyrosines 
[60,61]. Given that the nitration of tyrosine is first order in ONOOH and zero order 
in tyrosine, as well as in many other molecules that are modified by ONOOH, it was 
believed that ONOOH undergoes homolysis to form HO• and NO2

• to an extent of 
30%. Although an extensive, if not complete, review of the literature [62] found no 
evidence for such a percentage—homolysis may occur to an extent of at most 5%—
the 30% homolysis hypothesis is still being perpetuated in the literature [63,64]. 
More important is that the anion, ONOO−, reacts rapidly with the CO2 in the tissues, 
which may lead to the strongly oxidizing radicals CO3

•− and NO2
• [65]. Although 

peroxynitrite is formed in vivo from O2
•− and NO•, for in vitro experiments peroxyni-

trite has often been synthesized by mixing acidified H2O2 with NO2
−, followed by 

rapid quenching with HO− [66]. It should not been forgotten that this preparations 
is not pure, and contains nitrite, nitrate and, unless it has been removed with MnO2, 
unreacted hydrogen peroxide.

Formation of ONOO− is kinetically far more feasible than that of HO• via the 
Fenton reaction. ONOOH is more reactive than H2O2.

HYDROGEN PEROXIDE IN BIOLOGY

Thenard tested whether H2O2 reacted with many compounds—inorganic and organic. 
He observed that the decomposition of H2O2 was initiated by “fibrin blanche” that 
he had recently obtained from blood [67]. It is safe to assume that the white fibrin 
still contained catalase. At the time, the action of fibrin could not be explained. 
The discovery of catalase in 1900 [68] implied that H2O2 is formed in vivo, but for 
decades to come nobody could detect H2O2 in tissues. As reviewed [69], Wieland 
postulated in 1913 that O2 directly abstracts two hydrogen atoms from an organic 
substrate [70], a view that was ridiculed by Warburg [71]. Possibly because of this 
feud, Oppenheimer wrote [72], cited by Raikow [7]: H2O2 ist sehr wahrscheinlich 
eine biologisch höchst wichtige Substanz, aber ihre Rolle ist um so weniger klar, 
als es trotz aller Bemühungen bisher niemals in lebenden Geweben nachgewiesen 
worden ist (“H2O2 is quite probably a biologically very important compound, but 
its role is much less clear, because in spite of all efforts its presence in living tissues 
has not been demonstrated”). Although it was shown that H2O2 was produced by a 
bacterium [73], a fungus [74], and spermatozoa [75], it was not shown to be pres-
ent in higher organisms. Indeed, Wieland failed to find H2O2 in a freshly sacrificed 
dog [76]. Britton Chance (1913–2010) invented the stopped-flow spectrophotometer 
[77] and used it in 1947 to mix a catalase preparation from horse with H2O2. He 
obtained the spectrum of an intermediate named Compound I, which has a maximum 
at 405 nm. The rate constant for the formation of Compound I was 3 × 107 M−1 s−1. 
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He found that the intermediate reacted with H2O2, as expected, but also with other 
compounds such as ascorbate and alcohols [78]. Five years later, he found the 405 nm 
band of Compound I in respiring Micrococcus lysodeikticus [79]. The Soret band of 
Compound 1 is not suitable to detect catalase in mammalian cells, because UV light 
does not penetrate tissue very far, and because other heme proteins absorb in that 
region of the spectrum. Sies had the idea to use the near-infrared band of Compound I 
(660–640 nm), a methodology that avoids these complications. The approach was 
successful and resulted in 1970 in a publication, with Chance as coauthor, in which 
formation of H2O2 in perfused rat liver was demonstrated [80] (see also [81]). This 
was a considerable achievement as the detection of H2O2 in vivo was considered not 
feasible [82]. In the meantime, another enzyme had been discovered that disposed of 
H2O2 and hydroperoxides at the expense of glutathione, and was thus named glutathi-
one peroxidase [83]. At present, 8 different glutathione peroxidases are known. H2O2 
oxidizes a selenocysteine [84] followed by re-reduction with 2 glutathione in a “ter 
uni ping pong” mechanism [85]. In 1994, another family of enzymes that removes 
H2O2, the peroxiredoxins, was discovered [86]. These enzymes have a cysteine that 
is oxidized to a sulfenic acid. The fast reaction with H2O2—k = 1 × 105 to 1 × 107 
M−1 s−1—is ascribed to the unusual low pKa of the cysteine and hydrogen bonding 
interactions between H2O2 and the enzyme (see [87] for review).

Scavenging of H2O2 by catalase and glutathione peroxidase is fast. Nature uses a 
trick to accelerate the reaction with the peroxidative cysteine in peroxiredoxin.

Where these enzymes are present, H2O2 will have a limited lifetime. As a mes-
senger molecule, it needs to be terminated, the termination being the message. As 
a component of the Fenton reaction, it needs to be eliminated before it causes dam-
age. Under different conditions, H2O2 is necessary. In search for the mechanism 
of neutrophils, phagocytic white blood cells, Klebanoff reported at the end of the 
1960s that a solution of halides (but not of F−), myeloperoxidase, and H2O2 was 
microbicidal [88,89]. As part of the phagocytotic process, extra O2 is consumed—
the respiratory burst—and undergoes one electron to O2

•− [90], which is expelled 
into the phagosomal space. Catalyzed disproportionation by superoxide dismutase 
yields O2 and H2O2. H2O2 converts myeloperoxidase to its Compound I state, which 
transfers an O to Cl−. HOCl, which has a pKa of 7.4, reacts slowly and is thus more 
selective. It was Winterbourn who demonstrated that the oxidant was HOCl [91]. 
Responsible for the one-electron reduction of O2 is a NADPH oxidase. Research in 
this area yielded a family of NADPH oxidases, present in phagocytic cells, but also 
in other cells [92], with the one in neutrophils, NOX2, being the most active [93]. 
Macrophages also contain a NADPH oxidase that produces O2

•− [94], but in those 
cells disproportionation is undesirable: O2

•− is to react with NO• to form ONOO−. 
Remarkably, when it comes to microbicidal agents, Nature turns to inorganic 
 oxidants [95].

HYDROGEN PEROXIDE: FRIEND OR FOE?

Our thinking about H2O2 has changed over the years. First, we thought that it is 
formed by rogue electrons that decided to leave the mitochondrial electron trans-
port chain before cytochrome c oxidase [96], clearly a harmful event that leads to 
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oxidative stress, defined as a condition in which defense mechanisms cannot cope 
with oxidant processes [97]. At that time, H2O2 was depicted as a strong oxidant 
and responsible for the generation of HO• via the Fenton reaction. We understood 
why there were enzymes that disposed of H2O2. But it was also realized that H2O2 
was also necessary to kill invading organisms. More recently, it was discovered 
that H2O2 is a signaling molecule that links the redox couples NAD(P)+/NAD(P)
H with RSSR/2RSH [98] and modulates transcription factors [99]. The local con-
centration of H2O2, and thus the response, may be manipulated by reversibly inhib-
iting  peroxiredoxins [87]. Its movement from origin to target may be helped by 
 aquaporins [100]. More details about H2O2 as a signaling molecule can be found in 
a contemporary review [101].

H2O2 can play the role of a signaling molecule because it is not very reactive, a 
fact already known to its discoverer, Louis Jacques Thenard.
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INTRODUCTION

Hydrogen peroxide and other peroxides are directly or indirectly involved in the 
electronic excitation of oxidation products of many chemiluminescent and biolumi-
nescent processes. The intense peroxyoxalate chemiluminescence (ΦCL ~ 10%) and 
firefly bioluminescence (ΦBL ~ 45%), both resulting from the generation of excited 
singlet products, are iconic and radiant examples. In this chapter, we emphasize the 
in vitro and in vivo intermediacy of 1,2-dioxetane and 1,2-dioxetanone cyclic per-
oxides—sources of excited carbonyls by thermolysis—and consequent light emis-
sion or photochemistry. Of particular interest for their radical-like reactivity and 
long lifetimes are triplet carbonyls, which allow energy transfer to biomolecules or 
photochemistry in the absence of light and eventually trigger biological responses. 
Expounded upon in this chapter are mechanisms of electronic chemiexcitation in 
chemi- and bioluminescent processes including biomolecules catalyzed by peroxi-
dases and accompanied by cleavage products, energy transfer to dioxygen yield-
ing singlet oxygen, plant colchicine isomerization in the dark, phosphate-catalyzed 
permeation of mitochondria, initiation of lipid peroxidation of polyunsaturated fatty 
acids, and DNA pyrimidine dimerization in the dark. A large field of investigation of 
the roles of triplet carbonyls in living organisms and in organic synthesis remains to 
be deeply explored.

HISTORIC ROOTS OF EXCITED STATES AND FREE RADICALS

The chemistry of the luminescence of organic compounds emerged largely in paral-
lel to that of free radicals and bioluminescence in the second half of the nineteenth 
century. Molecular oxygen, peroxides, and light emission interweave throughout 
the history of chemi- and bioluminescence, of which the occurrence from decay-
ing fishes (bacteria) and rotten wood (fungi) had early been registered by Aristotle 
(384–322 BC), according to the Herculean book by E.N. Harvey A History of 
Luminescence. From the Earliest Times Until 1900 [1]. Robert Boyle, in 1667, 
unveiled the first clues of the chemistry of bioluminescence when he observed that 
shining firefly larvae became dim “in a vacuum” and turned bright under aeration. In 
1892, Raphael Dubois established the luciferin/luciferase basis of bioluminescence 
from a clever experiment with extracts prepared from the lanterns of a Pyrophorus 
click beetle (Elateridae). Intense light emission occurred when mixing a previously 
boiled substrate-containing extract with a “cold” extract rich in a thermolabile 
component, the luciferase. In fact, the “hot” and the “cold” extract protocol con-
tinues to be used to investigate the mechanism involved in bioluminescent organ-
isms and to follow the isolation of their components. A relevant and recent example 
is the now-clarified controversy regarding the chemiluminescent nature of fungal 
bioluminescence versus a classical enzymatic process in favor of the latter mech-
anism [2]. The participation of a luciferin and two enzymes, namely, a NAD(P)
H-dependent hydroxylase (formerly postulated as reductase) and a luciferase, was 
definitely demonstrated. A comprehensive account of the chemical and biological 
diversity of terrestrial and marine bioluminescence is offered by the masterpiece 
book Bioluminescence. Living Lights, Lights for Living by Wilson and Hastings 
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[3] (Figure 2.1). The firefly Photinus pyralis and the jellyfish Aequorea victoria are 
the most explored luminous beings pertaining to reaction mechanisms, analytical 
applications, and bioengineering.

Still quoted by Harvey, Radziszewski, in the late 1880s, first described chemilu-
minescent reactions from organic compounds, including lophine (2,4,5-triphenyl-
imidazole), by shaking their alkaline alcohol solutions with air, and subsequently 
characterized luminogenic compounds by their emission spectrum upon the addition 
of H2O2: blue from luminol, yellow from lucigenin, and red from metalloporphy-
rins. At present, the chemiluminescence mechanisms of several natural and synthetic 
compounds when exposed to molecular oxygen, H2O2, or hypochlorite continue to 
attract the attention of investigators for their challenging chemical and technologi-
cal interest. Among them, the highest quantum yields of chemiluminescence were 
measured for luminol, acridine derivatives, and peroxyoxalates [4–7] (Figure 2.1a 
through c).

The nineteenth century also witnessed the first attempt to isolate highly reactive 
molecular fragments, the putative “free” radicals. A compelling, comprehensive 

(a)

(d)

(f )

(b)

(g)

(e)

(c)

FIGURE 2.1 Chemiluminescence of (a) the peroxyoxalate system using perylene (blue-
greenish) or rubrene (orange) as activator; (b) the induced decomposition of a phenoxyl-
substituted 1,2-dioxetane; (c) and horseradish peroxidase–catalyzed oxidation of an isobutanal 
(IBAL) silyl enol ether in the presence of 9,10-dibromoanthracene-2-sulfonate anion (DBAS); 
bioluminescence of (d) the Brazilian fungus Neonothopanus gardneri, which grows on the base 
of palms in Northern coconut forests; (e) firefly Macrolampis omissa found in the Brazilian 
savannas; (f) jellyfish Aequorea macrodactyla; and (g) the copepod Metridia pacifica. ([e] and 
[f]: Photos courtesy of Yuichi Oba, Nagoya University, Nagoya, Japan.)
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essay about the history of free radicals was written by Ihde [8] and ref. therein for 
the International Union of Pure and Applied Chemistry (IUPAC). He initiates the 
article by recalling Gay-Lussac’s (1815) identification of the gas obtained from heat-
ing Hg(CN)2 as cyanogène ou radical de l’acide prussique, that is, “CN” radical, 
a kind of “compound element,” later recognized as its dimer (CN)2. Years before, 
Gay-Lussac (1810) discovered that, contrary to the great majority of gases, molecu-
lar oxygen (dioxygen) was attracted by an external magnet—it was paramagnetic. 
Indeed, we now know that dioxygen is a stable diradical, with two solitary electrons 
in two degenerate antibonding orbitals—oxygen is a triplet species. Also of histori-
cal interest are the attempts by Wöhler and Liebig in 1832 and Wurtz in 1855 to 
isolate alkyl radicals from the treatment of alkyl halides with sodium (RX + Nao → 
R• + NaX) and Kolbe’s efforts to obtain “free” radicals from the anodic oxidation 
of carboxylic acid salts (RCO2

•− − e− → CO2 + R•). Later, Schorlemmer [9] demon-
strated in 1865 that these reactions actually produce the dimers of the putative “free” 
radicals, that is, the alkanes R–R. Interestingly, Fenton found out in late 1890s that 
Thénard’s l’eau oxigénée (H2O2), described in 1810s, is highly oxidant when in the 
presence of iron salts [10,11]. Today, we know that the hydroxylating property of 
the “Fenton reagent” over a cornucopia of chemicals and biomolecules, attributing 
to the HO• radical, is implicated in a high number of physiological and pathogenic 
processes [12].

The hypothesis of radicals with independent existence turned to be a reality, thanks 
to Gomberg in 1900 when he identified a free, resonance-stabilized triphenylmethyl 
radical (Ph3C•) as the product of sodium-promoted displacement of bromide anion 
from Ph3CBr [13]. It should be mentioned, however, that Casimir Wurster (1854–
1913) crystalized the one-electron oxidation product of N,N,N′,N′-tetramethyl-p-
phenylenediamine (TMPD) as labile blue needles three decades before, without 
identifying this compound as a “free” radical [14]. The currently named “Wurster 
Blue” radical was decades later properly identified as the highly stable, resonant 
TMPD•+ cation radical, which is commercially available, for example, as its perchlo-
rate salt. TMPD in aerated phosphate buffer rapidly turns blue from one-electron 
transfer to the dissolved oxygen yielding TMPD•+ plus superoxide anion radical. 
In 1972, TMPD was reported to promote the oxidation of an N-n-propyl NADH 
model to the respective pyridinium cation (the NAD+ model), coupled to ATP syn-
thesis in pyridine solvent when in the presence of inorganic phosphate and ADP [15]. 
This reaction stood as a model for ATP synthesis at site I of the respiratory chain, 
among several others published between 1960 and 1970 (Slater’s chemical hypoth-
esis of ATP synthesis).

This discovery launched intense efforts of biochemists to evidence the occur-
rence of radicals in living organisms, from bacteria up to mammals in the evo-
lutionary tree. The findings of Gerschman et al. [16] that indicated oxygen- and 
water-derived radicals might be responsible for the similarly observed biochemical 
and physiological toxic effects of pure oxygen and x-rays in rats and mice were fol-
lowed by the groundbreaking recognition by McCord and Fridovich of ubiquitous 
cupreins as superoxide dismutases (SOD) [17]. These enzymes convert the super-
oxide radical anion (O2

•−) into molecular oxygen and H2O2, a key agent of redox 
imbalance, cell regulation, and signal transduction. In this regard, rarely recollected 
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is the fact that oxidative damage to biomolecules related to dioxygen was preceded 
by findings on H2O2 by Thénard [10], a friend of Gay-Lussac, 150 years before 
McCord and Fridovich’s report on superoxide dismutases. Thénard discovered 
that bacteria, fungi, plants, and animal extracts contain information antagonistic to 
highly oxidant H2O2, once they trigger evolution of dioxygen bubbles by decompos-
ing H2O2 into dioxygen and water. This antioxidant factor, an enzyme, was much 
later named catalase by Loew [18] and crystallized by Sumner and Dounce [19]. 
Despite being discovered almost two centuries ago and having eluded its presence 
in living organisms, the real-time concentration of H2O2 in cells, tissues, and fluids 
remains unsettled, controversial, and very often probably meaningless once it is 
constantly produced and used up at rates depending on the biological compartment 
and metabolic status [20].

About 20 years after the discovery of SOD, Louis Ignarro [21] and Salvador 
Moncada [22] independently identified the endothelium relaxing factor as being 
another radical—nitrogen monoxide or nitric oxide (NO•)—a discovery that 
opened new doors in biology and medicine. Aside from controlling vasodilation 
and cardiovascular function, NO• radical reportedly acts in neurotransmission, 
platelet adhesion, inflammatory processes, and insulin liberation, among other bio-
logical functions and dysfunctions. Superoxide and NO• radicals were later shown 
to react with each other at a rate controlled by diffusion (>109 M−1 s−1) to form the 
peroxynitrite anion (ONOO−). Peroxynitrite rapidly decomposes to nitrate (~70%) 
and is protonated to peroxynitrous acid (ONOOH), whose pKa ≥6.8, depending 
on the ionic strength. In cells, the main targets of peroxynitrite are ferroproteins 
(e.g., hemoglobin), which are oxidized to the corresponding ferriproteins, and 
the CO2/HCO3

− pair yielding two radicals: the highly oxidant carbonate radical, 
CO3

•− (E V0 1 71¢ = . ), and NO2
• radical, capable of promoting the nitrosation of pro-

tein tyrosine residues [23,24]. Conversely, HOONO can oxidize various thiols to 
sulfenic acids while being reduced to nitrite, and suffers homolysis to NO2

• and 
HO• (E V0 2 31¢ = . ) radicals, by which it acts as a one-electron oxidant of several 
biomolecules. The NO• and O2

•− radicals can thus generate a diverse family of 
highly reactive species—peroxides and radicals—capable of modifying biomol-
ecules in distinct ways [25].

The discovery of the identity and plural functions of the O2
•− and NO• radicals 

constitutes a turning point in biology, medicine, and correlated sciences. The molec-
ular bases underlying normal and adverse metabolic conditions associated with 
redox imbalance in aging, obesity, inflammation, diabetes, cardiopathy, neurodegen-
eration, and cancer have benefited from the sophistication of technology, including 
nanoHPLC, NMR, EPR, MS, as well as numerous fluorescent probes for imaging 
and analytical methods and synthetic routes for biological markers. Terms like oxida-
tive stress, reactive oxygen species, and antioxidants have been continuously clari-
fied and redefined [26].

This chapter will revisit and update the mechanisms of electronic chemiexcitation 
in chemi- and bioluminescent processes; the involvement of H2O2, 1,2-dioxetanes, 
and other peroxides in these phenomena; and potential biological roles of triplet 
carbonyls generated by peroxide-mediated enzymatic systems in “photochemistry in 
the absence of light.”
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1,2-DIOXETANES AND 1,2-DIOXETANONES: SOURCES 
OF EXCITED PRODUCTS IN CHEMISTRY AND BIOLOGY

In the search for a common mechanism of electronic excitation and light emission 
in chemi- and bioluminescence, the intermediacy of unstable peroxides was a prom-
ising hypothesis. Once molecular oxygen or hydrogen peroxide is consumed, the 
O–O bond is much weaker than the C–C bond, and a very stable carbonyl prod-
uct is formed. It was soon realized that indeed an energy-rich intermediate must 
be involved in the chemiexcitation step of such reactions [3]. In both chemi- and 
bioluminescent (luciferase-catalyzed) processes, production of an energy-rich inter-
mediate by the oxidation of a luminogenic reagent (luciferin, in bioluminescence) by 
dioxygen or H2O2 is followed by its cleavage to the electronic excited product, which 
decays to the ground state by visible, cold light [6].

With no exception, all bioluminescent systems consume molecular oxygen, 
whereas classical chemiluminescent compounds (e.g., acridines, luminol, oxalates, 
aldehydes) require either O2 or H2O2 to initiate the reactions [3,27]. The marine 
acorn worm Balanoglossus biminiensis studied by Dure and Cormier and in the early 
 sixties is the only bioluminescent system quoted to be dependent on H2O2 (likely 
to be originated from molecular oxygen); therefore, its luciferase has a peroxidase 
activity [28,29]. Nevertheless, the mechanism involved in bioluminescence of acorn 
worms still remains a mystery [30].

The “energy-rich” intermediates of luminescent systems were then proposed to 
be linear and cyclic peroxides. Strong candidates, however, were the 1,2-dioxetanes, 
highly unstable tetratomic cyclic peroxides (Figure 2.2a). This hypothesis was 
endorsed by thermodynamic calculations of their thermal cleavage to two carbonyl 
products, showing that one of them can be formed in its excited singlet or triplet state, 
whose decay to the ground state would be accompanied by light emission. The first 
1,2-dioxetane to be synthesized, crystallized, and shown to emanate perceptible blue 
light (λmax ~ 450 nm) under heating above room temperature was 3,3,4-trimethyl-
1,2-dioxetane [31]. Three years later, Adam and Liu [32] succeeded to synthesize 
3,3-dimethyl-1,2-dioxetanone, which is much less stable than 1,2-dioxetanes, and 
therefore a more acceptable model for bioluminescence.

1,2-Dioxetanes with bulky substitution or rotation restriction are more stable. 
These are the cases of tetraethyl-1,2-dioxetane and bis(adamantyl)-1,2-dioxetane, 
which are stable at room temperature in solution and show appreciable decompo-
sition only at temperatures above 100°C [33]. The unimolecular decomposition 
of these cyclic peroxides (Figure 2.2a) was shown to produce preferentially trip-
let excited carbonyl products (up to 50%) and much lower yields of singlet-excited 
states (less than 1%) [34]. The thermolysis of 1,2-dioxetanes is thought to proceed 
via a mixed concerted and diradical mechanism involving concerted, but not simul-
taneous, O–O and C–C bond cleavage leading to two carbonyl products, one of them 
possibly in an electronically excited state, most preferably the triplet state [35]. An 
important advance in the design and synthesis of 1,2-dioxetane models for chemi- 
and bioluminescence arose when Koo and Schuster [35] discovered that certain 
cyclic and linear organic peroxides undergo catalyzed decomposition in the presence 
of fluorescence compound with low oxidation potentials (called activators, ACT), 
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FIGURE 2.2 Chemiexcitation mechanisms in 1,2-dioxetane decomposition and biolumi-
nescence transformations. (a) Unimolecular 1,2-dioxetane thermolysis. (b) Activator (ACT)-
catalyzed 1,2-dioxetanone decomposition via CIEEL (Chemically Initiated Electron Exchange 
Luminescence) mechanism. (c) Intramolecular electron transfer-induced decomposition of a 
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enterazine reaction. HEI, high energy intermediate; CIEEL, chemically initiated electron 
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leading to the formation of the ACT’s singlet excited state during peroxide decompo-
sition (Figure 2.2b). Though 1,2-dioxetanes do not show this kind of ACT-catalyzed 
decomposition, 1,2-dioxetanones (containing a carbonyl function in the four-mem-
bered peroxide ring) show this behavior and are considered the model compounds 
for the so-called Chemically Initiated Electron Exchange Luminescence (CIEEL) 
mechanism, which was shown to operate in firefly lanterns [36]. The originally pro-
posed reaction for CIEEL mechanism implied the intermediacy of a 1,2-dioxeta-
nodione (Figure 2.2b), that is, a hypothetical CO2 dimer, arrested in a solvent cage 
together with a highly fluorescent electron donor—the “activator” (ACT). Electron 
transfer from ACT to the hypothetical (CO2)2 dimer would form CO2 and ACT•+/
CO2

•− cation–anion radical pair, which decays by back electron transfer from the 
high-energy singly occupied molecular orbital (SOMO) of CO2

•− to the low-energy 
SOMO orbital of ACT•+, thus rendering singlet ACT in the first electronically excited 
singlet state (S1) [37].

Although more recent studies have shown that the initially determined singlet 
quantum yields of around 10% for ACT-catalyzed 1,2-dioxetanone decomposition 
have been overestimated in several orders of magnitude [38], the involvement of 
electron-transfer processes in these reactions has been confirmed [39]. Contrarily, 
1,2-dioxetanes containing easily oxidizable substituents can undergo an intra-
molecular version of the CIEEL mechanism leading to the efficient generation of 
singlet-excited carbonyl compounds, as reported for model phenoxyl-substituted 
1,2-dioxetane derivative in the 1980s [40,41], which are actually utilized as che-
miluminescence detection systems in many immunoassays [42,43] (Figure 2.2c). 
Figure 2.2d depicts the reaction mechanism reported to operate in the chemilumines-
cent peroxyoxalate system and Figures 2.2e and f illustrate the reaction mechanisms 
of firefly and coelenterate bioluminescence, respectively, long reported to occur via 
a 1,2-dioxetanone intermediate [3].

OTHER POTENTIAL BIOLOGICAL SOURCES OF TRIPLET 
CARBONYLS: LIPIDS, PROTEINS, AND NUCLEIC ACIDS

In this context, worthy to note is that triplet carbonyls can also be generated from 
the annihilation of alkoxyl and alkylperoxyl radicals, the latter bearing a geminal 
hydrogen atom, although at lower but biologically significant yields: <0, 1%–8% 
and <0, 1%, respectively (Figure 2.3) [44] and ref. therein. The annihilation of 
alkylperoxyl radicals, named the Russell reaction, is long known to concomitantly 
produce up to 14% of red-emitting singlet dioxygen [45–47]. Scarce evidence 
exists for the generation of a triplet carbonyl product by a retro-Paternó–Büchi 
reaction [48].

Recently, the formerly reported generation of alkoxyl and alkylperoxyl radicals 
by peroxidation of lipids known to be accompanied by ultraweak chemilumines-
cence [49] and singlet oxygen formation has also been observed during peroxida-
tion of proteins and DNA [50,51]. Biological peroxidations are known to take place 
not only enzymatically but can also be initiated by chemically generated radicals 
(HO•, NO•) and several nonradical oxidants (metal ions, peroxynitrite, hypochlo-
rite, cytochrome c), as well as by triplet carbonyls [52]. In addition, the cyclization 
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of the (CH3)2C(OO•)C(CH3)CH2 allylperoxyl radical, produced by the oxidation of 
the corresponding “ene” hydroperoxide by peroxynitrite or HRP, to a hypothetical 
1,2-dioxetane radical followed by its cleavage was also shown to be weakly chemi-
luminescent [53].

H2O2-DEPENDENT CHEMILUMINESCENCE

Undoubtedly, the most mechanistically defying, brightest, and commercially 
explored (“light sticks”) chemiluminescent system is that of peroxyoxalate esters 
treated with H2O2 in alkaline viscous solvents, in the presence of an activator 
(ACT) with a low oxidation potential [54], which follows the CIEEL pathway 
(Figure 2.2d).

The peroxyoxalate systems consist in the base-catalyzed reaction of activated 
oxalic aryl esters with hydrogen peroxide, in the presence of chemiluminescence acti-
vators mentioned before. Various mechanistic aspects of this complex transformation 
have been clarified. Kinetic studies of this system in anhydrous solvents revealed the 
mechanism of the interaction of hydrogen peroxide with the oxalic esters, leading to 
several reaction intermediates and rate constants that could be determined for several 
of the rate-limiting reaction steps [55,56]. The study of synthesized and character-
ized reactive intermediates contributed to the definition of the exact reaction mecha-
nism, including the identification of the probable high-energy intermediate (HEI) of 
the transformation [55,57]. Additional studies were performed on the mechanism of 
the chemiexcitation step, where the HEI interacts with the ACT, leading to excited 
state formation, showing definitively that this process involves electron transfer steps 
according to the CIEEL mechanism [5,54,56] and an explanation of the extremely 
high efficiency of this system (up to 50% of excited state formation) was finally 
available.
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The peroxyoxalate reaction is one of the most efficient chemiluminescent reac-
tions known and has found widespread use in practical (“light-sticks”) and analytical 
applications. It can be utilized for H2O2 detection in a wide variety of analytical and 
bioanalytical systems and is also useful for peroxide quantification in systems that 
produce or destroy H2O2 [54]. Additionally, several oxalic esters and chemilumines-
cent activators, which emit in different colors (e.g., rubrene, yellow; perylene, green; 
9,10-diphenylanthracene, blue), are commercialized in the form of light sticks and 
utilized as attractors for fishing, in emergency kits and recreation objects. Although 
their content is highly cyto- and genotoxic (essentially all activators), they are labeled 
as safe and no indication for discharge is given. Millions of light sticks utilized for 
pelagic fishery can be found as beach-discard in northeastern Brazil. Under-educated, 
naive local population is inadvertently using this highly toxic material in the hope 
of alleviating joint pains and other finalities [38]. Regarding the believed analgesic 
properties of the light stick content, it is worth to mention the chlorosalicylate nature 
of its oxalic ester substrate.

The chemiluminescent oxidation of luminol (5-amino-2,3-dihydrophthalazine-
1,4-dione) in aqueous medium is one of the oldest chemiluminescent described and 
occurs generally in an aqueous medium with hydrogen peroxide as the oxidant; it 
is catalyzed by hemin and several transition metal cations. The emission is due to 
3-aminophthalate dianion fluorescence [5]. The efficiency of the luminol reaction 
with a quantum yield of around 1% can be considered as moderate, but it is low com-
pared to the peroxyoxalate reaction, yet much higher than many biological chemilu-
minescent systems. As the reaction can be catalyzed by several metal ions but also 
by peroxidases like horseradish peroxidase, innumerous analytical and bioanalytical 
applications have been found, being the first chemiluminescent transformation uti-
lized for the development of commercial, analytical assay kits [58–62]. The reaction 
in aqueous medium appears to depend on hydrogen peroxide to be efficient [5], and 
therefore this oxidant can be selectively quantified by luminol chemiluminescence in 
diverse chemical and biochemical systems [63].

Fluorescence probes for spatial and temporal detection of hydrogen peroxide are 
commonly related to redox processes of an appropriately reduced probe and hydrogen 
peroxide. Upon oxidation by the peroxide, the prefluorescence probe is transformed 
into its fluorescent analogue. Several novel fluorescent probes have been described 
with the ability to detect hydrogen peroxide with high selectivity, and some of them 
can be utilized to detect intracellular hydrogen peroxide. The most generally utilized 
probes for selective hydrogen peroxide detection are aryl boronates, which suffer 
deprotection/oxidation in the presence of hydrogen peroxide and are thereby trans-
formed into a fluorescent phenol derivative [64,65]. In some cases, it was possible to 
use chemiluminescent or bioluminescent probes for the in vivo detection of hydrogen 
peroxide, enabling inclusively whole animal studies [66–71].

DIOXETANONE-MEDIATED BIOLUMINESCENCE

Dubois’ discovery of the luciferin–luciferase involvement in light emission by click 
beetles (Coleoptera) had laid dormant for more than two centuries until its chemical 
mechanism was revealed. In parallel to intense research by biologists to characterize 
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the anatomy, physiology, habitats, and roles of bioluminescence in mating, preda-
tion, camouflage, and other inter- and intraspecific communication (Figure 2.1), 
many chemists have attempted to explicate the molecular mechanisms underneath 
the luminescence. At this point, we will focus on luminescent beetles and coelenter-
azine-dependent systems, two emblematic examples of bioluminescence where the 
high-energy intermediate is most likely a 1,2-dioxetanone.

The isolation and structural elucidation of firefly Photinus pyralis luciferin, as 
well as its chemical synthesis, were reported by White et al. [72]. Soon after, it was 
found that the bioluminescence spectrum closely matches the oxyluciferin fluores-
cence spectrum, the reaction depends on MgATP with the release of CO2 and AMP, 
and the color is modulated by the pH and divalent cations such as Ca2+. The reaction 
products are those expected from a 1,2-dioxetanone intermediate, thus suggesting 
that it was transiently formed by the addition of molecular oxygen to the α-CH-
CO2AMP bond in the luciferin thiazole moiety (Figure 2.2e). Firefly luciferase 
exhibits two consecutive enzymatic activities. First, it acts as an ATP-dependent syn-
thetase (a ligase) by activating the carboxylic group to an adenylate derivative plus 
pyrophosphate, similar to the activation of fatty acids and amino acids biosynthesis 
in triglyceride and protein biosynthesis, and second, as a dioxygenase by catalyzing 
the insertion of molecular oxygen into the C-4 luciferin. Cyclization of the resulting 
α-hydroperoxide by displacement of AMP, a good leaving group, would produce a 
1,2-dioxetanone, whose cleavage yields CO2 plus excited oxyluciferin (Figure 2.2e).

Unequivocal demonstration of a 1,2-dioxetanone intermediate in firefly biolu-
minescence was reported by Shimomura and Johnson [73] using double-labeling 
of CO2 and oxyluciferin products with 18O2 and H2

17O, to correct fast exchange of 
oxygen atoms between water, CO2, and oxyluciferin. The operation of a CIEEL 
mechanism involving electron transfer from the luciferin phenolate moiety to the 
thiazole-dioxetanone ring had been previously proposed by Koo et al. [35].

The modulation of the emission color—from green in click beetles (Elateridae) to 
red in railroad worms (Phengodidae)—by the partition of the chemiexcitation energy 
between the ketone and enolate forms of oxyluciferin has been shown to be con-
trolled by the presence of Arg and Glu residues and the content of water in the active 
site [74]. Luciferin is the same in all luminous beetles and putatively biosynthesized 
from p-benzoquinone and cysteine (Figure 2.2e) [75–77]. Design and isolation of 
numerous luciferase mutants able to elicit diverse colors have allowed their use as 
gene reporters in bioengineering and to engender powerful analytical tools in biol-
ogy, medicine, and environmental sciences. Important features of firefly biolumines-
cence are its high quantum yield of light emission (~45%) and ATP dependence that 
can be used to quantify ATP in food as well as biological, environmental, and clinical 
samples below femtomolar concentrations [78].

Interestingly, hyperoxia imposed on larval elaterid Pyrearinus termitilluminans 
induces CuZn- and Mn-superoxide dismutase, luciferase, and catalase activities in 
its prothoracic lantern, but not as much in the dim segments of the larva, which sug-
gests cooperative participation of these enzymes in the protection of the larva against 
redox imbalance [79]. In vivo EPR experiments carried out with paramagnetic lith-
ium phthalocyanine implanted in the prothorax of P. termitilluminans larvae revealed 
about 20% consumption of the local dioxygen for the larva to shine when lured with a 
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termite prey [53]. In this regard, larvae of phylogenetically close nonluminescent bee-
tles such as the mealworm Tenebrio molitor (Coleoptera: Tenebrionidae) were shown 
to possess a ligase activity that mimics luciferase by eliciting red light emission upon 
injection of firefly luciferin [80]. This supports the hypothesis that luciferase evolved 
from AMP-CoA ligases by acquiring an oxygenase with luminogenic property [81].

Nitric oxide was reported to control the light flashing by fireflies through the 
induction of a NO synthase activity in the terminal tracheoles surrounding the lan-
terns [82]. Nitric oxide diffusion to the lantern mitochondria toward and binding to 
cytochrome oxidase would cause its temporary inhibition. The sudden local increase 
of oxygen concentration could then trigger the millisecond flash of light. This mecha-
nism, however, is not compatible with the continuous light emission by firefly larvae 
during prey attraction, nor does it explain the second lasting light emission by flying 
elaterids for mating. In addition, with the respiratory chain blocked by NO•-inhibited 
cytochrome oxidase, there is no production of the ATP essential for the biolumines-
cent reaction [83].

Many marine bioluminescent organisms use coelenterazine as a substrate to pro-
duce light (Figures 2.1g and 2.2f). Among these living beings, only the luciferase of 
the sea pansy Renilla reniformis and the copepods Gaussia princeps and Metridia 
longa have been frequently applied for research on cancer and neural circuits, viral 
and bacterial diseases, drug screening, and immunoassay development, among others 
[78]. Unlike the jellyfish Aequorea victoria, whose bioluminescence requires a photo-
protein as the energy acceptor from initially excited oxyluciferin, these three marine 
creatures emit light upon a classic luciferin–luciferase reaction. It is noteworthy that 
photoproteins are formed by the reaction of the apophotoprotein with luciferin in the 
presence of molecular oxygen yielding a stable luciferin hydroperoxide, which is 
attached to the protein. The light emission from a photoprotein is triggered by a metal 
cation (e.g., calcium ions in the case of coelenterazine-dependent systems), and the 
protein has a very low turnover. On the other hand, most luciferases react directly 
with luciferins in the presence of molecular oxygen according to classical principles 
of enzymology and present a much faster turnover. Whether a 1,2-dioxetanone 
intermediate is involved in a photoprotein or luciferase-mediated reaction still has 
to be unequivocally demonstrated. The first step of high-energy intermediate forma-
tion probably involves the reaction of molecular oxygen with coelenterazine, yield-
ing a coelenterazine hydroperoxide, whose cyclization promoted by calcium ions 
putatively leads to a 1,2-dioxetanone. Firefly and coelenterazine-based systems are 
two more examples where the CIEEL sequence is postulated to be involved. The 
decomposition of a 1,2-dioxetanone from either the firefly luciferin or coelenterazine 
can generate the respective oxyluciferin in its electronic excited state and release 
CO2. As proposed by the intramolecular CIEEL pathway, the O–O bond of luciferin–
dioxetanone moiety cleaves upon an electron transfer from the electron-rich part of 
the molecule yielding a radical anion, whose subsequent C–C cleavage leads to the 
formation of CO2

•− and the radical cation of oxyluciferin. Carbon dioxide radical 
anion has a free energy change of 235 kJ mol−1, estimated by its half-wave reduction 
potential [57]; this energy is likely to be high enough to transfer its electron back to 
the low-energy SOMO orbital of oxyluciferin radical, thus rendering singlet oxylu-
ciferin in the fluorescent, first electronically excited singlet state.
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TRIPLET CARBONYLS, A NEGLECTED OXYGEN-DERIVED 
REACTIVE SPECIES

Independent of one another, Cilento [84–86], Lamola [87], and White et al. [88] 
raised the hypothesis of the generation of typically photochemical products in tissues 
of living organisms not exposed to light, which was coined “photochemistry in the 
dark” or “photochemistry without light.” Moreover, the biosynthesis of some of the 
putative “photo” products reported in the literature disobeyed the symmetry orbital 
rules of Woodward–Hoffman, unless in the electronically excited state, such as [2 
+ 2]-cycloadditions yielding cyclobutanes. According to these researchers, energy 
transfer from chemically and enzymatically generated excited carbonyls to several 
biological acceptors could drive photochemical processes in the dark. Triplet ketones 
and aldehydes were of particular interest due to their long lifetimes (>μs), radical-
like reactivity, and efficient and easy production from 1,2-dioxetanes and other per-
oxides. Nevertheless, triplet carbonyls are low-emissive species that are difficult to 
detect for their low quantum yield of phosphorescence and high rate constant of 
quenching by dioxygen (kq ~ 108 M−1 s−1) when generated in aerated solvents.

Triplet carbonyls can be considered as diradicals, presumed from the distorted 
structure of this sort of electronic excitation, formally presenting a solitary electron in 
each atom of the carbonyl bond [89]. Indeed, both radicals and triplets undergo oxygen 
suppression, isomerization, (cyclo)addition, polymerization, α- and β-cleavage, and 
hydrogen abstraction reactions (Figure 2.4). For example, the tert-butoxy radical suf-
fers β-cleavage to acetone and methyl radical; can abstract hydrogen from alcohols and 
unsaturated fatty acids, thereby initiating their peroxidation; and adds to olefins, thus 
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30 Hydrogen Peroxide Metabolism in Health and Disease

forming radical adducts that can be trapped by organic nitroxyls [90]. Triplet species 
overwhelm chemically free radicals as a result of their ability to transfer energy to ade-
quate acceptors (e.g., polycondensed aromatics, xanthene dyes, chlorophyll, flavins) 
by either the long-range Foster mechanism or collisional quenching leading to their 
excited states from which light emission or diverse photochemistry can arise [91–93].

Further discussed at this point are the emblematic historical studies employed to 
validate the hypothesis of “photochemistry in the dark” driven by triplet acetone-
generated dioxetanes (Figure 2.5). The classical photochemical rearrangement of 
santonin into lumisantonin was accomplished by White and Wei [94] also in the 
absence of light by coupling the “photo”chemical reaction to the thermolysis of 
trimethyl-1,2-dioxetane (Figure 2.5c). Hypothetically, the santonin isomerization 
occurred by a triplet–triplet energy transfer process from excited acetone, similar 
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to the UV-induced rearrangement of 4,4-diphenylcyclohexadienone. Noteworthy is 
the fact that both compounds, santonin and its photoproduct, are found in leaves and 
flowers of absinthe (Artemisia spp.), although whether this is really a “dark” process 
in the plant has not been reported to the best of our knowledge.

A very simple, clever, and biologically relevant experiment conducted by Lamola 
[87] was the attempt to dimerize thymine to its cyclobutane dimer by heating a mix-
ture of trimetyl-1,2-dioxetane with 14C-2-thymine labeled Escherichia coli DNA in 
phosphate buffer pH 7.0 at 70°C (Figure 2.5b). This would imply that the dioxetane-
generated triplet acetone collides with DNA thymine residues leading to its dimer. 
Accordingly, the radiochromatogram of the spent reaction mixture presented a peak 
with retention time assignable to thymine dimer, which disappeared upon UVB irra-
diation at 254 nm due to a retro-[2 + 2]-cycloaddition reaction as expected, based on 
the literature. Lamola then hypothesized that “dark” cyclobutane pyrimidine dimer-
ization (CPD), known to be mutagenic and eventually carcinogenic, may take place 
in cells not exposed to UV light and accentuated that, if real, “this would require the 
presence of DNA repair systems which are not exposed to light.”

Additional support for the dark photochemistry hypothesis was provided by Turro 
and Lechtken [94], who reported trans-1,2-dicyanoethylene (DCE) isomerization to 
its cis-configuration and [2 + 2]-cycloaddition to excited acetone, yielding an oxetane 
when heated together with tetramethyl-1,2-dioxetane. The DCE isomerization would 
result from energy transfer from triplet acetone and the Paternó–Büchi cycloaddition 
with singlet acetone. In addition, White et al. [88] suggested that the cyclobutane 
dimerization of plant cinnamates to truxillates, both found in Erythroxylum coca, 
might proceed via a similar mechanism.

In the late 1970s, Cilento and coworkers reported the first dark “photo”chemical 
experiments using enzyme-catalyzed reactions as efficient sources of triplet ketones. 
They demonstrated that micromolar horseradish peroxidase (HRP) together with traces 
of H2O2 can drive weakly luminescent reactions of millimolar α-alkyl- and α-aryl-
substituted propanal, as well as ethanoic and 3-oxobutanoic acids in normally aerated 
phosphate-buffered solutions (Figure 2.5a). Some of these reactions could be monitored 
only in a liquid scintillation counter or upon addition of a fluorescent acceptor [27].

The most reactive substrates were found to bear a carbonyl-activated hydrogen 
atom and an α-alkyl or α-aryl substituent, hence prone to hydrogen abstraction by 
HRP-I, followed by dioxygen attack and, consecutively, leading to α-hydroperoxide, 
1,2-dioxetane, and cleavage products. In most cases, (1) the reaction products are 
spectrophotometrically similar to those expected from a 1,2-dioxetane intermedi-
ate, (2) the light emission is intensified by triplet counters to values detectable in a 
spectrofluorimeter, and (3) chemical modification of the enzyme is inferred from the 
loss of catalytic activity. Interestingly, myoglobin was shown to catalyze the aerobic 
oxidation of acetoacetate leading to methylglyoxal probably in the excited state as 
the observed protein damage was similar to that caused by methylglyoxal irradiation 
at 270 nm [95]. This reaction was later revisited using EPR spin trapping techniques 
and confirmed to be initiated by α-hydrogen abstraction from acetoacetate anion 
by ferrimyoglobin/H2O2, yielding the secondary radical and propagated by oxygen 
insertion [96]. Ultraweak chemiluminescence occurred, and loss of secondary and 
tertiary myoglobin structure was revealed by its characteristic CD spectra.
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Also noteworthy is the Zinner et al. [97] report that HRP/Mn2+, in aerated medium, 
catalyzes the oxidation of the tuberculostatic drug isoniazid to pyridine-4-carboxal-
dehyde and N2, presumably through a diazene intermediate. Direct light emission by 
the product was not detected at room temperature as expected; however, the reaction 
sensitized the fluorescence of added eosin, a xanthine dye. The two bromine atoms 
in the eosin molecule allow triplet energy transfer due to the so-called heavy atom 
effect, although one cannot exclude hydrogen abstraction by radical intermediates 
yielding eosin semiquinone, whose dismutation has long been reported to be lumi-
nescent in alkaline eosin solutions in the presence of H2O2 [98].

1980s ADVANCES IN THE GENERATION OF TRIPLET 
CARBONYLS IN THE DARK AND BEYOND

The first evidence for the in vivo operation of a “dark” photochemical process came 
from the study of the intramolecular 1,4-cycloaddition of the tropolone ring of the alka-
loid colchicine into α- and β-lumicolchicines in underground corms of meadow saf-
fron (Colchicum autumnale) [99] (Figure 2.5d). Colchicum is a short-day plant whose 
extracts have been used to treat gout since ancient times. In the winter, 14C-colchicine 
was infused through the plant underground corms, and their extracts were prepared 
two days thereafter in a dark room illuminated with a red lamp. Using HPLC, radiola-
beled β- and γ-lumicolchicines, respectively, the colchicine trans- and cis-cyclobutene 
isomers, reportedly formed by exposure of colchicine to daylight, were detected in 
the corm extracts by HPLC. This reaction is expected to proceed via the disrotatory 
electrocyclic ring closure of the tropolone moiety, and forbidden to take place in the 
ground state. Previous studies by TLC with colchicine and tetramethyl-1,2-dioxetane 
in the dark suggested that colchicine “photo”isomerization is induced by dioxetane-
generated triplet acetone. Instead, flash photolysis of colchicine revealed that it requires 
excitation to the singlet state to be isomerized [100]. Whether a Colchicum dioxetane 
metabolite intermediate acts as a source of excited carbonyls to “photo”activate colchi-
cine is a challenging question that deserves further investigation.

The IBAL/HRP/H2O2 reaction is undoubtedly the most explored model source of 
triplet carbonyls, namely, triplet acetone, from mechanistic, chemiluminescence, and 
reactivity points of view (Figure 2.5a) [92]. Triplet acetone was identified by (1) its 
chemiluminescence spectrum (λmax ~ 430 nm), which matches the phosphorescence 
spectrum of acetone; (2) energy transfer to the DBAS attested by the enhancement 
of the fluorescence emission; (3) quenching by trans,trans-sorbate, a water-soluble 
conjugated diene; (4) formate and acetone analysis as the main products, thereby 
supporting the intermediacy of a 1,2-dioxetane intermediate; (5) detection of iso-
propanol and pinacol as IBAL by-products possibly formed by hydrogen abstraction 
from the sugar portion (18%) of HRP; and (6) phosphate acid–base catalysis of IBAL 
enolization to a more easily oxidized substrate [101,102]. Accordingly, the stable 
IBAL silyl enol ether derivative reacts much faster with dioxygen than IBAL itself in 
the presence of HRP/H2O2 [103].

Also noteworthy were the attempts to generate acetophenone and benzophe-
none at the triplet state by means of HRP/H2O2-catalyzed aerobic oxidation of 
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2-phenylpropanal (PPA) and diphenylacetaldehyde (DPPA), respectively [104]. The 
observed PPA-elicited ultraweak chemiluminescence in the blue region was ampli-
fied by DBAS and that from DPPA emitted red light (λmax ~ 630 nm). The latter che-
miluminescence was then attributed to energy transfer to dioxygen yielding singlet 
oxygen, whose visible bimolecular emission reportedly peaks at 634 and 703 nm. In 
parallel, the enzyme-generated triplet benzophenone was shown to damage DNA, 
phospholipids, and proteins of isolated rat liver mitochondria [105].

3-Methylacetoacetone (MAA) treated with HRP was shown to emit orange light 
due to the production of triplet diacetyl (λmax ~ 520 nm, shoulder ~ 550 nm), ten 
times longer lived than triplet acetone (τ0 ~ 1 μs in deaerated water) [106]. In turn, 
the catabolites acetoacetate and 2-methylacetoacetate, known to be overproduced 
in diabetes and isoleucinemia, respectively, underwent myoglobin-catalyzed aerobic 
oxidation to either excited methylglyoxal or diacetyl [96]. A secondary carbon-cen-
tered radical originated by 13C-labeled acetoacetate was detected by EPR hyperfine 
spin trapping with methylnitrosopropane, MNP (aN = 1.46 mT), thereby confirming 
the operation of a mechanism initiated by α-hydrogen abstraction from the substrate. 
Using 2-methylacetoacetate, as expected, the EPR spectrum displayed two MNP 
spin adducts assignable to a tertiary carbon-centered radical and to the acetyl radi-
cal (aN = 1.54 and 0.83 mT, respectively), the latter formed from α-cleavage of the 
excited diacetyl product.

Importantly, the HRP-catalyzed aerobic oxidation of n-pentanal lead to acetone 
and ethylene, a plant hormone, both putatively originated by β-cleavage of the triplet 
n-butanal produced by a dioxetane intermediate followed by γ-hydrogen abstraction 
(Norrish type II reaction) [107].

Moreover, phosphate-induced permeabilization of isolated rat liver mitochondria 
was suggested to be mediated and amplified by triplet carbonyls formed during mem-
brane lipid peroxidation [108]. Accordingly, mitochondrial swelling, H2O2 produc-
tion, and associated lipid peroxidation were only partially prevented in the presence 
of butylhydroxytoluene and cyclosporine, but strongly inhibited upon addition of the 
sodium sorbate anion, a collisional quencher of triplet carbonyls. For comparison, sor-
bate addition was also capable of blocking concentration-dependent phosphate-cata-
lyzed peroxidation of phosphatidylcholine/dicetyl-phosphate liposomes.

Indirect strategies are helpful for suggesting the nature of reaction intermediates 
or final productions of non- or low-emissive triplet carbonyls in chemical and bio-
logical systems. Among them, we mention: (1) depending upon the intensity of light 
emission, to use either a liquid scintillation counter, a photon-counting, a simple 
spectrofluorimeter, or a luminometer; (2) when possible, to match the spectral dis-
tribution of chemiluminescence with that of photoexcited product; (3) enhancement 
of ultraweak chemiluminescence by water-soluble highly fluorescent acceptors such 
as sodium DBAS for triplets (kET, electron transfer rate constant ~ 109 M−1 s−1) and 
sodium 9,10-diphenylanthracene-2-sulfonate (DPAS) for singlets, with (4) concomi-
tant determination of kET × τ values from double reciprocal plots of intensity versus 
acceptor concentration, where τ is the lifetime of the excited donor [109]; (5) to 
verify whether the products are those expected from a 1,2-dioxetane intermediate 
(Figure 2.4a); (6) to look for adducts of radical intermediates of the studied reaction 
using EPR nitroxide or nitroso spin traps [110]; (7) to identify typical photoproducts 
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in the final reaction mixture expected from photocleavage, isomerization, dimeriza-
tion, or hydrogen abstraction from adequate donors (Figure 2.5a); and (8) to conduct 
Stern–Volmer quenching studies of triplet donors by sorbate (trans, trans-2,4-hexa-
dienoate) salts or esters (kq ~ 109 M−1 s−1) and search for their trans, cis-, cis, cis-, and 
cis, trans-isomers in the spent reaction mixtures.

CLASSES OF CARBONYL SUBSTRATES PRONE TO GENERATE 
EITHER EXCITED SPECIES OR REACTIVE SPECIES

The oxidation routes undertaken by carbonyl metabolites or their models in aerated 
media have been shown to bifurcate to a final production of either excited products 
or reactive oxygen species [111] and ref. therein (Figure 2.6).

On one hand, carbonyl compounds (aldehydes, ketones, esters) in their phosphate-
catalyzed enol form, exposed to strong oxidants (e.g., HRP/H2O2, peroxynitrite), 
tend to undergo α-electron abstraction to form a carbon-centered radical (Figure 2.6, 
Class I). This could then be followed by dioxygen insertion to the radical, cyclization 
to a hypothetical 1,2-dioxetane, and finally cleavage to two products, one of them in 
the triplet state (Figure 2.6). This is the case of metabolites like IBAL, n-pentanal, 
2-phenylpropanal, acetoacetic acid, indoleacetic acid, and phenylacetic acid [92]. 
Some of these compounds or their analogs are known to occur in biological systems, 
such as indoleacetic acid (a plant hormone) and acetoacetic acid (a ketonic body) 
accumulated in ketoacidoses.

Otherwise, the presence of a hydroxyl or amino group at the α-carbon will lead to 
an enediol, whose hydrogen abstraction yields a resonant enolyl radical analogous 
to an ortho-semiquinone. Further electron transfer to dioxygen is expected to ulti-
mately yield O2

•− radical, H2O2, HO• radical, and an α-dicarbonyl product, which is 
a biologically reactive electrophile toward proteins and DNA (Figure 2.6, Class II) 
[112]. This mechanism has been proposed to operate in the metal- or xanthine/xan-
thine oxidase-catalyzed aerobic oxidation of dihydroxyacetone phosphate leading to 
methylglyoxal [113].

Both classes where the carbonyl or the α-hydroxy atom is replaced by nitrogen, 
in imines (Schiff bases) or α-amino carbonyls, respectively, exhibit similar chemi-
cal behavior. This was reported for the conjugate of either albumin, lysozyme, or 
protamine with glyoxaldehyde exposed to HRP in aerated buffer, accompanied by 
ultraweak chemiluminescence [114] (Class I), and for hemoglobin-treated 5-ami-
nolevulinic acid, a heme precursor accumulated in porphyric disorders (Class II) 
[110]. Accordingly, significantly elevated plasmatic levels of SOD and glutathione 
peroxidase were measured in both latent and symptomatic carriers of intermittent 
acute porphyria [115].

CHEMICAL AND ENZYMATIC “DARK” GENERATION 
OF SINGLET OXYGEN

Singlet oxygen was discovered by Kautsky and De Bruijn [116] as a “reactive, 
metastable state of the oxygen molecule” capable of promoting the photooxidation 
of dyes sensitized by fluorescent compounds like trypaflavine, hematoporphyrin, 
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and chlorophyll. Using a creative experiment with a solid aerated mixture of trypafla-
vine and green leucomalachite adsorbed in silica beads, they noted that the mixture 
turned blue after 10 min of illumination. Under a nitrogen atmosphere, however, the 
experiment was unsuccessful. Decades later, singlet oxygen (O2 1Δg) was identified 
as the red-emitting product (λmax ~ 634 nm) from the reaction of H2O2 with hypo-
chlorite. Soon, the 634 nm band and another one at 703 nm were assigned to the 
bimolecular decay of singlet oxygen, and a near-infrared (NIR) emission at 1268 
nm was identified as its monomolecular emission [117]. Henceforth, singlet oxygen 
has been synthesized by a plethora of chemical and photosensitized processes and 
implicated in beneficial (e.g., phagocytosis, photodynamic therapy, cell  signaling) 
and pathogenic responses (e.g., drug photosensitivity, inborn protoporphyria IX, 
skin burns, and mutagenesis) [118,119]. The highly electrophilic properties and 
long lifetime of singlet oxygen (microseconds in water to over 100 μs in organic 
solvents) imbues it with the ability to promptly react with unsaturated compounds 
yielding either 1,2-dioxetanes by 1,2-cycloaddition to olefins deprived of α-hydrogen 
atoms such as tetramethoxyethylene and bis-adamantene; or “ene” hydroperoxides 
from 1,3-addition to alkyl-substituted olefins; or 1,4-endoperoxides from conjugated 
dienes (Diels–Alder type reaction). Histidine, nucleotides, unsaturated fatty acids, 
furanes, tocopherols, anthracenes, tertiary amines, organic sulfides, and many other 
synthetic and endogenous compounds are reportedly targets of singlet oxygen.

The chemical generation and biological roles of singlet oxygen in vivo are very 
often polemic matters due mainly to its short lifetime and low biological concentra-
tions, despite numerous reports on its involvement in lipid, amino acid, and nucleo-
tide peroxidation; lipoxygenase-, myeloperoxidase-, and cyclooxygenase-catalyzed 
reactions; and hemeprotein-catalyzed reactions with excess H2O2 [120]. Quenching 
by carotenoids, azides, and histidine were long suggested as tools to test singlet 
oxygen generation in biological systems [121]. Detection in D2O medium was also 
shown to increase 20 times its NIR phosphorescence emission at ~1270 nm. The 
most efficient carotenoid to quench singlet oxygen is lycopene, which is found in 
tomatoes and other vegetables and is reported to prevent prostate cancer [122,123].

Numerous chemical sources of singlet oxygen have been described, and among 
them the reaction of ONOO− with H2O2 [124]. The observed chemiluminescence 
peaking above 610 nm (dimol emission) and at 1270 nm (monomol emission) 
enhanced in D2O and quenching by sodium azide attested to the formation of excited 
dioxygen. This reaction was then suggested to contribute to the cytotoxicity mediated 
by H2O2 and ONOO−. Later, the reaction at near-neutral pH was shown to proceed 
via peroxynitrate (O2NOO−) as intermediate, whose decomposition ultimately pro-
duces singlet oxygen and nitrite [125]. Independently, Miyamoto et al. [51] reported 
that the decomposition of ONOO− or O2NOOH at neutral to alkaline pH generates 
O2(1Δg) in a yield of ca. 1% and 2%–10%, respectively.

 ONOOH + ONOO− → NO2
− + O2NOO− + H+ → 2 NO2

− + O2 [O2(1Δg)] 

In recent years, production of singlet oxygen via hydroperoxides of proteins, 
lipids, and nucleotides by the Russell mechanism when treated with metal ions, 
peroxynitrite, HOCl, and cytochrome c has been well documented [50]. These 
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findings have mobilized efforts to disclose the involvement of such processes 
in vivo, both normal and pathogenic.

Taking for granted that (1) alkyl radicals bearing a geminal hydrogen atom 
undergo dimolecular annihilation by the Russell reaction yielding up to 3%–14% 
of singlet oxygen [46,47], and (2) peroxynitrite adds to α-dicarbonyl compounds 
(e.g., diacetyl, methylglyoxal) ultimately rendering acyl radicals and their carboxylic 
acid products [126,127], the reaction of glyoxal with peroxynitrite was investigated 
as a candidate metabolic source of singlet oxygen [128] and ref. therein. Indeed, 
nucleophilic addition of peroxynitrite to glyoxal was shown to generate formate as 
the main product and singlet oxygen as by-product identified by its characteristic 
NIR emission at 1270 nm, quenching by azide and histidine, and chemical trapping 
of 18O2(1Δg) with anthracene-9,10-divinylsulfonate (AVS), using HPLC/MS/MS for 
detection of the corresponding 9,10-endoperoxide derivative (Figure 2.7).

Other glyoxals of biological interest are diacetyl and methylglyoxal, both related 
to “carbonyl stress” or “electrophilic stress” and putatively linked to aging-associ-
ated disorders (obesity, diabetes, cardiopathy, neurodegeneration) and environmental 
toxicants [112,129,130]. These dicarbonyls originate from the oxidative degradation 
of carbohydrates and lipids and undergo nucleophilic addition of basic protein amino 
acid residues, leading to protein cross-linking and “advanced glycation end prod-
ucts” (AGES) and advanced lipid end products (ALES) by the Maillard reactions. 
They also add to nucleobases, forming ethane and propane adducts related to muta-
genesis and carcinogenesis [131–134]. Recently, both diacetyl and methylglyoxal 
were reported to undergo nucleophilic addition of peroxynitrite ((k2 ≈ 1.0 × 104 and 
1.0 × 105 M−1 s−1, respectively), thus yielding the acetyl radical from the homolysis of 
peroxynitrosocarbonyl adduct intermediates, and acetate or acetate plus formate ions, 
respectively [126,127]. In the presence of amino acids (His, Lys), and Lys-containing 
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tetrapeptides, the dicarbonyl reaction could be coupled to the acetylation of both α- 
and ε-amino acid groups [135]. Whether acetyl radical-promoted posttranslational 
modification of peptides and proteins occurs is a matter of speculation that deserves 
further investigation.

Singlet oxygen (1Δg) was also unequivocally demonstrated to be generated by 
triplet–triplet energy transfer from triplet acetone produced by either tetramethyl-
1,2-dioxetane thermolysis or the IBAL/HRP system to ground state dioxygen (3Σg). 
Singlet oxygen was detected in the NIR region at 1270 nm and trapped by water-
soluble anthracene-9,10-diyldiethane-2,1-diyl-disulfate (EAS). HPLC-ESI-MS/MS 
studies with 18O2 corroborated the chemical trapping of dioxygen yielding the cor-
responding double-[18O]-labeled 9,10-endoperoxide (EAS18O2).

TRIPLET CARBONYLS AND SINGLET OXYGEN 
ARE INVOLVED IN MELANOGENESIS?

Oxidative damage of epithelial cells was recently demonstrated to occur under irradia-
tion with visible, and not only UV, light. The skin pigments—eumelanin in dark indi-
viduals, and pheomelanin in those with blond or red hair—are long known to absorb 
sunlight and protect the skin against sunburns, DNA oxidations, base dimerization, 
and eventually skin cancer. Thermal relaxation of electronically excited melanin to the 
ground state provides skin photoprotection. Paradoxically, Chiarelli Neto et al. [136] 
found that a fraction of pheomelanin in the triplet state, more efficiently than eumela-
nin, transfers energy to ground state (O2

3Σg) yielding singlet oxygen (O2
1Δg), which 

diffuses throughout the cells causing extensive damage. 2′-Deoxyguanosine oxidation 
by excited dioxygen and DNA single-strand breaks were verified denoting concomitant 
operation of triplet melanin-initiated type I radical reactions (Foote type I photosen-
sitization). The authors reported decreased melanocyte cell viability, and augmented 
membrane permeability, DNA oxidation, and necro-apoptotic cell death. Premutagenic 
DNA lesions that may trigger photoaging and skin cancer were also observed.

Highly intriguing effects of UVAB light on melanocytes have recently been 
revealed by [137]. Specifically, DNA pyrimidine dimerization induced by UVA light 
persisted for 3–4 hours “in the dark,” after irradiation. That melanin was implicated 
in the formation of cyclobutane pyrimidine dimers (CPDs) after irradiation was indi-
cated by the lack of “dark” pyrimidine dimerization in fibroblasts and albino mela-
nocytes and diminished dimerization in the presence of kojic acid known to inhibit 
melanin synthesis. In addition, decreased “dark” CPDs in melanocytes were found 
by inhibiting NADPH oxidase and nitric oxide synthase, sources of O2

•- and NO• 
radicals. Nitrotyrosine-containing proteins were imaged in the cell nuclei of dark, 
but not in albino, melanocytes. These data confirmed peroxynitrite as a mediator of 
“dark” pyrimidine dimerization. Particularly noteworthy in addition to these find-
ings was that the dimer ratio (TC + CT)/TT was found to be 10%–30% under direct 
UVA and 3–4 times higher in the delayed CPDs. Accordingly, augmented CPDs 
resulted from silencing the Xpa or Xpc excision repair systems. Also important is that 
cytosine-containing CPDs are reportedly the UV signature of carcinogenic C → T 
mutations putatively involved in melanoma development (Figure 2.8).
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With respect to the reaction mechanism of “dark” generation of CPDs, a proposal 
came out from the “photochemistry without light” hypothesis. First, the observed 
ultraweak chemiluminescence detected from the melanocyte cultures was enhanced 
by DBAS, a fluorescent triplet carbonyl acceptor, with concomitant abatement of 
CPD formation. Pyrimidine dimerization was also partially blocked upon addition 
of sorbate, a collisional quencher of triplet carbonyls. Melanin granules surround-
ing the nucleus of melanocytes not exposed to UVA were found to cross the nucleus 
membrane. Accordingly, the HRP- or peroxynitrite-triggered aerobic oxidation of 
the melanin precursor 5,6-dihydroxyindole-2-carboxylic acid and caused the cleav-
age of the pyrrole ring to a product analogous to the oxidation of tryptophan to 
kynurenine.

In summary, the mechanism of melanin-induced pyrimidine dimerization in the 
dark was envisaged as resulting from peroxynitrite-promoted oxidation of melanin 
polymer, whose fragments diffused toward the nuclear volume. Hydrogen abstrac-
tion from the dihydroxyindole moiety by nuclear peroxynitrite to a resonance-
stabilized melanin-derived radical could be followed by molecular oxygen addition 
to the catechol or pyrrole moiety of the indole ring and cyclization of the peroxy-
radical formed to a hypothetical 1,2-dioxetane. Spontaneous thermolysis of the 
1,2-dioxetane intermediate is expected to produce a triplet carbonyl product, which 
can excite DNA thymine or cytosine residues and ultimately form CPDs. Accordingly, 
melanin exposed to H2O2 has been previously reported to undergo degradation via a 
1,2-dioxetane intermediate and triplet carbonyl products [138,139].
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FIGURE 2.8 “Dark” generation of cyclobutane pyrimidine dimers (CPDs) for several hours 
after melanocyte exposure to UVA and UVB light. The dimers ratio (TC+CT)/TT is 10%–30% 
under direct UVA, but increases fourfold after irradiation and lasts for 3–4 hours. DNA C → T 
mutations are putative UV-signature DNA for melanoma.
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Altogether, the data discussed here reinforces the notion that melanin is protec-
tive against both visible and UV sunlight, but nevertheless, concomitantly triggers 
adverse responses that continue to cause mutagenic and carcinogenic lesions after 
sun exposure.

More recently, “photochemistry in the dark” was also implicated by Kamal 
and Komatsu [140] in the ultraweak chemiluminescence and other stress protein 
responses observed from the roots of soybean plants submitted to continuous flood 
conditions, either under light or dark exposure. Root light emission measured with 
a photocounter significantly increased in the second day of flooding exposure while 
decreasing in the following few days. Combined protein damage and light emis-
sion were suggested to be originated by reactive oxygen species (H2O2, and O2

•− and 
HO• radicals) and chemically excited species produced in the absence of light such 
as singlet oxygen and carbonyls. The modified proteins associated with biophoton 
emission were related to ascorbate peroxidase and H2O2 changes and identified by 
proteomics analysis. Decreased malate, lactate, and succinate dehydrogenase activi-
ties were measured, whereas the lysine-ketoglutarate reductase increased in both 
light and dark conditions, leading to the conclusion that both chemical or enzymatic 
electronic “photo”excitation of products may take place in plant flooding stress.

FINAL REMARKS

Dioxygen, hydrogen peroxide, and organic peroxides are the oxidants of many lumi-
nescent reactions. Those involving excitation of the product to the singlet, fluorescent 
state can often be appreciated visually, as is the case of bioluminescent processes and 
luminol, acridine, and oxalate chemiluminescence. On the other hand, excited triplet 
products are poor emitters and promptly quenched by dioxygen, thus requiring addi-
tion of adequate light enhancers like DBAS to make possible their detection.

Although triplet aldehydes and ketones are as reactive as free radicals, long-
lived (microseconds), and endowed with the potential to participate in biological 
processes, they have been disregarded in the studies of oxidative and electrophilic 
stresses. This is also the case of singlet oxygen that despite being investigated for 
several decades, the knowledge accumulated about its biological sources, targets, 
and responses is still insufficient. The development of commercial ultrasensitive 
photomultipliers to register their in vivo ultraweak chemiluminescence spectra, both 
in the visible (for triplet carbonyls) and near-infrared regions (singlet oxygen), has 
been accomplished only in more recent years. However, if these equipment are not 
available, several analytical tools can be employed to visualize excited carbonyl trip-
lets in biological samples, including the amplification of light emission by adequate 
highly fluorescent triplet energy acceptors such as water-soluble DBAS and emission 
quenching by conjugated dienes like sorbates. In the former case, double recipro-
cal plots of reaction rates and temperature allow the estimation of rate constants 
and lifetimes of the triplet donors [27] and references therein. On the other hand, in 
the presence of, for example, trans,trans-sorbic acid, the detection of the cis,trans, 
trans,cis, and cis,cis-sorbic acids attests to their chemiexcitation origin. Additionally, 
the detection of typical photoproducts via the Norrish cleavage from excited car-
bonyls, produced chemically or enzymatically, can also be argued as evidence for 
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their existence. The radical-like and energy transfer properties of triplet  carbonyls 
produced by peroxidase-catalyzed reactions could well be harnessed to design 
organic synthetic routes involving carbon-carbonyl cleavage.

In this article, several model reactions support the proposal of triplet carbonyls 
involvement in biological processes—for example, the HRP-catalyzed production of 
isopropanol and pinacol from isobutanal, the phosphate-induced permeabilization of 
mitochondria, ethylene hormone generation from n-pentanal, methylglyoxal excita-
tion by acetoacetate oxidation. However, only a few cases of in vivo “photochemistry 
in the dark” were reported, among them, the conversion of colchicine to lumicol-
chicines in Colchicum corms, pyrimidine cyclobutane dimerization in melanocytes, 
and ultraweak light emission by soybean roots under flooding stress. More literature 
inspection, insight, and experimental efforts are required to explain the presence and 
possible roles of “dark” photoproducts in living organisms.
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INTRODUCTION

Hydrogen Peroxide and Peroxynitrite as Biologically relevant Peroxides

Peroxides are chemical compounds in which two oxygen atoms are linked together 
by a single covalent bond. Hydrogen peroxide (H2O2), the simplest peroxide, is 
formed through different routes in biological systems: (1) superoxide radical (O2

•−) 
dismutation, which can be spontaneous, or, depending on the organism and cel-
lular compartment, catalyzed by different superoxide dismutases (SODs) [1–3]; 
(2) one-electron O2

•− reduction, such as during aconitase oxidation [4,5]; or (3) 
direct two-electron reduction of oxygen, which can be catalyzed by the divalent 

3
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activity of several oxidases, including xanthine oxidase, Ero1, aldehyde oxidase, and 
monoamine oxidase [6–10] (Figure 3.1). In turn, peroxynitrous acid (ONOOH)* is 
a peroxy acid (or peracid), that is, a compound that contains an acidic –OOH group. 
ONOOH is the conjugated acid of peroxynitrite anion (ONOO−) (pKa = 6.6–6.8 
[11–13]), whose main biological source is the rapid recombination reaction between 
O2

•− and nitric oxide (•NO) radicals [14–16]† (Figure 3.1). •NO is a small and lipo-
philic radical that can diffuse through membranes [20,21]. On the contrary, the 
charged nature of O2

•− (the pKa of the conjugated acid hydroperoxyl radical (HO2
•) is 

4.8 [22]) limits its diffusion through membranes to those expressing anion channels, 
or to those delimiting compartments with acidic pH that allow O2

•− protonation at a 
significant proportion [23]. Moreover, the diffusion distance for O2

•− is estimated to 
be very short (~ 0.5 μm) [24]. Thus, ONOOH as well as H2O2 arising from O2

•− are 
expected to be formed primary at the main sites of O2

•− generation. Depending on 
the cell type, those sites could be mitochondria, phagosomes of inflammatory cells, 
as well as the extracellular space. Additionally, O2

•− can be formed through redox-
cycling of xenobiotics at different cell compartments [25].

PHysicocHemical cHaracteristics of H2o2 and Peroxynitrite

Both H2O2 and ONOOH are strong two-electron oxidants, with standard reduction 
potentials E°′(H2O2, H2O) = 1.349 V and E°′(ONOOH, H+/NO2

−) = 1.4 V [26,27]. 
However, two-electron oxidations by H2O2 usually have higher activation energy 
than those by ONOOH and are therefore slower. As one-electron oxidants, H2O2 

* IUPAC-recommended names for peroxynitrous acid (ONOOH) and its conjugated base, peroxynitrite 
anion (ONOO−), are hydrogen oxoperoxonitrate and oxoperoxonitrate (1-), respectively. The term per-
oxynitrite is used to refer to the sum of ONOO− and ONOOH.

† An alternative possible route for peroxynitrite formation under biological conditions is the reaction of 
nitrosyl hydride (HNO), the one-electron reduction product of •NO, with molecular oxygen, for which 
reported rate constants are in the range of 0.3–1.8 × 104 M−1s−1 [17–19].

O2 O2

e–, 2 H+
2e–, 2H+

NO

(d)

(c)(b)

(a)

pKa = 11.6 pKa = 6.6–6.8

O2

HO2
– ONOO– ONOOHH2O2

H+

H+

H+

H+

FIGURE 3.1 Routes of formation and acidity constants of H2O2 and ONOOH. In biologi-
cal systems, H2O2 can be formed through the two-electron reduction of oxygen catalyzed by 
different oxidases (a), O2

•− dismutation to H2O2 and O2 catalyzed by SODs (b), or through the 
one-electron reduction of O2

•− (c). Due to its high pKa values (lower pKa = 11.6 [83]), H2O2 is 
more than 99.99% protonated at physiological pH. The main route of ONOOH formation is 
the rapid recombination reaction between O2

•− and •NO that produces ONOO− (d), in equilib-
rium with its conjugated acid ONOOH. The pKa value of this peroxyacid indicates that it will 
be mostly (~80%) deprotonated at physiological pH [11–13,16].
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is weaker than ONOOH (E°′(H2O2,•OH, H2O = 0.32 V) vs E°′(ONOOH, H+/•NO2, 
H2O = 1.6 V), respectively [28,29]). In general, the bond dissociation energy (BDE) 
of a generic O–O bond is quite low (34 kcal/mol), relative to C–O bonds (~84 kcal/
mol), that is, peroxides can suffer homolysis more easily [30]. Particularly, the BDE 
of H2O2 was determined as 50.5 kcal/mol at 25°C [30]. Therefore, H2O2 is suscep-
tible to thermal, photolytic, and radiolytic homolysis as well as reduction by metals 
through Fenton chemistry [31]. Reported activation parameters of H2O2 homolysis 
indicate that the uncatalyzed reaction rate is very slow [32]. In turn, BDE of the O–O 
bond in ONOOH is even lower, 21 kcal/mol [27]. Therefore, ONOOH easily under-
goes homolysis to produce two free radicals, hydroxyl radical (•OH) and nitrogen 
dioxide radical (•NO2).* At 37°C and pH 7.4, ONOOH decay through homolysis 
occurs with an apparent, pH-dependent rate constant (k′) of 0.9 s−1 and a pH-inde-
pendent rate constant (k) of 4.5 s−1 [27]. In most cellular and extracellular compart-
ments, this route of ONOOH decay is of limited relevance due to the low rate of 
homolysis when compared with the rates of direct reactions of peroxynitrite with 
its main targets, namely, fast reacting thiols/selenols in cysteine- or selenocysteine-
based peroxidases metals and CO2 (see below). The reduction potential of •NO2 is 
not as high as that of •OH, E°′(•NO2/NO2

–) = + 0.99 V vs E°′ (•OH, H+/H2O) = 2.31 V 
[39,40]. Moreover, reactions involving •OH usually have no activation barrier and are 
diffusion-controlled, which results in nonspecific reactions with almost every moiety 
it encounters. •NO2 is more selective and can diffuse longer distances before reacting 
with its targets [41].

The O–O bond is easily polarized, and thus H2O2 can act as a nucleophile (perhy-
droxyl anion (HO2

−) is more nucleophilic than neutral H2O2 but its high pKa indicates 
that it will be almost all protonated in biological media) and also as an electrophile 
[31]. In turn, reactions of peroxynitrite usually involve ONOOH acting as an elec-
trophile or its conjugated basis ONOO− as a nucleophilic species. Compounds with 
thiol functional groups (R–SH, R being an alkyl group) are the main biological 
targets for peroxides. In the following sections, we will introduce the main thiol-
containing compounds found in biological systems and discuss their oxidations by 
H2O2 and peroxynitrite that can occur either directly or indirectly, that is, through the 
generation of secondary oxidants. Diffusion properties and the expected half-lives 
of both oxidants in the presence of their main biological targets in the cytosol and 
mitochondrial matrix will be analyzed.

BIOLOGICALLY RELEVANT THIOL-CONTAINING COMPOUNDS

In biological systems, thiol functional groups can be found as part of low-molecular-
weight (LMW) compounds and in protein Cys residues. Most living organisms contain 
millimolar concentrations of LMW thiols that play key biological functions, such as to 
keep an intracellular reducing environment, to provide electrons for redox enzymes, 
to react with electrophilic compounds, and to detoxify xenobiotics. In most eukaryotic 

* The mechanism of the decomposition of ONOOH has been controversial [11,33]. Homolysis is presently 
accepted by most authors as radical formation in ~30% yields was confirmed by different methodologies 
[34–38].
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cells and Gram-negative bacteria, these actions are performed by the tripeptide glu-
tathione (GSH, gamma-glutamyl l-cysteinylglycine) [42], which is kept reduced by 
the flavoenzyme glutathione reductase at the expense of nicotinamide adenine dinu-
cleotide phosphate (NADPH) [43]. Some microorganisms have other LMW thiols, 
such as trypanothione (TSH2, bis-glutathionylspermidine) in Kinetoplastids; myco-
thiol (MSH, acetyl cysteine-glucosamine-myo-inositol) in Actinomycetes; bacillithiol 
(BSH, cysteine-glucosamine-malate) in Firmicutes [44–47]; coenzyme A in some spi-
rochetes [48], for which specific disulfide reductases have been reported. Moreover, 
coenzyme A plays important metabolic roles in living systems [49]. In turn, free dihy-
drolipoic acid (DHLA) or its oxidized form, lipoic acid (LA), are almost undetectable 
in plasma and tissue of animals (unless they are orally supplemented) and are found 
as a lipoamide cofactor bound to dehydrogenase complexes such as mitochondrial 
pyruvate dehydrogenase and alpha-ketoglutarate complexes [50,51]. Ovothiols A-C 
(particularly abundant in marine invertebrate eggs and some trypanosomatids) and 
ergothioneine (produced by fungi and actinomycetes) are mercaptoimidazol-contain-
ing compounds [52–54]. Although mammals cannot synthesize ergothioneine, it is 
present in many dietary sources. A highly specific transporter in mammalian tissues 
allows it to be widely distributed [55,56]. These thiols are considered to play antioxi-
dant functions, but enzymatic routes relying on them, including recycling systems, 
have not been reported so far [57,58]. A recent report indicated that at least some 
of the beneficial actions of ergothioneine are mediated through the upregulation of 
specific protein deacetylases [59]. Cysteine is another LMW thiol. The intracellular 
concentration of free Cys is quite low (reduced form: 125 μM and oxidized form: 
31 μM in human HT29cells) and it is much more abundant as a component of proteins 
and glutathione [60]. It is, however, the more abundant LMW thiol in plasma where 
glutathione concentration is extremely low ([reduced Cys] = 8–10 μM and [GSH] = 
4.7 μM) [61]. Moreover, many LMW thiol-containing compounds are used as drugs, 
examples being N-acetyl cysteine, antiarthritic drugs such as d-penicillamine, some 
inhibitors of metallo-β-lactamases, and inhibitors of angiotensin-converting enzyme 
such as captopril [62–65]. The reactions of many of these LMW thiols with oxidants 
formed in vivo, such as H2O2 and peroxynitrite, explain some of their antioxidant roles 
(Table 3.1). Finally, hydrogen sulfide (H2S/HS−), which has a pKa of 7 [66], is pro-
duced in different organisms, including mammals, where it participates in signaling 
functions [67,68]. Although hydrogen sulfide is not properly a thiol, it shares some of 
their chemical properties, and its reactions with different peroxides including H2O2 
and peroxynitrite have also been investigated. The reported rate constants have also 
been listed in Table 3.1 for comparative purposes [69,70]. Of note, the intrinsic reac-
tivity of HS− is one order of magnitude lower than those of thiolates [70].

Cysteine, the single thiol-containing amino acid, is underrepresented in pro-
teins of all organisms, and its abundance appears to correlate positively with the 
complexity of the life form [71]. The functions of Cys residues are diverse: they 
can (1) play structural roles, (2) coordinate metals, (3) be sites of posttransla-
tional modifications with potential impact on protein structure/function; and (4) 
be critical for enzymatic activity, either changing or not the redox status of the 
thiol group during the catalytic cycle [72]. The reactions of protein Cys with per-
oxides are the bases of redox signaling and regulation of cellular functions, an  
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expanding field of research, since disruptions in redox homeostasis can lead to 
oxidative stress-related diseases [73,74].

HYDROGEN PEROXIDE- AND PEROXYNITRITE-MEDIATED 
THIOL OXIDATIONS

LMW thiols and the thiol groups of protein cysteine residues are oxidized by differ-
ent hydroperoxides including H2O2 and peroxynitrite [16,75]. The reactions can be 
direct (i.e., the reactive species are the peroxides themselves) or indirect (where the 
actual reactive species are secondary oxidants derived from the peroxides) [76–78]. 
The reaction mechanisms and biological consequences of these direct and indirect 
reactions are described below.

direct reactions of H2o2 and Peroxynitrite witH tHiols

Mechanisms. Hydroperoxides oxidize thiols by a two-electron oxidation mechanism 
leading to the formation of sulfenic acids (RSOH) [16,76,79]. The reactions occur by 
nucleophilic displacement mechanisms (SN2), in which thiolates and protonated per-
oxides are the reactive species [75,80]. In the case of H2O2-mediated thiol oxidations, 
QM/MM molecular dynamic simulations indicated that the classical SN2 reaction 
mechanism is modified by the transfer of proton from one peroxidic oxygen to the 
other, so that water and sulfenate are the direct products of the reaction as indicated 

TABLE 3.1
Kinetics of Oxidation of Selected LMW Thiols H2O2 and Peroxynitrite

LMW Thiol ¢kH O2 2 (M−1 s−1) References ¢kONOOH (M−1 s−1) References

Cysteine ethyl ester 1.40a [85] 6830 [80]

Trypanothione 5.37b [203] 3600 [80]

Penicillamine 4.5 [75] 6420 [80]

Cysteine 2.9 [75] 4500 [16]

Mycothiol 0.6c [117]  1670d [87]

Glutathione 0.87 [75] 1360 [27]

Homocysteine 0.18a [85] 700 [80]

N-Acetylcysteine 0.16 [75] 415 [80]

Dihydrolipoic acid 0.27 [204] 250 [80]

Hydrogen sulfide 0.73 [69] 6650 [205]

Shown values were reported at pH 7.4 and 37°C unless otherwise indicated. In the case of the dithiols 
trypanothione and dihydrolipoic acid, indicated values are per thiol group, assuming a similar reactivity 
for both thiols. ND = not determined. Rate constants for hydrogen sulfide are listed for comparative 
purposes.
a At pH 7.06 and 25°C.
b At pH 7.2 and 27°C.
c At pH 7.4 and 25°C.
d Estimated from Brønsted correlations.
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in Equation 3.1. However, since this transfer occurs after the transition state in the 
reaction coordinate, it lacks kinetic consequences [81].

 RS− + H2O2 → RSO− + H2O (3.1)

In the case of ONOOH, the reaction proceeds directly to sulfenic acid and nitrite 
as indicated in Equation 3.2 [82] (Figure 3.2).

 RS− + ONOOH → RSOH + NO2
− (3.2)

Since protonated peroxides and thiolates are the reagents, the rate constants of the 
reactions are affected by pH, as indicated in Equation 3.3
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where
k′ is the apparent, pH-dependent rate constant of the reaction
k is the real, pH-independent rate constant
KaSH is the acidity constant of the thiol
KaROOH is the acidity constant of the peroxide [80]
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FIGURE 3.2 QM-MM molecular dynamic simulations of model thiolate oxidation by 
H2O2 and ONOOH. Representative structures of different states (reactant state, transition 
state, and product state) during the oxidation of model thiolates in aqueous microenviron-
ment obtained through QM-MM molecular dynamic simulations. Top: reaction of methyl 
thiolate and H2O2 (reactant state) to form methyl sulfenate and H2O (product state). Bottom: 
reaction of deprotonated cysteine and peroxynitrous acid in the more stable cis-conformation 
(reactant state) to form cysteine sulfenic acid and nitrite (product state). The following color 
code was used for representing atoms: S, yellow; O, red; C, cyan; H, white; N, blue. This 
figure was generated using data previously published in [81] and [82].
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Thus, the terms KaSH/(KaSH + [H+]) and [H+]/([H+] + KaROOH) indicate the avail-
ability of thiolate and of protonated peroxide, at a given pH. Due to the high pKa 
value of H2O2 (11.6 for the first deprotonation) [83], more than 99.9% is proton-
ated at the cytosol, extracellular media, and even in the mitochondrial matrix where 
pH is ~7.6–8 [84]. Thus, H2O2 availability is practically 1. However, in the case 
of ONOOH, with a pKa value close to physiological pH, the fraction of protonated 
peroxide is importantly affected by pH. Additionally, since thiol pKa values are usu-
ally relatively close to physiological pH, the fraction of thiol that is deprotonated at 
a given pH also affects apparent rate constants. Figure 3.3 illustrates on the effect of 
pH on the apparent rate constants for the reactions of glutathione with H2O2 and per-
oxynitrite in a pH range from 5.5 to 9.5. Due to the minimal ionization of the former 
oxidant at those pHs, a bell-shaped profile is only evident for peroxynitrite-mediated 
thiol oxidation. Of note, while at pH = 7.4, 11% of free Cys is ionized, this can be as 
high as ~100% for thiols with pKa < 5.4 or as low as <1% for thiol with pKa > 9.4. 
Thus, for those LMW thiols with higher pKa values, lower thiolate availability exists 
and therefore a lower pH-dependent rate constant is expected at physiological pH. 
The pH-independent rate constants, or in other words, the intrinsic reactivity of thio-
lates with a given peroxide also depends on thiol pKa. The dependence is given by a 
Brønsted equation of the form

 log k p ARS Nuc a
- = +b K  (3.4)

where βNuc is the nucleophilic constant of the reactions.
For those LMW thiols that have been investigated, pH-independent rate constants 

for the reactions with H2O2 and ONOOH are in the order of 101–102 and 104–106 M−1 s−1 
in aqueous solutions at 25°C, respectively [75,80,85], with βNuc values of 0.27 and 
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FIGURE 3.3 pH profile for the rate constants of GSH oxidation by H2O2 and peroxyni-
trite. Apparent pH-dependent rate constants (k′) for the reaction of glutathione with H2O2 
(circles) and peroxynitrite (triangles) were calculated according to Equation 3.3 at each pH. 
The parameters used were pKa H2O2 = 11.6, pKa ONOOH = 6.6, pKa glutathione = 8.8, and the 
pH-independent rate constant (k) values 22.7 and 2.6 × 105 M−1 s−1 for H2O2 and peroxynitrite, 
respectively, at pH 7.4 and 37°C [75,80].
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0.4, respectively [85,86]. βNuc values are considered indicators of the degree of charge 
transfer from the nucleophile to the electrophile at the transition state and are con-
sistent with the charge redistribution at the transition state reported to occur both 
in H2O2− and ONOOH-mediated thiolate oxidations studied by QM-MM molecular 
dynamic simulations [81,82] (Figure 3.2). βNuc values were used to roughly estimate 
the rate constants of reactions of peroxides with other LMW thiols that are currently 
unavailable in the literature, provided their thiol pKa is known [87].

Fast Reacting Thiols
For many protein Cys residues, pH-independent rate constants of oxidation by H2O2 
and ONOOH follow the same Brønsted correlation as LMW thiols. However, there 
are some protein Cys residues that react with hydroperoxides much faster than 
expected according to their pKa, even when considering pH-independent reactivities 
(i.e., disregarding thiolate availability).* Those have been named proteins with fast 
reacting thiols [89]. Most of these fast reacting thiols belong to nucleophilic Cys 
in thiol-dependent peroxidases, where they are collectively named peroxidatic Cys 
(CysP). These peroxidases include peroxiredoxins (Prxs), thiol-dependent glutathi-
one peroxidases (GPx), and the bacterial organic hydroperoxide resistance protein 
(Ohr). They catalyze the reduction of different peroxides with particular specificities 
for oxidizing and reducing substrates [90–94]. They are bisubstrate enzymes with 
ping-pong kinetic mechanisms. Table 3.2 compiles available kinetic data on the reac-
tion of protein Cys residues with H2O2 and peroxynitrite. Peroxiredoxins are a fam-
ily of thiol-dependent peroxidases that are present in almost all organisms through 
life kingdoms and are distributed in different cell compartments. They are usually 
abundant, with concentrations that can reach hundreds of μM [92]. In the first part 
of the catalytic cycle, the oxidative part, they catalyze the two-electron reduction of 
H2O2 to H2O, organic hydroperoxides to their corresponding alcohols, and ONOOH 
to nitrite, forming a sulfenate derivative at CysP. The mechanisms of reduction of 
this sulfenate back to thiol vary in the different Prxs. In most of them (2-Cys Prxs), a 
second protein Cys, the resolving Cys (CysR), forms a disulfide with CysP that is then 
usually reduced by thioredoxin or a related protein [95]. In 1-Cys Prxs, the sulfenic 
acid is reduced by alternative mechanisms [96–99]. The catalytic power of Prxs dur-
ing H2O2 reduction relies on transition state stabilization by a hydrogen bond network 
involving CysP, the substrate, and conserved Thr and Arg side chains that are critical 
for activity [85,100–104]. However, different studies showed some differences in 
the interactions, which might reflect differences in the model Prx system utilized 
[103]. Furthermore, different Prxs have variable susceptibility to oxidative inactiva-
tion through the two-electron oxidation of sulfenate to form a sulfinic acid deriva-
tive of CysP, that, in some 2-Cys Prxs, can be reduced back to sulfenate by specific 
sulfiredoxins [105,106]. Both H2O2 and ONOOH can oxidize the sulfenate in CysP to 
sulfinic acid [107,108]. At least in the case of H2O2, for which several rate constants 

* When considering apparent k at pH 7.4, reactivity of protein thiols with low pKa compared with free 
Cys can increase by a maximum of 10-fold, considering the fractions of thiol as thiolate indicated 
above [88].
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TABLE 3.2
Kinetics of the Reactions of Selected Thiol-Containing Proteins with H2O2 
and Peroxynitrite

Protein Family Protein ¢kH O2 2 (M−1 s−1)
¢kONOOH

 
(M−1 s−1) References

Peroxiredoxin Prx2 (human RBC) 1.3 × 107– 
1 × 108

1.4 × 107 [108,206]

Subfamily

Prx1-AhpC Prx 3(human) 2 × 107 8 × 106d [201]

T. cruzi (mit)TXNPx 6 × 106 1.8 × 107 [207]

T. cruzi (cyt)TXNPx 3 × 107 1 × 106 [207]

S. cerevisiae Tsa1 2.2 × 107 7.4 × 105 [208]

S. cerevisiae Tsa2 1.3 × 107 5.1 × 105 [208]

S. typhimurium AhpC 3.7 × 107 1.5 × 106e [209,210]

Prx5 Human Prx5 3 × 105 7 × 107d– 
1.2 × 108

[86,211]

AhpE M. tuberculosis AhpE 8 × 104 1.9 × 107 [109,212]

Prx6 A. marina Prx6 1.1 × 107 2 × 106 [213]

Human Prx6 3.4 × 107 3.7 × 105 [214]

Bcp/PrxQ X. fastidiosa PrxQ 4.5 × 107 1 × 106 [215]

E. coli Bcp/PrxQ 1.3 × 104 [216]

M. tuberculosis PrxQB 6 × 103 1.4 × 106 [217]

Tpx M. tuberculosis TPx >1 × 105 1.5 × 107 [218]

E. coli TPx 4.4 × 104 [219]

Glutathione P. trichocarpa GPx5 1 × 105 1.4 × 106 [110]

Peroxidasea T. brucei GPx3 8.7 × 104 [220]

C. glutamicum MPx 3.7 × 105 [221]

Human GPx7 2.6 × 103 [222]

Ohr/OsmC X. fastidiosa Ohr 3 × 103 2 × 107 [127]

Thiol-disulfide 
oxido-reductases

E. coli thioredoxin 1.05 [204]

M. tuberculosis 1 × 104 [223]

Thioredoxin C

T. brucei tryparedoxin 3.6b 3.5 × 103 [207,224]

OxyR E. coli OxyR 2 × 105 ND [128]

DksA P. aeruginosa DksA2 65.1 1.4 × 103 [225]

P. aeruginosa DksA 1.33 2.4 × 103

S. typhimurium 0.64 ND

GADPH Rabbit GADPH ~500c 2.5 × 105 [226–228]

Serum albumin Human SA 2.3 3.8 × 103 [229]

Tyrosine phosphatase Human PTP1B 24c 2.2 × 107f [156,230]

Rat PTP1 9.1c [231]

Human Cdc25B 164c 2.3 × 107f [232]

Human LAR 14c [230,231]

(Continued)
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are available, rates constants for CysP overoxidation seem to parallel (i.e., follow the 
same trend) those of CysP oxidation [109]. No kinetic data on ONOOH-mediated 
CysP overoxidation has been reported so far.

Thiol-dependent glutathione peroxidases catalyze the 2-electron reduction of differ-
ent peroxides, including H2O2 and peroxynitrite [110]. In spite of their name, in many 
cases, they usually prefer thioredoxin as the reducing substrate [111–113]. Moreover, 
GPx7 and GPx8 are thiol-dependent GPx expressed in the ER where they participate 
in oxidative protein folding using protein disulfide isomerase (PDI) as electron donor 

TABLE 3.2 (Continued)
Kinetics of the Reactions of Selected Thiol-Containing Proteins with H2O2 
and Peroxynitrite

Protein Family Protein ¢kH O2 2 (M−1 s−1)
¢kONOOH

 
(M−1 s−1) References

Creatine kinase Rabbit muscle CK 8.85 × 105g [233]

Human brain CK 0.28b [234]

Arylamine 
N-acetyltransferase

Human NAT1 7b 5 × 104b [235,236]

DJ-1 Human DJ-1 0.56c 2.7 × 105 [237]

Apparent rate constants (k′) have been reported at physiological pH unless otherwise indicated. Since 
thiolates and protonated H2O2 or ONOOH are the reactive species [75,80], pH-independent rate constants 
can be calculated using Equations 3.2 and 3.3, respectively. Data regarding peroxidatic cysteine residues 
of thiol-based peroxidases are highlighted in gray. ND = not determined. Unless indicated, reactivities of 
multimeric enzymes are given per monomer, except for GADPH and CK for which are given per tetramer 
or dimer, respectively.
Abbreviations: AhpC, alkyl hydroperoxide reductase C; Prx, peroxiredoxin; RBC, red blood cell; T. cruzi 
(mit)TXNPx and (cyt)TXNPx, mitochondrial and cytosolic tryparedoxin peroxidase from Trypanosoma 
cruzi, respectively; T. brucei Px 3, Trypanosoma brucei peroxidase 3; C. glutamicum MPx, Corynebacterium 
glutamicum mycothiol peroxidase; S. cerevisiae Tsa1 and Tsa2, thiol-specific antioxidant proteins 1 and 2 
from Saccharomyces cerevisiae, respectively; S. typhimurium, Salmonella typhimurium; H. sapiens, 
Homo sapiens; M. tuberculosis, Mycobacterium tuberculosis; AhpE, alkyl hydroperoxide reductase E; A. 
marina, Arenicola marina; X. fastidiosa, Xylella fastidiosa; E. coli, Escherichia coli; Bcp; bacterioferritin 
comigratory protein; TPx, thioredoxin peroxidase; P. trichocarpa, Populus trichocarpa; SA, serum albu-
min; PTP1B, protein tyrosine phosphatase 1B; Cdc25B, cell division cycle 25 B; LAR, leukocyte antigen-
related; Trx, thioredoxin; GADPH, glyceraldehyde 3-phosphate dehydrogenase.
a Cysteine-dependent glutathione peroxidases. Rate constants of the reactions of selenocysteine-depen-

dent glutathione peroxidases such as human GPxs1 and 3 with H2O2 are 4.1 × 107 and 4.0 × 107 M−1 s−1, 
respectively (revised in [118]), and peroxynitrite oxidizes GPx1 with a rate constant of 8 × 106 M−1 s−1 
per tetramer at pH 7.4 and 25°C [238].

b pH =7.5. Data on human brain CK was calculated from data shown in [234].
c pH = 7.
d pH = 7.8.
e pH = 6.8.
f Values determined by competition kinetics that need to be confirmed.
g pH = 6.9.
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[114] (PDI is also a reductant of Prx4). Thiol-dependent GPx are present in different 
life kingdoms [115–117], although not so universally distributed as Prxs. In many 
cases, they are structurally similar to the mammalian SeCys enzyme phospholipid 
hydroperoxide glutathione peroxidase, which has the unique ability of catalyzing the 
reduction of phospholipid hydroperoxides in oxidized membranes [115]. Cys-based 
GPxs are usually not so rapid in the reduction of H2O2 as those based in SeCys, with 
reactivities in the range of 104–105 M−1 s−1 for the former compared with 107 M−1 s−1 
for the latter [110,117–119], and the molecular basis for this fact is unclear, despite 
intense investigation [120,121]. Indeed, reported rate constant values for the oxida-
tion of LMW thiols by H2O2 are similar to the one obtained for free selenocysteine 
by quantum mechanics calculations [122]. More recently, the rate constants for the 
reactions of peroxynitrite with various LMW selenols were reported to be 250- to 
830-fold higher than for the corresponding thiols at physiological pH [123]. Thus, 
the faster reactivity cannot be totally explained by the ~10-fold higher availability 
of selenolate at physiological pH (pKa of the selenol group in selenocysteine = 5.2 
[124] and pKa of the thiol group in cysteine = 8.3) [125,126] and was ascribed to a 
higher nucleophilicity of selenolate compared to the corresponding thiolate [123]. 
In turn, the single report on the reactivity of peroxynitrite with a Cys-based GPx, 
poplar GPx5, yielded a rate constant of 1.4 × 106 M−1 s−1 at pH 7.4 and 25°C, which 
together with a pKa value of 5.2 results in a pH-independent rate constant of 7 × 106 
M−1 s−1 [110].

Bacterial Ohrs play key roles in the responses toward organic hydroperoxide-
mediated oxidative stress [126]. They are particularly efficient in the reduction of 
organic hydroperoxides, whereas their catalytic efficiency toward H2O2 is much more 
limited (in the case of Xylella fastidiosa Ohr, kcat/Km t-buOOH = 2 × 106 M−1 s−1 versus 

k /K 2.4 10 M scal m H O
2 1 1

2 2 = ´ - -  using free lipoamide as the substrate). Ohr is also 
able to rapidly reduce ONOOH, and in the human pathogen Pseudomona aerugi-
nosa, it seems to be important for the detoxification of this peroxide [127].

Besides CysP in thiol-dependent peroxidases, there are some other Cys resi-
dues in proteins with thiolates that react faster with hydroperoxides than expected 
according to their pKa. For example, OxyR is a bacterial transcription factor that 
reacts with H2O2 with a rate constant of 1 × 105 M−1 s−1 [128]. Taking advantage 
of this fast reaction, the protein has been coupled with the redox-sensing green 
fluorescent protein, targeted to a different cell compartments and used as tool for 
real-time monitoring of cellular redox status [129]. However, the possible reactions 
of OxyR with peroxynitrite or other hydroperoxides have not been addressed so far, 
and, therefore, the precise knowledge of the nature of the oxidizing species being 
responsible for OxyR oxidation in cells requires alternative experimentation and 
controls. Other examples of Cys proteins showing high reactivity toward the oxi-
dants are listed in Table 3.2.

Thiol Oxidation by Peroxides and Redox Signaling
It should be noted that although the oxidation of protein cysteine residues in tran-
scription factors/signaling proteins is on the basis for H2O2-mediated redox signal-
ing, in fact, most of these proteins react with H2O2 (and usually also peroxynitrite) 
at relatively slow rates (for comprehensive revisions on redox signaling, see 
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References 130–132). In some cases, Cys oxidation in response to increased perox-
ide levels is indirect, with Prxs or GPxs acting as primary sensors, that then oxidize 
less reactive thiols in target signaling proteins [133]. This mechanism was initially 
described in yeast but is nowadays considered to be more general, with examples 
also described in mammalian cells [134–136]. Other possible explanations for less 
reactive Cys residue oxidation in signaling proteins involve the inactivation of the 
peroxidases through overoxidation of the sulfenic acid form of the enzyme to inac-
tive sulfinic acid forms (or through protein phosphorylation) that then allows H2O2 to 
react with less reactive Cys [137–139]. This mechanism would allow cells to respond 
more slowly to changes in H2O2 levels [140]. Although peroxynitrite has also been 
proposed to perform signaling actions [141,142], they are less well characterized, 
and its actions have been mainly associated with oxidative damage.

Stoichiometry
As indicated above, the direct reaction of thiols with peroxides yields sulfenic acids 
(RSOH). Unless stabilized by the protein microenvironment, RSOHs are usually 
unstable species. They react with accessible thiol groups, which are usually in excess 
to form of disulfides (RSSR). In that case, the net stoichiometry is two thiols oxi-
dized per each peroxide molecule. In other cases, two RSOHs condense to yield a 
thiosulfinate (RS(O)SR) [143]. Depending on protein topology, RSOH in proteins 
can also undergo reaction with neighboring amide nitrogen yielding a cyclic sulfen-
ylamide (RSNHR) [144–146]. The net stoichiometry of the latter reactions processes 
one thiol oxidation per peroxide molecule. Finally, thiols can consume more than 
one peroxide molecule, when they are exposed to oxidants in excess, producing sul-
finic (RSO2H) or even sulfonic acid (RSO3H) derivatives [147,148]. In the case of 
H2O2-mediated oxidation, and in the absence of transition metal ions, stoichiometry 
is fairly simple. However, since ONOOH is unstable, the indicated stoichiometry 
only applies when thiol concentration is high, so as to outcompete other routes of 
peroxynitrite decay such as homolysis or reaction with CO2.

Reactions with Carbon Dioxide
Biological media and systems contain high concentrations of CO2 that upon either 
uncatalyzed or carbonic anhydrase-catalyzed reaction with water produces H2CO3 in 
equilibrium with HCO3

− ([CO2] = 1.3 mM and [HCO3
−] = 25 mM in arterial plasma). 

Indeed, due to its high concentration in biological compartments, the HCO3
−/CO2 

pair constitutes a main buffer system both in intracellular and extracellular media. 
H2O2 and peroxynitrite react with CO2 to form secondary oxidizing species that are 
able to oxidize thiols. However, the physiological importance and consequences of 
the reactions are distinct as discussed here:

 a. Reaction of hydrogen peroxide with CO2: Peroxymonocarbonate formation—
Peroxymonocarbonate (HCO4

−) results from the equilibrium perhydration reac-
tion of CO2 with both H2O2 and HO2

−, with forward rate constants of 2 × 10−2 
and 280 M−1 s−1, respectively, such that both routes make a similar contribution 
at pH 8 [149]. HCO4

− formation and decay as well as Keq values are affected 
by proteins and lipids (in favor of formation) [150]. Moreover, Zn+2-containing 
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complexes and carbonic anhydrase also lead to increased HCO4
− concentra-

tions [150]. Formation of HCO4
− is also increased by CuZnSOD, where it has 

been proposed as an intermediate of CuZnSOD-peroxidase activity leading to 
CO3

•− formation, although this mechanism has been a matter of debate [151–
154]. Even though the reaction of CO2 with H2O2 is slow, it seems that cellu-
lar components could facilitate it so that it might be of biological importance. 
Further work is required to get a better understanding of these effects.

Once formed, HCO4
− oxidizes thiols by a two-electron mechanism to 

sulfenic acids [150]. The kinetics of the reaction between HCO4
− with GSH 

as well as the single thiol group of bovine serum albumin indicated that, as 
expected for a nucleophilic displacement SN2 reaction, rate constants are 
higher than those for H2O2 but slower than those for peroxynitrite, following a 
Brønsted equation that correlates with the leaving group pKa value [150] (3.5).

 log k p ARS LG a
- = +b K  (3.5)

where βLG is the Brønsted coefficient applicable to the leaving group (the 
conjugated acid of the product formed upon peroxide reduction).

Of note, peroxidatic thiols in thiol-dependent peroxidases are not only 
more reactive toward hydroperoxides but also have oxidizing substrate speci-
ficities that do not follow the tendency expected from Brønsted correlations, 
and that vary depending on the peroxidase of interest [86,109,118,155]. 
In the case of the peroxiredoxin alkyl hydroperoxide reductase E from 
Mycobacterium tuberculosis, rate constants have been reported as 8.2 × 104, 
1.1 × 107, and 1.9 × 107 M−1 s−1 for its reactions with H2O2, HCO4

−, and 
peroxynitrite at pH 7.4, respectively. The rate constant for the inactivation 
of human protein tyrosine phosphatase 1B by H2O2 was also found to be 
higher in the presence of CO2, and a mechanism involving critical Cys oxi-
dation by HCO4

− was proposed [156].
 b. Reaction of peroxynitrite with CO2: Carbonate and nitrogen dioxide radi-

cal formation—In biological systems, CO2 is present at mM concentrations 
and constitutes an important target for peroxynitrite. The nucleophilic addi-
tion of ONOO− to CO2 occurs with a second-order rate constant of 5.8 × 
104 M−1 s−1 at 37°C [78,157] and yields a transient nitroso-peroxocarbonate 
(ONOOCO2

−), which rapidly undergoes homolysis to produce CO3
•− and 

•NO2 in ~35% yields (Equation 3.6) and the remaining 65% yielding CO2 
and nitrate (NO3

−) [158–160].

 ONOO− + CO2 → ONOOCO2
− → 0.35(•NO2 + CO3

•−) + 0.65(CO2 + NO3
−)  

  (3.6)

As mentioned previously, with reduction potentials of E°′(•NO2/NO2
–) = 

+0.99 V and E°′(CO3
•−, H+/HCO3

−) = +1.78 V, •NO2 is a moderate oxidant 
and also a nitrating agent, whereas CO3

•− is a relatively strong one-electron 
oxidant [27,161,162]. Thus, CO2 should not be considered as a scavenger 
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of peroxynitrite, since it promotes the formation of two short-lived one-
electron oxidants. CO3

•− and •NO2 exhibit different chemistries. They target 
mainly protein thiolates, methionine, and aromatic residues. Protein tyro-
sine nitration is an oxidative posttranslational modification frequently used 
as a biomarker for peroxynitrite formation in cells and tissues, although 
other pathways leading to tyrosine nitration exist [163–165]. Peroxynitrite-
mediated tyrosine nitration does not involve a direct reaction but occurs 
through a radical process: CO3

•−, •NO2 as well as oxo-metal complexes 
formed from the reaction of peroxynitrite with metals perform the one-elec-
tron oxidation of tyrosine residues to tyrosyl radicals that then recombine 
with •NO2 yielding 3-nitrotyrosine (revised in [166]).

indirect reactions of H2o2 and Peroxynitrite witH tHiols

In the absence of catalysis by transition metals (Me), H2O2 on its own is stable. On 
the contrary, reduced transition metal complexes (mainly Fe2+ or Cu1+) induce the 
formation of hydroxyl radical (•OH) and higher oxidation states of the metal through 
Fenton chemistry [167] (Equations 3.7 and 3.8).

 H2O2 + Men+ → OH− + OH •  + Me(n + 1)+ (3.7)

 H2O2 + Men+ → MeOn+ + H2O (3.8)

However, ONOOH decays through homolysis of its peroxo bond to •NO2 and 
•OH, or in the presence of CO2 yields CO3

•− and •NO2 (see above).These are one-
electron oxidants that can oxidize thiols to thiyl radicals (RS•) (Equation 3.9)
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Since homolysis occurs with a rate constant of 0.9 s−1 at pH 7.4 and 37°C, 
most peroxynitrite is expected to be involved in direct reactions with its main 
cellular targets such as metal-containing proteins, thiols/selenols in cysteine or 
selenocysteine-based peroxidases, and CO2 before decaying. Therefore, little, if 
any, peroxynitrite would suffer homolysis in biological systems. Nevertheless, 
the reaction must be taken into account when analyzing peroxynitrite reactivity 
in vitro, since, due to the high reactivity and lack of specificity of •OH, almost 
every molecule is prone to be oxidized by this radical. Interpretation of the results 
obtained using peroxynitrite addition to biomolecules in vitro should be done with 
care, since target oxidation can occur in the absence of a direct reaction with per-
oxynitrite. Discrimination between the two pathways requires the measurement 
of peroxynitrite decay rates: Direct targets accelerate peroxynitrite decomposi-
tion, whereas indirect targets do not [168]. Such measurements require the use of 
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rapid-mixing equipment that allows peroxynitrite decomposition to be accurately 
followed (peroxynitrite anion absorbs UV light, ε302 nm = 1670 M−1 cm−1, [16]). 
Additionally, specific scavengers that react with peroxynitrite-derived radicals but 
not with peroxynitrite itself, such as desferrioxamine and trolox, are also help-
ful to establish mechanisms of oxidation mediated by peroxynitrite [169–172]. 
Furthermore, one-electron oxidations of thiols usually lead to oxygen consump-
tion in two phases, the second of which has been ascribed to be the result of long-
lasting chain reactions mediated by secondary free radicals [170].

Among indirect reactions, those mediated by peroxynitrite-derived radicals 
formed in the presence of CO2 are the most biologically relevant. As a charged spe-
cies, CO3

•− cannot penetrate lipid phases. Thus, it is unlike to be an efficient initiator 
of lipid peroxidation. In contrast, CO3

•− is an important oxidant in aqueous environ-
ment. For instance, CO3

•− and •NO2 oxidize cysteine to cysteinyl radical with rate 
constants of 4.6 × 107 M−1 s−1 [173] and 5.0 × 107 M−1 s−1 [41] at pH 7.0, respec-
tively. Second-order rate constants for the reactions of CO3

•− and •NO2 with several 
compounds in the range of ~106–109 M−1 s−1 have been reported (for a review, see 
Reference 40). These fast rate constant values indicate that CO3

•− and •NO2 can be 
significantly damaging agents in vivo. Of note, GSH, present at millimolar concen-
trations inside cells, is an important scavenger of •NO2 (k = 2 × 107 M−1 s−1), and 
this is probably the most relevant reaction in vivo for the inhibition of tyrosine nitra-
tion [41]. In addition, CO3

•− reacts with GSH and cysteine with rate constants of 
5.3 × 106 and 4.6 × 107 M−1 s−1, respectively, at pH 7.0 [174]. Also, the disulfide 
LA and its reduced form, DHLA (a dithiol), react rapidly with CO3

•− (k = 1.6 × 109 
and 1.7 × 108 M−1 s−1 at pH 7.4, respectively) and •NO2 (k = 1.3 × 106 and 2.9 × 107 
M−1 s−1 at pH 7.4, respectively) [175]. However, the antioxidant function of LA and 
DHLA would be limited due to their low concentrations compared to other cellular 
antioxidants [175].

Thiyl radicals are usually unstable and decay through different mechanisms 
depending on conditions (•NO, O2 and thiol/ascorbate or other cellular reductant 
concentrations). In the case of protein thiyl radicals, local microenvironment and 
accessibility are also important (for a review on the formation and fates of thiyl 
radicals, see [176]).

DIFFUSION CAPABILITIES ACROSS BIOLOGICAL MEMBRANES

The diffusion coefficients of H2O2 in water are 1.43 × 103 and 1.83 × 103 μm2/s 
at 25°C and 37°C, respectively [177]. However, in highly crowded compartments, 
diffusion of small molecules can be reduced (~60%) [178]. Being small and neu-
tral, H2O2 has been considered to freely diffuse through biological membranes. 
Results obtained using different cellular systems indicated that plasma mem-
branes do impose a restriction on intracellular consumption of exogenous H2O2 
[179–184]. Indeed, concentration gradients of H2O2 are formed across membranes 
and can reach [H2O2]ext/[H2O2]cyt values as high as ~20 in Saccharomyces cerevi-
siae (stationary phase) or ~7 in mammalian (Jurkat) cells [183]. Even higher gra-
dients (~650) have been recently measured in HeLa cells exposed to H2O2 using a 
genetically encoded sensor [185]. Permeability of plasma membrane to H2O2 varies  
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with cell type and growth phase, as well as lipidic composition and particularly ste-
rol membrane content [181,186]. For example, the permeability coefficient of H2O2 
through the plasma membrane of Jurkat T cells was determined as 2 × 10−4 cm/s 
[179]. H2O2 is more polar than water, and as in the case of water, there are specific 
aquaporins that decrease the activation energy and facilitate H2O2 diffusion through 
membranes [187]. In consequence, aquaporins provide a route to control membrane 
permeability and to adjust H2O2 levels in different cellular compartments and in the 
extracellular space [187–190]. Of note, H2O2 is able to modulate its own transport by 
changing the expression profile of these protein channels [190].

Peroxynitrite is mostly deprotonated at physiological pH, and simple diffusion 
of ONOO− through membranes is hampered by its negative charge. On the contrary, 
ONOOH rapidly crosses phospholipid membranes, with a calculated permeability 
coefficient of 0.8–1 × 10−3 cm/s [191,192]. In red blood cells, the 4,49-diisothio-
cyanatostilbene-2,29-disulfonic acid–sensitive Cl−/HCO3

− exchanger anion channel 
band 3 allows the diffusion of ONOO− across membranes [193,194]. The possible 
role of other band 3-related proteins found in various cell types including cardio-
myocytes in the diffusion of ONOO− through membranes remains to be investigated 
[195,196].

PREFERENTIAL TARGETS FOR H2O2 AND PEROXYNITRITE 
IN DIFFERENT CELL COMPARTMENTS

The fates of H2O2 and peroxynitrite are influenced by cell compartmentalization. 
The fraction of the oxidant that is expected to be consumed by a given target A (F) 
depends not only on the rate constant of the reaction with A (kA) compared to other 
targets (kN), but also on the concentration of the target.

 
F k A k TargetA N n= éë ùû å éë ùû/

 
(3.10)

In the cytosol, potential targets for both oxidants include* GSH (~5 mM), Prxs such 
as Prx2 (20 μM) and Prx5 (5 μM), and SeCys-dependent GPxs such as GPx1 and 
GPx4 (~2 μM) (concentration values compiled in Reference 197). In turn, in mito-
chondrial matrix, potential targets of both oxidants include GSH (~5 mM), Prx3 
(60 μM) and Prx5 (20 μM), GPx1 (2 μM) and GPx4 (2 μM), PTP1B (0.1 μM) [197], 
and in the case of peroxynitrite, aconitase and MnSOD (metal-containing proteins 
that react with peroxynitrite with rate constants of 1.1 × 105 and 1 × 105 M−1 s−1, 
respectively [198,199]); CO2 (1.3 mM) should also be considered (values compiled 
in [200]).

Given the rate constants shown in Tables 3.1 and 3.2, as well as target concentra-
tions indicated above, it has been calculated that Prxs and to a lesser extent GPxs 
are expected to trap almost all H2O2 both in the cytosol and in the mitochondrial 

* To illustrate the point, we have indicated reported concentration and reactivities of selected targets for 
the oxidants, but many other potential target exist. Additionally, given concentrations may vary with cell 
types and even in the same cell depending on metabolic conditions.
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matrix [76,197]. Similarly, most peroxynitrite is expected to react directly with Prxs 
and GPx both in the cytosol and in the mitochondrial matrix (in this latter compart-
ment, rate constants at the pH of the mitochondrial matrix (~ pH 7.8) were used for 
the calculations when available). A smaller but not negligible fraction of peroxyni-
trite would react with CO2, which would be responsible for most of the peroxynitrite-
dependent one-electron oxidation/nitration reactions [201].

The half-life of the oxidants in different biological compartments can be estimated 
from their reactivities as well as concentrations of different local targets (Table 3.3). 
Using Fick’s second law and the above mentioned diffusion coefficient of H2O2 or a 
diffusion coefficient of nitrate (1500 μm2/s) for ONOOH [202], after correction for 
molecular crowding, the distances that the oxidants can travel before decaying to half 
of their initial concentration could been calculated for the different cellular compart-
ments (Table 3.3).The half-lives of both oxidants are expected to be in the ms or less 
range, while calculated travel distances were less than 1 μm, that is, lower than most 
cell diameters. The situation may be different under conditions where peroxidase 
recycling by thioredoxin/thioredoxin reductase (TR)/NADPH or GSH/glutathione 
reductase (GR)/NADPH becomes rate-limiting, which would lead to the accumula-
tion of oxidized forms of the enzymes, or under conditions where peroxidases get 
inactivated because of peroxidatic thiol overoxidation during severe oxidative stress. 

CONCLUSIONS

Hydrogen peroxide and peroxynitrite are two biologically-relevant peroxides. Their 
reactivities, biological half-lives, and diffusion capabilities differ due to their dis-
similar physicochemical properties. Hydrogen peroxide tends to be a more stable 
molecule in biological systems and to be part of signaling processes. Peroxynitrite 
is typically unstable, more reactive, and mostly related to oxidative damage. 

TABLE 3.3
Half-Lives and Diffusion Distances of H2O2 and Peroxynitrite in Different 
Cellular Compartments

Cellular Compartment Peroxide t1/2 (ms) Travel Distance in t1/2 (μm)

Cytosol H2O2

ONOOH
0.3–1.6
0.7

0.5–1.2
0.66

Mitochondrial matrix H2O2

ONOOH
0.7
0.3

0.72
0.5

Half-lives (t1/2) of peroxynitrite and H2O2 were calculated assuming low steady-state concentrations of 
oxidants compared to cellular targets, and physiological conditions at which targets are mainly at reduced 
state, using the equation t1/2 = ln 2/∑k[S]. The travel distance before the oxidant concentration decay to 
half of the initial concentration was calculated from the relationship ln C/Co = l √∑k[S]/D using rate 
constants (k) shown in Tables 3.1 and 3.2 and target concentrations ([S]) indicated in the text, as previ-
ously reported [76,239]. Diffusion coefficients of the oxidants were corrected (by a factor of ×0.6) to 
consider the effect of molecular crowding.
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Notably, while the reaction rates of peroxynitrite with LMW thiols are usually about 
three orders of magnitude higher than those of H2O2, in the case of many peroxidatic 
thiols of peroxidases, active site microenvironments make reactions rates to equal-
ize. The presence of •NO in sites of O2

•− formation switches the generation of H2O2 
toward peroxynitrite. Both H2O2 and peroxynitrite promote two-electron oxidation 
of thiols to the corresponding sulfenic acids, but also can cause their one-electron 
oxidation to thiyl radical via secondary radicals. For H2O2, •OH radicals usually 
arise from transition-metal catalyzed reactions and in the case of peroxynitrite, CO2 
is a key reactant to yield the radicals CO3

•− and •NO2. Thus, the redox mechanisms 
of thiol oxidation and the biological actions of H2O2 and peroxynitrite do not neces-
sarily overlap.
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INTRODUCTION

CO2 is naturally present in the atmosphere (0.03%–0.06%) and is a normal constituent 
of the human body, which produces about 1.0 kg of CO2/day through respiration. The 
level of atmospheric CO2 is increasing and the best-known effect of such increase is 
global warming. However, there are a number of animal studies reporting that increased 
CO2 levels (hypercapnia) leads to acute and long-term toxicity to the lungs, the cardio-
vascular system, and the nervous system of the exposed animals (for a review, see [1]). 
Such toxicity in organisms that are buffered mainly by bicarbonate/CO2 is not surpris-
ing because increased CO2 levels result in higher HCO3

− and H+ levels (Equations 4.1 and 
4.2). These ions, in turn, modulate the activities of many of the enzymes involved in 
cellular processes through both pH-dependent and pH-independent mechanisms [1].

 CO2(g) ⇌ CO2(d) (4.1)
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More surprising is the fact that the contribution of redox reactions to CO2 toxicity 
has received limited attention in the literature despite early [2–4] and more recent 
studies reporting that the bicarbonate buffer increases biological oxidations, peroxi-
dations, and nitrations [5–21]. The limited emphasis on the redox reactions of the 
bicarbonate buffer is likely due to many factors, including the difficulties in employ-
ing the buffer in routine in vitro experiments [22,23]. In fact, pH maintenance is 
hardly manageable under these conditions because of the dynamic equilibrium 
between HCO3

−, H2CO3, dissolved CO2 (CO2(d)), and gaseous CO2 (CO2(g)) above 
the solution (Equations 4.1 and 4.2). Moreover, the detection and characterization 
of hypothetical oxidants derived from the bicarbonate buffer under physiological 
conditions are difficult [24].

The possibility of CO3
•− mediating biological damage had been occasionally sug-

gested prior to the 1990s [2–4,20]. The picture changed after Beckman and collabo-
rators proposed that tissue injury associated with conditions of NO• overproduction 
was due to the extremely rapid reaction of NO• with O2

•− (k = (4.3–19) × 109 M−1 s−1) 
to produce peroxynitrite* (Equation 4.3) [25]. This proposal greatly stimulated the 
study of peroxynitrite biochemistry. It soon became clear that one of the main bio-
logical targets of peroxynitrite was the physiologically ubiquitous CO2 (k = 2.6 × 
104 M−1 s−1; pH 7.4) [26]. Parallel studies by different groups established that this 
relatively rapid reaction produced NO3

− (65%), CO3
•− (35%), and NO2

• (35%) in the 
specified yields (Equation 4.4) (reviewed in [27–30]). Paramount to this conclusion 
was the unequivocal characterization of CO3

•− by continuous flow EPR of mixtures 
of peroxynitrite with HCO3

− or H13CO3
− [31].

 NO O ONOOi i+ ®- -
2  (4.3)

 ONOO− + CO2 → [ONOOCO2
−] → 0.35NO2

• + 0.35CO3
• + 0.65NO3

• + 0.65CO2 
 (4.4)

The demonstration that CO3
•− existed as an independent species in aqueous solutions 

at physiological pH and temperature stimulated the interest in the pathophysiologi-
cal roles of this radical. In recent years, CO3

•− has been proposed to be an impor-
tant mediator of the oxidative damage resulting from the production of peroxynitrite 
[5,27–29], the activity of xanthine oxidase (XO) [32], and the HCO3

−-dependent 
peroxidase activity of superoxide dismutase [11–14,33,34]. Additionally, the CO3

•− 
has been proposed to be responsible for the stimulatory effects of the bicarbonate 
buffer on oxidations mediated by H2O2/transition metal ions [16–19,21]. Studies of 
the enzymatic pathways involved in the formation of CO3

•− brought into focus per-
oxymonocarbonate (HOOCO2

−; HCO4
−), another oxidant derived from the bicarbon-

ate buffer [33–37].

* The term peroxynitrite refers to the sum of peroxynitrite anion (ONOO−, oxoperoxonitrate (–1)) and 
peroxynitrous acid (ONOOH, hydrogen oxoperoxonitrate) unless otherwise specified. Other abbrevia-
tions are defined in the text.
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Currently, the formation of CO3
•− from peroxynitrite has been largely elucidated 

and the role of this radical in partially mediating the toxic effects of peroxynitrite has 
been widely accepted. The situation is not as clear in the case of the other biological 
routes for CO3

•− production and for the pathophysiological roles of bicarbonate buffer-
derived oxidants other than CO3

•−. Nevertheless, the majority of the studies reporting 
effects of the bicarbonate buffer on oxidative processes relate to hydroperoxides, that 
is, either peroxynitrous acid/peroxynitrite or H2O2. These and other hydroperoxides 
are important metabolites of molecular oxygen that exert a variety of biological func-
tions. They can act as signaling molecules, as inflammation mediators, and as free rad-
ical generators, participating in cellular oxidative signaling and damage (Scheme 4.1). 
Therefore, it is worth examining the possible interactions between the HCO3

−/CO2 
pair and biological hydroperoxides, the circumstances in which they may occur, and 
the physiological consequences they may have. To explore these interactions, it is 
helpful to summarize the chemical biology of the individual players (Scheme 4.1).

GENERAL PROPERTIES OF THE HCO3
−/CO2 PAIR AND 

OF BIOLOGICALLY RELEVANT HYDROPEROXIDES

HCO3
−/CO2 Pair

The intracellular and serum concentrations of HCO3
− in humans are in the range of 

14.7–25 mM and are in equilibrium with 5% CO2 (1.3 mM) to render pH values of 
7.2 and 7.4, respectively (Equations 4.1 and 4.2). Although it is usually considered as 
thermodynamically and kinetically stable, CO2 has a strong affinity toward nucleo-
philes and electron-donating compounds due to the electron deficiency of carbonyl 
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SCHEME 4.1 The reactions of the HCO3
−/CO2 pair with hydroperoxides and their possible 

biological consequences are schematically shown. For clarity, the reactions were not balanced 
and some intermediates were omitted. The following notations are used: LOX, lipoxygenase; 
COX, cyclooxygenase; P450, cytochrome P450; XO, xanthine oxidase; L, Lipid; R, biomol-
ecule; NOS, nitric oxide synthase; PSH, thiol protein; P-Fe3+, iron(III) hemoproteins; and Mn+, 
transition metal ion.
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carbons [38]. Therefore, CO2 is an acid anhydride that rapidly reacts with water, alk-
oxides, and amines. This property is responsible for CO2 hydration and dehydration 
(Equation 4.2), which are relatively slow processes (kf = 3.0 × 10−2 s−1; kr = 1.16 × 101 s−1 at 
25°C) [37] that are catalyzed by carbonic anhydrase in animal and many plant cells. 
Among the known enzymes, carbonic anhydrase has one of the highest turnover 
numbers, illustrating the importance of the HCO3

−/CO2 pair in animal physiology.
Under physiological conditions, the affinity of CO2 for nucleophiles is responsible 

for its participation in metabolic reactions, in reversible binding to proteins, such as 
hemoglobin in blood, and in reactions with biological hydroperoxides. The latter 
reactions are usually initiated by the formation of an adduct product as a reversible 
reaction (Equation 4.5), whose equilibrium constant (K) varies linearly with the acid 
dissociation constant of the hydroperoxide (Ka) (Equation 4.6) [39]. Similarly, the 
fate of the produced adduct also depends on the intrinsic properties of the hydroper-
oxide, which are summarized here:

 ROO− + CO2 ⇌ ROOCO2
− (4.5)

 ROOH ⇌ ROO− + H+ (4.6)

With regard to redox reactions, both HCO3
− and CO2 are not directly and easily 

oxidized by most biological oxidants. Even the most potent oxidant, which is HO• 
(E° = 2.3 V), oxidizes HCO3

− (k = 8.5 × 106 M−1 s−1) (Equation 4.7) relatively slowly 
as compared to most of its biological targets (k ≥ 109 M−1 s−1). The carbonate anion 
(CO3

2−) reacts faster with HO• (k = 3 × 108 M−1 s−1) (Equation 4.8) but the high pKa 
of its conjugated acid (pKa = 10.32) (Equation 4.9) makes this reaction of limited 
biological significance. The oxidation of CO2 to CO2

•+ by an active Cu intermediate 
formed at the active site of the enzyme superoxide dismutase during its bicarbon-
ate-dependent peroxidase activity has been proposed [13]; however, this reaction 
is unlikely to occur due to the extremely high reduction potential of CO2

•+ [40,41].

 HCO3
− + HO• → CO3

•− + H2O (4.7)

 CO3
2− + HO• → CO3

•− + OH (4.8)

 HCO CO H
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3

10 32

3
2-

=
- ++�

K .

 (4.9)

It is worth mentioning that the product of CO2 reduction, the carbon dioxide anion 
radical (CO2

•−), has been reported to be produced during hydralazine [42] and car-
bon tetrachloride [43] metabolism, but the radical source was not attributed to the 
bicarbonate buffer. Similarly, pyruvate decarboxylation promoted by H2O2/transition 
metal ions or peroxynitrite produces CO2

•−, which is derived from the substrate [44]. 
In contrast with CO3

•−, which is a strong one-electron oxidant (E° = 1.78 V, pH 7.0), 
CO2

•− is a strong one-electron reductant (E° = −1.8 V, pH 7.0). It is capable of reduc-
ing molecular oxygen to O2

•−, triggering oxidative reactions, but it cannot directly 
promote oxidations.
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OrganiC HydrOPerOxides frOm BiOmOleCules

Lipid hydroperoxides (LOOH) are enzymatically formed by reactions cata-
lyzed by lipoxygenase, cyclooxygenase, cytochrome P450, and heme peroxidases 
(Scheme 4.1). Additionally, several classes of organic hydroperoxides (ROOH) are 
produced upon oxidation of biomolecules (lipids, proteins and DNA) by radicals and 
by singlet oxygen (1O2) [45–48]. Many of these biomolecule-derived hydroperoxides 
have started to become fully characterized only recently because of the advances in 
mass spectrometry. Although ROOH are relatively stable, they participate in bio-
logical reactions that can increase or decrease their toxicity. The toxicity is increased 
when ROOH are converted to RO• or ROO• by transition metal ions, hemoproteins, 
and other one-electron oxidants. The reactivity and toxicity decrease by enzymes 
that reduce ROOH by two-electron mechanisms to their corresponding alcohols. 
These enzymes, which are normally present in cells, are glutathione peroxidase 
(GPx), glutathione S-transferases (GST), and peroxiredoxins (Prx) [45,49,50]. It is 
worth noting that kinetic studies of many of these enzymes with biomolecule-derived 
hydroperoxides are still limited [51–53].

To the best of our knowledge, the effect of the bicarbonate buffer on the reactions 
and metabolism of ROOH has yet to be examined. These compounds are expected to 
have considerably high pKa values, making their efficient addition to CO2 (Equations 
4.5 and 4.6) unlikely under physiological conditions. The only pKa value we found 
reported in the literature was the pKa value of methyl hydroperoxide (11.5) [54]. It 
is also important to note that ROOH is a less efficient two-electron oxidant com-
pared to H2O2 and peroxynitrite because RO− is a worse leaving group than HO− and 
NO2

− [36,55,56].

PerOxynitrite

The diffusion-controlled reaction of NO• with O2
•− (Equation 4.4) is biologically 

relevant because it may limit NO• availability interfering with physiological sig-
naling mechanisms (Scheme 4.1). In addition, the reaction produces peroxynitrite 
(ONOO−/ONOOH), which is a hydroperoxide with unusual properties. Compared 
to other hydroperoxides, peroxynitrite has a low pKa (6.8) (Equation 4.10) and is 
present as a mixture of the anion and the acid (ONOO−/ONOOH) at most physi-
ological pHs. In contrast to ROOH (pKa ≥ 11.5) and H2O2 (pKa = 11.7) [54], a con-
siderable fraction of peroxynitrite is present as the anion form at pH 7.4, favoring 
its nucleophilic attack on CO2 to produce the nitrosoperoxo-carboxylate adduct in 
equilibrium (as in Equation 4.5). The K value of this equilibrium has been esti-
mated as 1 M−1 [39]. However, as the nitrosoperoxo-carboxylate adduct decom-
poses quite rapidly (k > 107 s−1), the overall reaction is usually not shown as an 
equilibrium reaction (k = 2.6 × 104 M−1 s−1) (Equation 4.4) [26]. Another difference 
between peroxynitrite and other hydroperoxides is that its O−O bond is prone to 
homolysis producing free radicals. The nature of the produced radicals varies with 
the agent that catalyzes it. Carbon dioxide-catalyzed homolysis produces CO3

•− 
and NO2

• (Equation 4.4) [31], whereas proton-catalyzed decomposition produces 
HO• and NO2

• (Equation 4.11) [57]; peroxynitrous acid decay is relatively rapid 
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(k = 1.1 s−1 at pH 7.4, 37°C) [58]. In contrast, the homolysis of other peroxides 
requires energy, such as heating and light or transition metal ions [59,60].

 
ONOO H ONOOH

p a

- +

=
+ �

K 6 8.  (4.10)

 ONOOH → 0.3HO• + 0.3NO2
• + 0.7NO3

− + 0.7H+ (4.11)

In summary, reaction with CO2 and, thus, the production of NO2
• and CO3

•− radicals, 
is an important consequence of peroxynitrite production in vivo due to the high con-
centration of CO2 in biological fluids and the considerable second-order rate constant 
of the reaction between CO2 and peroxynitrite [26]. The radicals NO2

• (E° = 1.0 V) 
and CO3

•− (1.78 V) are moderately strong and strong one-electron oxidants, respec-
tively, contributing to peroxynitrite-mediated toxicity [27,29,30]. The HCO3

−/CO2 
pair can also decrease peroxynitrite-mediated oxidation of specific targets in deter-
mined cellular compartments because it greatly reduces the half-life of peroxynitrite, 
limiting its diffusion distance (t½ values of 0.8 and 0.02 s in the absence and presence 
of 1.3 mM CO2, 37°C, respectively). The HCO3

−/CO2 pair also decreases the total 
concentration of oxidizing species from peroxynitrite as one molecule of the oxi-
dant is transformed into 0.7 radicals (0.35 NO2

• and 0.35 CO3
•−) (Equation 4.4). The 

production of HO• from peroxynitrite in physiological environments is less likely to 
occur than the formation of CO3

•− because of the competition of the ubiquitous CO2 
for the oxidant. Even CO2 may not compete with other biological targets, such as 
hemeproteins and thiol proteins, that quickly react with peroxynitrite (Scheme 4.1). 
In these reactions, peroxynitrite acts as a two-electron oxidant, although there are 
some exceptions in the case of hemeproteins [29]. The particularly high second-order 
rate constant of the reaction of peroxynitrite with thiol proteins from the peroxire-
doxin family (Prx) (105−108 M−1 s−1) argues for a role of these proteins in peroxyni-
trite detoxification. The chemical biology of peroxynitrite is reviewed in this book 
and elsewhere [29,30]. We summarized it here because the influence of CO2 on per-
oxynitrite toxicity is the better understood of the interactions of the bicarbonate buf-
fer with hydroperoxides.

HydrOgen PerOxide

Hydrogen peroxide is continuously produced from the spontaneous or SOD-
catalyzed dismutation of the O2

•−, which leaks from the mitochondrial electron 
transport chain during respiration. Additionally, H2O2 is produced from reactions 
catalyzed by several oxidases, such as NADPH oxidases (NOX), xanthine oxi-
dase (XO), and monoamine oxidase (MAO) (Scheme 4.1), and from chemical and 
photochemical processes. Hydrogen peroxide is a powerful two-electron oxidant 
(E° = 1.77 V). However, its reactivity toward most of biological molecules is low 
because of the high activation energy of these oxidations [61]. The most damaging 
effects of H2O2 in vivo are considered to be mediated by either transition metal ions 
or enzymes, such as heme peroxidases [48]. These processes generate secondary 
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species, which are more reactive than H2O2 and include radicals, such as R• and 
ROO•, and nonradical species, such as HOCl and related compounds. Reaction of 
H2O2 with reduced transition metal ions, such as copper (I) and iron (II), leads to 
the generation of HO• [62]. Under physiological conditions, H2O2 rapidly decom-
poses to by catalase and by seleno-, heme-, and thiol- peroxidases (Prx). Thus, 
the steady-state concentration of H2O2 in cells and tissues are expected to be low, 
that is, in the submicromolar range [63–65]. Substantial cellular increases in H2O2 
levels are expected to cause oxidative damage. In contrast, accumulating evidence 
indicates that transient and small increases in cellular H2O2 concentrations medi-
ate cellular signaling through the reversible oxidation of catalytic thiol proteins, 
including Prx [64–66].

Despite the high pKa of H2O2 (11.7), numerous studies have reported that the 
HCO3

−/CO2 pair increases H2O2-mediated oxidations at physiological pHs in vitro  
[16–19,21]. Since at these pHs the concentration of the deprotonated peroxide is 
quite low, it was not expected that its addition to CO2 (Equations 4.5 and 4.6) would 
contribute to the activation of H2O2 by the bicarbonate buffer to a large extent. This 
apparent contradiction was resolved by a comprehensive study of the formation 
of peroxymonocarbonate (HCO4

−) from the reaction between HCO3
− and H2O2 by 

Richardson and coworkers [37] (Equation 4.12). These authors determined the sec-
ond-order rate constants of the reaction of CO2 with HOO− and H2O2 (280 and 
0.02 M−1 s−1, respectively) by 13C NMR, pH jump experiments, and kinetic simula-
tions (Scheme 4.2). They concluded that the reaction of CO2 with H2O2 (perhydra-
tion) is similar to the reaction of CO2 with H2O (hydration). The particularity of the 
perhydration reaction can explain the occurrence of the reaction between H2O2 and 
CO2 at neutral pH, in contrast to organic hydroperoxides [39,54].

 HCO H O HCO H O
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H2CO4

HCO4
–

H2CO3CO2(d)

CO2(g)

H+ + HCO3
–

pKa ~ 3.4

pKa = 6.3
pKa = 11.7

H+ + HO2
–

H2O2
kf = 0.03 s–1

kf = 280 M–1s–1

kf = 0.02 M–1s–1

kr = 11.6 s–1

HCO4
– + H+

SCHEME 4.2 The mechanism of HCO4
− formation from H2O2/HOO− and the HCO3

−/CO2 
pair as proposed by Richardson and coworkers (Bakhmutova-Albert et al. [37]).
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Simple calculations based on the determined rate constants and the pKa of H2O2 show 
that at pH 7.4, the H2O2 and HOO− pathways contribute to approximately 59% and 
41%, respectively, of HCO4

− formation (Scheme 4.2) [37]. Therefore, the formation 
of HCO4

− at pH 7.4 is slow (k = 0.034 M−1 s−1) but has been shown to be acceler-
ated by carbonic anhydrase and by protein- and lipid-enriched environments [36,37]. 
Whether these accelerating effects can facilitate HCO4

− production in vivo remains 
an open question.

Up to this point, the determined rate constant values for HCO4
− formation under 

different experimental conditions are several orders of magnitude lower than those 
determined for H2O2 reacting with catalase and with seleno-, heme-, and thiol- per-
oxidases (Prx). In addition, the reaction equilibrium is displaced to reagents and only 
approximately 1% of the H2O2 concentration is present as HCO4

− at equilibrium 
(Equation 4.12). Although upon HCO4

− consumption the equilibrium reestablishes, 
the process is slow. These facts are responsible for the limited attention received 
by HCO4

− in the biological literature. However, HCO4
− is produced at neutral pH, 

albeit slowly, and affects several biological oxidations in vitro. Additionally, HCO4
− 

may also be produced at the active site of enzymes as evidenced during the catalytic 
activities of XO [32] and of SOD1 [33]. In the latter case, we showed that low steady-
state concentration of H2O2 (4–10 μM), generated by glucose/glucose oxidase and 
controlled by catalase addition, promoted the continuous oxidation of dihydrorhoda-
mine catalyzed by SOD1 in the presence of the pair HCO3

−/CO2 (Medinas et al. [33]). 
These results indicated that under a low and continuous flux of H2O2, HCO4

− forms 
and exerts its effects. Therefore, HCO4

− deserves attention as a hydroperoxide of 
potential biological importance.

A ROLE FOR PEROXYMONOCARBONATE IN REDOX BIOLOGY?

a newCOmer tO redOx BiOlOgy

Peroxymonocarbonate is an oxidant whose existence in equilibrium with H2O2 and 
HCO3

− has been known since the 1980s (Equation 4.12) [67,68]. Later, Richardson 
and coworkers studied HCO4

− equilibrium in water and alcohol/water mixtures, as 
well as the ability of the oxidant to oxidize alkyl sulfides, alkenes, and methionine by 
a two-electron mechanism [69–71]. However, investigators in the field of biochem-
istry did not consider HCO4

− until 2000. In 2002, we proposed HCO4
− as a possible 

intermediate in the production of CO3
•− during the oxidation of acetaldehyde cata-

lyzed by xanthine oxidase (XO) in bicarbonate buffer [27]. This proposal was sub-
stantiated by several lines of experimental evidences and was published in 2004 [32]. 
A year prior, Elam and coworkers suggested that HCO4

−-bound to superoxide dis-
mutase 1 (SOD1) was an intermediate produced during the bicarbonate-dependent 
peroxidase activity of SOD1 [72]. Although the mechanism they proposed did not 
hold after further studies, the participation of HCO4

− in this enzymatic activity has 
been supported by other independent investigations [31,41,73,74]. This brief histori-
cal account is to emphasize that HCO4

− is a newcomer in the field of redox biology 
and that its properties should be noted and compared with those of recognized bio-
logical hydroperoxides.
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COmParisOn Of PerOxymOnOCarBOnate witH OtHer HydrOPerOxides

Peroxymonocarbonate is a true hydroperoxide with the structure HOOCO2
−, accord-

ing to X-ray data [75] (Scheme 4.3). In contrast to H2O2, HCO4
− is negatively charged 

at physiological pH because its lower pKa is 3.4 [37,69]. Additionally, compared to 
H2O2 where both oxygens of the O−O bond have a similar tendency to undergo nucleo-
philic attack, in HOOCO2

−, the oxygen of the hydroxyl group is the more susceptible 
oxygen [76] (Scheme 4.3). As a two-electron oxidant, peroxymonocarbonate (E° = 
1.80 V) is as strong as H2O2 (E° = 1.77 V) and is stronger than ONOOH (E° = 1.40 V) 
[35,77]. However, the mechanism of the heterolytic oxidation by peroxides involves 
nucleophilic attack of the substrate on the electrophilic oxygen of the peroxide with 
displacement of the peroxide leaving group (Scheme 4.3). The second-order rate con-
stants of these reactions are usually higher for peroxides with better leaving groups, 
a property that inversely correlates with the pKa of the conjugated acid of the leaving 
group [55]. For ONOOH, HCO4

−, H2O2, and ROOH, the corresponding leaving group 
and the pKa value of the conjugated acid are NO2

− (pKa = 3.15), CO3
2− (pKa = 10.3), 

HO− (pKa = 15.7), and RO− (pKa = 18), respectively. Since the pKa values of alkyl 
alkoxides from biologically relevant organic hydroperoxides are not known, the value 
listed here is the one of tert-butyl alkoxide [56]. From the pKa value of the conjugated 
acid of the corresponding leaving group, it is possible to conclude that the reactivity of 
hydroperoxides in heterolytic oxidations follows the order: peroxynitrite > HCO4

− > 
H2O2 > ROOH. For instance, this trend holds for the heterolytic oxidation of bio-
thiols, although reactive thiol-proteins, such as Prx, increase the second-order rate 
constant of H2O2 reaction by several orders of magnitude as compared with that of low 
molecular thiols or BSA-SH, which are comparable (Table 4.1). Structural features 
of reactive thiol proteins that stabilize the transition state are likely involved in the 
extraordinary catalytic power of these enzymes [55,56,78]. The trend also holds for 
the heterolytic oxidation of biomolecules with different functional groups as becomes 
evident by comparing the second-order rate constant of the reactions of H2O2 with 
those of HCO4

− (Table 4.1) (Figure 4.1).
In the case of the hydroperoxide-mediated oxidation of biomolecules by one- electron 

mechanisms, the hydroperoxides require previous activation or cleavage to radicals 
by hemeproteins, transition metal ions or energy (light/heat). The only exception is 

O–

O

+:Nu O NuO + CO3
2– + H+

:Nu = R-SH
R-SOH
R1-S-R2
R1-B-(OR2)2

NuO = R-SOH
R-SO2H
R1-S(O)-R2
B(OH)(OR2)2

HCO3
–

O

C

H
δ+

pKa = 10.3

SCHEME 4.3 The mechanism of the two-electron heterolytic oxidation of biological nucleo-
philic targets by HCO4

−.
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TABLE 4.1
Comparison of Selected Second-Order Rate Constants for Two-Electron 
Oxidations Promoted by H2O2 or HCO4

−

Substrate H2O2 (M−1 s−1) HCO4
− (M−1 s−1) pH T (°C)

Thiol (-SH)

 GSHa 1.9 1.6 × 102 7.4 37

 BSAa 1.2 2.3 × 102 7.4 37

 PTP1Bb 24 2.5 × 104 7.0 25

 SHP-2b 15 2.1 × 104 7.0 25

 Papainb 43 1.2 × 104 7.0 25

 AhpEc 2.1 × 103 1.1 × 107 7.4 25

Sulfenic acid (-SOH)

 AhpEc 40 2.0 × 103 7.4 25

Thioether (R1-S-R2)

 Methionined 7.5 × 10−3 0.48 8.0 25

 α1-P1d 1.4 × 10−2 0.36 8.0 25

Boronate (R1-B-(OR2)2)

 CBE 3.6 1.71 × 102 7.4 37

Notes: PTP1B and SHP-2 are members of the protein tyrosine phosphatase family; AhpE, alkyl hydroper-
oxide reductase E; α1-P1, α1 proteinase inhibitor; CBE, coumarin-7-boronic acid pinacolate ester.

a Trindade et al. [36].
b Zhou et al. [79].
c The data from Reyes et al. [56] were used to calculate the second-order rate constant as a function of 

HCO4
− concentration.

d Richardson et al. [70].
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FIGURE 4.1 Log of pH-independent second-order rate constants for the thiol oxidation (k) 
of cysteine, BSA and AphE by ONOOH, HCO4

−, and H2O2 plotted against the pKa of the 
conjugate acid of the corresponding the leaving group (ROH). The second-order rate constants 
and the pKa values were taken from the literature [36,56,80,81].
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peroxynitrite, which decomposes to radicals by proton- and CO2-catalyzed reactions 
(Scheme 4.1). NMR studies showed that HCO4

− is stable in equilibrium with hydrogen 
peroxide and HCO3

−/CO2 solutions but it produces CO3
•− upon reduction by transition 

metal ions (Fenton chemistry) (Equation 4.13). This type of reaction between HCO4
− 

and metal ion complexes has been sparsely studied [14,16,19,82]. Nevertheless, it has 
been demonstrated to occur at the SOD-Cu(I) active site of the enzyme SOD1 during 
its bicarbonate-dependent peroxidase activity [33,34,41]. Using different strategies, 
these authors determined the second-order rate constant for the reaction of SOD-Cu(I) 
and HCO4

− to be 2.0 × 103 and 1.6 × 103 M−1 s−1 for the human and bovine enzyme, 
respectively. These values are two orders of magnitude higher than that estimated for 
the reaction between SODCu(I) with H2O2 (k = 13 M−1 s−1) [11].

 HOOCO2
− + Mn+ → HO− + CO3

•− + M(n + 1)+ (4.13)

Among the hydroperoxide-derived radicals, CO3
•− (E° = 1.78 V) is only less oxidiz-

ing than the HO• (E° =2.31 V). The latter reacts at the site of formation and oxidizes 
biomolecules by electron transfer and by addition to double bonds. In contrast, CO3

•− 
diffuses longer distances and usually oxidizes biomolecules by electron transfer or 
by hydrogen abstraction mechanisms, producing radicals from the oxidized targets 
[27]. The produced radicals can engage in further radical reactions, including cross-
linking reactions [83]. Indeed, CO3

•− promotes protein–protein and DNA–DNA 
cross-links [74,84,85]. CO3

•−, produced from peroxynitrite or from HCO4
−, is an 

important player in cell and tissue oxidative damage (Scheme 4.1).

COnsideratiOns aBOut PerOxymOnOCarBOnate fOrmatiOn in Cells

To discuss the possible HCO4
− formation in cells, it is instructive to examine further 

the second-order rate constants of its two-electron oxidation of molecules containing 
different functional groups (Table 4.1). In general, the second-order rate constant of 
HCO4

−-mediated oxidations is two to three orders of magnitude higher than that of 
H2O2-mediated oxidations. As noted, the remarkable exception is oxidation of the 
catalytic thiol of AhpE, which is a one-cysteine Prx from Mycobacterium tubercu-
losis [56]. In contrast to the slow oxidation of the catalytic thiol of AhpE by H2O2 
(k = 2.1 × 103 M−1 s−1), the catalytic thiols of mammalian Prx react with H2O2 with 
rate constants close to the diffusion limit (k > 107–109 M−1 s−1) [86,87]. It is conse-
quently unlikely that HCO4

− could react considerably faster than H2O2 with the cata-
lytic thiols of mammalian Prx. The picture changes in the case of Prx hyperoxidation, 
which is slower than catalytic thiol oxidation for both AhpE (k = 4.0 × 101 M−1 s−1) 
and mammalian Prx (k = 1.2 × 104 M−1 s−1) [88]. Prx hyperoxidation is the process by 
which the sulfenic acid resulting from Prx–SH oxidation (Prx–SOH) oxidizes further 
to sulfinic/sulfonic derivatives (Prx–SO2H/–SO3H). As shown in Table 4.1, AhpE 
hyperoxidation occurs approximately 100 times faster with HCO4

− than with H2O2. 
Relevantly, Prx enzymes in the sulfinic/sulfonic forms are not recycled by cellular 
reductants and become inactivated [50,65,89]. Therefore, the possibility of HCO4

− 
accelerating mammalian Prx hyperoxidation and inactivation is worth exploring. 
Preliminary studies from our laboratory with human Prx1 in vitro are indicating 
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that HCO4
− accelerates enzyme hyperoxidation and inactivation (ongoing work). If 

HCO4
− contributes to the inactivation of Prx in vivo, the steady-state concentration 

of H2O2 is likely to increase. In parallel, the steady-state concentration of HCO4
− is 

also likely to increase and these changes may affect cellular signaling and damaging 
pathways (Scheme 4.1).

With regard to cellular redox signaling, it is relevant noting that HCO4
− oxidizes 

PTP1B and SHP-2, which are members of the protein tyrosine phosphatase (PTPs) 
family, three orders of magnitude faster than H2O2 (Table 4.1) [79]. Despite PTPs 
reacting slowly with H2O2 in vitro, several evidences indicate that they are important 
targets in H2O2-mediated signaling. The physiological bicarbonate buffer may be 
part of the solution of this enigma by increasing the rate of PTPs oxidation by H2O2 
via HCO4

−. As the increase in rate is small, PTPs cannot compete for H2O2 with Prx. 
Therefore, bicarbonate buffer may act in tandem with other biological characteris-
tics, such as colocalization and compartmentalization [65,79].

The comparison of the second-order rate constants of the oxidation of boronates 
by H2O2 and HCO4

− (Table 4.1) also has important implications. Boronate deriva-
tives that become oxidized and fluorescent upon nucleophilic attack by peroxynitrite 
and H2O2 are being extensively employed to detect these oxidants in cells (for a 
review, see [90,91]). Different boronate derivatives have been synthesized and the 
second-order rate constants of their oxidation by peroxynitrite and H2O2 have been 
determined [92,93]. The bicarbonate buffer has been reported to increase boronate 
oxidation by H2O2; however, the data were not shown and the second-order rate con-
stant was not reported [94]. Here, we show that the HCO3

−/CO2 pair increases the 
oxidation of coumarin-7-boronic acid pinacolate ester (CBE) by H2O2 (Figure 4.2). 
The determination of the second-order rate constants showed that it is higher for 
HCO4

− (1.7 × 102 M−1 s−1) than for H2O2 (3.6 M−1 s−1) by two orders of magnitude, 
as expected from a SN2 mechanism (Figure 4.2 inset, Table 4.1). Accordingly, the 
second-order rate constants of peroxynitrite-mediated oxidations are on the order of 
106 M−1 s−1 [92,93]. It has been alleged that the fluorescence of boronate derivatives 
in cells that do not synthesize peroxynitrite can only be attributed to H2O2 because of 
the high pKa of the conjugated acid of the organic hydroperoxide leaving group [90]. 
However, boronate fluorescence in these cells may well result from HCO4

− formation 
(Figure 4.2). More recently, amino acid- and protein-derived hydroperoxides were 
shown to react with boronates, but the determined rate constants (kCBA = 7–23 M−1 s−1) 
were one to two orders of magnitude lower than those expected for HCO4

− [95].
The data discussed here present new perspectives for the consideration of HCO4

− 
as a relevant biological hydroperoxide. For instance, the well-controlled use of 
boronate derivatives in cells producing H2O2 levels that are insufficient to promote 
extensive biomolecule peroxidation in the presence and absence of the HCO3

−/CO2 
pair may suggest HCO4

− formation. Although these experiments have yet to be 
performed in controlled atmospheres, they may resolve the questioning of HCO4

− 
 production in cells.

HCO4
− has been largely disregarded as an important biological oxidant because of 

the low second-order rate constant of the reaction between CO2 and H2O2 at neutral 
pH and because of the low percentage of H2O2 present as HCO4

− after equilibra-
tion. The available quantitative data were obtained in aqueous solutions, but the rate 
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of HCO4
− formation may increase in more physiological conditions, as indicated 

by the accelerating effect of carbonic anhydrase [37]. Unfortunately, there are no 
quantitative data about this accelerating effect. Likewise, limited quantitative data 
are available for HCO4

− formation at the active site of XO [32] and of SOD1 [33]. 
It is certainly unexpected that in aqueous solutions, CO2 can compete with enzymes, 
such as catalase and seleno-, heme-, and Prx that react with H2O2 with extremely 
high second-order rate constants. However, enzymes are compartmentalized in cells, 
which are constantly producing CO2 from respiration. If the cells are producing H2O2 
in parallel, then HCO4

− formation could occur in certain compartments and promote 
oxidative damage. All of these considerations indicate that it is premature to exclude 
HCO4

− as a possible mediator of CO2 toxicity.

SUMMARY

The increasing levels of atmospheric CO2 suggest that a better comprehension of 
how this increase may affect life on Earth is needed. It is known that high CO2 lev-
els (hypercapnia) cause acute and long-term toxicity to animals exposed to them. 
Levels of CO2 above the physiological levels also occur in clinical situations, such 
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as emphysema, respiratory muscle paralysis, and pulmonary fibrosis. These clinical 
conditions are usually associated with oxidative damage, but the knowledge regard-
ing the role of the main physiological buffer, the HCO3

−/CO2 pair, in oxidative dam-
age is partial and limited to the CO3

•− radical generated from peroxynitrite. Here, 
the reactions of the HCO3

−/CO2 pair with biological hydroperoxides (peroxynitrite, 
H2O2, and organic hydroperoxides) are summarized. The possible biological con-
sequences of these reactions are discussed. Peroxymonocarbonate (HCO4

−), which 
is produced from the reaction between H2O2 and CO2, was emphasized because its 
role in redox biology remains unproven. We conclude that it is premature to exclude 
the possibility of HCO4

− formation in vivo and that further studies are required to 
advance the understanding of CO2 toxicity.
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INTRODUCTION

Biological systems are continually exposed to endogenous and exogenous free radi-
cals and two-electron oxidants. The processes that give rise to these species have 
been reviewed (e.g., [1]). Usually the formation and reactions of these species are 
limited by defensive systems within cells and organisms, with these including low- 
molecular-mass scavengers (e.g., ascorbic acid, thiols, quinols, tocopherols, carot-
enoids, polyphenols, urate), enzymes that remove oxidants directly (e.g., superoxide 
dismutases), enzymes that remove oxidant precursors (e.g.,  peroxiredoxins, gluta-
thione peroxidases, and catalases that remove peroxides), and enzyme systems that 
repair or remove damaged materials (methionine sulfoxide reductases, disulfide 
reductases/isomerases, sulfiredoxins, proteasomes, lysosomes, proteases, phospho-
lipases, DNA repair enzymes) [1].
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Despite this plethora of defense systems, elevated levels of oxidative damage 
have been detected in a wide range of human, animal, microbial, and plant systems 
(reviewed [1]). This may be due to increased oxidant levels, a decrease or failure of 
defense systems, or both. In many cases both are likely to be important, as defense 
systems are themselves subject to damage or depletion of critical cofactors required 
for activity. Aging is known to result in decline in enzyme activity, and lower levels 
of essential trace elements and metabolites, with this decline often accelerated by 
disease or environmental factors (reviewed [1]).

A large number of potential oxidants can be generated in vivo, and these species 
can vary markedly in their reactivity and specificity (reviewed: [2]). The resulting 
damage is therefore highly variable and complex. Some species, such as hydroxyl 
radicals (HO•), are relatively unselective and cause damage to nearly all biological 
targets, while other oxidants may react very slowly and with very high selectivity 
with a limited number of particular targets [2]. As HO• is highly reactive and short-
lived, it can only diffuse a very short distance before it reacts, whereas less chemi-
cally reactive species have longer biological half-lives, can diffuse long distances, 
and hence give rise to damage at remote locations [3]. Many oxidant reactions give 
rise to secondary oxidants, of different reactivity and lifetimes than the initial spe-
cies, further complicating the analysis of damage. Some of these interconversion 
processes are illustrated in Figure 5.1. Understanding the nature and reactivity of 
potential oxidants and the patterns and extents of damage that they induce is there-
fore critical. This article will focus on the role of peroxides as initiators, intermedi-
ates, and products of protein modification.
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FIGURE 5.1 Interconversion pathways of some oxidants (two-electron species and radicals) 
of biological relevance. This is not exhaustive, and it should be noted that some of these pro-
cesses occur in low yield (e.g., the hemolysis of ONOOH to radicals [154]).
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SIGNIFICANCE OF PROTEINS AS OXIDATION TARGETS

As most oxidants react with multiple targets, there is the possibility of damage to 
all major classes of biological molecules. The extent of damage to these materials 
depends on multiple factors, including the absolute and relative concentrations of 
particular targets, the rate constants for reaction of a particular oxidant with dif-
ferent targets, the locations of the target and oxidant, the occurrence of secondary 
reactions including chain processes, intra- and inter-molecular transfer reactions, 
and the occurrence of repair and oxidant scavenging reactions [2]. Although each 
of these factors can be important, the initial sites of damage appear to be predomi-
nantly driven by the first two—concentrations and rate constants, and specifically 
the product of these two parameters. Proteins are the major (non water) components 
of most biological systems with concentrations in plasma of 1–3 mM, and 5–10 mM 
in cells (calculated assuming an average protein molecular mass of 25–50 kDa), 
and consequently these are likely to be major targets [2,4], especially when the 
rate constants for reaction of oxidants with proteins are high, as they are in many 
cases [2,5–9]. Rate constant and abundance data have allowed “guesstimates” of 
the likely fate of different oxidants in cells, and in most cases, proteins have been 
predicted to be major targets (e.g., values for oxidant consumption by proteins of 
65%–70% for HO• and singlet oxygen [10,11]). The extent of damage and its impor-
tance are not however necessarily equivalent, as limited damage to a critical target 
may be of much greater importance than a high extent of modification of redundant 
or unimportant targets.

PEROXIDES AS INITIATORS OF PROTEIN OXIDATION

Peroxides can act as both direct and indirect initiating agents in protein damage. 
Direct reaction of peroxides with proteins is often limited in extent and occurs with 
slow rate constants, though there are exceptions to this.

Direct OxiDatiOn reactiOns

Direct reaction of H2O2 and other peroxides with protein side chains is predomi-
nantly limited to specific side chains and particularly to sulfur and selenium residues 
(i.e., cysteine [Cys], cystine, methionine [Met], and the rare amino acids selenocys-
teine [Sec] and selenomethionine [SeMet]). Reaction with other amino acid chains 
is negligible under most physiologically relevant conditions. Of these susceptible 
sites, reaction with the selenol function (RSeH) of Sec is the most rapid, as sele-
nium is more readily oxidized and is a better nucleophile than sulfur, particularly 
when the selenol group is present in its ionized (RSe−) form as is usually the case 
at physiological pH values (cf. a pKa of ~4.8 for Sec [12]). The occurrence of Sec 
in biological samples is limited, with these primarily found in selenoproteins with 
specific functions (e.g., glutathione peroxidases, thioredoxin reductases, and some 
isoforms of methionine sulfoxide reductase) with these residues typically involved in 
catalytic activity, including reaction with H2O2 in the case of glutathione peroxidases 
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(and lipid hydroperoxides for GPx4) [13,14]. Reaction of peroxides with selenols is 
believed to generate transient selenenic acids (RSeOH), but these are highly reactive 
and typically react with a thiol molecule to give a mixed RSeSR′ adduct. In (rare) 
cases where the concentration of the selenol is high, a diselenide can be formed. In 
situations where reaction with a thiol (or another selenol) is not rapid, further oxida-
tion of the selenium center can occur to give seleninic (RSeO2H) and selenonic acids 
(RSeO3H). The latter undergo rapid β-elimination to give dehydroalanine, a known 
precursor of protein cross-links [15,16].

Direct reaction of thiols with peroxides can be a significant reaction, but the 
rate constants for these reactions vary dramatically. With neutral Cys residues 
(i.e., RSH), reaction with H2O2 is relatively slow [17,18] (cf. k2 for reaction with the 
Cys34 residue of BSA of ~34 M−1 s−1 [19]), but ionization of a Cys residue to give 
the corresponding thiolate (RS-) enhances the rate of reaction [6]. Thus proteins 
with low pKa thiol residues can be significant targets for H2O2. The protein structure 
and environment also affect the rate of these reactions, with the presence of suitable 
groups that can promote weakening of the oxygen–oxygen bond in the peroxide 
(e.g., by acting as a proton source to protonate the leaving group) can dramatically 
enhance the rate constant for reaction [20]. Thus peroxiredoxins have rate constants 
for reaction with H2O2 of ~107 M−1 s−1 [21]. There is therefore a wide range of rate 
constants for reaction of peroxides with thiol groups present on proteins. These 
reactions yield short-lived sulfenic acids (RSOH), which undergo further reactions, 
with a major route being formation of cystine or mixed disulfides (RSSR′) [22]. 
These types of reactions play critical roles in the enzymatic cycles of peroxide 
removing enzymes such as the peroxiredoxins, where the second (resolving) Cys is 
present within the same protein (or on another molecules) [20]. Other reactions can 
also occur, including over oxidation to give sulfinic (RSO2H) and sulfonic (RSO3H) 
acids, and reaction with amines and amides to give sulfenamides and sulfonamides, 
amongst others [23]. Similar reactions occur with a wide range of other peroxides, 
as well as H2O2, and are important redox switches that control enzyme activity and 
cell-signaling processes.

Evidence has been presented for slow reaction of H2O2 with Met residues on  proteins, 
with this giving rise to the corresponding sulfoxide. The rate constants for such reac-
tions are poorly defined, but appear to be in the range 10−2 ~ 10−3 M−1 s−1 [24]. Similar 
processes occur with the rare amino acid residue selenomethionine [25,26]. Such 
reactions would be expected to be faster, as the selenium center is a better nucleo-
phile, but these are not well defined. Given the slow rate of reaction of peroxides with 
Met, this type of process is unlikely to be of major significance in viable cells, where 
rapid and effective removal of H2O2 can occur [27]. However, in other situations, this 
type of process may be a significant source of protein damage (e.g., with protein- or 
peptide-based medicines on prolonged storage [28–30]).

Limited evidence has been presented for reaction of cystine (i.e., the disul-
fide) with H2O2 [31]. This is typically a slow process, but may be significant in 
some circumstances when favorable conformations or environments are pres-
ent [32]. Thus reaction with the strained 5-membered ring disulfides, lipoic acid 
and lipoamide, has been characterized with the initial product being the mono-
oxide (disulfide S-oxide), but further reaction to give a dioxide and sulfonic acids 
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(i.e., cleavage of the disulfide bond) can occur [33–36]. The disulfide S-oxides are 
moderate oxidants and can react further with thiols, resulting in the formation of 
new disulfide bonds and sulfenic acids [36]. Whether these types of reactions are 
of biological significance in vivo remains to be established.

Direct reactions of peroxides with other residues at physiological pH values and 
temperatures do not appear to be significant processes, though some evidence has 
been reported for Trp oxidation at elevated temperatures [37,38].

inDirect PerOxiDe-MeDiateD PrOtein OxiDatiOn reactiOns

The most widely studied, and probably most important, indirect mechanism 
through which peroxides can initiate protein damage is metal-ion catalyzed decom-
position of the peroxide to give HO• (from H2O2) and RO• (from alkyl, aryl, and 
lipid hydroperoxides and peroxides). These reactions are usually termed Fenton, 
or pseudo-Fenton, reactions, with the resulting radicals undergoing hydrogen atom 
abstraction, electron abstraction, and addition reactions with protein side chains 
and the backbone ([39,40], see also [41]). These types of reactions have been 
widely reviewed (for a recent discussion, see [2]). Formation of carbon-centered 
radicals on proteins under conditions where O2 is present results in the genera-
tion of peroxyl radicals (ROO•), which can then undergo multiple complex fur-
ther reactions that can give more H2O2 and hydroperoxides. These reactions have 
been recently reviewed [2]. Thus peroxides can be initiators of protein damage, 
be formed as intermediates during oxidation processes on proteins, and also be 
 products of such damage.

A second pathway to indirect peroxide-mediated protein damage is via the 
action of H2O2 as a cofactor for peroxidase and oxidase enzymes (e.g., myeloper-
oxidase, eosinophil peroxidase, lactoperoxidase, peroxidasins) and other heme pro-
teins (e.g., myoglobin and hemoglobin) [42]. Reaction of H2O2 with the iron heme 
centers of such enzymes generates high-oxidation state species (e.g., Compound 
I from the Fe3+ form, Compound II from the Fe2+ form) that can initiate electron 
transfer reactions both within proteins (reviewed in [43]) and with other target spe-
cies [44]. Thus Compound I of myeloperoxidase is known to oxidize Tyr residues 
to the corresponding phenoxyl radical (TyrO•) and indole derivatives (e.g.,  Trp, 
and species related to Trp) to indolyl radicals [45–48]. Related species formed 
from myoglobin and hemoglobin have been shown to induce protein–protein radi-
cal transfer (probably via electron transfer), with this resulting in the formation Tyr 
phenoxyl, Trp indolyl, and Cys-derived thiyl radicals on target proteins [49–51]. 
Subsequent reactions of Tyr phenoxyl and Trp indolyl radicals, if these are not 
repaired by reaction with ascorbate, urate, or GSH [52–55], can give to peroxides 
on these residues. Thus both Tyr phenoxyl and Trp indolyl radicals can give rise 
to rapid reaction with superoxide radicals (O2

•−) to give hydroperoxides [56–59]. 
Trp indolyl radicals and related species undergo reaction with O2 to give peroxyl 
radicals, which can then undergo hydrogen atom abstraction reactions to yield per-
oxides [59–61]. The corresponding reaction of O2 with Tyr phenoxyl radicals is 
however slow, k < 103 M−1 s−1 [62], and does not appear to be a major source of 
peroxyl radicals and hydroperoxides.
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FORMATION OF PEROXIDES DURING 
PROTEIN MODIFICATION

As most carbon-centered radicals react rapidly with O2 (with rate constants at 
or close to the diffusion limit, i.e., k ~ 109 M−1 s−1 [9], though reaction with Trp 
indolyl and Tyr phenoxyl radicals are much slower—see earlier in Indirect Peroxide-
Mediated Protein Oxidation Reactions), and there is an abundance of targets with 
which the resulting ROO• can react by hydrogen atom abstraction, it is not surprising 
that hydroperoxides can be generated in high yields (see Table 5.1). However, as 
these species often undergo subsequent reactions, they are both major intermediates 
and products formed on protein oxidation.

The formation of peroxides on proteins as a result of oxidation is not a new discov-
ery, with the first report on these being from 1942 [63], though subsequent research 
was sporadic for several decades. Alexander and colleagues [64] showed that BSA 
which had been subjected to irradiation, could induce polymerization of methacry-
late, with this being ascribed to the presence of peroxides on the irradiated protein. 
Occasional reports on protein peroxides appeared in the radiation chemistry/biology 
literature up to the 1980s, but in-depth research on this topic only began to appear in 
the 1990s; early work is reviewed in [10] and recent data in [2].

Steady-state γ-irradiation experiments have shown that amino acid, peptide, and 
protein hydroperoxides can be formed in high yield when these species are exposed to 
HO• in the presence of O2 [10] (Table 5.1). Early studies were confounded by the pres-
ence of both H2O2 and hydroperoxides in the irradiated samples, but the use of cata-
lase that efficiently removes the former but not the latter has allowed quantification of 
amino acid and protein hydroperoxide yields [10,65]. Considerable evidence has now 
been presented to show that this type of chemistry is not limited to HO•/O2 systems, 
with many oxidizing systems involving radicals, and other oxidants (e.g., 1O2), now 
known to give these species when molecular oxygen is present [2]. The hydroperoxide 
yields vary with the oxidant, the reaction conditions, and the targets present, due to the 
occurrence of other competing processes, but there are limited examples where these 
are not detected [2,10]. Examples of some of the systems that are known to give rise to 
hydroperoxides are illustrated in Figure 5.2.

Exposure of free amino acids to γ-irradiation in the presence of O2 yields hydro-
peroxide in a radiation dose-dependent manner [65–70]. The yields are highly 
dependent on the structure of the amino acids [67], with the maximum levels corre-
sponding to ~40% of the initial HO• generated [65,67]. This is likely to be an under-
estimate of the true level, as hydroperoxides are known to undergo decomposition 
during continued irradiation (via electron-induced cleavage of the peroxide bond) 
and via thermal degradation processes. Some amino acids (Cys, cystine, Ser, Thr) 
give negligible yields [67], which have been rationalized in terms of the chemistry 
of the radicals formed on the amino acid [2,71]. In the case of Ser and Thr, this is 
due to alternative reactions of the ROO• formed during the initial oxidation, with 
these undergoing elimination reactions to give H2O2 rather than amino acid hydro-
peroxides [72]. Aromatic amino acids give moderate yields, due to the occurrence 
of alternative reactions at the aromatic rings, though this is dependent on the radi-
cal and reaction conditions. High yields are detected from amino acids with large 
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numbers of aliphatic C–H bonds (Val, Leu, Ile, Glu, Lys, Pro) from which hydro-
gen atom abstraction and subsequent ROO• formation can occur [65,67]. Some of 
these hydroperoxides have been characterized in detail (e.g., from Leu, Val, and Lys 
[73–75]), but in other cases these are less well defined. For free amino acids, the yield 
of α-carbon hydroperoxides is low (e.g., only low levels are detected with free Gly) 
consistent with a slow rate of hydrogen abstraction from this site as a result of the 
influence of the protonated amine function [2,10,68].

For Tyr, a major route to hydroperoxide formation is via reaction of phenoxyl rad-
icals formed by ring oxidation and subsequent deprotonation at the hydroxyl group, 
with O2

•−. This radical–radical reaction is very rapid, and near the diffusion limit, 
as a result of the low energy barrier, and is an efficient pathway to peroxide forma-
tion due to the long lifetimes (and hence higher steady-state concentrations) of the 
parent radicals. Multiple isomers can be formed via addition of O2

•− at the different 
ring positions, but reaction at C1 (the site of –CH2- attachment) and C3 (ortho to 
the –OH group) predominate, as these are the sites of the highest spin density in the 

TABLE 5.1
Efficiency of Hydroperoxide Formation (Number of Hydroperoxide 
Groups Formed per HO• × 100) on Free Amino Acids Exposed 
to γ-Radiation at pH 7.4)

Amino Acid Peroxidation Efficiency

Valine 49

Leucine 44

Proline 44

Isoleucine 43

Lysine 34

Glutamic acid 28

Tryptophan 18

Glutamine 16

Arginine 13

Alanine 11

Aspartic acid 6

Phenylalanine 5

Histidine 4

Glycine 3

Tyrosine 3

Asparagine 2

Hydroxyproline 2

Cysteine 0.4

Methionine 0

Serine 0

Threonine 0

Source: Gebicki, S. and Gebicki, J.M., Biochem. J., 289, 743, 1993.
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parent phenoxyl radical. The C1 species is the more stable species due to its tertiary 
structure [56–58,76–80]. The C1 hydroperoxide has also been detected with HO• 
from Fe2+/H2O2 [57]. Analogous processes generate hydroperoxides from Trp indolyl 
radicals [59], though these are less well characterized.

High yields of endo- and hydroperoxides are formed from Tyr and Trp, and also 
His, via cycloaddition reactions of singlet oxygen (1Δg; 1O2) to the aromatic rings 
(reviewed [11,81,82]. 1O2 can be generated in biological systems by multiple routes 
(reviewed [11,81,82]) including light-mediated reactions (Type 2 photochemical 
processes), enzymatic (peroxidase-, lipoxygenase-, and cyclooxygenase- and heme-
mediated reactions), and chemical reactions (e.g., termination reactions of peroxyl 
radicals, reaction of H2O2 with HOCl, via ozone-mediated reactions, and from some 
ONOO−/ONOOH reactions). The endoperoxides formed from Tyr, Trp, and His can 
undergo ring-opening reactions to give hydroperoxides at ring positions, with these 
including hydroperoxides at C1 and C4 for Tyr; C3 for Trp; and C2, C4, and C5 for 
His. The structures of some of these species have been elucidated by MS and NMR 
[59,83–91]. 1O2 reacts rapidly, by addition, with the sulfur atoms of Cys and Met 
residues to give peroxidic species [92–94]. The subsequent reactions of these spe-
cies are not fully understood, though Cys gives cystine as a major product, but also 
thiosulfinates and oxy acids, whereas reaction with Met gives variable yields of the 
sulfoxide and H2O2 [92–94].

With peptides, side-chain hydroperoxide formation remains an important pro-
cess, but increased yields of backbone hydroperoxides are also formed, due to the 
increased generation of initial α-carbon radicals as a result of the absence of the 
deactivating protonated amine function, and capto-dative stabilization of these radi-
cals. Thus the yield of backbone peroxide increases with increasing chain length 
for small peptides (e.g., [Ala]n and related species [68,95,96]). With large peptides, 
and particularly those with defined secondary structure (e.g., β-sheets), access to the 
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α-carbon sites appears to be a significant barrier to the generation of these species, 
and consequently the yield of peroxides formed on proteins is variable. However 
there are few, if any, proteins that do not give rise to peroxides on exposure to a wide 
range of radicals (or radical-generating systems) in the presence of O2, or 1O2 [2].

Protein hydroperoxides are typically formed at multiple sites on proteins 
(e.g.,  with HO•/O2) [2], but examples are known where hydroperoxide formation 
is highly specific, both with regard to amino acid type and location. Site-specific 
formation of Tyr phenoxyl and also Trp indolyl radicals can result in hydroperoxide 
generation at specific residues via reaction with O2

•− [77–79,97], or for Trp residues 
by the addition of O2 at C3 of indolyl radicals, to give a C3 peroxyl radical, and hence 
a C3 hydroperoxide. This last pathway may be protein specific, as O2 does not affect 
the rate of decay of free Trp indolyl radicals, indicating that k2 for O2 addition must 
be < ~105 M−1 s−1 and a lot slower than radical dimerization (k2 for free Trp radicals 
~7.3 × 108 M−1 s−1 [59]). Whether related chemistry occurs with His-derived radicals 
is unknown.

While many of the peroxides formed on proteins are similar to those formed on 
amino acids and small peptides, the decreased rate of radical–radical termination 
and radical–molecule repair reactions for protein radicals, for steric and electronic 
reasons, appears to increase hydroperoxide yields as these will result in an increased 
extent of O2 addition to carbon-centered radicals to give ROO• and hence hydroper-
oxides, and O2

•− addition to Tyr phenoxyl and Trp indolyl radicals.

PEROXIDES AS PRODUCTS OF PROTEIN OXIDATION

Amino acid, peptide, and protein hydroperoxides can have lifetimes of hours–weeks 
when kept under appropriate conditions (low temperatures, absence of light and metal 
ions, reductants, and other reactive species such as enzymes [65]). For some proteins, 
~30% of the initial hydroperoxide remained after one week at room temperature 
[65], but a half-life of ~1.5 days has been estimated for others [67]. Elevated tem-
peratures, redox active metal ions (e.g., Cu+, Fe2+ [65,68,69,98,99]), UV light [70], 
or reductants (e.g., dithionite, triphenylphosphine, ascorbate, GSH, sodium borohy-
dride, but not NADH and NADPH [65,67]) can induce rapid decay. Those formed 
at tertiary carbon sites or at sterically isolated sites on proteins appear to have the 
greatest stability [10,67–69]. Some protein hydroperoxides can survive enzymatic 
digestion by proteolytic enzymes such as pronase [100], thereby aiding analysis.

The hydro- and endoperoxides formed on amino acids, peptides, and proteins can 
be detected by multiple methods (reviewed [2]), including classical titration meth-
ods (e.g., using KMnO4, iodometric, or Ti3+ [101]); by spectrophotometric reactions 
(e.g., the ferric iron–xylenol orange, FOX, assay, where the hydroperoxide oxidizes 
Fe2+ to Fe3+, which forms a complex with xylenol orange that absorbs strongly at 
560 nm [102,103]); by chemiluminescence using microperoxidase and luminol [70]; 
by reaction with (nonfluorescent) coumarin boronic acid probes to give fluorescent 
products (e.g., 7-hydroxycoumarin); and by mass spectroscopic (MS) approaches, as 
peroxides give distinctive m/z +32 peaks (e.g., [84–88,95,96]). Peroxide stability is 
a significant constraint for some of these assays (e.g., the elevated temperatures used 
in some MS protocols), as is the requirement for the pretreatment to remove H2O2 in 
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others (e.g., titrations and FOX assays). This makes absolute quantification difficult, 
as does the absence of appropriate standards. MS can be valuable in determining the 
sites, and identities of both initial peroxides and the sites (and yields) of alcohols 
(m/z +16) arising from hydroperoxide decomposition/reduction [57,73–75,95].

AMINO ACID, PEPTIDE, AND PROTEIN HYDROPEROXIDE 
FORMATION IN VITRO AND IN VIVO

There is increasing direct and indirect evidence for hydroperoxide formation in com-
plex systems, but the exact identity of these species is less clear. Incubation of iso-
lated low-density lipoproteins with O2

•− [104], or human macrophage–like THP-1 
cells, gives hydroperoxides on both the apolipoprotein B100 protein and lipids [105]. 
Exposure of a number of different cells (e.g., mouse myeloma, monocyte-derived 
U937, and HL-60 cells) to HO• generated by γ-irradiation generates hydroperox-
ides at concentrations in the low micromolar to millimolar range [106–108]. This 
occurred under conditions where no lipid or DNA damage could be detected (though 
this may be method related), and have been interpreted as indicating that proteins are 
both the major and initial targets for radiation-generated radicals [106,107]. As the 
peroxide concentration was independent of the medium used, only radicals gener-
ated in close proximity to or within cells appeared to be the source of the peroxides 
in accordance with the very high reactivity of HO• [107]. In other studies (HL-60 
cells [108]) protein hydroperoxide formation occurred after a lag phase, which has 
been ascribed to the action of endogenous antioxidants (e.g., GSH and ascorbate) 
in preventing hydroperoxide formation, or removing them once formed [108]; this 
interpretation is supported by data from supplementation and depletion studies [108].

ROO• (from the thermally labile azo compound AAPH in the presence of O2) also 
generates protein peroxides in HL-60, U937, and human monocyte-derived mac-
rophage cells [109,110], and visible light photolysis in the presence of the sensi-
tizer Rose Bengal formed protein peroxides in murine macrophage-like (J774A.1) 
or human monocyte (THP-1) cells or cell lysates [96,111,112]. The peroxide yields 
in these latter experiments were enhanced in D2O, and decreased by sodium azide, 
consistent with the involvement of 1O2 [111,112].

Evidence has also been provided for peroxide formation on endogenous or exog-
enous proteins by appropriately stimulated cells. Stimulated neutrophils can generate 
hydroperoxides on free Tyr [113] or enkephalins [97] via myeloperoxidase-medi-
ated reactions involving Tyr phenoxyl radical formation and reaction with O2

•− [97]. 
Hydroperoxides have also been detected on fresh human plasma proteins exposed 
to 1O2 generated by photosensitizers ([96], Silvester, unpublished data); HPLC frac-
tionation indicated that the majority of the peroxides coeluted with human serum 
albumin.

Less direct evidence is available for hydroperoxides in intact normal or dis-
eased tissues, probably reflecting the short half-lives and/or reactivity of these spe-
cies [2]. However, considerable indirect evidence is available via the detection of 
(presumed) decomposition products such as carbonyls and alcohols. While there 
is good evidence that hydroperoxide decomposition gives these products, the 
quantitative significance of these pathways is unknown (though this can be near 
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quantitative in vitro [73–75,114]). The detection and quantification of proteins car-
bonyls in healthy and diseased tissues have been reviewed in multiple articles (e.g., 
[1,115–122]), but whether these reflect (wholly or partially) hydroperoxide forma-
tion is unclear. Elevated levels of protein-derived alcohols, which can be formed 
from hydroperoxides by reduction, have been detected in multiple tissues, including 
atherosclerotic lesions [123], cataractous and normal-aged lenses [124], and diabetic 
materials [125]. Quantitative data have been obtained for particular Leu- and Val-
derived species in human atherosclerotic lesions (50–100 μmol/mol parent amino 
acid, 1–4 pmol/mg wet mass of intimal tissue) [123] and in advanced human lens 
cataracts (200–400 μmol oxidized amino acid per mole parent amino acid, 60–120 
picomol oxidized amino acid/mg of dried lens tissue) [124]. On the basis of these 
numbers, and estimates of protein concentrations in cells and their composition, 
the total flux of protein hydroperoxide formed are 50–100 μmol hydroperoxide for 
the proteins in advanced atherosclerotic lesions, and 200–400 μmol hydroperoxide 
for cataractous lens proteins. The overall concentration of protein hydroperoxides 
is likely to be higher than this, as this calculation considers products from only two 
amino acids on which hydroperoxides are generated.

PROTEIN HYDROPEROXIDES AS INITIATORS 
OF SECONDARY DAMAGE

One-electron reduction (e.g., by transition metal ions via pseudo-Fenton reactions) 
of hydroperoxides gives alkoxyl radicals (RO•), while exposure to short wavelength 
UV light or high temperatures induces thermal homolysis to give both HO• and RO•. 
These processes may therefore enhance or propagate damage via fragmentation reac-
tions, electron transfer, or hydrogen atom abstraction.

RO• formed at primary or secondary carbon atom sites can undergo rapid ( formally 
1,2-) hydrogen shift reactions to give α-hydroxyalkyl (carbon-centered) radicals 
[126,127]. These carbon-centered radicals undergo rapid reaction with O2 to give per-
oxyl radicals that then rapidly eliminate HOO• (and hence give additional H2O2 via 
dismutation). Tertiary RO•, such as species formed at the tertiary carbons in Val, Leu, 
Ile, cannot undergo 1,2-shift reactions and hence undergo rapid β-fragmentation to 
give a released carbon-centered radical (e.g., methyl radicals from Val and Leu) and 
a  carbonyl (aldehydes/ketones) [128–131]. Side-chain (β-carbon) RO•, formed from 
hydroperoxides, can also fragment to give both a backbone α-carbon radical with the 
release of a low-molecular-mass carbonyl from the side chain [132,133]. These reac-
tions result in the transfer of damage between sites in an amino acid or protein, the 
release of further radicals, and formation of additional peroxide or carbonyl  species. 
These reactions constitute chain-carrying reactions in protein peroxidation reac-
tions [2]. Other fragmentation reactions are also known, including β-scission of RO• on 
Glu side chains, which results in the loss of the side-chain carboxyl group (as CO2

•−) 
and formation of an aldehyde [69]. Other hydrogen atom shift reactions can transfer 
damage from side-chain sites to α-carbon (backbone) sites, or other side chains.

Fragmentation reactions of RO• formed from backbone α-carbon hydroper-
oxides may be of particular significance as these can result in backbone cleavage 
[68,69], with β-scission of the RO• giving a carbonyl group and a secondary acyl 



112 Hydrogen Peroxide Metabolism in Health and Disease

radical (•C(O)NHR) when the hydroperoxide is present within a peptide chain [68]. 
Carboxyl-terminal hydroperoxides give RO• that release CO2

•− (or •C(O)NH2 from 
C-terminal amides). This hydroperoxide/RO• pathway competes with an alternative 
pathway to backbone fragmentation involving initial formation of backbone carbon 
radicals, ROO• formation, elimination of HOO• (which then yields H2O2), and hydro-
lysis of the resulting imine [4,66,71].

These secondary reactions may rationalize, at least in part, the observation that 
more amino acids are lost during γ-irradiation of proteins, than initial radicals sup-
plied, an observation interpreted in terms of the occurrence of chain reactions [134]. 
Although the chain lengths are modest (10–15) when compared to lipid peroxidation 
(where values of >100 have been reported), protein chain oxidation reactions appear 
to occur under certain circumstances, and both with isolated proteins and in cells 
[108,134].

For some radical transfer reactions (e.g., of initial R•), no additional amino acid 
loss occurs—only transfer of damage—but this may be of major significance if these 
reactions change the amino acid stereochemistry (i.e., conversion of L-amino acids to 
the D-form). This can occur by reaction at either face of a planar radical intermediate. 
Such stereochemical inversion has been reported [135–137], and may be a common 
process, with this resulting in perturbation of protein structures.

REMOVAL OR DETOXIFICATION OF HYDROPEROXIDES 
ON PROTEINS

In addition to undergoing one-electron reduction to RO•, as described above, hydro-
peroxides on proteins can also undergo two-electron reduction. This is a detoxifica-
tion pathway as it removes the oxidizing capacity and limits further damage, but 
it does not repair the initial lesion, as an alcohol is formed from the hydroperox-
ide. Rapid reduction occurs with thiols (RSH) and particularly thiolate anions (RS−) 
[65,67,100]. Such reactions are likely to be the major detoxification route in cells, 
and in vivo [114]. Disulfides react less rapidly, with lipoic acid being a possible 
exception [100]. Reduction by thioethers (e.g., free Met) is inefficient in most cases, 
though it can occur if the hydroperoxide and Met oxidation are in close proximity 
(e.g., in the same peptide) [97,100].

Ascorbate is an effective hydroperoxide reductant [65,67,100], as are some (low 
abundance) selenium-containing compounds [26,100]. With selenomethionine, 
which is oxidized to the selenoxide, reduction can be catalytic, as GSH and various 
enzymes can rapidly reduce the selenoxide.

The rate of hydroperoxide removal appears to depend on the structure on which 
the hydroperoxide is present, with more rapid loss seen with low mass materials 
than with proteins probably for steric and electronic reasons [100]. The peroxides 
detected in cells may therefore be present on large proteins, and/or inaccessible to 
reductants such as GSH and ascorbate [2]. Phenols do not remove these hydroperox-
ides, but may scavenge radicals derived from them [100].

As might be expected from these data, thiol-dependent enzymes can also react 
with amino acid, peptide, and protein hydroperoxides, and this can either be a detoxi-
fication process (when the enzyme can be readily re-reduced) or result in damage 
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to the target protein. Catalase does not remove these species readily, and affords a 
convenient means of distinguishing between hydroperoxides and H2O2 [65,67,100]. 
No reaction occurs with superoxide dismutases, or peroxidases such as horserad-
ish peroxidase, lactoperoxidase, and myeloperoxidase [100,138], and reaction with 
ferric (met)myoglobin and hemoglobin is slow [100]. Rapid reaction occurs with 
Oxymyoglobin and oxyhemoglobin [100], including the latter in red blood cells 
[139]. These reactions occur readily with amino acid hydroperoxides but at slower 
rates with peptide hydroperoxides, and protein hydroperoxides are essentially inert. 
The oxy-to-Met conversion is faster than with H2O2 and this is a general phenome-
non: many amino acid and peptide hydroperoxides are both more reactive than H2O2, 
and poorly removed by protective systems [100].

With glutathione peroxidase (GPx1), a selenocysteine-dependent enzyme, a 
similar pattern of reactivity is detected: Rapid catalytic removal (at the expense 
of GSH) is seen with amino acid hydroperoxides and some peptide and small pro-
tein hydroperoxides (e.g., insulin hydroperoxide [138], but slow, or no, enzyme-
mediated reaction is detected with large hydroperoxides [100]. The related enzyme 
GPx4 (phospholipid-GPx) does not appear to stimulate decay of any protein hydro-
peroxides compared to GSH alone [138]. In contrast, peroxiredoxins 2 and 3, which 
are abundant Cys-containing cytosolic and mitochondrial enzymes [140], rapidly 
reduce hydroperoxides with the proteins being re-reduced by the NADPH/thio-
redoxin/thioredoxin reductase system [141]. Thus, addition of leucine and BSA 
hydroperoxides to erythrocyte lysates results in Prx2 oxidation without significant 
GSH loss, indicating that Prxs are major intracellular targets for these hydroper-
oxides and can detoxify these species in cells [141]. These reactions are not repair 
reactions, as they only convert the hydroperoxide to the alcohol, but would limit 
secondary damage.

BIOLOGICAL CONSEQUENCES OF AMINO ACID, PEPTIDE, 
AND PROTEIN HYDROPEROXIDE FORMATION

As hydroperoxides readily oxidize Cys residues, these can induce loss of activity 
or function of Cys-dependent proteins, and particularly those with highly reactive 
(low pKa) thiolate anion (RS−) residues. Thus inactivation has been detected with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [142], glutathione reduc-
tase [142,143], papain, and some cathepsin isoforms (the Cys-dependent B and L 
isoforms; but not the non-Cys-dependent D and G isoforms) [144], caspases [145], 
protein tyrosine phosphatases (PTPs) (both isolated and in cell lysates) [146], and 
the Ca2+ pump SERCA (sarco/endoplasmic reticulum Ca-ATPase) [147]. Evidence 
has also been presented for a decreased rate of turnover of both native and modified 
proteins as a result of oxidation of critical residues present on particular subunits 
of the 26S proteasome hydroperoxide-mediated, with the chymotryptic and tryptic 
(and also probably the caspase-like) activities affected by amino acid, peptide, and 
protein hydroperoxides, in both isolated systems and cell lysate preparations [148]. 
For purified human 26S proteasomes, inhibition appears to be associated, at least 
partly, with oxidation of a critical Cys on the S6 ATPase control subunits [148].
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inDuctiOn Of Dna DaMage

In addition to modifying other proteins, decomposition of protein hydroperoxides 
and related species can induce DNA damage. Histone proteins appear to give par-
ticularly high hydroperoxide yields, accounting for up to 70% of the initial radicals, 
when exposed to radiation in the presence of O2, possibly as a result of their high 
Lys and Arg content and low levels of Cys, Met, and aromatic residues that might 
act as alternative targets [149,150]. Decomposition of these peroxides by Cu+ and 
Fe2+ results in protein radicals that react with pyrimidine bases and nucleosides to 
give protein-DNA base adducts [149–151], the mutagenic base 7,8-dihydro-8-oxo-
2′-deoxyguanosine [149,150], and strand cleavage [152].

Little work has been carried out on the initiation of lipid oxidation by protein 
hydroperoxide–derived species, though it has been shown that protein hydroperoxide 
formation can precede lipid oxidation [106,109]. It is therefore likely that radicals 
formed from amino acid, peptide, and protein hydroperoxides can contribute to the 
initiation of lipid oxidation.

inDuctiOn Of secOnDary DaMage in cells

In the light of the data mentioned, it is not surprising that exposure of cells to amino 
acid, peptide, and protein hydroperoxides results in a complex pattern of changes. 
Visible light photo-oxidation (using Rose Bengal as a sensitizer) has been employed 
to generate peroxides in situ, or prior to addition to cells, with the effects of the hydro-
peroxides examined after the cessation of illumination. With murine macrophage-like 
(J774A.1) cells, exposure to preformed peptide hydroperoxides resulted in a loss of 
total cellular thiols and GSH that occurred concurrently with hydroperoxide consump-
tion, and prior to decreased cell viability [153]. GSH loss was more rapid than the total 
thiol pool, suggesting that protein thiols are spared by GSH. Inhibition of cathepsins 
B and L, and caspases 3/7 was detected, but not for other (non-thiol dependent) cathep-
sins or aryl sulfatase. These effects on lysosomal enzymes are consistent with hydro-
peroxide uptake and accumulation in the endo-lysosomal compartment [153].

When hydroperoxides were generated in situ in cells by limited photooxidation, 
a wide range of effects were detected that may arise from either direct reactions of 
transient intermediates (radicals or excited state) or peroxides. These effects included 
loss of GSH and total thiols, inhibition of multiple Cys-dependent (but not non-
thiol) enzymes (e.g., GAPDH, thioredoxin, protein tyrosine phosphatases, creatine 
kinase, and cathepsins B and L), increases in NADPH levels and enhanced activity 
of glutathione reductase, glutathione peroxidase and thioredoxin reductase, which 
are key oxidative defense enzymes [111]. After cessation of peroxide formation 
(i.e.,  illumination) a limited recovery of the thiols was detected, compared to the con-
centrations detected immediately after cessation of illumination, but these decreased 
with further incubation. Increases in the activity of GAPDH and protein tyrosine 
phosphatases were also detected, together with a marked increase in caspase 3/7 
activity, and decreased cell viability. These observations are probably due to limited 
repair and recovery, followed by the induction of apoptosis [111].
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SUMMARY

The data reviewed here indicate that peroxides are key players in the development 
of oxidative stress and are important mediators of damage. Both direct peroxide oxi-
dation and damage induced by radicals derived from peroxides can be important in 
altering protein side chains and the protein backbone. Direct molecular oxidation is a 
relatively slow and specific process in many cases, but rapid reaction can occur with 
specific Cys and Sec residues on some proteins. In contrast, radicals generated from 
peroxides (e.g., HO• and RO•) react very rapidly (often at diffusion or near diffusion 
controlled rates) with many protein side-chain and backbone sites, to give wide range 
of radical species. Many of these species react with molecular oxygen to give peroxyl 
radicals (ROO•) and hence hydroperoxides or H2O2. Thus hydroperoxides and H2O2 
can be initiators of damage, intermediates, and also products of protein oxidation 
reactions. The yield of hydroperoxides formed on proteins can be very high (40%–
70%), and these values may be underestimated due to the instability of these species 
and problems with accurate quantification. High concentrations of hydroperoxides 
can also be generated by species such as 1O2. These hydroperoxides can be long-lived 
in the absence of other reagents and are readily detected on isolated proteins, lipopro-
teins, in plasma, in cell lysates and some intact cells. Data from cell studies indicate 
that micromolar concentrations can be present, possibly as a result of the slow rate 
of removal of some of these species by cellular protective systems, with these being 
much less efficient and effective than with H2O2. The hydroperoxides react at highly 
variable rates with one- and two-electron reducing agents. One-electron reduction 
can generate additional radicals that contribute to protein chain oxidation reactions, 
cleavage of the protein backbone, and modification of side chains via complex reac-
tions, some of which generate carbonyls and alcohols. These are well-established 
biomarkers of protein oxidation and are known to accumulate in aged and some 
diseased tissues. Competing reactions of these protein-derived radicals can dam-
age DNA, including formation of 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxodG), 
protein-DNA base adducts and strand cleavage. Two-electron reactions of protein 
hydroperoxides occur predominantly with Cys, selenium species, and (to a lesser 
extent) Met, with these process resulting in inactivation of multiple cellular enzymes 
including those involved in calcium handling, phosphorylation, energy metabolism, 
apoptosis and protein turnover.
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INTRODUCTION

Peroxiredoxins (Prxs) are cysteine-dependent hydroperoxide reductases with vary-
ing specificities for their substrates, and typically very high catalytic efficiencies, 
with their best substrates on the order of 106–108 M−1 s−1 [1–5]. This implies a very 
specialized active site since a typical cysteine residue, even in its fully ionized state 
as a thiolate (e.g., with a low pKa or measured at high pH), exhibits rate constants of 
only up to ~20 M−1 s−1 with H2O2 [6,7]. Prxs are also remarkable, given the consid-
erable conformational rearrangements that they must go through during the various 
phases of the catalytic cycle.

6
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To initiate the reaction, the absolutely conserved cysteine poised within the highly 
organized active site architecture is oxidized by the peroxide substrate to a sulfenic 
acid (R-SOH, or R-SO− for the sulfenate form). Then it must leave that environment 
(termed the fully folded or FF conformation) to become locally unfolded (termed the 
LU conformation) to undergo protein disulfide and/or mixed disulfide formation and 
then reduction to restore the reaction-ready thiolate form of the active site cysteine 
(Figure 6.1). In the course of these reactions, the active site cysteine sulfenate can 
sometimes react with a second hydroperoxide, yielding the sulfinate (R–SO2

−) and 
inactivating the protein. The degree of sensitivity of individual Prxs toward hyperoxi-
dation by their substrates is significantly controlled by structural and dynamic elements 
of these proteins, allowing tuning of this sensitivity to match the requirements for the 
biological function [8]. Much current research focuses on gaining a better understand-
ing of the forces at play in modulating catalytic power and hyperoxidation sensitivity 
of Prxs that link to their biological function, as elaborated on further in this chapter.
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FIGURE 6.1 Catalytic cycle of 2-Cys peroxiredoxins. The catalytic cycle (left ellipse) is 
shown along with the peroxide-mediated inactivation pathway (right ellipse). Reaction of 
the hydroperoxide substrate (including H2O2, lipid hydroperoxide, or peroxynitrite) with the 
active, substrate-ready enzyme in its thiolate form (CP–S−) generates the sulfenate (CP–SO−), 
which can then either proceed through the catalytic cycle or become hyperoxidized. The con-
formational change necessary for Prx catalysis (lower part of left cycle) is shown as a transi-
tion from fully folded (FF) to locally unfolded (LU) enzyme, after which the disulfide bond 
between CP and CR (the resolving Cys) is formed. After reduction and release of CR–SH, the 
opposite transition occurs (LU → FF) and CP–S− is regenerated, ready for another cycle. Blue 
arrows indicate pathways supporting catalysis, whereas red pathways lead toward inactivating 
hyperoxidation. The ball-and-stick structure depicts the CP–SO− side chain rotating into an 
inverted position to allow for binding and oxidation of CP by a second peroxide molecule to 
form the inactive sulfinate (CP–SO2

−). Recovery of activity for typical 2-Cys Prxs is catalyzed 
by the enzyme sulfiredoxin (Srx) in an ATP-dependent manner. The text boxes summarize new 
insights into structural features that can independently promote either catalysis (in green) or 
hyperoxidation (in red).
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As inactivation of these efficient peroxide scavengers can serve to elevate  levels of 
H2O2 that may serve signaling roles, in 2003 we posited in our floodgate hypothesis 
that one biological function of inactivation sensitivity may be to promote localized, 
H2O2-mediated cell signaling processes [9]. Other proposed roles for Prx hyper-
oxidation in some settings include promotion of a chaperone-like holdase activ-
ity [10–12], involvement in the maintenance of circadian rhythms in cells and/or 
organisms [13,14], and serving as a direct signaling molecule itself, although the 
prevalence and significance of each of these is as yet largely unclear. The existence 
of a repair enzyme (sulfiredoxin; [15,16]) in many eukaryotes with hyperoxidation-
sensitive Prxs apparently dedicated to the recovery of activity in hyperoxidized Prxs, 
as well as the presence of evolutionarily conserved structural features that impart 
sensitivity to specific Prxs [8], argue strongly that hyperoxidation sensitivity is a 
feature of biological significance rather than an unavoidable Achilles heel for these 
enzymes, and much remains to be discovered in this important area.

Another mode in which Prxs can participate in H2O2 signal transduction that 
would not be enhanced by hyperoxidation is as direct sensor and transducer of the 
signal to effector proteins. In this mode, Prxs serve as a redox mediator in which oxi-
dation by H2O2 to yield either sulfenic acid or the disulfide form of Prx is followed 
by a subsequent relaying of the redox equivalents to a signaling protein such as a 
transcription factor or kinase. Evidence for specific cases in which such a redox relay 
is operative are few but are increasing (for recent reviews, see [17,18]).

It is also clear that a number of types of posttranslational modifications, such 
as phosphorylation, acetylation, glutathionylation, nitrosylation, and nitrosation, can 
modulate Prx catalytic activity and/or hyperoxidation sensitivity, but only inactivat-
ing phosphorylation by Src-family kinases or cyclin-dependent kinases has so far 
been clearly linked to biologically important outputs [18]. With roles in regulation of 
cell growth, metabolism, and immunity, Prxs are found to be implicated as regulators 
or protectants in pathological settings including cancer, neurodegenerative diseases, 
and inflammatory diseases, and may represent viable therapeutic targets in particular 
disease settings [8,19]. Reflecting possible roles in influencing diverse processes, 
prior to them being named “peroxiredoxin,” the abundantly expressed human PrxI 
and PrxII enzymes were variously identified as proliferation-associated gene, cal-
promotin, torin, heme binding protein 23, macrophage stress protein 23, osteoblast 
specific factor 3, and natural killer cell enhancing factor [9].

As the interplay between structure, dynamics, and catalysis in Prxs is intimately 
associated with chemical and biological functions of these enzymes, our research 
team has focused on better understanding the chemical and structural mechanisms 
governing the diverse catalytic and regulatory features of this large and ubiquitous 
family of proteins. In this chapter, we elaborate on recent studies of two bacterial Prxs 
we have developed as model systems: AhpC from Salmonella typhimurium (StAhpC) 
and PrxQ from Xanthomonas campestris (XcPrxQ). Specifically, rapid reaction kinet-
ics studies of StAhpC and high-resolution crystallographic studies of XcPrxQ have 
revealed mechanistic details not before obtainable in such systems. As   additional 
 features involved in tuning of Prx hypersensitivity toward H2O2 emerge, the question 
of biological roles for this sensitivity remains. We close this chapter with a perspec-
tive on mechanisms involved in Prx roles as modulators of redox signaling.



128 Hydrogen Peroxide Metabolism in Health and Disease

RAPID REACTION KINETIC STUDIES OF 
Salmonella typhimurium AhpC (StAhpC)

Bacterial AhpCs are representative of a large group of Prxs, now designated as the 
Prx1 group [20]. For these highly efficient Prxs, the active site, peroxidatic Cys resi-
due (termed CP) during recycling forms an intersubunit disulfide bond with a resolv-
ing Cys (termed CR) located in the C-terminus of an adjacent subunit, covalently 
tying the two subunits together in two places if both active sites are oxidized. The 
Prx1 group is arguably the most widely distributed of the six subgroups of Prxs 
identifiable by structural and bioinformatics approaches [20,21]. This group includes 
human PrxI, PrxII, PrxIII, and PrxIV, and is sometimes referred to as the typical 
2-Cys Prxs for historical reasons [22]. While the minimal functional structure is a 
homodimer, which stays intact whether or not the disulfide linkage is present, the 
assembly of five such dimers into doughnut-shaped decamers (or less commonly 
dodecamers formed from six dimers) is observed in solution and in structural stud-
ies, with these higher-order oligomers stabilized by reduction [22,23]. Steady-state 
kinetic studies have revealed low to submicromolar Km values for preferred peroxide 
substrates and turnover rates as high as ~55 s−1 for StAhpC with H2O2 [3,24].

Rapid Reaction Kinetic Results with StAhpC

To gain a better understanding of the steps involved in peroxide binding and reduc-
tion, we conducted pre-steady-state, rapid reaction kinetic analyses of StAhpC using 
spectroscopic data collected on the millisecond time scale. One fortuitous feature of 
StAhpC that greatly enabled this research is the presence of Trp residues in the pro-
tein that undergo detectable fluorescence changes upon mixing reduced StAhpC with 
H2O2. Further study of variants having the three individual Trp residues in StAhpC 
converted to Phe indicated that two of these residues, one proximal to CP (Trp81) and 
the other proximal to CR (Trp169), served as sensitive reporters of catalytic processes 
occurring in important regions of this dynamic protein [25].

As shown in Figure 6.2, upon the mixing of hydroperoxide substrates with 
reduced StAhpC in a stopped-flow spectrofluorometer, fluorescence changes ensue, 
which involve an initial, peroxide-dependent decrease in fluorescence, followed by 
an increase that levels off at a fluorescence value only slightly higher than the start-
ing fluorescence of the reduced protein. The Trp mutagenesis studies mentioned here 
indicated that the peroxide-dependent first phase reflected primarily fluorescence 
changes involving Trp81, whereas the peroxide-independent changes in fluorescence 
observed in the second phase were largely a result of changes occurring in the envi-
ronment of Trp169. Each of the fluorescence traces obtained at various H2O2 con-
centrations can be fitted to a double exponential rate equation. The first, fastest rate 
constant measured for each trace increases linearly with H2O2 concentrations up to 
about 8 μM (then becomes too rapid to monitor due to the technical limitation of a 
1.5 ms deadtime in the instrument). Notably, the second rate constant remains at a 
steady value of approximately 80 s−1 across all peroxide concentrations (Figure 6.2, 
inset). This initial, simplistic data analysis therefore supports a minimum of two 
phases in the reaction of StAhpC with H2O2. Very similar fluorescence profiles were 
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also observed upon mixing reduced StAhpC with t-butyl hydroperoxide, a bulky sub-
strate, but the concentrations needed to reproduce data like those of Figure 6.2 were 
much higher, fitting with the higher Km for this substrate (238 μM versus 1.4 μM for 
H2O2) [24,25].

Global FittinG oF StAhpC stopped-Flow data to a Kinetic Model

To develop a kinetic model consistent with all the data, we carried out a global fit-
ting of the data obtained at multiple concentrations of the same peroxide. We started 
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with a two-step model (A + B ↔ C → D) that could in theory reflect the binding of 
peroxide in the first step, followed by a second step representing all of the subsequent 
reactions, namely oxygen transfer to CP to form CP–SOH, the conformational change 
(FF → LU) to expose CP–SOH, then disulfide bond formation between CP and CR. 
Such treatment of kinetic data can often work even with multiple steps, as the rate 
of the C → D conversion could be dominated kinetically by a single slowest rate-
limiting step. In this case, however, the simple, two-step kinetic model did not yield 
a sufficiently satisfactory global fit to the data, so an additional step was added (A + 
B ↔ C → D → E). Fitting of the data to this model yielded much better results (black 
lines in Figure 6.2).

There are eight variables in this 3-step model to be determined during the fitting 
process (four kinetic rate constants, k1, k−1, k2, and k3 (Figure 6.2), and four fluores-
cence scaling factors, for species A, C, D, and E) for which only the initial and final 
fluorescence values are easy to estimate (to start the fit). Thus we took advantage of 
our knowledge of the rate constant for the unchanging value in the last step that we 
interpret as disulfide bond formation (from the data shown in black for the inset of 
Figure 6.2). Holding k3 constant at 75 s−1, all other values were readily fit to give rela-
tively well determined values. Of these, k−1 was the least well determined, and as we 
assign this rate constant to the dissociation of H2O2 from the enzyme in the first step, 
we conducted a second, independent fitting of the data by using as an estimate for 
this value the y-intercept of the H2O2-dependent first phase shown in red in the inset 
of Figure 6.2 (estimated as 53 s−1). This yielded nearly identical values compared to 
the first fit for all other parameters (kinetic constants and fluorescence scaling fac-
tors), with the final results shown at the bottom of Figure 6.2.

inteRpRetation oF the Kinetic Model FoR StAhpC

Given the global fitting results described, the putative reaction mechanism correspond-
ing to the observed kinetic profile involves the initial reversible binding of peroxide 
(k1 and k−1), followed by the chemical step leading to sulfenic acid formation (k2), 
then by structural rearrangements that allow for disulfide bond formation between CP 
and CR (k3). Interestingly, when this exercise was repeated for the data obtained with 
t-butyl hydroperoxide, only two of the four kinetic constants were affected. k1 (the 
forward step of binding) changed from 1.36 × 108 to 7.5 × 106 M−1 s−1 going from 
H2O2 to the bulkier substrate, and the next (chemical) step of oxygen transfer from the 
substrate to the enzyme slowed from 620 to 150 s−1 [25].

In an effort to collect complementary kinetic information about chemical changes 
in StAhpC during catalysis, we also monitored absorbance changes in the stopped-
flow spectrophotometer at 240 nm, a wavelength where thiolate anion (R–S−) is 
known to contribute to the absorbance. In these experiments, the observed decrease 
in A240 was coincident with the peroxide-independent phase of fluorescence increase, 
interpreted here as disulfide bond formation. While we might have expected the loss 
of thiolate to occur during step two of the chemical mechanism shown, an alternative 
possibility is that both the thiolate, R–S−, and the sulfenate anions, R–SO−, absorb at 
this wavelength, and it is the sulfenate that is decreasing as observed at 240 nm, in 
line with step three of the model.
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Regarding the spectral changes observed, in general, we note that a detectable change 
in fluorescence upon the binding of peroxide substrate is not necessarily expected, par-
ticularly with the very small H2O2 molecule used as substrate. However, the noncovalent 
binding of H2O2 to the enzyme may invoke a change in conformation of the active site 
that yields a change in the fluorescence of Trp81, which is very close to the β-carbon 
of the active site Cys in FF. Interestingly, if k1 and k−1 simply represent reversible bind-
ing of peroxide to the enzyme, then the Kd for that binding would be about 400 nM for 
H2O2, a value that would seem surprisingly low, given that this tiny molecule can form, 
at most, only six hydrogen bonds (with the two hydrogens serving as H-bond donors, 
and the two lone pairs on each of the two oxygens serving as H-bond acceptors).

One possibility is that k−1 (the so-called off rate, at 53–70 s−1) represents the rate of 
FF → LU in this enzyme, whether or not the active site contains a substrate or product 
(although the apparent rapid exchange between conformations suggests that such rates 
may be faster than this would represent). Consistent with this interpretation is the similar 
rate constant obtained for disulfide bond formation (75–88 s−1), which clearly involves a 
transition of FF to LU (of the CP–SO− form of the enzyme) and a potentially more rapid 
rate of disulfide bond formation that would follow. Also consistent with this potential 
interpretation is the fact that neither of these rates, ranging overall from 53 to 88 s−1, 
change even when very different substrates are used. It will be interesting to develop 
a better understanding of the events, including conformational changes underlying the 
kinetic observations here with additional future experimental work with Prxs.

DISULFIDE BOND FORMATION AND HYPEROXIDATION 
IN MULTIPLE Prxs

Among Prxs that have both a CP and a CR and so form an intraprotein disulfide dur-
ing catalysis (either within or between subunits), StAhpC exhibits the fastest rate of 
disulfide bond formation observed to date, at ~75 s−1. For two human Prxs, PrxIII (in 
the same subgroup as AhpC) and PrxV (in a distinct subgroup, with CR in a different 
location and forming an intrasubunit disulfide bond during catalysis), disulfide bond 
formation rates are 22 and 15 s−1, respectively [26,27]. For human PrxII (also in the 
Prx1 subgroup like AhpC and PrxIII), this rate is particularly slow, at 1.7 s−1, and 
this protein is also particularly sensitive toward inactivation by H2O2 during turnover 
[26]. This emphasizes the principle that the sulfenic acid group, when formed, can 
either become reoriented by local unfolding to react with the CR and form the disul-
fide bond (i.e., promoting continuation through the catalytic cycle), or it can persist 
longer within the active site and be subject to further oxidation by a second peroxide 
molecule (i.e., promoting the hyperoxidation pathway; Figure 6.1).

Further details of the structural features of these chemical transformations dur-
ing catalysis and hyperoxidation were subsequently obtained by our research team 
through studies of XcPrxQ, for which the monomeric protein could be crystallized in 
a crystal form that diffracted to ultrahigh resolution and that retained catalytic activ-
ity [28]. As is described next, this allowed us to obtain high-resolution data for not 
only oxidized and reduced forms of the protein, but also for intermediates along the 
pathway of peroxide reaction.
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HIGH-RESOLUTION STRUCTURAL STUDIES OF 
Xanthomonas campestris PrxQ (XcPrxQ) CATALYSIS

To elucidate structural details important for catalysis and hyperoxidation, we selected 
a model Prx protein from the PrxQ group, specifically the PrxQ from the bacte-
rial plant pathogen X. campestris (XcPrxQ). We selected it in large part because, in 
contrast to the overwhelming majority of Prxs, it was monomeric and thus would 
potentially allow us to carry out detailed NMR studies that could give much more 
insight into the dynamic properties of the protein than can be discovered by crystal 
structure analyses [29]. Also, we knew that this protein could grow crystals that dif-
fracted to high resolution as it had previously yielded structures of both the FF and 
LU disulfide forms at resolutions of 1.5–1.8 Å [30]. Furthermore, we anticipated that 
these crystals could be suitable for studies of ligand binding and catalysis, because 
they had an accessible active site pocket. As the Liao et al. study of the XcPrxQ FF 
conformation was carried out using a catalytically inactive double mutant with Ser 
in place of both CP and CR, to carry out in-crystal studies of catalysis we needed to 
grow similar crystals of the authentic wild type enzyme.

establishinG the XcPrxQ Model systeM

To develop the model system, we initially expressed and purified recombinant wild 
type XcPrxQ along with the individual CP → Ser (C48S) and CR → Ser (C84S) 
mutants, and assessed their catalytic activities in solution by conducting bisubstrate 
kinetic analyses varying both the reductant concentration (using E. coli thioredoxin) 
and the hydroperoxide substrate concentration. We studied both the smallest pos-
sible substrate (hydrogen peroxide) and a bulky substrate (cumene hydroperoxide). 
Similar to our previous steady-state kinetics results with the PrxQ from E. coli (pre-
viously known as E. coli BCP) [31], the kcat/Km values with H2O2 or cumene hydro-
peroxide at multiple Trx concentrations were about the same, at 2–4 × 104 M−1 s−1 
(Figure 6.3). It has been reported that PrxQ B from Mycobacterium tuberculosis 
has ~100-fold higher activity with lipid hydroperoxides compared with H2O2 [5], 
but we have not yet tested this with XcPrxQ. XcPrxQ was also relatively resistant 
to hyperoxidation during turnover with H2O2 (about 20-fold more robust than PrxI 
and 7-fold less robust than StAhpC), but as expected became highly sensitized to 
hyperoxidation in the C84S variant in which CR was absent [28]. Thus XcPrxQ is an 
active, broad spectrum peroxide reductase with activities representative of this group 
of Prxs.

Both the dithiol and disulfide forms of the protein provide excellent NMR spectra, 
and we have completed backbone assignments for both forms [29]. Already, at this 
stage we have evidence the protein will have interesting dynamics, as while most 
all residues had clear resonances in the dithiol form, the disulfide form was missing 
about one-third of the backbone resonances and these were all from residues near 
parts of the protein that shift during the FF–LU conformational change. It is interest-
ing that the disulfide bond formation, which is usually thought of as a rigidifying 
event, seems to increase the mobility in this Prx. We were also able to grow crystals 
of all three recombinant enzymes, including both the dithiol and disulfide forms for 
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the wild type protein. To our delight, the wild type dithiol crystals yielded data to 
1.05 Å resolution and the other forms diffracted to between 1.2 and 1.3 Å resolution.

analysis oF FF and lu stRuctuRes oF XcPrxQ

The FF active site structure of the wild type enzyme in the dithiol form gave a clearly 
defined view of the FF dithiol wild type active site at the highest resolution so far 
for any Prx. The comparison of this form with its LU counterpart also illustrated the 
significant conformational changes that occur upon oxidation (Figure 6.4). Briefly, 
in this subgroup of the PrxQ class, the CR is located in the α3 helix that follows 
the CP-containing α2 helix. After reaction of CP with the peroxide substrate, the α3 
helix undergoes substantial conformational rearrangements, which move the CR into 
a new position; unfolding of the first turn of the α2 helix similarly moves the CP out 
of the active site to allow formation of a disulfide bond between CR and CP [28,30]. 
Although details vary for Prxs from different classes, particularly with CR in vari-
ous other parts of the structure or missing altogether in some Prxs, some kind of a 
local unfolding process of the CP-loop is necessary in all Prxs for regeneration of the 
reduced CP for another round of catalysis with peroxide.
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P.A., Peroxiredoxin catalysis at atomic resolution, 1668–1678. Copyright 2016, with permis-
sion from Elsevier.)
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Focusing in on the question of how well the active site architecture of Prxs is 
conserved, we compare in Figure 6.5 the FF active site of XcPrxQ, captured at 
~1 Å resolution, with the well-defined high-resolution active site structures from 
representatives of two other groups of Prxs, Prx5 (Homo sapiens PrxV, 3MNG at 
1.5 Å resolution), and Prx6 (Aeropyrum pernix Tpx, 3A2V at 1.7 Å resolution). 
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Remarkably, despite only having sequence identities of ~20%–30%, all three pro-
teins have all of their active site side chains at nearly identical positions (Figure 6.5). 
The CP sulfur is hydrogen bonding to a backbone NH (of Lys42) and the conserved 
active site Arg (Arg123 in XcPrxQ), while the conserved Thr (Thr45) is donating a 
hydrogen bond to a backbone carbonyl (also from Lys42) as well as (presumably) 
accepting a hydrogen bond from a bound water molecule observable in the active 
site of this structure. This and a second active site water (gray spheres in Figure 6.5) 
occupy positions similar to the observed binding sites of the oxygen atoms of bound 
H2O2 and the diol of oxidized 1,4-dithiothreitol captured in the structures of ApTpx 
and HsPrxV, respectively.

These bound atoms help identify locations and interactions with active site side 
chains that represent substrate and product locations, including in this set the bona 
fide H2O2 substrate of ApTpx. The contributions of the conserved Arg and Thr inter-
acting with the peroxide substrate, as well as the Arg-to-CP-S− interaction, have pre-
viously been described by our group as promoting catalysis in Prxs by stabilization 
of the transition state (as the O–O bond of the peroxide is breaking and the O–S bond 
of the CP-sulfenate is forming) [32]. We further noted that the geometries of these 
H-bonding interactions appear to be such that they would become optimized in the 
transition state [32]. Comparing the structure of the authentic dithiol FF active site 
with that seen for the C48S mutant of XcPrxQ shows small shifts just as were seen 
for the equivalent structures of StAhpC [33], reinforcing the conclusions we made 
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FIGURE 6.5 Overlay of active sites of DTT-bound human PrxV (light blue) and perox-
ide-bound Aeropyrum pernix Tpx (green) with water-bound wild type XcPrxQ (white), with 
ligands colored cyan (DTT), lime (H2O2), and dark gray (waters), respectively. Dashed lines 
indicate active site interactions for XcPrxQ, including a contact between the CδH of Tyr40 
with the thiolate that would also contribute weak electrostatic stabilization to the thiolate. 
This appears to be a conserved interaction in FF Prx structures and involves either a Tyr or 
His. (Reprinted from Structure, 24(10), Perkins, A., Parsonage, D., Nelson, K.J., Ogba, O.M., 
Cheong, P.H., Poole, L.B., and Karplus, P.A., Peroxiredoxin catalysis at atomic resolution, 
1668–1678. Copyright 2016, with permission from Elsevier.)
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then that even such a subtle mutation as CP → Ser changes the thermodynamic stabil-
ity of the FF active site, and so it is important to realize that CP → Ser mutants are not 
perfect models for the native FF active site.

hiGh-Resolution stRuctuRes alonG the Reaction path oF XcPrxQ

In order to obtain snapshots of the protein structure at various stages of catalysis, 
crystals of wild type XcPrxQ were soaked with hydrogen peroxide, cumene hydro-
peroxide, or t-butyl hydroperoxide for various times and in various pH buffers, then 
plunged into liquid nitrogen to stop the reaction and observe partially reacted active 
sites. From a large set of solved structures, a series of nine ~1 Å resolution structures 
were refined (named FF0 through FF8, Figure 6.6a) that provide detailed informa-
tion about the transition from the substrate-ready form (the thiolate) through reaction 
to yield first the sulfenate (SO−, from the first catalytic step), then the sulfinate form 
(SO2

−, from hyperoxidation) of CP within the active site. A tenth structure, desig-
nated FF9, represents the fully occupied sulfinate form at pH 7. With these struc-
tures, important new insights could be obtained because even the partially occupied 
representatives (from ~0.1 to 0.5 occupancy) are well defined at this resolution, with 
coordinate uncertainties <0.05 Å.

With increasing electron density up to ~0.5 occupancy for the sulfenate oxygen, 
represented by structures FF1 through FF3, the first surprise was the large Cβ–Sγ–Oδ 
bond angle (153°) and short Sγ–Oδ bond length (1.38 Å) observed for the sulfenate 
(Figure 6.6b). These differ significantly from the expected bond angle of ~110° [34] 
and a bond length that one would assume would be between that of a disulfide (S-S 
distance at ~2 Å) and the O–O bond of a peroxide (at ~1.5 Å) [32]. This location for 
the sulfenate oxygen also perturbs the geometry of the nearby conserved Pro ring 
(Pro41) creating a C–H hydrogen bond between Pro-CδH and the SO− oxygen. We 
inferred from this very high energy geometry that a relaxed CP–SO− does not fit well 
into the XcPrxQ FF active site.

Based on this observation, we propose that in solution, CP–SO− formation results 
in an incompatibility with the FF active site and this shifts the thermodynamics of 
the CP-loop to strongly favor the LU conformation, which in turn facilitates disulfide 
bond formation and promotes progression through the catalytic cycle. We use the 
phrase shifts the thermodynamic equilibrium rather than triggers the conformational 
change because multiple lines of evidence indicate that the FF–LU conformations 
are in rapid equilibrium at all times (e.g., see [23,35]). According to this proposal, an 
FF conformation of the CP–SO− form would never occur to a high degree in solution 
as it is very unstable; it is only observed in the crystal because the crystal packing 
interactions provide enough energy to block the local unfolding and stabilize the high 
energy CP–SO− configuration.

To better understand the unusual C–S–O− bond angle and length, computational 
chemistry calculations in the gas phase were conducted with several model methyl-
SO(H) species to evaluate the energetics of bond angle contortions (Figure 6.6c). 
While the energetic penalty for adopting the 153° bond angle was quite high for just 
the methyl sulfenate (~40–50 kcal/mol), related species with additional hydrogens 
(e.g., methyl-SH2O−) dropped this penalty to ~9 kcal/mol. This suggests that the 
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universally conserved hydrogen bond interactions of the sulfenate with Arg123-NH 
and a backbone amide, described here, may serve in a similar way as the hydrogens 
of methyl-SH2O− to lower the energetic penalty expected for the Cys-sulfenate to 
adopt such an unusual structure.

hiGh-Resolution stRuctuRes on the path towaRd hypeRoxidation 
oF XcPrxQ

As noted, our FF crystals of XcPrxQ cannot undergo the transitions required for 
disulfide bond formation. In this sense the crystal is like a large, noncovalent, 
conformation-specific inhibitor that binds to the FF conformation and stabilizes it. 
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that occurs as the protein converts from the sulfenate to sulfinate state. (b) Interaction of the 
CP-thiolate with Pro41 (upper image) compared with that of the CP-sulfenate (at 0.5 occupancy 
and labeled with its unusual bond angle and distance reported; lower image). A brown arrow 
shows the shift of Pro41-Cγ accommodating the sulfenate formation by relieving a steric clash 
(red double-headed arrow) to increase the Pro41-Cγ to sulfenate oxygen distance to 3.6 Å. 
(c) Gas phase quantum mechanical calculations of methyl SO−, SH2O+, and SH2O− species 
showing their energies as a function of their C–S–O bond angle (upper panel) as well as the 
optimized geometries and energies for the structures constrained to have a C–S–O angle of 
155° (lower panel). (Reprinted from Structure, 24(10), Perkins, A., Parsonage, D., Nelson, 
K.J., Ogba, O.M., Cheong, P.H., Poole, L.B., and Karplus, P.A., Peroxiredoxin catalysis at 
atomic resolution, 1668–1678. Copyright 2016, with permission from Elsevier.)
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This has the effect of strongly promoting hyperoxidation, and in the crystals the 
sulfenate form is fully converted to sulfinate upon further incubation with perox-
ide. Structures FF4 through FF8 have therefore fortuitously provided insights into 
hyperoxidation of XcPrxQ.

As shown in Figure 6.6a, structures FF4 through FF7 provide evidence that, after 
the initial oxidation, the oxygen of the sulfenate rotates in (toward the Arg), provid-
ing room for the binding of another molecule of peroxide. This inverted position of 
the oxygen, which had been suggested as a necessary intermediate [36] but not yet 
observed, allows for the relaxation of the Pro side chain back to the exo rotamer but 
also shifts the conserved Arg side chain out of the active site pocket. Once hyper-
oxidation is complete, placing two oxygens on the CP–Sγ, the Arg side chain swings 
into a third location where it forms a strong, bidentate salt bridge with the nega-
tively charged sulfinate oxygens, similar to the structure at the active site originally 
reported for the hyperoxidized form of human PrxII, with pdb identifier 1QMV [37]. 
Although further oxidation to a sulfonic acid is theoretically possible, the active site 
would need to be able to rotate the oxygens of –SO2

− yet again. This apparently does 
not happen in these XcPrxQ crystals as no evidence of sulfonic acid was observed 
even after extensive peroxide soaks, and this transition may also be uncommon even 
in solution for most Prxs [36].

TUNING OF HYPERSENSITIVITY THROUGH 
STRUCTURAL FEATURES

In the case presented, trapping the FF conformation in a crystal form that effectively 
lowered the rate of CP–CR disulfide bond formation to zero yielded a protein for which 
hyperoxidation was 100% favored. In solution, the local unfolding and hyperoxidation 
pathways compete in Prxs, with hyperoxidation being enhanced kinetically by increas-
ing peroxide concentrations (since it is a bimolecular reaction). What is clear at this 
point is that each individual Prx has evolved its own characteristic sensitivity toward 
hyperoxidation that reflects the intersection of structural and dynamic factors with active 
site chemistry. For example, hyperoxidation sensitivity among the human PrxI, PrxII, 
and PrxIII varies a great deal, with the order of sensitivity of PrxII > PrxI >> PrxIII 
([26,38] and personal communication with Jesalyn Bolduc and Todd Lowther), even 
though their sequences are quite similar to one another. As noted here, the Winterbourn 
group contributed clear evidence that modulation of the rate of disulfide bond forma-
tion is the main factor influencing hyperoxidation sensitivity, rather than variations in 
the rate constant for the hyperoxidation step. For instance, human PrxII and PrxIII both 
have rate constants for hyperoxidation of ~12,000 M−1 s−1, yet their hyperoxidation 
sensitivities during turnover differ by more than a factor of 10 [26].

A few features that influence sensitivity have already been described in the lit-
erature. The first of these was a conserved GGLG motif and a C-terminal α-helix 
containing a conserved YF motif, which pack around CP in the FF conformation in 
eukaryotic Prx1 group proteins. These were proposed to promote sensitivity of these 
Prxs toward hyperoxidation by H2O2 by globally stabilizing the FF conformation and 
minimizing the concentration of the locally unfolded population [9]. This proposal 
was experimentally confirmed by swapping of the C-terminal regions of one sensitive 
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and one robust Prx from Schistosoma mansoni, which showed that the susceptibility 
of these proteins to hyperoxidation was indeed conferred by the C-terminal tail [39]. 
The importance of the C-terminal region was further confirmed as additional intercon-
versions of internal and C-terminal tail residues between human PrxII and PrxIII [38], 
and of other residues between PrxI and PrxII (Bolduc and Lowther, personal commu-
nication), did yield some predicted changes in sensitivity, with the effects as expected 
being more modest than was caused by the wholesale removal of the C-terminal tail. 
Furthermore, as noted, studies with a number of mutants of StAhpC show that the 
FF–LU equilibrium can be perturbed by even single, relatively conservative amino 
acid substitutions such as CP → Ser or CR → Ala or Ser [33] and others [40].

What this study adds to our understanding is two additional more subtle factors 
that can strongly influence the sensitivity to hyperoxidation. The first of these is 
the ability of the FF active site to accommodate the CP–SO− form of the enzyme. If 
the CP–SO− cannot be well-accommodated in the FF active site (as we infer is the 
case for XcPrxQ), then its formation will promote local unfolding and the enzyme 
will (all other things being equal) be less sensitive to hyperoxidation. The second 
independent factor is the ability of the FF active site to accommodate an inverted 
CP–SO− side chain conformation in which the oxygen is rotated out of the active site 
pocket to a more buried position in which it interacts with the conserved active site 
Arg. Prx active sites that accommodate this inverted conformation well, without the 
Arg being displaced, will in this regard be more susceptible to hyperoxidation, as a 
second peroxide can then bind in the active site and be activated for attack. But Prx 
active sites that do not accommodate the inverted conformation without disruption of 
the FF active site interactions will be less sensitive to hyperoxidation.

PERSPECTIVES ON Prx REGULATION AND REDOX SIGNALING

A much discussed issue in redox biology is the role that peroxidases, and especially 
abundant and widespread Prxs, play in modulating or transducing signals from oxi-
dants including H2O2 and lipoxygenase products [6,17,41–43]. H2O2 is especially 
key since it can come from several sources, including damaged Fe–S centers or 
mitochondrial electron transport chain leakage, and is the major product gener-
ated (directly or through spontaneous or catalyzed dismutation of superoxide) from 
NADPH oxidase complexes that are assembled and/or activated in response to extra-
cellular signals [18]. The second order rate constants for the reaction of H2O2 with 
specific cysteine residues on target proteins (i.e., signaling related) do not appear to 
be sufficient to allow for their oxidation in the context of an environment replete with 
reactive Prx proteins, creating a conundrum that has been especially well described 
by Christine Winterbourn in her seminal paper regarding how the chemistry and biol-
ogy of reactive oxygen species might be reconciled [6].

Yet if sites or hotspots of H2O2 generation in cells exist near which target proteins 
are localized, for example, in signaling complexes organized by adapter or scaffold-
ing proteins, the global kinetic competition can be outstripped by proximity influ-
ences [44]. Moreover, Prx activity is not always fully on. This can, in the most simple 
case, be due to the accumulation of the Prx disulfide form when the rapid turnover 
of Prxs in the presence of substantial amounts of peroxide cannot be matched by the 
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rate of regeneration of reduced Prxs through the reductant pool (primarily reduced 
thioredoxin). If one adds to that the propensity, à la floodgate hypothesis, for Prx 
activity to be turned down or off by post-translational modifications such as phos-
phorylation or hyperoxidation, then it can be seen that the presence of Prxs as chief 
competitors for H2O2 may not always be a barrier to the direct oxidation of other 
proteins during signaling.

In fact, concrete examples also exist for which, as part of normal non-stress-related 
physiology, the direct oxidation of downstream targets appears to be promoted by 
localized H2O2 buildup due to similarly localized Prx inactivation. One is the phos-
phorylation of PrxI (on Tyr194) by Src-family kinases localized near membrane-
bound signaling complexes formed as a result of growth factor stimulation (observed 
in both platelet-derived and epithelial growth factor signaling), which provides requi-
site buildup of H2O2 to cause inactivation of associated protein tyrosine phosphatases 
and thus produce a stronger downstream signal [45]. Another is the phosphorylation 
of centrosome-associated PrxI (on Thr90) by cyclin-dependent kinase 1 during mito-
sis, an inactivating modification required to allow localized buildup of H2O2 at the 
centrosome to inactivate centrosome-bound phosphatases such as Cdc14B, enabling 
cell cycle progression [46]. A third is a report from the Rhee lab of a physiological 
role for PrxIII hyperoxidation in a negative feedback loop that coordinates diurnal 
cycles of corticosteroid synthesis [47,48]. They demonstrated a choreographed dance 
whereby a leaky cytochrome P450 (CYP11B1) generates H2O2 during corticoste-
rone production. This H2O2 inactivates PrxIII via hyperoxidation and builds up suf-
ficiently to escape the mitochondria and trigger stress-linked pathways that turn off 
steroidogenesis and promote import of sulfiredoxin into mitochondria to resurrect 
the PrxIII to be functional until the next circadian cycle of corticosteroid synthe-
sis. Interesting about this scenario is that PrxIII, as noted, is actually more resilient 
toward hyperoxidation than PrxI and PrxII.

Also, another proven signaling mode in which highly reactive Prxs take center 
stage is when they serve as the conduit through which oxidizing equivalents from 
H2O2 flow [49]. The best demonstration of this redox-relay phenomenon so far has 
been the inhibitory oxidation in engineered HEK-293 cells of STAT3 through direct 
interaction with PrxII. In this case, exogenously applied H2O2 or the immunomodu-
latory molecules oncostatin M or interleukin-6 stimulate the formation of transient 
Prx2-STAT3 complexes to generate high molecular weight, inactive forms of STAT3 
[50]. The scenario of having the oxidation of the target protein mediated by an 
enzyme is of course very attractive in that it can bring a high degree of specificity 
to the process in terms of both the proteins that will undergo oxidation and the site 
where that oxidation will occur [42,43,50,51].

Clearly much is still to be learned about the roles Prxs play in peroxide-related sig-
naling, especially in normal non-stress-related physiology [52]. But, in closing, one 
interesting contrast between the floodgate and redox relay roles of Prxs in promoting 
peroxide signaling is that hyperoxidation impacts them in completely opposite ways. 
In the floodgate model, hyperoxidation promotes signal transduction, and indeed the 
hypothesis was generated to provide a rationale for why hyperoxidation appears to 
have been selected for in eukaryotes. In contrast, redox relay activity of Prxs would be 
completely shut off by hyperoxidation as the passing on of redox equivalents requires 
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the Prx to be in the sulfenic acid or disulfide form. Thus, in pathways in which Prx 
are functioning as redox relays, the hypersensitivity of Prxs could play a role as an 
off switch. In this respect, it is worth noting that while PrxII is the Prx expected to be 
most active in redox relays according to the many disulfide-linked complexes it makes 
(compared with PrxI, [50]), it is also most hyperoxidation sensitive and will thus be 
most readily switched off under conditions not only of exposure to exogenous or non-
natural stressors, but also with aging and disease states (see, e.g., [53]).

The extent to which Prx hyperoxidation enhances or hinders signaling has yet to 
be elucidated, but it is apparent that Prxs play important roles in signaling. Indeed, 
one of the most powerful pieces of evidence that Prxs play important roles in sig-
naling and are not simply redundant antioxidants is that the PrxI knockout mouse 
has the dramatic phenotype of being riddled with cancer at six to nine months of 
age [8,54]. Given the contrasting predictions for how hyperoxidation sensitivity 
will impact signaling through floodgate-like or relay-like mechanisms, insights may 
ultimately be gained by examining the phenotype of transgenic mice in which the 
wild type sensitive PrxI and/or PrxII are genetically exchanged for robust versions 
of these enzymes. Addressing these questions in the future will not be a simple task; 
as Prxs appear to be hubs of signaling events, straightforward conclusions may be 
difficult to draw from studies of such complex biological systems. Thus, this is likely 
to be an active area of investigation well into the future requiring innovative and 
sensitive approaches to further clarify the significance of each of these mechanisms.

SUMMARY

Rapid reaction kinetic studies and high-resolution crystallographic analyses of model 
Prxs are bringing enhanced clarity to the atomic-level structural and dynamic fea-
tures of Prxs that make them such effective catalysts as antioxidants, and help tune 
their regulatory properties in terms of hyperoxidation sensitivity. The new, high-reso-
lution structures will be particularly ideal as starting models for future computational 
studies of peroxidation and hyperoxidative regulation, and for further exploration 
of dynamic properties of this monomeric PrxQ model protein by NMR. As Prxs act 
as hubs of peroxide reactivity modulating H2O2-associated cell signaling, a better 
understanding of these proteins will be critical to gaining a clearer view of the myriad 
pathways modulated by this important small messenger molecule.
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INTRODUCTION

Mitochondria are at the heart of cell metabolism and contribute to many aspects of the 
life and death of the cell [1–3]. Mitochondria are the site of oxidative phosphorylation; 
consequently, they are the major source of ATP in most eukaryotic cells and hence any 
defects to these processes impact cell survival [1,2] (Figure 7.1). The metabolic path-
ways, notably Krebs cycle and fatty acid oxidation, that provide electrons to the respira-
tory chain are vital for oxidative phosphorylation, but they affect many other processes 
beyond the supply of ATP [1–5]. The metabolic roles of mitochondria also include many 
other biosynthetic processes, such as the assembly of iron-sulfur centers and heme bio-
synthesis [6,7], and may also have regulatory roles in the cytosol, such as in hypoxia 
sensing and in generating epigenetic modifications to the nuclear genome [8–10].

The many roles carried out by the mitochondrion are closely integrated into the 
function of the cell. For example, the mitochondrion is intimately associated with the 
endoplasmic reticulum [11], which assists in determining the fission of the organelle, 
and also the movement of calcium from the endoplasmic reticulum to the cytosol and 
from there into the mitochondrial matrix as a way of modulating mitochondrial ATP 
production [12,13]. Another aspect of the cell where mitochondria are intimately 
involved is in cell death [2,3,12]. This is because the mitochondrial pathway of apop-
tosis involves the release of factors such as cytochrome c from the intermembrane 
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space as a critical step in committing the cell to activating the apoptotic cell death 
program [14]. As well as regulated cell death, the central role of mitochondria in ATP 
production means that damage to the organelle will lead on to necrotic cell death, due 
to the lack of ATP preventing the cell from sustaining ion gradients. During necrotic 
cell death, the induction of the mitochondrial permeability transition pore (MPTP) is 
a major player, committing the cell to a rapid death [15–17].

Mitochondria are also a major source of reactive oxygen species (ROS) within the 
cell [4,18,19]. These ROS come from the respiratory chain, primarily in the form of 
superoxide, which then goes on to form hydrogen peroxide (H2O2) [4] (Figure 7.1). 
These ROS can overwhelm the multitude of antioxidant defenses within the mito-
chondrial matrix and thereby cause extensive oxidative damage to mitochondria that 
contributes to a wide range of pathologies [3]. More interesting is the growing view 
that the production of ROS from mitochondria can act as a redox signal to the rest 
of the cell, suggesting that the production of ROS by mitochondria may be a way in 
which the mitochondria “talks” to the rest of the cell, coordinating the function of 
the mitochondria with that of the cell [4,18–20] (Figure 7.1). One situation in which 
mitochondrial ROS signaling seems to be particularly important is in the activation 
of cells such as macrophages during inflammation [21,22], and also when mitochon-
dria act as signaling hubs in response to viral infections [23,24].

Thus there is a lot of interest in how ROS production by mitochondria might act 
as a potential redox signal (Figure 7.1). However, there are considerable uncertain-
ties about the mechanisms and significance. Here we outline how these signals may 
be generated in mitochondria and how they can be passed on to the rest of the cell.
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HOW DO MITOCHONDRIA GENERATE H2O2 
AS A REDOX SIGNAL?

Mitochondria can generate superoxide within the matrix from a number of sources, 
and this superoxide is then dismutated to H2O2 by the high concentration of MnSOD 
present [4]. While there are other locations within mitochondria, such as the inter-
membrane space and the outer membrane, that can also produce superoxide and 
H2O2 and that may be important in redox signaling [4], the focus here will be on 
redox signals generated from the mitochondrial matrix. This is because such signals 
may most directly enable the organelle to feed back to the rest of the cell about its 
metabolic status [25]. Within the matrix, the respiratory chain complexes I and III 
are usually considered to be the sources of superoxide, although some matrix dehy-
drogenases may also contribute [4]. However, in many situations this ROS produc-
tion is in response to damage to the complexes, leading to a backup of electrons 
that spill out as superoxide [4]. As a potential redox signal it is likely that the ROS 
generation would be more regulated [20]. Therefore, the focus is on two sites in 
the respiratory chain that have the potential to produce superoxide in a regulated 
way: these are complexes I and III [4]. The production of superoxide by complex III 
occurs in response to inhibition at the internal ubiquinone binding site by inhibitors 
such as antimycin, which is unlikely to be physiological [4]. However, there are a 
number of reports that complex III may be a source of superoxide as a signal during 
hypoxia [26,27], but the mechanistic details of how this occurs are obscure. This 
leaves the generation of superoxide by complex I through the process of reverse 
electron transport (RET) as the best understood potential source of redox signaling 
from mitochondria (Figure 7.2) [25]. This process of RET occurs when electrons are 
forced backward through complex I from the ubiquinone (CoQ) pool, which requires 
a high proton motive force and a very reduced CoQ pool [4,25]. The main attraction 
of RET as a physiological redox signal is that it can occur robustly in response to two 
factors: the CoQ pool and the membrane potential, both of which are physiologically 
accessible and do not require artificial intervention [4].

The site of superoxide production from complex I is not certain, although we favor 
production from the flavin site in complex I [4,25,28]. Therefore, our current view is that 
RET at complex I is likely to be the major physiological source of superoxide within the 
mitochondrial matrix and that once formed it is then converted rapidly to H2O2.

HOW IS THE H2O2 REDOX SIGNAL MODULATED?

Our working hypothesis is that the major mitochondrial source of H2O2 is RET at 
complex I, generating superoxide that is then converted to H2O2 by MnSOD [4]. 
For mitochondrial H2O2 to be a redox signal, it is important that it be responsive to 
mitochondrial status [20,29,30]. The major way in which this is likely to occur is in 
the alteration to the generation of superoxide at complex I in response to changes in 
the proton motive force and the redox state of the CoQ pool [4,25]. This mechanism 
has a lot of appeal as RET is exquisitely sensitive to these factors, both of which are 
central components of mitochondrial function and which vary in direct response to 
mitochondrial activity. Thus the redox signal would respond rapidly to mitochondrial 
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status and would signal this situation to the rest of the cell. For example, during isch-
emia reperfusion injury, where superoxide production by RET has been found to play 
a key role in pathology, the rapid oxidation of the succinate that accumulates during 
ischemia favors reduction of the CoQ pool. The reduced CoQ pool favors proton 
pumping by complexes III and IV helping maintain a large membrane potential upon 
reperfusion, and the degradation of adenine nucleotides during ischemia limits ADP 
availability upon reperfusion that would otherwise diminish membrane potential by 
stimulating mitochondrial ATP synthesis [25]. Similarly, succinate oxidation and 
the metabolic switch to glycolysis in activated macrophages during inflammation 
provide the reduced CoQ pool and high membrane potential required for increased 
superoxide production by RET [21].

In addition to modulation by the factors that affect membrane potential and CoQ 
redox state, it could be that RET could be affected by other changes to complex I, for 
example, by post-translational modifications (PTMs) such as phosphorylation [31], 
but in the absence of evidence this possibility is only theoretical at this stage. The 
rate of RET by complex I is also affected by the proportion of complex I that is in the 
active or the deactive state, for example, during ischemia, complex I adopts the deac-
tive state [32,33], but whether such transitions are used to regulate RET is not known. 
Finally, complex I can exist as an isolated complex, or as a supercomplex with other 
respiratory chain complexes [34]. The physiological role, if any, of supercomplex 
formation is not clear at present [35]. However, as changes in the extent of complex I 
incorporation into supercomplexes correlates with changes in mitochondrial ROS 
formation, it may be that these processes are interrelated [34,36]. Therefore, RET at 
complex I is determined by factors that alter the membrane potential and the CoQ 
redox state, with the possibility that PTMs, conformation changes, or incorporation 
into supercomplexes may also affect RET.

Once formed at the flavin of complex I, superoxide is dismutated spontaneously or 
enzymatically by the large excess of MnSOD, forming H2O2 [4]. Although superox-
ide is a negatively charged molecule that will not readily diffuse through membranes, 
it is possible that some superoxide that escapes MnSOD may also act independently 
as a signaling molecule within the matrix, possibly by acting on the iron-sulfur center 
in aconitase [37,38].

It is important to note that there are effects of MnSOD level of expression on cell 
fate that are poorly understood [39], perhaps suggesting that the balance between 
superoxide and H2O2 level may modulate signaling pathways.

Once formed within the mitochondrial matrix, the H2O2 level can then be regu-
lated by its degradation (Figure 7.3). This is done by a series of peroxidases within 
mitochondria, including glutathione peroxidases and peroxiredoxins (Prx) 3 and 5 
[40,41]. Most studies indicate that the Prx 3 is the major peroxidase in mitochondria 
[41,42]. Thus, regulating the activity of Prx 3 may be a way of modulating H2O2 levels 
within mitochondria. This could be done in a number of ways. The activity of Prx 3 is 
modulated by the ratio of its active to reversibly inactive form, due to disulfide bond 
formation [41,43]. In addition, Prx 3 can be oxidized to a sulfinic acid form that can 
be slowly reactivated by sulfiredoxin [44]. These alterations may alter the flux of H2O2 
from the mitochondria. There is also the possibility that Prx 3 activity may be altered 
by PTMs, or by the formation of higher-order structures of Prx 3 [45], but the details 
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of these are not clear yet. Finally, the activity of Prx 3, and other peroxidases in mito-
chondria, is determined by the redox state of the mitochondrial NADPH pool. The 
NADPH pool itself can respond to a number of factors (the activity of Δp-dependent 
transhydrogenase (TH), isocitrate dehydrogenase (ICDH), and malic enzyme), which 
maintain NADPH, and the redox state of the GSH and thioredoxin systems, which 
are reduced by NAPDH [40,46,47], potentially adding a further way of regulating the 
steady state level of H2O2 level in mitochondria.

HOW DOES THE MITOCHONDRIAL REDOX SIGNAL 
MOVE FROM MITOCHONDRIA TO THE CYTOSOL?

For H2O2 itself to act as a redox signal it has to leave the mitochondria and enter 
the cytosol. It is known that isolated mitochondria can produce a flux of H2O2 from 
both the intermembrane space and the matrix [4] and this indicates that H2O2 itself 
can leave the mitochondrion and pass to the cytosol. The passage of H2O2 through 
the plasma membrane, for example, in response to its generation outside the cell 
by NADPH oxidases, is mediated by aquaporins [48,49]. There have been reports 
of aquaporin 8 in the mitochondrial inner membrane [50,51]; however, these have 
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of H2O2 from SOD-catalyzed dismutation. Within mitochondria, H2O2 is degraded by gluta-
thione peroxidases (GPx) or peroxiredoxins (Prx), which depend for their reduction on gluta-
thione (GSH) and thioredoxin-2 (Trx), respectively. Glutathione disulfide (GSSG) is reduced 
back to GSH by glutathione reductase (GR). Trx is reduced by thioredoxin reductase-2 (TrxR). 
Both enzymes receive reducing equivalents from the NADPH pool, which is kept reduced by 
the Δp-dependent transhydrogenase (TH), and by isocitrate dehydrogenase (ICDH).
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been disputed [52] and no aquaporins are found in databases of mitochondrial pro-
teins, such as MitoCarta2. The very large surface-to-volume area of the mitochon-
drial inner membrane most probably enables the rapid diffusion of H2O2 through 
the phospholipid bilayer in the absence of aquaporins [52]. Therefore, we currently 
favor a model in which H2O2 efflux from mitochondria is unmediated, but we can-
not exclude the possibility that other proteins in the mitochondrial inner membrane 
may facilitate H2O2 movement out of the mitochondria. Once in the intermembrane 
space, the H2O2 should then be able to diffuse out of that compartment by movement 
through porins in the outer membrane.

This scenario indicates how H2O2 itself can move from the matrix to the rest 
of the cell. Of course, it is also possible that the H2O2 in the mitochondrial matrix 
can alter mitochondrial metabolism, perhaps by altering the activity of metal-center 
 proteins [42], and thus lead to the generation of another signal that can pass on to the 
rest of the cell, for example, by generating an electrophile.

WHAT ARE THE CYTOSOLIC TARGETS OF THE 
MITOCHONDRIAL H2O2 REDOX SIGNAL?

The efflux of H2O2 from the mitochondria to the cytosol can thus act as a poten-
tial redox signal. The way in which H2O2 acts as a signal requires that it affect the 
activity or location of a protein in some way [20,53,54]. This is usually thought to 
happen by the redox modification of a target cysteine residue. This can be done by 
the direct reaction of H2O2 with the target and can be reversible (e.g., reversible 
inactivation of tyrosine phosphatases through oxidation of an active site cysteine 
thiol [55]) or irreversible (e.g., thiol alkylation of Kelch-like ECH-associated  protein 
1 (KEAP1), inducing nuclear translocation of nuclear factor erythroid 2-related fac-
tor 2 (NRF2) [56]). However, an alternative mechanism has also been described in 
some cases such that it is not H2O2 itself that acts as a direct signal but that it is picked 
up by a disulfide relay such that this then passes on the redox signal to the target 
protein [57,58]. It is likely that in the cell the hydrogen peroxide interacts with such 
a similar relay, but whether this is specific for the H2O2 emanating from the mito-
chondria or not is currently unclear.

Whether the signal emanates from mitochondria as a H2O2 signal itself, a redox 
relay or another signaling molecule, this will ultimately have to act on a target pro-
tein and lead to a biological effect, notable examples including cytosolic stabilization 
of hypoxia-inducible factor-1α (HIF-1α) in response to mitochondrial ROS during 
hypoxia (leading to transcriptional adaptation to hypoxia) [59], and mitochondrial 
ROS–induced oligomerization of mitochondrial antiviral signaling (MAVS) protein 
in immune cells in response to viral infection, enhancing production of proinflamma-
tory cytokines [23]. Many proteins have been claimed to be targets for mitochondrial 
redox signals, but often the evidence is circumstantial or indirect. The development 
of redox proteomic methods should enable theses targets to be picked up more defini-
tively [60–62]. However, it may be that a recurring problem is that these changes are 
a series of reversible redox changes that have multiple small effects, and thus may be 
challenging to detect definitively.
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CONCLUSION

This survey of the potential roles of H2O2 in mitochondrial redox signaling focused on 
its generation by RET in mitochondria. This is because to us it seems the most physi-
ologically tractable method for mitochondria to generate a redox signal. However, 
many other possibilities are conceivable, and time will tell the extent to which RET 
is a significant player in mitochondrial redox signaling. Even so, at the moment it 
seems that RET is moving away from being an in vitro curiosity to a potential con-
tributor to in vivo signaling in a number of scenarios [21,25,34,63]. However, there 
are still huge gaps in our understanding. We are only starting to learn the web of 
interactions that link mitochondrial function to the rest of the cell.
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INTRODUCTION

Quinones have been detected in interstellar dust and are thus among the oldest organic 
chemicals in the universe [1]. Quinones and their reduction products, hydroquinones, 
are also widely distributed on earth, as metabolites of fungi, bacteria, lichen, plants, 
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insects, worms, spiders, and mammals [2]. Ubiquinones are components of the elec-
tron transport chain, and vitamin K1, which is essential for the synthesis of blood 
clotting factors, is a naphthoquinone derivative. Quinones are found in tea, coffee, 
fruit, wine, vegetables, wheat-based cereals, bread, and drinking water [3,4]. Henna, 
which has been used since antiquity as a dye for the hair and skin, owes its activity 
to the presence of 2-hydroxy-1,4-naphthoquinone [5], and the anthraquinone deriva-
tive, carminic acid, is the major component of cochineal, which is widely used as a 
dye for food and lipstick. Creams containing hydroquinone are used as cosmetics 
in many parts of the world, particularly in the Middle East, sub-Saharan Africa, and 
Asia, where fair skin is considered beautiful and an indicator of high socioeconomic 
class [6]. 2,3-Dichloro-1,4-naphthoquinone has been used for many years as a fun-
gicide and the anthraquinone derivatives emodin and chrysazin are, or have been, 
used as laxatives. Quinones are also produced during combustion, and are important 
environmental pollutants. Plant-derived quinones have been widely used in traditional 
medicine, and quinones comprise one of the largest classes of anticancer drugs [7] 
and are in use for therapy of malaria [8]. Other quinones are under investigation for 
possible use in the treatment of schistosomiasis and trypanosomiasis.

We are thus exposed to a wide range of quinones and hydroquinones, which may 
have beneficial or adverse effects upon our health. In this review, the focus will be 
on natural and synthetic derivatives of 1,2-benzoquinone (1), 1,4-benzoquinone (2), 
1,2-naphthoquinone (3) and 1,4-naphthoquinone (4), 9,10-phenanthrenequinone (5) 
and 9,10-anthraquinone (6), including the azirinidylquinones, such as diaziquone 
(2,5-diaziridinyl-3,6-bis(carboethoxyamino)-1,4-benzoquinone (7), mitomycin C 
(8), β-lapachone (9) streptonigrin (10), anthracyclines, such as doxorubicin (11, 
R = CH2OH) and daunorubicin (11, R = CH3), 17-(allylamino)-17-demethoxygel-
danamycin (12), deoxynyboquinone (13), gossypol (14), mitoxantrone (15), and 
chrysazin (16). The effects of certain derivatives of hydroquinone and catechol, the 
reduction products of 1,4- and 1,2-benzoquinone respectively, are also discussed.
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REDUCTION OF QUINONES

Quinones and hydroquinones constitute a 2-electron redox system, with intermedi-
acy of the one-electron reduction/oxidation product, the semiquinone (Reaction 8.1).
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The reduction of quinones is mediated by several enzyme systems. Reduction 
may be a one-electron reaction, yielding the semiquinone, as mediated by 
NADPH-cytochrome P450 reductase, cytochrome b5 reductase, mitochondrial 
NADH:ubiquinone oxidoreductase (Complex I) [9], sepiapterin reductase [10], and 
neuronal nitric oxide synthase [11]. Alternatively, reduction may be a two-electron 
reaction, yielding the hydroquinone, as catalyzed by NAD(P)H:quinone acceptor 
oxidoreductase (NQO1) [12] and other carbonyl reductases [13] or may proceed via 
both one- and two-electron reactions, as seen with xanthine oxidase [9], glutathione 
reductase [14], thioredoxin reductase [15], trypanothione-disulfide reductase [16], 
and lipoamide dehydrogenase [17].

Quinones with relatively high reduction potentials, such as benzoquinone, 
 methylbenzoquinone, and halogenated benzoquinones, are reduced nonenzymati-
cally by NAD(P)H [18] and by GSH [19]. Quinones are reduced by ascorbate in two 
one-electron steps, forming the semiquinone and hydroquinone [20]. They are also 
reduced to the semiquinone by reaction with oxyhemoglobin (HbIIO2), with con-
comitant formation of methemoglobin (HbIII) [21] (Reaction 8.2).

 

O

O

+ HbIIO2 + O2HbIII +

O•

O–  

(8.2)

The ease of reduction of a particular quinone is related to its reduction potential. The 
more positive the reduction potential, the more easily the quinone or semiquinone is 
reduced. Conversely, the more negative the potential of a quinone, the more difficult 
it is to reduce [1].

AUTOXIDATION OF HYDROQUINONES

Hydroquinones undergo autoxidation. Reaction of the monoanion of a hydro-
quinone with molecular oxygen produces the semiquinone and superoxide radical 
(Reaction 8.3).

 O–

OH

+ O2

O.

O–

+ O2
•– + H+

 

(8.3)
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The same products are formed by the reaction of the monoanion of a hydroquinone 
with a transition metal in its higher oxidation state (Reaction 8.4), followed by autox-
idation of the reduced metal (Reaction 8.5).

 O–

OH

+ M(n+1)+

O–

O•

+ + H+Mn+

 

(8.4)

 Mn+ + O2 M(n+1)+ O2
•–+  (8.5)

The semiquinone reacts with molecular oxygen to form the quinone and superoxide 
radical (Reaction 8.6). This reaction is reversible:

 O–

O•

+ O2

O

O

+ O2
•–

 

(8.6)

More semiquinone is formed by comproportionation between the quinone and 
hydroquinone, a reaction that is in equilibrium with disproportionation of the 
semiquinone (Reaction 8.7), and by oxidation of the hydroquinone by superoxide 
(Reaction 8.8).
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The rate of autoxidation of a hydroquinone depends upon its reduction potential. 
The more negative the reduction potential, the more easily the hydroquinone is oxi-
dized [1]. Substitution with electron-donating groups in the aromatic ring decreases 
reduction potentials, thereby increasing autoxidation rates [22]. Conversely, com-
pounds substituted with electron-withdrawing groups have more positive reduc-
tion potentials, and a lower rate of oxidation would be expected [22]. Since the 
initial step of oxidation involves the hydroquinone anion, autoxidation rates will 
also be dependent upon ionization potentials. This is again influenced by substitu-
ent groups, with electron-donating groups leading to a decrease in the degree of 
ionization, while electron-withdrawing groups increase it [1]. The effect of these 
parameters is shown by the rapid autoxidation of hydroquinones [23–25] and 
naphthohydroquinones [26,27] containing electron-donating groups. Halogenated 
hydroquinones [1], halogenated 1,4-naphthohydroquinones [27], and 5-hydroxy-
1,4-naphthohydroquinone (juglone) [27] also undergo rapid autoxidation at neutral 
pH. These compounds have very high reduction potentials, and for this reason low 
oxidation rates would be expected. However, they are highly ionized at neutral pH, 
and the high concentration of the anion in solution compensates for the effect of the 
reduction potential.

The position of the equilibrium in the reaction between the semiquinone and oxygen 
and the reaction between the quinone and superoxide radical (Reaction 8.6) is also 
of crucial importance, since the forward reaction initiates a radical chain reaction for 
oxidation of the hydroquinone via Reaction 8.8. If the reduction potential of a qui-
none is lower than the one-electron reduction potential of oxygen (i.e., < −180 mV), 
the   equilibrium position for Reaction 8.6 will lie to the right, favoring formation of 
superoxide. For quinones with a potential greater than −180 mV, however, the gen-
eration of superoxide will not be thermodynamically favorable [1]. In this case, a lag 
phase in the autoxidation reaction will be observed, with the rate increasing as the 
level of quinone increases, facilitating semiquinone formation via Reaction 8.7. The 
lag phase would be abolished by the addition of catalytic amounts of quinone. Such 
effects have been observed with hydroquinone [28], phenylhydroquinone [29], and 
1,4-naphthohydroquinone [30].

This reaction will also determine the effect of superoxide dismutase on the rate 
of autoxidation. If the equilibrium lies to the left, superoxide dismutase, by destroy-
ing superoxide radical, will shift the equilibrium to the right, increasing the forma-
tion of the quinone, which can then participate in the comproportionation reaction 
(Reaction 8.7). In this way, the rate of autoxidation will be increased. Such an effect 
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has been seen with hydroquinone [28], phenylhydroquinone [31], chlorophenylhydro-
quinones [32], and 1,2-naphthohydroquinone [33]. Conversely, if the equilibrium lies 
to the right, superoxide dismutase will decrease the rate of autoxidation by eliminating 
the superoxide-driven radical chain reaction, as seen with 1,2,3-trihydroxybenzene 
(pyrogallol) and 1,2-4-trihydroxybenzene [34,35], 1,2-dihydroxy-4-(1-hydroxy-2-
(methylamino)ethyl)benzene (epinephrine) [36], 1,2,4-trihydroxy-5-(2-aminoethyl)
benzene (6-hydroxydopamine) [37], and alkyl-, alkoxy-, hydroxy-, and amino-
1,4-naphthohydroquinones [26,27].

REDOX CYCLING OF QUINONES

The reduction of quinones by cellular reducing agents and the autoxidation of the 
hydroquinones and semiquinones leads to redox cycling, in which a single molecule 
of the quinone may generate many molecules of ROS. Redox cycling of quinones has 
been observed in mitochondria [38,39] and in microsomes [40,41], and when these 
compounds are incubated with NAD(P)H [42,43], ascorbate [44,45], NQO1 [46], or 
with monothiols [47] or dithiols [48].

Thiols are nucleophiles as well as reducing agents, and thiolated hydroquinones 
as well as unsubstituted hydroquinones have been observed as products of the reac-
tion between thiols and quinones [49]. Since the thiol moiety is electron donating, 
the redox potential of the hydroquinone thiol conjugates will be lower than that 
of the parent hydroquinone, and will therefore undergo more rapid autoxidation [50]. 
The reaction with thiols may therefore constitute an activation reaction, and redox 
cycling of quinones has been observed in the presence of thiols, with the generation 
of ROS. This may occur not only with low molecular weight thiols [51], but also with 
protein thiols [52]. It has been suggested, however, that conjugation of quinones with 
N-acetylcysteine could constitute a detoxification reaction [53].

CYTOTOXICITY AND ROS PRODUCTION BY QUINONES 
AND HYDROQUINONES IN VITRO

The toxicity of quinones and hydroquinones to cell lines in vitro has been exten-
sively studied. Cancer cell lines have been most extensively used, mainly with a 
view to identifying compounds that could possibly be useful in the therapy of cancer 
in vivo. More than a thousand compounds have been tested, in a wide range of cell 
lines. In general, cell death by quinones involves apoptosis via the intrinsic pathway, 
although necrosis is sometimes seen in cells exposed to very high levels of these 
substances.

In many cases, increased intracellular levels of ROS have been reported, gener-
ally attributed to redox cycling of the test material after uptake by the cells, and such 
species have been suggested to be responsible for the observed toxic effects. In most 
instances, fluorescent probes have been used to detect ROS in cells, although there 
are significant problems with the specificity of such probes and the interpretation of 
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the results derived from their use [54]. Another problem arises in studies on hydro-
quinones due to the possibility that they may undergo autoxidation in the culture 
medium [55,56], generating ROS extracellularly. Superoxide radical is unable to 
cross cell membranes, but its decomposition to hydrogen peroxide, which is able to 
enter cells, could lead to increased intracellular levels of this substance, as detected 
by the fluorescent dyes. Extracellular SOD was shown to protect against the cyto-
toxicity of gallic acid [57], 6-hydroxydopamine [58], gossypol [59], and 4-allyl-
catechol [60], the autoxidation of which is inhibited by this enzyme. In contrast, the 
cytotoxicity of phenylhydroquinone was increased by addition of SOD to the culture 
medium [31], consistent with the fact that the rate of autoxidation of this substance is 
increased by SOD [31,61]. It is possible that extracellular autoxidation and genera-
tion of ROS contributes to the cytotoxic activity of these compounds.

The cytotoxicity of 2-methyl-1,4-naphthoquinone (menadione) [62,63], 2,3-di-
methoxy-1,4-naphthoquinone [64] and β-lapachone [65] was also decreased by addi-
tion of SOD to the culture medium, again suggesting extracellular production of 
ROS. With these compounds, such an effect could reflect intracellular formation of 
the hydroquinone with subsequent release into the culture medium, although in view 
of the instability of naphthohydroquinones, this appears unlikely. Alternatively, the 
quinone may be reduced by membranal quinone reductase [64] or by components of 
the culture medium, such as the thiol groups of proteins. Ascorbate has been shown 
to increase the cytotoxicity of menadione [66], juglone and 2,3-dichloro-1,4-naph-
thoquinone [67], and 2-(4-hydroxyanilino)- and 2-(4-methoxyanilino)-1,4-naphtho-
quinone [68], again most likely due to extracellular redox cycling.

While high levels of ROS may kill cancer cells in vitro, low concentrations of such 
species stimulate cancer cell growth [69,70], and such an effect has been observed 
with several quinones [71,72].

ROS production and oxidative damage by quinones in erythrocytes has been 
extensively studied. In these cells, generation of hydrogen peroxide has been investi-
gated by the rather old-fashioned, but apparently specific, technique involving inhibi-
tion of cellular catalase activity in the presence of 3-aminotriazole [73]. Oxidative 
damage to erythrocytes, occurring via Reaction 8.2, is indicated by methemoglobin 
formation and by further irreversible oxidation of hemoglobin leading to the forma-
tion of intracellular precipitates (Heinz bodies). Such changes have been observed in 
erythrocytes incubated with benzoquinones [74], catechols [75], 1,2- and 1,4-naph-
thoquinone [76], alkyl-1,4-naphthoquinones [77], dialkyl-1,4-naphthoquinones 
[78], alkoxy-1,4-naphthoquinones [79], chloro-1,4-naphthoquinones [80], juglone 
[81], β-lapachone [82], and daunorubicin [83]. No effects were observed in rodent 
erythrocytes incubated with 2-hydroxy-1,4-naphthoquinone [81] or in erythrocytes 
from normal individuals. Oxidative damage was seen, however, in erythrocytes from 
individuals deficient in glucose-6-phosphate dehydrogenase [84], an enzyme of the 
pentose phosphate pathway, which is the sole route for NADPH generation in eryth-
rocytes. Low levels of this enzyme compromise the ability of erythrocytes to with-
stand oxidative stress and such cells are particularly susceptible to oxidative damage 
induced by quinones [85].



172 Hydrogen Peroxide Metabolism in Health and Disease

EFFECT OF QUINONES ON CHEMICALLY-INDUCED 
CANCER IN ANIMALS

Protection against chemically induced cancer has been observed in animals dosed 
with a number of quinones. With 2,6-dimethoxy-1,4-benzoquinone [86], plumba-
gin and juglone [87], 5,8-dihydroxy-2-(1-hydroxy-4-methyl-3-pentenyl)-1,4-naph-
thoquinone (shikonin) [88], and β-lapachone [89], protection was given when the 
quinone was given before, during, and after the carcinogen. In comparative stud-
ies, 2-isopropyl-5-methyl-benzoquinone (thymoquinone) [90] and gallic acid [91] 
were much more effective when given before, rather than after, the carcinogen. 
3,4-Dihydroxybenzoic acid was equally effective in either situation [92,93].

EFFECT OF QUINONES AND HYDROQUINONES 
ON TUMOR GROWTH IN VIVO

Thymoquinone [94], mitomycin C [95], gossypol [96], juglone [97], plumbagin 
[98,99], shikonin [100], doxorubicin [101], and β-lapachone [102] have been shown 
to decrease the growth of cancer cell transplants in immunocompromised mice or in 
syngeneic mouse models.

ANTIPARASITIC ACTION OF QUINONES

Protozoans of the genus Plasmodium are responsible for malaria, a major prob-
lem in countries within a broad band around the equator. Organisms of the genera 
Trypanosoma and Leishmania are responsible for African trypanosomiasis (sleeping 
sickness), American trypanosomiasis (Chagas’ disease), and leishmaniasis, which are 
major health problems found almost exclusively in low-income populations of devel-
oping countries in tropical and subtropical areas of the world [103]. Drugs to treat 
these diseases are available, but they are expensive and are associated with severe side 
effects. Furthermore, resistance is growing to such drugs. New, preferably cheap, drugs 
are needed, but development of such drugs is of little interest to pharmaceutical com-
panies [104]. Research is being undertaken in academic institutions, however, particu-
larly in South America. The main focus of this research has been on naphthoquinones, 
in view of the traditional use of lapachol (2-hydroxy-3-[3-methylbut-2-enyl]-1,4-naph-
thoquinone) in South America, which was originally isolated from the Brazilian tree 
Tabebuia avellanedae. Many naturally occurring and synthetic naphthoquinone deriva-
tives have been tested, and some have shown high activity against various stages of the 
life cycle of Trypanosoma [105] and of Plasmodium [106] in vitro.

INDUCTION OF PHASE 2 ENZYMES BY QUINONES 
AND HYDROQUINONES IN ANIMALS

t-Butylhydroquinone increased the activities of NQO1 and glutathione S-transferase in 
the liver, lungs, kidneys, forestomach, glandular stomach, and upper small intestine of 
mice [107] while 3,4-dihydroxybenzoic acid increased hepatic glutathione S-transferase 
activity in rats [108]. 2-Amino-, 2-methylamino-, 2-dimethylamino-, 2-amino-3-methyl-, 
2-amino-3-hydroxy-, 2,3-dichloro, 2-bromo- and 2-amino-3-chloro-1,4-naphthoquinone 
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increased NQO1 activity in the livers and kidneys of rats [79]. Juglone and 5-hydroxy-
2-methyl-1,4-naphthoquinone (plumbagin) increased the activity of NQO1 and 
 glutathione S-transferase and NQO1 in the forestomach, glandular stomach, duodenum, 
jejunum, caecum, and colon of rats, but they had no significant effect on the activities of 
these enzymes in the liver, spleen, heart, lungs, or urinary bladder of these animals [109].

TOXICITY OF QUINONES AND HYDROQUINONES TO ANIMALS

Hemolytic AnemiA

Oxidative damage to erythrocytes in vivo is reflected by methemoglobinemia and 
by the presence of Heinz bodies within the cells. Such damaged erythrocytes are 
removed from the circulation by phagocytic cells. In rodents, the primary site of 
erythrocyte destruction is the spleen, although in severe cases, hepatic Kupffer cells 
are also involved [110,111]. The spleen plays a major role in erythrocyte regen-
eration following hemolysis [112], and splenic erythropoiesis is associated with 
engorgement of red pulp sinusoids, recognized macroscopically as splenic enlarge-
ment and darkening. Iron released from phagocytized cells is stored as hemosiderin, 
predominantly in the spleen, with lesser amounts in the liver and kidneys. When the 
rate of erythro-clasis exceeds that of compensatory erythropoiesis, blood packed 
cell volumes and hemoglobin levels decline. In severe hemolytic anemia, imma-
ture erythrocytes are released into the circulation, recognized as reticulocytosis. The 
hematological, histological, and organ weight changes associated with oxidative 
hemolysis are thus quite characteristic, and easily distinguished from other forms 
of anemia.

Many quinones have been shown to induce oxidative hemolysis in animals. Among 
monocyclic compounds, benzoquinone, hydroquinone, and t-butylhydroquinone are 
relatively weak hemolytic agents in animals. The addition of a third hydroxy group 
increases activity, and 1,2,4-trihydroxybenzene, gallic acid, and pyrogallol are potent 
hemolytic agents in vivo [113,114]. The last-named compound, which is found in 
acorns and oak leaves, has caused severe toxicity in farm animals grazing in fields 
containing oak trees. Thousands of animals are poisoned each year [115]. Severe, 
and sometimes fatal, methemoglobinemia, Heinz body formation, and hemolytic 
anemia have been recorded in horses eating the leaves of red maple (Acer rubrum), 
and poisoning by this plant is a serious problem for horse owners in the eastern 
United States and Canada [116]. Again, pyrogallol is held responsible for these toxic 
effects [117]. Mitomycin C [118] and 17-(allylamino)-17-demethoxygeldanamycin 
[119] are also hemolytic agents in animals.

Similarly, 1,2-naphthoquinone [76] and its alkyl, alkoxy, and amino derivatives [79] 
induce oxidative hemolysis in rats, as does β-lapachone [120]. 1,4-Naphthoquinone is 
also a hemolytic agent in animals, as are 2-monoalkyl- [77], 2,3-dialkyl- [121], 2-amino- 
and 2-alkylamino- [79], 2,3-dichloro- [122], and 2-hydroxy-1,4- naphthoquinone [77]. 
9,10-Anthraquinone and its 2-amino- [123] and 1-amino-2,4-dibromo derivatives [124] 
are also  hemolytic agents in rodents. The toxic effects of a series of 2-hydroxy-3-alkyl-
4-naphthoquinones, with alkyl substitution from methyl to pentyl, have been examined 
in rats. Hemolytic activity decreased with increasing size of the alkyl group, possibly 
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reflecting a steric effect of the substituent [125]. Steric effects cannot be the whole 
answer, however, since substitution at the 3-position with relatively small groups (chloro 
or amino) also decreased the severity of hemolysis. Similar effects were observed with 
2-amino-1,4-naphthoquinones substituted at the 3-position [79].

When fed at excessive levels, gossypol-containing cottonseed causes hemolysis in 
farm animals [126], and at times, gossypol poisoning has caused major problems in 
agricultural production, such as the death of 1600 calves in a single incident [127].

HepAtotoxicity

Centrilobular hepatic necrosis was induced in mice after intraperitoneal injection 
of tetrachloro-1,4-benzoquinone [128] and there is evidence for gossypol-induced 
 hepato-toxicity in rats [129]. Liver damage was also observed in animals after acute 
or chronic administration of anthracyclines [130,131]. Hepatic necrosis was observed 
in rats injected with 17-[(dimethylaminoethyl)amino]-17-demethoxygeldanamycin 
[132], and liver damage, in addition to hemolytic anemia, has been observed in farm 
animals eating cottonseed or acorns and oak leaves [126,133].

nepHrotoxicity

Oral administration of hydroquinone induces renal tubular necrosis in male F344 
rats, but not in female F344 rats, Sprague-Dawley rats, or male or female mice [134]. 
F344 rats, particularly males, are known to be very susceptible to renal damage, and 
the relevance of this strain of rat in the evaluation of nephrotoxic agents is question-
able [135].

Unlike the mono-alkyl derivatives, 2,3-dimethyl-1,4-naphthoquinone not only 
caused hemolysis in Sprague-Dawley rats but also renal tubular necrosis in the distal 
segment of the proximal convoluted tubules [121]. Mitoxantrone [136] and amino-
anthraquinones [137] have also been shown to be nephrotoxic in mice.

2-Hydroxy-1,4-naphthoquinone is a potent nephrotoxin in rats [138] and both 
hemolytic anemia and nephrotoxicity were reported in a dog that ate a large amount 
of a hair dye containing henna [139].

In none of these cases was nephrotoxicity due to urinary excretion of hemoglobin 
or methemoglobin, since there was no evidence of intravascular hemolysis in the 
animals.

cArdiotoxicity

Although effective broad-spectrum anticancer drugs, the clinical use of doxorubicin, 
daunorubicin, and other anthracyclines is restricted by their toxicity, particularly irre-
versible cardiomyopathy. Acute effects on the heart are rare with currently-employed 
doses of anthracyclines, but cumulative toxicity, resembling congestive heart fail-
ure, occurs in a significant proportion of patients, with occurrence proportional to 
dose. Myocytic vacuolation, accompanied by areas of interstitial fibrosis, are seen in 
patients, although necrosis is rarely seen [140]. Mitoxantrone, another anthraquinone 
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anticancer drug, has been shown to be cardiotoxic in mice, although the severity 
of the cardiac effects induced by this compound was lower than those induced by 
doxorubicin [136]. Replacement of one of the quinone groups of doxorubicin with 
an imine function, to yield 5-iminodaunorubicin, diminishes the rate of redox cycling 
in mitochondria and cardiotoxic activity [141,142].

effects on reproduction

Oral administration of plumbagin decreased spermatogenesis in male rats [143], 
and in dogs dosed with this compound by intraperitoneal injection. In the latter 
animals, testicular atrophy and damage to seminiferous tubules were also observed 
[143]. In female rats, plumbagin prolonged the duration of the estrus cycle, inhib-
ited fetal implantation, and induced abortion [144]. Decreased spermatogenesis was 
observed in rodents after acute [131] or chronic [145] administration of anthra-
cyclines, and gossypol decreased spermatogenesis and decreased spermatozoal 
 motility in rats [146].

cArcinogenicity

In a two-year feeding study with hydroquinone in F344 rats and B6C3F1 mice, an 
increase in the incidence of renal tubular adenomas were seen in male rats, but not in 
female rats or in either sex of mice, and it was concluded that this compound is a car-
cinogen [134]. The interpretation of the results of this study has been criticized, how-
ever, on the basis of the association between the spontaneous nephropathy seen in 
F344 rats (mainly in males) and the observed increase in the incidence of renal ade-
nomas [147]. In short-term studies, hydroquinone administered by gavage induced 
degeneration and increased cell proliferation in the renal tubules of male F344 rats, 
but not in female F344 rats or in male Sprague-Dawley rats. It was concluded that 
chemically-induced cell proliferation secondary to toxicity may be important in 
the pathogenesis of the benign renal tumors observed in male F344 rats dosed with 
hydroquinone, which may be associated with chronic regenerative activity [148].

In long-term feeding studies in rats, catechol induced adenocarcinoma formation 
and adenomatous hyperplasia in the glandular stomach of rats and mice. Papillomas 
and squamous cell carcinomas were occasionally observed in the forestomachs 
of these rats [92]. Similar studies with 9,10-anthraquinone showed an increased 
incidence of hepatic, renal, and bladder cancer [149], while 1-amino-2,4-di-
bromoanthraquinone induced cancer at various sites in both mice and rats [150]. 
1-Hydroxy-9,10-anthraquinone, 1-amino-2-methylanthraquinone [137], and chrys-
azin [151] were shown to be carcinogenic in the large intestine and liver of animals, 
and formation of 1,2-quinones is possibly involved in the carcinogenic action of 
polycyclic hydrocarbons [152].

cAtArAct formAtion

1,2- and 1,4-naphthoquinone [153] and doxorubicin [154] are cataractogenic in rats.
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TOXICITY OF QUINONES AND HYDROQUINONES 
TO HUMANS

Hydroquinone appears to be of low oral toxicity in humans. There is no evidence 
for adverse effects in individuals employed in the manufacture or use of this 
compound [155] and oral administration of hydroquinone at 300–500 mg/day, in 
3 divided doses, to volunteers for three months showed no adverse effects [156]. 
17-(Allylamino)-17-demethoxygeldanamycin causes anemia in humans. It is also 
hepatotoxic [157]. Azirinidylquinones have also been shown to induce anemia in 
cancer patients, together with myelosuppression and renal damage [158].

Hykinone (menadione sodium bisulphite) and Synkavit (menadiol sodium phos-
phate) are drugs that were once routinely administered to babies in order to prevent 
hemorrhagic disease of the newborn, an uncommon, but very serious, event. These 
compounds are rapidly metabolized to menadione in vivo, and it was first noticed in 
1953 that some infants treated with these drugs suffered oxidative hemolysis [159]. 
The association between the use of these drugs and hemolytic anemia was later con-
firmed, with some deaths being reported [160]. A decrease in the recommended dose 
levels, and the use of vitamin K1 rather than menadione or its derivatives, appears to 
have resolved this problem. A Phase 1 trial of Synkavit in patients with advanced can-
cer showed a high incidence of hemolytic anemia [161] and trials in cancer patients 
with menadione in addition to other cancer chemotherapeutics revealed rate-limiting 
hemolytic anemia [162]. 1,4-Naphthoquinone is a metabolite of naphthalene, which 
may contribute to the hemolytic anemia seen in humans after ingestion of this sub-
stance, which is a common household item used as a moth deterrent [163].

Application of henna extract to the skin of newborn babies is a traditional practice 
in some cultures. In individuals with glucose-6-phosphate dehydrogenase deficiency, 
such application may be associated with hemolytic anemia and even death [164]. Fatal 
hemolytic anemia and renal failure also occurred in a 27-day-old boy treated with 
henna for nappy rash [165]. Acute renal failure and hemolysis occurred after acci-
dental ingestion of henna [166] and in an individual who consumed a large amount 
of henna as a presumed therapeutic [167]. Severe hemolytic anemia occurred in a 
young woman who ingested a henna decoction as an abortifacient [168]. A complex of 
β-lapachone with hydroxypropyl-β-cyclodextrin, code-named ARQ 501, underwent 
unsuccessful clinical trials as a therapeutic for a variety of cancers. The reasons for 
failure included dose-limiting toxicity in the form of hemolytic anemia [169].

The cardiotoxicity and myelosuppression of anthracyclines are important factors 
in the use of these compounds in cancer therapy.

In the 1930s and 1940s, the culinary use of unrefined cottonseed oil, containing 
high levels of gossypol, in certain areas of China was associated with a pronounced 
decrease in birth rate, and purified gossypol has been evaluated as a male contracep-
tive [170].

No information on the chronic oral or inhalation toxicity of phenanthrene-
9,10-quinone is available. Since this substance is a common atmospheric pollutant, 
and in view of the observation that individuals exposed to diesel exhaust fumes, of 
which phenanthrene-9,10-quinone is a major component [171], show oxidative DNA 
damage, such studies would be of considerable value.
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ROLE OF NQO1 IN QUINONE TOXICITY

The enzyme NQO1 (then named “DT-diaphorase”) was first reported by Ernster 
et al. in 1962 [12]. They showed that NQO1 reduced a number of quinones to 
the corresponding hydroquinones with either NADH or NADPH as cofactor, and 
that the enzyme was strongly inhibited by dicoumarol. In later publications by 
Ernster and colleagues, it was suggested that NQO1 could protect against the toxic 
effect of quinones by producing “relatively stable” hydroquinones, thus avoiding 
one-electron reduction of the quinones to the highly unstable semiquinones, which 
can react with molecular oxygen to produce ROS [172]. The concept that NQO1 
protected against quinone toxicity became dogma [173], even though later publica-
tions indicated that two-electron reduction of quinones does not necessarily lead to 
detoxification [174,175], and it is still regularly stated in the literature that NQO1 
detoxifies quinones.

In fact, NQO1 may either detoxify or activate quinones, and which process 
occurs depends upon the rate of reduction of the quinone, the rate and mechanism 
of autoxidation of the hydroquinone, and the concentration of NQO1 employed. 
These factors are clearly shown in studies with quinones and purified NQO1. With 
menadione, redox cycling occurred at low levels of NQO1, indicating activation. 
As the level of NQO1 was increased, however, redox cycling was progressively 
inhibited, indicating detoxication. Menadione is rapidly reduced by NQO1. At low 
levels, only a proportion of the quinone will be reduced to the hydroquinone, so 
that semiquinone formation via the comproportionation reaction (Reaction 8.7) 
will proceed, leading to redox cycling and ROS production. Furthermore, with 
menadione, the equilibrium position of Reaction 8.6 lies to the right, so the super-
oxide radical will be available for further semiquinone formation via Reaction 8.8. 
As the level of NQO1 is increased, the concentration of quinone will decrease, and 
oxidation via the comproportionation reaction will be inhibited, thereby leading to 
a decrease in oxidation rate and ROS production. Similar effects were seen with 
2,3-dimethyl- and 2,3-dimethoxy-1,4-naphthohydroquinone, although with these 
compounds, a higher concentration of NQO1 was required for inhibition than that 
for menadione, possibly reflecting the relatively low rates of reduction of these 
compounds by NQO1 [46].

In contrast, the rates of redox cycling of 2-hydroxy- and 2-amino-1,4-naph-
thoquinone and streptonigrin increased with increasing levels of NQO1, and no 
inhibition was seen even at high levels of this enzyme. These compounds are but 
slowly reduced by NQO1, so that it is likely that levels of the hydroquinone were 
never low enough to inhibit Reaction 8.7 [30,46]. Redox cycling with juglone in 
the presence of NQO1 was very fast, and again no inhibition was observed in the 
presence of high levels of this enzyme [46]. Juglone is reduced relatively rapidly 
by NQO1, and in this case it is likely that the failure of inhibition is due not to slow 
reduction but to the fact that the comproportionation reaction is unimportant in the 
mechanism of oxidation of this compound [46]. Similar results are to be expected 
with 2,3-dichloro- and 2-bromo-1,4-naphthoquinone, since the comproportion-
ation reaction likewise plays little part in the autoxidation of the hydroquinones 
derived from these substances.
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CONCLUSIONS

It has been concluded in many cases that the ability of quinones to undergo redox 
cycling, with the generation of ROS, is responsible for the biological effects of the 
compounds. Certainly, redox cycling occurs during the interaction of these com-
pounds with biological reducing agents at physiological pH, making such a conclu-
sion feasible.

With regard to effects in cells in vitro, several criteria for the involvement of ROS 
in toxicity may be considered:

 1. The demonstration of ROS within the cells incubated with the test 
compounds

 2. The demonstration of a protective effect of scavengers of ROS
 3. The demonstration that factors that increase or decrease the production of ROS 

by quinones in vitro increase or decrease the cytotoxicity of these substances

ROS formation has consistently been reported in cells incubated with quinones and 
hydroquinones. There is a question with regard to the site at which ROS production 
occurs, particularly with hydroquinones, which may undergo autoxidation in the cul-
ture medium, thereby generating ROS extracellularly.

N-Acetylcysteine has regularly been described as a scavenger of ROS, and addi-
tion of this substance to the culture medium has been shown to protect against the 
cytotoxicity of benzoquinones [176], 6-hydroxydopamine [177], naphthoquinones 
[178,179], anthraquinones [180], and phenanthrene-9,10-quinone [181]. The rate of 
reaction of N-acetylcysteine with superoxide radical and hydrogen peroxide is low, 
however [182,183], and it has been suggested that protection is given not by direct 
scavenging of ROS but by the ability of this thiol to increase intracellular levels of 
NADPH, thereby maintaining intracellular antioxidant defenses [184].

As discussed, ROS production by menadione and 2,3-dimethoxy-1,4-naph-
thoquinone was inhibited by high levels of NQO1. It would be expected that 
cytotoxicity would be decreased by increasing cellular levels of NQO1, while it 
would be increased by inhibiting this enzyme. In accord with these expectations, 
the toxic effects of menadione [185] and 2,3-dimethoxy-1,4-naphthoquinone 
[186] in cells in vitro have been shown to be inversely proportional to cellular 
NQO1 levels and the cytotoxicity of these substances was increased by inhibi-
tion of NQO1 [187,188]. Similar effects have been observed with benzoquinone 
[189], doxorubicin [190], 2,6-dimethoxy-1,4-benzoquinone [187], and mitoxan-
trone [191].

In contrast, high levels of NQO1 stimulated ROS production by streptonigrin, 
and it would therefore be expected that the cytotoxicity of this compound would 
be increased by increasing cellular levels of this enzyme and protection would be 
afforded by its inhibition. Again, such expectation has been fulfilled [192]. Similar 
effects have been recorded in cells exposed to 17-(allylamino)-17-demethoxygel-
danamycin [193], 2,3-dimethoxy-1,4-naphthoquinone [186], and β-lapachone [102]. 
Overall, there is good evidence for the involvement of ROS in quinone toxicity to 
cells in vitro.
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For consideration of the involvement of ROS in the in vivo toxicity of quinones 
and hydroquinones, one may consider the following criteria:

 1. Demonstration of ROS production, or of the products of oxidation by ROS, 
in vivo at the sites at which toxicity has been observed

 2. Demonstration of ROS production in the target cells in vivo
 3. Proportionality between the efficacy of derivatives in generating ROS 

in vitro and the severity of the toxic effects that they induce
 4. Demonstration of a protective effect of scavengers of ROS
 5. Effects of modulators of ROS production on toxicity in vivo
 6. The induction of toxic effects similar to those observed with the test com-

pound by other ROS generators

Some of these criteria have been met with regard to the hemolytic activity of qui-
nones and hydroquinones. ROS production was observed with several of the hemo-
lytic quinones in vitro, and hydrogen peroxide was detected in erythrocytes of mice 
injected with menadione [74]. Hemolysis by quinones and hydroquinones was of 
the oxidative type, as indicated by methemoglobinemia and Heinz body forma-
tion, in erythrocytes in vivo. Erythrocytes are particularly susceptible to oxidative 
damage, and oxidative hemolysis is seen with other compounds that are known to 
generate ROS, such as polysulfides [194] and aromatic amines [195]. In the case 
of mono-alkyl-1,4-naphthoquinones, hemolytic activity in rats was correlated with 
their ability to generate superoxide radical through reaction with oxyhemoglobin, 
and with their ability to generate hydrogen peroxide and induce oxidative damage in 
erythro-cytes in vitro, indicating that no extra-erythrocytic activation is needed for 
their in vivo hemolytic action [77].

Preadministration of compounds that increase the activity of Phase 2 enzymes, 
including NQO1, would be expected to decrease the toxicity of compounds that are 
detoxified by this enzyme while toxicity would be increased by concurrent admin-
istration of an NQO1 inhibitor. The severity of hemolytic anemia induced in rats by 
menadione was indeed decreased by increasing tissue levels of Phase 2 enzymes, 
and the degree of protection was correlated with the extent of NQO1 induction in the 
livers of the animals. Inhibition of NQO1 increased the severity of hemolysis [196]. 
Similarly, the hemolytic action of 2,3-dimethyl-1,4-naphthoquinone was decreased 
in rats by induction of Phase 2 enzymes [121]. Conversely, pretreatment of rats with 
the Phase 2 enzyme inducers butylated hydroxyanisole, butylated hydroxytoluene, 
dimethyl fumarate, or disulfiram increased the severity of the hemolytic anemia 
induced by 2-hydroxy- and 2-amino-1,4-naphthoquinone, for which high levels of 
NQO1 were shown to increase ROS production. The nephrotoxicity of the latter 
compound was also decreased by all the inducers, but that of 2-hydroxy-1,4-naph-
thoquinone was decreased only by dimethyl fumarate or disulfiram [196,197]. The 
reason for this disparity is unknown.

The increased susceptibility of individuals with glucose-6-phosphate dehydrog-
enase deficiency, in which the inability of erythrocytes to maintain intracellular levels 
of GSH makes them particularly susceptible to oxidative damage, is also consistent 
with the involvement of ROS in quinone-induced hemolysis. Although high levels 
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of doxorubicin were shown to generate ROS in erythrocytes in vitro, accompanied 
by methemoglobin formation [83], no hemolysis has been reported in animals dosed 
with these compounds. In view of the susceptibility of erythrocytes from glucose-
6-phosphate dehydrogenase–deficient individuals to oxidative damage, it was sug-
gested in 1980 that these drugs should be used with caution in patients with this 
disorder [198]. Three years later, severe oxidative hemolysis was reported in such an 
individual, following administration of doxorubicin [199].

Thus, there is evidence for the involvement of ROS in the hemolytic activity of 
quinones in vivo.

The involvement of ROS in the nephrotoxicity of quinones is not established. The 
nephrotoxic action of 2,3-dimethyl-1,4-naphthoquinone, which is detoxified by high 
levels of NQO1, was abolished by induction of Phase 2 enzymes, while inhibition of 
NQO1 caused a massive increase in the severity of the renal tubular necrosis induced 
by this compound [121]. The nephrotoxicity of 2-amino-1,4-naphthoquinone was 
decreased by butylated hydroxyanisole, butylated hydroxytoluene, dimethyl fuma-
rate, or disulfiram, but that of 2-hydroxy-1,4-naphthoquinone was decreased only by 
dimethyl fumarate or disulfiram [196,197]. The reason for this disparity is unknown. 
It is therefore not possible to generalize with regard to the effects of modulators 
of Phase 2 enzyme induction on the nephrotoxicity of naphthoquinones in vivo. 
Structure–activity relationships indicate the importance of electron-donating groups 
for nephrotoxic activity. Compounds with a relatively weak electron-donating effect, 
such as an alkyl group, or with an electron-withdrawing group, are not nephrotoxic. 
Dialkyl-1,4-naphthoquinones contain two electron-donating groups, and these are 
nephrotoxic. 2-Hydroxy- and 2-amino-1,4-naphthoquinone are potent nephrotoxins, 
and both these substituents are strongly electron donating. Furthermore, methylation 
of the amino group, which produces a greater electron-donating effect, increases the 
nephrotoxic activity of 2-aminonaphthoquinones. However, substitution with either 
electron-donating or electron-withdrawing groups at the 3-position of 2-hydroxy- or 
2-amino-naphthoquinones decreases nephrotoxic activity. It must be concluded that 
a free 3-position in hydroxy and amino-1,4-naphthoquinones is important for renal 
toxicity, although the role that this may play in the nephrotoxic action is unclear, and 
further work on the mechanism of the renal damage induced by these compounds is 
required.

Although several other ROS-generating compounds, such as diquat [200], 
paracetamol [201], and sodium selenite [202], have been shown to be cataractogenic 
in animals, there is no direct evidence that the cataract formation by quinones is 
attributable to ROS production. Similarly, testicular damage and decreased sper-
matogenesis have been observed not only with quinones, but also with other ROS 
producers, including arsenic trioxide [203], aromatic nitro compounds [204], sodium 
selenite [205], quinacrine [206], 1,4-diaminobenzene [207], and paraquat [208], but 
again there is no direct evidence for the involvement of ROS in the induction of such 
lesions by quinones.

Innumerable studies on the toxicity of quinones to cells in vitro have been 
conducted, and the results of experiments on new compounds and on the effects 
of previously studied compounds on different cell lines continue to be published. 
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Detailed  investigations on the mechanisms of cytotoxicity of quinones and the 
signaling pathways involved have been conducted, but no clear structure–activity 
relationships have been identified. Although many reports on the in vitro effects of 
quinones end with a statement along the lines of “this compound is a promising drug 
for the therapy of such-and-such cancer,” few studies have progressed to the next 
steps of the evaluation process, namely, demonstration of growth inhibition effects in 
xenografts and assessment of toxicity.

There has been much interest in the use of quinones in cancer therapy, and the 
use of anthracyclines is an outstanding example of the value of such compounds. 
Results with other quinones have, however, generally been rather disappointing. In 
a Phase I clinical trial in cancer patients, administration of 17-(allylamino)-17-de-
methoxygeldanamycin was associated with dose-limiting hepatotoxicity and anemia 
[157]. A small Phase II trial involving administration of this compound to cancer 
patients showed no beneficial effects, but good effects in the intravesicle therapy of 
nonmuscle invasive bladder cancer were observed [209]. Clinical development of 
other geldanamycin derivatives is continuing [210]. Several azirinidylquinones have 
been used clinically as anticancer drugs, although further development of some com-
pounds of this class was discontinued because of toxicity issues [211]. Mitomycin C 
has been used as a cancer therapeutic agent in Japan since the early 1960s, although it 
was not approved for use in North America until 1974. It is effective in the treatment 
of a variety of solid tumors, although its toxicity has restricted its use. Menadione 
and derivatives were tested in clinical trials, but no beneficial effects were seen, 
and hemolytic anemia was a serious side effect. In the 1960s and 1970s, there was 
considerable interest in the potential use of streptonigrin for cancer chemotherapy. 
In early studies in patients with advanced cancer at various sites [212,213], strep-
tonigrin was administered at various doses and by different routes of administra-
tion. A positive response in terms of objective tumor regression and clinical benefit 
was claimed in some cases. These findings were not substantiated in later studies, 
however, and streptonigrin was found to cause severe bone marrow depression in 
patients [214], and human trials were discontinued. A complex of β-lapachone with 
hydroxypropyl-β-cyclodextrin, code-named ARQ 501, underwent unsuccessful clin-
ical trials as a therapeutic for a variety of cancers. The reasons for failure included 
dose-limiting toxicity in the form of hemolytic anemia [49,169]. Research on deriva-
tives of β-lapachone is continuing.

Many cancer cells contain high levels of NQO1, and it was suggested that this 
property could be exploited by anticancer drugs that redox cycle with this enzyme 
leading to the generation of ROS [215]. However, this conclusion does not take into 
account the fact that while many quinones undergo redox cycling with NQO1 at 
relatively low concentrations, redox cycling and ROS production by some such com-
pounds are inhibited at high levels of the enzyme. Such compounds may therefore be 
ineffective in cancer cells with high activities of NQO1. In this situation, compounds 
with which redox cycling with NQO1 is not inhibited at high levels of the enzyme 
may be the agents of choice. This property is seen with some dihydroxy-1,4-naphtho-
quinones and dihydroxyanthraquinones, with halogenated 1,4-naphthoquinones and 
with many 1,2-naphthoquinones.
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The situation with regard to the use of quinones in the therapy of malaria, 
schistosomiasis, and trypanosomiasis is in some respects similar to that regard-
ing their use as anticancer agents. Atovaquone (trans-2-[4-(4-chlorophenyl)
cyclohexyl]-3-hydroxy-1,4-naphthoquinone) in combination with proguanil 
hydrochloride is used in the prophylaxis and therapy of malaria under the trade 
name “Malarone” [8] and many new hydroxynaphthoquinones have been tested 
for their effects on the parasites in vitro, and some have been shown to be effec-
tive in mouse models [216], while others, while highly effective in vitro, showed 
no benefit in such models [217]. A mixture of menadione and ascorbate was 
shown to be highly toxic to the epimastigote, trypomastigote, and amastigote 
forms of Trypanosoma cruzi [218], suggesting that further work with this prepa-
ration would be worthwhile, although the possibility of hemolytic anemia as a 
side effect must be considered.

Several quinones have been shown to protect against chemically induced can-
cer, and such effects may reflect intervention at either the initiation or subsequent 
phases of carcinogenesis. Quinones have been shown to increase tissue activities of 
Phase 2 enzymes in animal tissues, and since these enzymes are known to facilitate 
the detoxification of carcinogens by conversion to water-soluble metabolites that 
can be excreted in urine [219,220], it is possible that enzyme induction could be 
responsible for the observed protection against chemically-induced carcinogene-
sis. In this situation, the test material would have to be given before exposure to the 
carcinogen. Alternatively, the toxic effects of quinones and hydroquinones on can-
cer cells, as demonstrated in vitro, could, if translated to the in vivo situation, lead 
to a decrease in the promotion and/or progression of chemically induced tumors. 
In this case, the test compounds would be effective when administered after of 
the carcinogen. These possibilities have not been sufficiently explored, with the 
test compounds in most experiments being administered before, during and after 
the carcinogen. In the few comparative studies that have been conducted, some 
compounds were shown to be more effective when given before the carcinogen, 
suggesting an effect at the initiation phase, while one compound, 3,4-dihydroxy-
benzoic acid, was effective when given either before or after the carcinogen. How 
such effects could be translated into the human situation for protection against 
cancer is unclear.

There is evidence for the involvement of reactive oxygen species in the toxicity 
of quinones in vitro and in vivo, and their ability to generate such species may be 
exploited for protection against cancer, and for therapy of cancer and of parasitic dis-
eases. Substantial progress has been made on the possibility of such use via in vitro 
experiments and studies in animals, and it is to be hoped that some of the more active 
compounds identified in these studies will progress toward clinical use.

ABBREVIATIONS

ROS reactive oxygen species
GSH reduced glutathione
SOD superoxide dismutase
NQO1 NAD(P)H:quinone acceptor oxidoreductase



183Quinone Toxicity

REFERENCES

 1. Song, Y. and G. R. Buettner. 2010. Thermodynamic and kinetic considerations for 
the reaction of semiquinone radicals to form superoxide and hydrogen peroxide. Free 
Radical Biology and Medicine 49: 919–962.

 2. Thomson, R. H. 1987. Naturally Occurring Quinones III: Recent Advances. London, 
U.K.: Chapman & Hall.

 3. Deisinger, P. J., T. S. Hill, and J. C. English. 1996. Human exposure to naturally occur-
ring hydroquinone. Journal of Toxicology and Environmental Health 47: 31–46.

 4. Zhao, Y., J. Anichina, X. Lu et al. 2012. Occurrence and formation of chloro- and bromo-
benzoquinones during drinking water disinfection. Water Research 46: 4351–4360.

 5. Semwal, R. B., D. K. Semwal, S. Combrinck, C. Cartwright-Jones, and A. Viljoen. 
2014. Lawsonia inermis L.(henna): Ethnobotanical, phytochemical and pharmacologi-
cal aspects. Journal of Ethnopharmacology 155: 80–103.

 6. AlGhamdi, K. M. 2010. The use of topical bleaching agents among women: A cross-
sectional study of knowledge, attitude and practices. Journal of the European Academy 
of Dermatology and Venereology 24: 1214–1219.

 7. Asche, C. 2005. Antitumour quinones. Mini-Reviews in Medicinal Chemistry 5: 
449–467.

 8. Schuck, D. C., S. B. Ferreira, L. N. Cruz et al. 2013. Biological evaluation of hydroxy-
napthoquinones as anti-malarials. Malaria Journal 12: 234.

 9. Siegel, D., P. Reigan, and D. Ross. 2008. One-and two-electron-mediated reduction of 
quinones: Enzymology and toxicological implications. In Advances in Bioactivation 
Research, ed. A. A. Elfarra. Springer, Berlin, Germany, pp. 169–200.

 10. Yang, S., Y.-H. Jan, J. P. Gray et al. 2013. Sepiapterin reductase mediates chemical redox 
cycling in lung epithelial cells. Journal of Biological Chemistry 288: 19221–19237.

 11. Matsuda, H., S. Kimura, and T. Iyanagi. 2000. One-electron reduction of quinones by 
the neuronal nitric-oxide synthase reductase domain. Biochimica et Biophysica Acta 
1359: 106–116.

 12. Ernster, L., L. Danielson, and M. Ljunggren. 1962. DT diaphorase I. Purification from 
the soluble fraction of rat-liver cytoplasm, and properties. Biochimica et Biophysica 
Acta 58: 171–188.

 13. Oppermann, U. 2007. Carbonyl reductases: The complex relationships of mammalian 
carbonyl-and quinone-reducing enzymes and their role in physiology. Annual Review of 
Pharmacology and Toxicology 47: 293–322.

 14. Čénas, N. K., G. A. Rakauskiené, and J. J. Kulys. 1989. One-and two-electron reduction 
of quinones by glutathione reductase. Biochimica et Biophysica Acta 973: 399–404.

 15. Čénas, N., H. Nivinskas, Z. Anusevicius, J. Sarlauskas, F. Lederer, and E. S. J. Arnér. 
2004. Interactions of quinones with thioredoxin reductase: A challenge to the antioxidant 
role of the mammalian selenoprotein. Journal of Biological Chemistry 279: 2583–2592.

 16. Belorgey, D., D. A. Lanfranchi, and E. Davioud-Charvet. 2013. 1,4-Naphthoquinones 
and other NADPH-dependent glutathione reductase-catalyzed redox cyclers as anti-
malarial agents. Current Pharmaceutical Design 19: 2512–2528.

 17. Vienožinskis, J., A. Butkus, N. Čénas, and J. Kulys. 1990. The mechanism of the 
 quinone reductase reaction of pig heart lipoamide dehydrogenase. Biochemical Journal 
269: 101–105.

 18. Carlson, B. W. and L. L. Miller. 1985. Mechanism of the oxidation of NADH by 
 quinones Energetics of one-electron and hydride routes. Journal of the American 
Chemical Society 107: 479–485.

 19. Wilson, I., P. Wardman, T.-S. Lin, and A. C. Sartorelli. 1987. Reactivity of thiols towards 
derivatives of 2- and 6-methyl-1,4-naphthoquinone bioreductive alkylating agents. 
Chemico-Biological Interactions 61: 229–240.



184 Hydrogen Peroxide Metabolism in Health and Disease

 20. Isaacs, N. S. and R. van Eldik. 1997. A mechanistic study of the reduction of qui-
nones by ascorbic acid. Journal of the Chemical Society, Perkin Transactions 2: 
1465–1468.

 21. Winterbourn, C. C., J. K. French, and R. F. Claridge. 1979. The reaction of menadi-
one with haemoglobin. Mechanism and effect of superoxide dismutase. Biochemical 
Journal 179: 665–673.

 22. Monks, T. J., R. P. Hanzlik, G. M. Cohen, D. Ross, and D. G. Graham. 1992. Quinone 
chemistry and toxicity. Toxicology and Applied Pharmacology 112: 2–16.

 23. Gao, R., Z. Yuan, Z. Zhao, and X. Gao. 1998. Mechanism of pyrogallol autoxidation 
and determination of superoxide dismutase enzyme activity. Bioelectrochemistry and 
Bioenergetics 45: 41–45.

 24. Lewis, J. G., W. Stewart, and D. O. Adams. 1988. Role of oxygen radicals in induction 
of DNA damage by metabolites of benzene. Cancer Research 48: 4762–4765.

 25. Varela, E. and M. Tien. 2003. Effect of pH and oxalate on hydroquinone-derived hydroxyl 
radical formation during brown rot wood degradation. Applied and Environmental 
Microbiology 69: 6025–6031.

 26. Munday, R. 1997. Inhibition of naphthohydroquinone autoxidation by DT-diaphorase 
(NAD(P)H:[quinone acceptor]oxidoreductase). Redox Report 3: 189–196.

 27. Munday, R. 2000. Autoxidation of naphthohydroquinones: Effects of pH, naphtho- 
quinones and superoxide dismutase. Free Radical Research 32: 245–253.

 28. Eyer, P. 1991. Effects of superoxide dismutase on the autoxidation of 1,4-hydroquinone. 
Chemico-Biological Interactions 80: 159–176.

 29. Kwok, E. S. C. and D. A. Eastmond. 1997. Effects of pH on nonenzymatic oxidation 
of phenylhydroquinone: Potential role in urinary bladder carcinogenesis induced by 
o-phenylphenol in Fischer 344 rats. Chemical Research in Toxicology 10: 742–749.

 30. Munday, R. 2004. Activation and detoxification of naphthoquinones by NAD(P)
H:quinone oxidoreductase. Methods in Enzymology 382: 364–380.

 31. Tayama, S. and Y. Nakagawa. 1994. Effect of scavengers of active oxygen species 
on cell damage caused in CHO-K1 cells by phenylhydroquinone, an o-phenylphenol 
metabolite. Mutation Research 324: 121–131.

 32. Amaro, A. R., G. G. Oakley, U. Bauer, H. P. Spielmann, and L. W. Robertson. 1996. 
Metabolic activation of PCBs to quinones: Reactivity toward nitrogen and sulfur nucleo-
philes and influence of superoxide dismutase. Chemical Research in Toxicology 9: 
623–629.

 33. Cadenas, E., D. Mira, A. Brunmark, C. Lind, J. Segura-Aguilar, and L. Ernster. 1988. 
Effect of superoxide dismutase on the autoxidation of various hydroquinones—A pos-
sible role of superoxide dismutase as a superoxide: semiquinone oxidoreductase. Free 
Radical Biology and Medicine 5: 71–79.

 34. Hiramoto, K., R. Mochizuki, and K. Kikugawa. 2001. Generation of hydrogen peroxide 
from hydroxyhydroquinone and its inhibition by superoxide dismutase. Journal of Oleo 
Science 50: 21–28.

 35. Marklund, S. and G. Marklund. 1974. Involvement of the superoxide anion radical in the 
autoxidation of pyrogallol and a convenient assay for superoxide dismutase. European 
Journal of Biochemistry 47: 469–474.

 36. Misra, H. P. and I. Fridovich. 1972. The role of superoxide anion in the autoxidation 
of epinephrine and a simple assay for superoxide dismutase. Journal of Biological 
Chemistry 247: 3170–3175.

 37. Heikkila, R. E. and F. Cabbat. 1976. A sensitive assay for superoxide dismutase based 
on the autoxidation of 6-hydroxydopamine. Analytical Biochemistry 75: 356–362.

 38. Frei, B., K. H. Winterhalter, and C. Richter. 1986. Menadione- (2-methyl-
1,4-naphthoquinone)-dependent enzymic redox cycling and calcium release by mito-
chondria. Biochemistry 25: 4438–4443.



185Quinone Toxicity

 39. Pritsos, C. A., D. E. Jensen, D. Pisani, and R. S. Pardini. 1982. Involvement of super-
oxide in the interaction of 2,3-dichloro-1,4-naphthoquinone with mitochondrial mem-
branes. Archives of Biochemistry and Biophysics 217: 98–109.

 40. Bergmann, B., J. K. Dohrmann, and R. Kahl. 1992. Formation of the semiquinone anion 
radical from tert-butylquinone and from tert-butylhydroquinone in rat liver microsomes. 
Toxicology 74: 127–133.

 41. Kumagai, Y., Y. Tsurutani, M. Shinyashiki et al. 1997. Bioactivation of lapachol 
responsible for DNA scission by NADPH-cytochrome P450 reductase. Environmental 
Toxicology and Pharmacology 3: 245–250.

 42. Cone, R., S. K. Hasan, J. W. Lown, and A. R. Morgan. 1976. The mechanism of the 
degradation of DNA by streptonigrin. Canadian Journal of Biochemistry 54: 219–223.

 43. McLean, M. R., T. P. Twaroski, and L. W. Robertson. 2000. Redox cycling of 2-(x′-
mono,-di,-trichlorophenyl)-1,4-benzoquinones, oxidation products of polychlorinated 
biphenyls. Archives of Biochemistry and Biophysics 376: 449–455.

 44. Kviecinski, M. R., R. C. Pedrosa, K. B. Felipe et al. 2012. Inhibition of cell proliferation 
and migration by oxidative stress from ascorbate-driven juglone redox cycling in human 
bladder-derived T24 cells. Biochemical and Biophysical Research Communications 
421: 268–273.

 45. Shang, Y., C. Chen, Y. Li, J. Zhao, and T. Zhu. 2012. Hydroxyl radical generation mech-
anism during the redox cycling process of 1,4-naphthoquinone. Environmental Science 
& Technology 46: 2935–2942.

 46. Munday, R. 2001. Concerted action of DT-diaphorase and superoxide dismutase in prevent-
ing redox cycling of naphthoquinones: An evaluation. Free Radical Research 35: 145–158.

 47. Ross, D., J. K. Kepa, S. L. Winski, H. D. Beall, A. Anwar, and D. Siegel. 2000. NAD(P)
H:quinone oxidoreductase 1 (NQO1): Chemoprotection, bioactivation, gene regulation 
and genetic polymorphisms. Chemico-Biological Interactions 129: 77–97.

 48. Molina Portela, M. P. and A. O. M. Stoppani. 1996. Redox cycling of β-lapachone 
and related o-naphthoquinones in the presence of dihydrolipoamide and oxygen. 
Biochemical Pharmacology 51: 275–283.

 49. Wilson, W. L., C. Labra, and E. Barrist. 1961. Preliminary observations on the use of 
streptonigrin as an antitumor agent in human beings. Antibiotics & Chemotherapy 11: 
147–150.

 50. Monks, T. J. and S. S. Lau. 1992. Toxicology of quinone-thioethers. Critical Reviews in 
Toxicology 22: 243–270.

 51. Sun, Y., K. Taguchi, D. Sumi, S. Yamano, and Y. Kumagai. 2006. Inhibition of endo-
thelial nitric oxide synthase activity and suppression of endothelium-dependent vaso-
relaxation by 1,2-naphthoquinone, a component of diesel exhaust particles. Archives of 
Toxicology 80: 280–285.

 52. Chung, S.-M., J.-Y. Lee, M.-Y. Lee, O.-N. Bae, and J.-H. Chung. 2001. Adverse conse-
quences of erythrocyte exposure to menadione: Involvement of reactive oxygen species 
generation in plasma. Journal of Toxicology and Environmental Health 63A: 617–629.

 53. Mlejnek, P. and P. Dolezel. 2014. N-acetylcysteine prevents the geldanamycin cyto-
toxicity by forming geldanamycin–N-acetylcysteine adduct. Chemico-Biological 
Interactions 220: 248–254.

 54. Winterbourn, C. C. 2014. The challenges of using fluorescent probes to detect and quan-
tify specific reactive oxygen species in living cells. Biochimica et Biophysica Acta 1840: 
730–738.

 55. Passi, S., M. Picardo, and M. Nazzaro-Porro. 1987. Comparative cytotoxicity of phenols 
in vitro. Biochemical Journal 245: 537–542.

 56. Saito, Y., K. Nishio, Y. Ogawa et al. 2007. Molecular mechanisms of 6-hydroxydopa-
mine-induced cytotoxicity in PC12 cells: Involvement of hydrogen peroxide-dependent 
and-independent action. Free Radical Biology and Medicine 42: 675–685.



186 Hydrogen Peroxide Metabolism in Health and Disease

 57. Nose, M., T. Koide, K. Morikawa et al. 1998. Formation of reactive oxygen interme-
diates might be involved in the trypanocidal activity of gallic acid. Biological and 
Pharmaceutical Bulletin 21: 583–587.

 58. Tiffany-Castiglioni, E., R. P. Saneto, P. H. Proctor, and J. R. Perez-Polo. 1982. 
Participation of active oxygen species in 6-hydroxydopamine toxicity to a human neu-
roblastoma cell line. Biochemical Pharmacology 31: 181–188.

 59. Grankvist, K. 1989. Gossypol-induced free radical toxicity to isolated islet cells. 
International Journal of Biochemistry 21: 853–856.

 60. Jeng, J.-H., Y.-J. Wang, W. H. Chang et al. 2004. Reactive oxygen species are crucial 
for hydroxychavicol toxicity toward KB epithelial cells. Cellular and Molecular Life 
Sciences 61: 83–96.

 61. Inoue, S., K. I. Yamamoto, and S. Kawanishi. 1990. DNA damage induced by metabolites 
of o-phenylphenol in the presence of copper(II) ion. Chemical Research in Toxicology 3: 
144–149.

 62. Abe, K. and H. Saito. 1996. Menadione toxicity in cultured rat cortical astrocytes. 
Japanese Journal of Pharmacology 72: 299–306.

 63. Sun, J.-S., Y.-H. Tsuang, W.-C. Huang, L.-T. Chen, Y.-S. Hang, and F.-J. Lu. 1997. 
Menadione-induced cytotoxicity to rat osteoblasts. Cellular and Molecular Life Sciences 
53: 967–976.

 64. Tan, A. S. and M. V. Berridge. 2010. Evidence for NAD(P)H:quinone oxidoreductase 
1 (NQO1)-mediated quinone-dependent redox cycling via plasma membrane electron 
transport: A sensitive cellular assay for NQO1. Free Radical Biology and Medicine 48: 
421–429.

 65. Bey, E. A., K. E. Reinicke, M. C. Srougi, M. Varnes, V. E. Anderson, J. J. Pink, L. 
S. Li, M. Patel, L. Cao, and Z. Moore. 2013. Catalase abrogates β-lapachone-induced 
PARP1 hyperactivation–directed programmed necrosis in NQO1-positive breast can-
cers. Molecular Cancer Therapeutics 12: 2110–2120.

 66. McGuire, K., J. M. Jamison, J. Gilloteaux, and J. L. Summers. 2013. Synergistic anti-
tumor activity of vitamins C and K3 on human bladder cancer cell lines. Journal of 
Cancer Therapy 4: 7–19.

 67. Verrax, J., M. Delvaux, N. Beghein, H. Taper, B. Gallez, and P. Buc Calderon. 2005. 
Enhancement of quinone redox cycling by ascorbate induces a caspase-3 indepen-
dent cell death in human leukaemia cells. An in vitro comparative study. Free Radical 
Research 39: 649–657.

 68. Felipe, K. B., J. Benites, C. Glorieux et al. 2013. Antiproliferative effects of phenyl-
aminonaphthoquinones are increased by ascorbate and associated with the appearance 
of a senescent phenotype in human bladder cancer cells. Biochemical and Biophysical 
Research Communications 433: 573–578.

 69. Burdon, R. H. 1995. Superoxide and hydrogen peroxide in relation to mammalian cell 
proliferation. Free Radical Biology and Medicine 18: 775–794.

 70. Halliwell, B. 2007. Oxidative stress and cancer: Have we moved forward? Biochemical 
Journal 401: 1–11.

 71. Kimura, K., M. Takada, T. Ishii, K. Tsuji-Naito, and M. Akagawa. 2012. 
Pyrroloquinoline quinone stimulates epithelial cell proliferation by activating epider-
mal growth factor receptor through redox cycling. Free Radical Biology and Medicine 
53: 1239–1251.

 72. Matsunaga, T., Y. Morikawa, M. Haga et al. 2014. Exposure to 9,10-phenanthrene- 
quinone accelerates malignant progression of lung cancer cells through up-regulation of 
aldo-keto reductase 1B10. Toxicology and Applied Pharmacology 278: 180–189.

 73. Margoliash, E. and A. Novogrodsky. 1958. A study of the inhibition of catalase by 
3-amino-1:2:4-triazole. Biochemical Journal 68: 468–475.



187Quinone Toxicity

 74. Cohen, G. and P. Hochstein. 1964. Generation of hydrogen peroxide in erythrocytes by 
hemolytic agents. Biochemistry 3: 895–900.

 75. Kusumoto, S. and T. Nakajima. 1964. Methemoglobin formation by aminophenol and 
diphenol in rabbits. Industrial Health 2: 133–138.

 76. Harley, J. D. and H. Robin. 1963. Adaptive mechanisms in erythrocytes exposed to 
naphthoquinones. Australian Journal of Experimental Biology 41: 281–292.

 77. Munday, R., E. A. Fowke, B. L. Smith, and C. M. Munday. 1994. Comparative toxicity 
of alkyl-1,4-naphthoquinones in rats: Relationship to free radical production in vitro. 
Free Radical Biology and Medicine 16: 725–731.

 78. Munday, R., B. L. Smith, and C. M. Munday. 1995. Comparative toxicity of 2-hydroxy-
3-alkyl-1,4-naphthoquinones in rats. Chemico-Biological Interactions 98: 185–192.

 79. Munday, R., B. L. Smith, and C. M. Munday. 2007. Structure-activity relationships in 
the haemolytic activity and nephrotoxicity of derivatives of 1,2- and 1,4-naphthoqui-
none. Journal of Applied Toxicology 27: 262–269.

 80. Sikka, H. C., E. H. Schwartzel, J. Saxena, and G. Zweig. 1974. Interaction of dichlone 
with human erythrocytes. I. Changes in cell permeability. Chemico-Biological 
Interactions 9: 261–272.

 81. Hart, L. A., N. A. A. van der Wal, A. S. Koster, and R. P. Labadie. 1989. A rapid and 
sensitive micro-assay to determine the capacity of quinones to undergo redox cycling. 
Toxicology Letters 48: 151–157.

 82. Lopes, J. N., F. S. Cruz, R. Docampo et al. 1978. In vitro and in vivo evaluation of the tox-
icity of 1,4-naphthoquinone and 1,2-naphthoquinone derivatives against Trypanosoma 
cruzi. Annals of Tropical Medicine and Parasitology 72: 523–531.

 83. Pedersen, J. Z., L. Marcocci, L. Rossi, I. Mavelli, and G. Rotilio. 1988. First electron 
spin resonance evidence for the generation of the daunomycin free radical and super-
oxide by red blood cell membranes. Annals of the New York Academy of Sciences 551: 
121–127.

 84. Zinkham, W. H. and F. A. Oski. 1996. Henna: A potential cause of oxidative hemolysis 
and neonatal hyperbilirubinemia. Pediatrics 97: 707–709.

 85. Bashan, N., O. Makover, A. Livne, and S. Moses. 1980. Effect of oxidant agents on nor-
mal and G6PD-deficient erythrocytes. Israel Journal of Medical Sciences 16: 351–356.

 86. Zalatnai, A., K. Lapis, B. Szende et al. 2001. Wheat germ extract inhibits experimental 
colon carcinogenesis in F-344 rats. Carcinogenesis 22: 1649–1652.

 87. Sugie, S., K. Okamoto, K. M. W. Rahman et al. 1998. Inhibitory effects of plumbagin 
and juglone on azoxymethane-induced intestinal carcinogenesis in rats. Cancer Letters 
127: 177–183.

 88. Yoshimi, N., A. Wang, Y. Morishita et al. 1992. Modifying effects of fungal and herb 
metabolites on azoxymethane-induced intestinal carcinogenesis in rats. Japanese 
Journal of Cancer Research 83: 1273–1278.

 89. Higa, R. A., R. D. Aydos, I. S. Silva, R. T. Ramalho, and A. S. de Souza. 2011. Study of 
the antineoplastic action of Tabebuia avellanedae in carcinogenesis induced by azoxy-
methane in mice. Acta Cirurgica Brasileira 26: 125–128.

 90. Raghunandhakumar, S., A. Paramasivam, S. Senthilraja et al. 2013. Thymoquinone 
inhibits cell proliferation through regulation of G1/S phase cell cycle transition in 
N-nitrosodiethylamine-induced experimental rat hepatocellular carcinoma. Toxicology 
Letters 223: 60–72.

 91. Jagan, S., G. Ramakrishnan, P. Anandakumar, S. Kamaraj, and T. Devaki. 2008. 
Antiproliferative potential of gallic acid against diethylnitrosamine-induced rat hepato-
cellular carcinoma. Molecular and Cellular Biochemistry 319: 51–59.

 92. Tanaka, T., T. Kojima, T. Kawamori, and H. Mori. 1995. Chemoprevention of digestive 
organs carcinogenesis by natural product protocatechuic acid. Cancer 75: 1433–1439.



188 Hydrogen Peroxide Metabolism in Health and Disease

 93. Tanaka, T., T. Kojima, T. Kawamori, N. Yoshimi, and H. Mori. 1993. Chemoprevention 
of diethylnitrosamine-induced hepatocarcinogenesis by a simple phenolic acid proto-
catechuic acid in rats. Cancer Research 53: 2775–2779.

 94. Zhu, W.-Q., J. Wang, X.-F. Guo, Z. Liu, and W.-G. Dong. 2016. Thymoquinone inhibits 
proliferation in gastric cancer via the STAT3 pathway in vivo and in vitro. World Journal 
of Gastroenterology 22: 4149–4159.

 95. Phillips, R. M., A. M. Burger, P. M. Loadman, C. M. Jarrett, D. J. Swaine, and H.-H. 
Fiebig. 2000. Predicting tumor responses to mitomycin C on the basis of DT-diaphorase 
activity or drug metabolism by tumor homogenates: Implications for enzyme-directed 
bioreductive drug development. Cancer Research 60: 6384–6390.

 96. Ko, C.-H., S.-C. Shen, L.-Y. Yang, C.-W. Lin, and Y.-C. Chen. 2007. Gossypol reduction 
of tumor growth through ROS-dependent mitochondria pathway in human colorectal 
carcinoma cells. International Journal of Cancer 121: 1670–1679.

 97. Aithal, B. K., S. M. R. Kumar, B. N. Rao et al. 2011. Evaluation of pharmacokinetic, 
biodistribution, pharmacodynamic, and toxicity profile of free juglone and its sterically 
stabilized liposomes. Journal of Pharmaceutical Sciences 100: 3517–3528.

 98. Hafeez, B. B., W. Zhong, J. W. Fischer et al. 2013. Plumbagin, a medicinal plant 
(Plumbago zeylanica)-derived 1,4-naphthoquinone, inhibits growth and metastasis of 
human prostate cancer PC-3M-luciferase cells in an orthotopic xenograft mouse model. 
Molecular Oncology 7: 428–439.

 99. Niu, M., W. Cai, H. Liu et al. 2015. Plumbagin inhibits growth of gliomas in vivo via 
suppression of FOXM1 expression. Journal of Pharmacological Sciences 128: 131–136.

 100. Wang, Y., Y. Zhou, G. Jia et al. 2014. Shikonin suppresses tumor growth and synergizes 
with gemcitabine in a pancreatic cancer xenograft model: Involvement of NF-κB signal-
ing pathway. Biochemical Pharmacology 88: 322–333.

 101. Giuliani, F. C., K. A. Zirvi, and N. O. Kaplan. 1981. Therapeutic response of human 
tumor xenografts in athymic mice to doxorubicin. Cancer Research 41: 325–335.

 102. Li, L. S., E. A. Bey, Y. Dong et al. 2011. Modulating endogenous NQO1 levels identi-
fies key regulatory mechanisms of action of β-lapachone for pancreatic cancer therapy. 
Clinical Cancer Research 17: 275–285.

 103. Fidalgo, L. M. and L. Gille. 2011. Mitochondria and trypanosomatids: Targets and 
drugs. Pharmaceutical Research 28: 2758–2770.

 104. de Castro, S. L. 1993. The challenge of Chagas’ disease chemotherapy: An update of 
drugs assayed against Trypanosoma cruzi. Acta Tropica 53: 83–98.

 105. Diogo, E. B. T., G. G. Dias, B. L. Rodrigues et al. 2013. Synthesis and anti-Trypano-
soma cruzi activity of naphthoquinone-containing triazoles: Electrochemical studies on 
the effects of the quinoidal moiety. Bioorganic & Medicinal Chemistry 21: 6337–6348.

 106. Ehrhardt, K., C. Deregnaucourt, A.-A. Goetz et al. 2016. The redox cycler plasmodione is 
a fast-acting antimalarial lead compound with pronounced activity against sexual and early 
asexual blood-stage parasites. Antimicrobial Agents and Chemotherapy 60: 5146–5158.

 107. De Long, M. J., H. J. Prochaska, and P. Talalay. 1985. Tissue-specific induction patterns 
of cancer-protective enzymes in mice by tert-butyl-4-hydroxyanisole and related substi-
tuted phenols. Cancer Research 45: 546–551.

 108. Hung, M.-Y., T. Y.-C. Fu, P.-H. Shih, C.-P. Lee, and G.-C. Yen. 2006. Du-Zhong 
(Eucommia ulmoides Oliv.) leaves inhibits CCl4-induced hepatic damage in rats. Food 
and Chemical Toxicology 44: 1424–1431.

 109. Munday, R. and C. M. Munday. 2000. Induction of quinone reductase and glutathione 
transferase in rat tissues by juglone and plumbagin. Planta Medica 66: 399–402.

 110. Azen, E. A. and R. F. Schilling. 1964. Extravascular destruction of acetylphenylhydrazine-
damaged erythrocytes in the rat. Journal of Laboratory and Clinical Medicine 63: 122–136.

 111. Rifkind, R. A. and D. Danon. 1965. Heinz body anemia- an ultrastructural study. I. Heinz 
body formation. Blood 25: 885–896.



189Quinone Toxicity

 112. Jenkins, F. P., J. A. Robinson, J. B. M. Gellatly, and G. W. A. Salmond. 1972. The no-
effect dose of aniline in human subjects and a comparison of aniline toxicity in man and 
the rat. Food and Cosmetics Toxicology 10: 671–679.

 113. Jung, F. and P. Witt. 1947. Studien über methämoglobinbildung XXX Mitteilung. 
Versuche mit Polyphenolen. Naunyn-Schmiedebergs Archiv für experimentelle 
Pathologie und Pharmakologie 204: 426–438.

 114. Niho, N., M. Shibutani, T. Tamura, K. Toyoda, C. Uneyama, N. Takahashi, and 
M. Hirose. 2001. Subchronic toxicity study of gallic acid by oral administration in F344 
rats. Food and Chemical Toxicology 39: 1063–1070.

 115. Plumlee, K. H., B. Johnson, and F. D. Galey. 1998. Comparison of disease in calves 
dosed orally with oak or commercial tannic acid. Journal of Veterinary Diagnostic 
Investigation 10: 263–267.

 116. Tennant, B., S. G. Dill, L. T. Glickman et al. 1981. Acute hemolytic anemia, methemo-
globinemia, and Heinz body formation associated with ingestion of red maple leaves by 
horses. Journal of the American Veterinary Medical Association 179: 143–150.

 117. Agrawal, K., J. G. Ebel, C. Altier, and K. Bischoff. 2012. Identification of protoxins 
and a microbial basis for red maple (Acer rubrum) toxicosis in equines. Journal of 
Veterinary Diagnostic Investigation 25: 112–119.

 118. Adikesavan, A. K., R. Barrios, and A. K. Jaiswal. 2007. In vivo role of NAD(P)H:quinone 
oxidoreductase 1 in metabolic activation of mitomycin C and bone marrow cytotoxicity. 
Cancer Research 67: 7966–7971.

 119. Solit, D. B., F. F. Zheng, M. Drobnjak et al. 2002. 17-Allylamino-17-
demethoxygeldanamycin induces the degradation of androgen receptor and HER-2/neu 
and inhibits the growth of prostate cancer xenografts. Clinical Cancer Research 8: 
986–993.

 120. Noh, J.-Y., J.-S. Park, K.-M. Lim et al. 2010. A naphthoquinone derivative can induce 
anemia through phosphatidylserine exposure-mediated erythrophagocytosis. Journal of 
Pharmacology and Experimental Therapeutics 333: 414–420.

 121. Munday, R., B. L. Smith, and C. M. Munday. 2001. Effects of modulation of tissue 
activities of DT-diaphorase on the toxicity of 2,3-dimethyl-1,4-naphthoquinone to rats. 
Chemico-Biological Interactions 134: 87–100.

 122. Ivanov, B. G. and E. I. Makovskaya. 1970. Effect of dichloronaphthoquinone on 
animals. Gigiena Primeneniya, Toksikologiya Pestitsidov i Klinika Osravlenii 8: 
160–166.

 123. Baker, J. R., E. R. Smith, Y. H. Yoon, G. G. Wade, H. Rosenkrantz, B. Schmall, J. H. 
Weisburger, and E. K. Weisburger. 1975. Nephrotoxic effect of 2-aminoanthraquinone 
in Fischer rats. Journal of Toxicology and Environmental Health 1: 1–11.

 124. Fleischman, R. W., H. J. Esber, M. Hagopian, H. S. Lilja, and J. E. Huff. 1986. Thirteen-
week toxicology studies of 1-amino-2, 4-dibromoanthraquinone in Fischer 344/N rats 
and B6C3F1 mice. Toxicology and Applied Pharmacology 82: 389–404.

 125. Munday, R., B. L. Smith, and C. M. Munday. 1995. Toxicity of 2,3-dialkyl-1,4-naph-
thoquinones in rats: Comparison with cytotoxicity in vitro. Free Radical Biology and 
Medicine 19: 759–765.

 126. Rogers, G. M., M. H. Poore, and J. C. Paschal. 2002. Feeding cotton products to cattle. 
Veterinary Clinics of North America: Food Animal Practice 18: 267–294.

 127. Morgan, S. E. 1997. Stocker and feedlot toxicology: Six investigations. Compendium on 
Continuing Education for the Practicing Veterinarian 19: S166–S173.

 128. Xu, D., L. Hu, C. Su et al. 2014. Tetrachloro-p-benzoquinone induces hepatic oxidative 
damage and inflammatory response, but not apoptosis in mouse: The prevention of cur-
cumin. Toxicology and Applied Pharmacology 280: 305–313.

 129. Wang, Y. and H.-P. Lei. 1987. Hepatotoxicity of gossypol in rats. Journal of 
Ethnopharmacology 20: 53–64.



190 Hydrogen Peroxide Metabolism in Health and Disease

 130.  Hiona, A., A. S. Lee, J. Nagendran et al. 2011. Pre-treatment with ACE inhibitor attenu-
ates doxorubicin induced cardiomyopathy via preservation of mitochondrial function. 
Journal of Thoracic and Cardiovascular Surgery 142: 396–403.

 131. Park, E.-S., S.-D. Kim, M.-H. Lee et al. 2003. Protective effects of N-acetylcysteine 
and selenium against doxorubicin toxicity in rats. Journal of Veterinary Science 4: 
129–136.

 132. Glaze, E. R., A. L. Lambert, A. C. Smith et al. 2005. Preclinical toxicity of a geldanamy-
cin analog, 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG), 
in rats and dogs: Potential clinical relevance. Cancer Chemotherapy and Pharmacology 
56: 637–647.

 133. Basden, K. W. and R. R. Dalvi. 1987. Determination of total phenolics in acorns from 
different species of oak trees in conjunction with acorn poisoning in cattle. Veterinary 
and Human Toxicology 29: 305–306.

 134. Kari, F. W., J. Bucher, S. L. Eustis, J. K. Haseman, and J. E. Huff. 1992. Toxicity and 
carcinogenicity of hydroquinone in F344/N rats and B6C3F1 mice. Food and Chemical 
Toxicology 30: 737–747.

 135. English, J. C., L. G. Perry, M. Vlaovic, C. Moyer, and J. L. O’Donoghue. 1994. 
Measurement of cell proliferation in the kidneys of Fischer 344 and Sprague-Dawley 
rats after gavage administration of hydroquinone. Fundamental and Applied Toxicology 
23: 397–406.

 136. Alderton, P. M., J. Gross, and M. D. Green. 1992. Comparative study of doxorubicin, 
mitoxantrone, and epirubicin in combination with ICRF-187 (ADR-529) in a chronic 
cardiotoxicity animal model. Cancer Research 52: 194–201.

 137. Murthy, A. S. K., A. B. Russfield, M. Hagopian, R. Monson, J. M. Snell, and E. K. 
Weisburger. 1979. Carcinogenicity and nephrotoxicity of 2-amino-, 1-amino-2-methyl-, 
and 2-methyl-1-nitro-anthraquinone. Toxicology Letters 4: 71–78.

 138. Munday, R., B. L. Smith, and E. A. Fowke. 1991. Haemolytic activity and nephrotoxic-
ity of 2-hydroxy-1,4-naphthoquinone in rats. Journal of Applied Toxicology 11: 85–90.

 139. Jardes, D. J., L. A. Ross, and J. E. Markovich. 2013. Hemolytic anemia after inges-
tion of the natural hair dye Lawsonia inermis (henna) in a dog. Journal of Veterinary 
Emergency and Critical Care 23: 648–651.

 140. Takemura, G. and H. Fujiwara. 2007. Doxorubicin-induced cardiomyopathy: From 
the cardiotoxic mechanisms to management. Progress in Cardiovascular Diseases 49: 
330–352.

 141. Tong, G. L., D. W. Henry, and E. M. Acton. 1979. 5-Iminodaunorubicin reduced car-
diotoxic properties in an antitumor anthracycline. Journal of Medicinal Chemistry 22: 
36–39.

 142. Doroshow, J. H. and K. J. A. Davies. 1986. Redox cycling of anthracyclines by cardiac 
mitochondria. II. Formation of superoxide anion, hydrogen peroxide, and hydroxyl radi-
cal. Journal of Biological Chemistry 261: 3068–3074.

 143. Bhargava, S. K. 1984. Effects of plumbagin on reproductive function of male dog. 
Indian Journal of Experimental Biology 22: 153–156.

 144. Premakumari, P., K. Rathinam, and G. Santhakumari. 1977. Antifertility activity of 
plumbagin. Indian Journal of Medical Research 65: 829–838.

 145. Desai, V. G., E. H. Herman, C. L. Moland et al. 2013. Development of doxorubicin-
induced chronic cardiotoxicity in the B6C3F1 mouse model. Toxicology and Applied 
Pharmacology 266: 109–121.

 146. Gadelha, I. C. N., N. B. S. Fonseca, S. C. S. Oloris, M. M. Melo, and B. Soto-Blanco. 
2014. Gossypol toxicity from cottonseed products. The Scientific World Journal 2014: 
Article ID 231635.

 147. O’Donoghue, J. L. and J. C. English. 1994. Some comments on the potential effects of 
hydroquinone exposure. Food and Chemical Toxicology 32: 863–866.



191Quinone Toxicity

 148. Hard, G. C., J. Whysner, J. C. English, E. Zang, and G. M. Williams. 1997. Relationship 
of hydroquinone-associated rat renal tumors with spontaneous chronic progressive 
nephropathy. Toxicologic Pathology 25: 132–143.

 149. National Toxicology Program. 2005. NTP technical report on the toxicology and 
 carcinogenesis studies of anthraquinone in F344/N rats and B6C3F1 mice (feed  studies). 
U.S. Department of Health and Human Services, Washington, DC.

 150. National Toxicology Program. 1996. NTP technical report on the toxicology and car-
cinogenesis studies of 1-amino-2,4-dibromoanthraquinone in F344/N rats and B6C3F1 
mice (feed studies). U.S. Department of Health and Human Services, Washington, DC.

 151. Mori, H., S. Sugie, K. Niwa, N. Yoshimi, T. Tanaka, and I. Hirono. 1986. Carcinogenicity 
of chrysazin in large intestine and liver of mice. Japanese Journal of Cancer Research 
77: 871–876.

 152. Xue, W. and D. Warshawsky. 2005. Metabolic activation of polycyclic and hetero-
cyclic aromatic hydrocarbons and DNA damage: A review. Toxicology and Applied 
Pharmacology 206: 73–93.

 153. Wells, P. G., B. Wilson, and B. M. Lubek. 1989. In vivo murine studies on the biochemi-
cal mechanism of naphthalene cataractogenesis. Toxicology and Applied Pharmacology 
99: 466–473.

 154. Bayer, A., C. Evereklioglu, E. Demirkaya, S. Altun, Y. Karslioglu, and G. Sobaci. 2005. 
Doxorubicin-induced cataract formation in rats and the inhibitory effects of hazel-
nut, a natural antioxidant: A histopathological study. Medical Science Monitor 11: 
BR300–BR304.

 155. Pifer, J. W., F. T. Hearne, F. A. Swanson, and J. L. O’Donoghue. 1995. Mortality study of 
employees engaged in the manufacture and use of hydroquinone. International Archives 
of Occupational and Environmental Health 67: 267–280.

 156. Carlson, A. J. and N. R. Brewer. 1953. Toxicity studies on hydroquinone. Experimental 
Biology and Medicine 84: 684–687.

 157. Sausville, E. A., J. E. Tomaszewski, and P. Ivy. 2003. Clinical development of 
17-allylamino,17-demethoxygeldanamycin. Current Cancer Drug Targets 3: 377–383.

 158. Danson, S. J., P. Johnson, T. H. Ward et al. 2011. Phase I pharmacokinetic and pharma-
codynamic study of the bioreductive drug RH1. Annals of Oncology 22: 1653–1660.

 159. Gasser, C. 1953. Die hämolytische Frühgeburtenanämie mit spontaner 
Innenkörperbildung. Helvetica Paediatrica Acta 8: 491–529.

 160. Laurance, B. 1955. Danger of vitamin-K analogues to newborn. Lancet 265: 819.
 161. Lim, D., R. J. Morgan, S. Akman et al. 2005. Phase I trial of menadiol diphosphate 

(vitamin K3) in advanced malignancy. Investigational New Drugs 23: 235–239.
 162. Tetef, M., K. Margolin, C. Ahn et al. 1995. Mitomycin C and menadione for the treat-

ment of advanced gastrointestinal cancers: A phase II trial. Journal of Cancer Research 
and Clinical Oncology 121: 103–106.

 163. Zuelzer, W. W. and L. Apt. 1949. Acute hemolytic anemia due to naphthalene poisoning: 
A clinical and experimental study. Journal of the American Medical Association 141: 
185–190.

 164. Raupp, P., J. Al Hassan, M. Varughese, and B. Kristiansson. 2001. Henna causes life 
threatening haemolysis in glucose-6-phosphate dehydrogenase deficiency. Archives of 
Disease in Childhood 85: 411–412.

 165. Devecioğlu, C., S. Katar, O. Doğru, and M. A. Taş. 2000. Henna-induced hemolytic 
anemia and acute renal failure. Turkish Journal of Pediatrics 43: 65–66.

 166. Rund, D., T. Schaap, N. Da'as, D. B. Yehuda, and J. Kalish. 2007. Plasma exchange as 
treatment for lawsone (henna) intoxication. Journal of Clinical Apheresis 22: 243–245.

 167. Qurashi, H. E. A., A. A. Qumqumji, and Y. Zacharia. 2013. Acute renal failure and intra-
vascular hemolysis following henna ingestion. Saudi Journal of Kidney Diseases and 
Transplantation 24: 553–556.



192 Hydrogen Peroxide Metabolism in Health and Disease

 168. Perinet, I., E. Lioson, L. Tichadou, M. Glaizal, and L. de Haro. 2011. Ingestion volon-
taire de décoction de henné (Lawsonia inermis) à l'origine d'une anémie hémolytique 
chez une patiente atteinte d'un déficit en G6PD. Médecine Tropicale 71: 292–294.

 169. Blanco, E., E. A. Bey, C. Khemtong, S.-G. Yang, J. Setti-Guthi, H. Chen, C. W. 
Kessinger, K. A. Carnevale, W. G. Bornmann, and D. A. Boothman. 2010. β-Lapachone 
micellar nanotherapeutics for non–small cell lung cancer therapy. Cancer Research 70: 
3896–3904.

 170. Wang, X., C. P. Howell, F. Chen, J. Yin, and Y. Jiang. 2009. Gossypol—A polyphenolic 
compound from cotton plant. Advances in Food and Nutrition Research 58: 215–263.

 171. Schuetzle, D. 1983. Sampling of vehicle emissions for chemical analysis and biological 
testing. Environmental Health Perspectives 47: 65–80.

 172. Lind, C., P. Hochstein, and L. Ernster. 1982. DT-diaphorase as a quinone reductase: A 
cellular control device against semiquinone and superoxide radical formation. Archives 
of Biochemistry and Biophysics 216: 178–185.

 173. Cadenas, E. 1995. Antioxidant and prooxidant functions of DT-diaphorase in quinone 
metabolism. Biochemical Pharmacology 49: 127–140.

 174. Lind, C., E. Cadenas, P. Hochstein, and L. Ernster. 1989. DT-diaphorase: Purification, 
properties, and function. Methods in Enzymology 186: 287–301.

 175. Ross, D., H. Thor, S. Orrenius, and P. Moldeus. 1985. Interaction of menadione 
(2-methyl-1,4-naphthoquinone) with glutathione. Chemico-Biological Interactions 55: 
177–184.

 176. Dong, H., D. Xu, L. Hu, L. S. Li, E. Song, and Y. Song. 2014. Evaluation of N-acetyl-
cysteine against tetrachlorobenzoquinone-induced genotoxicity and oxidative stress in 
HepG2 cells. Food and Chemical Toxicology 64: 291–297.

 177. Wanpen, S., P. Govitrapong, S. Shavali, P. Sangchot, and M. Ebadi. 2004. Salsolinol, a 
dopamine-derived tetrahydroisoquinoline, induces cell death by causing oxidative stress 
in dopaminergic SH-SY5Y cells, and the said effect is attenuated by metallothionein. 
Brain Research 1005: 67–76.

 178. Gaascht, F., M.-H. Teiten, C. Cerella, M. Dicato, D. Bagrel, and M. Diederich. 2014. 
Plumbagin modulates leukemia cell redox status. Molecules 19: 10011–10032.

 179. Xu, H. L., X. F. Yu, S. C. Qu, X. R. Qu, and Y. F. Jiang. 2012. Juglone, from Juglans 
mandshruica Maxim, inhibits growth and induces apoptosis in human leukemia cell 
HL-60 through a reactive oxygen species-dependent mechanism. Food and Chemical 
Toxicology 50: 590–596.

 180. Bair, J. S., R. Palchaudhuri, and P. J. Hergenrother. 2010. Chemistry and biology of 
deoxynyboquinone, a potent inducer of cancer cell death. Journal of the American 
Chemical Society 132: 5469–5478.

 181. Shang, Y., L. Zhang, Y. Jiang, Y. Li, and P. Lu. 2014. Airborne quinones induce cytotox-
icity and DNA damage in human lung epithelial A549 cells: The role of reactive oxygen 
species. Chemosphere 100: 42–49.

 182. Aruoma, O. I., B. Halliwell, B. M. Hoey, and J. Butler. 1989. The antioxidant action of 
N-acetylcysteine: Its reaction with hydrogen peroxide, hydroxyl radical, superoxide, 
and hypochlorous acid. Free Radical Biology and Medicine 6: 593–597.

 183. Winterbourn, C. C. and D. Metodiewa. 1999. Reactivity of biologically important thiol 
compounds with superoxide and hydrogen peroxide. Free Radical Biology and Medicine 
27: 322–328.

 184. Rushworth, G. F. and I. L. Megson. 2014. Existing and potential therapeutic uses for 
N-acetylcysteine: The need for conversion to intracellular glutathione for antioxidant 
benefits. Pharmacology & Therapeutics 141: 150–159.

 185. Chiou, T.-J., Y.-T. Wang, and W.-F. Tzeng. 1999. DT-diaphorase protects against mena-
dione-induced oxidative stress. Toxicology 139: 103–110.



193Quinone Toxicity

 186. Karczewski, J. M., J. G. P. Peters, and J. Noordhoek. 1999. Quinone toxicity in 
DT-diaphorase-efficient and-deficient colon carcinoma cell lines. Biochemical 
Pharmacology 57: 27–37.

 187. Helinska, A., T. Belej, and P. J. O’Brien. 1996. Cytotoxic mechanisms of anti-tumour qui-
nones in parental and resistant lymphoblasts, British Journal of Cancer 74 (Supplement 
27): S23–S27.

 188. Thor, H., M. T. Smith, P. Hartzell, G. Bellomo, S. A. Jewell, and S. Orrenius. 1982. 
The metabolism of menadione (2-methyl-1,4-naphthoquinone) by isolated hepatocytes. 
A study of the implications of oxidative stress in intact cells. Journal of Biological 
Chemistry 257: 12419–12425.

 189. Rubio, V., J. Zhang, M. Valverde, E. Rojas, and Z.-Z. Shi. 2011. Essential role of Nrf2 
in protection against hydroquinone- and benzoquinone-induced cytotoxicity. Toxicology 
in Vitro 25: 521–529.

 190. Wang, X.-J., Z. Sun, N. F. Villeneuve et al. 2008. Nrf2 enhances resistance of cancer 
cells to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis 29: 1235–1243.

 191. Duthie, S. J. and M. H. Grant. 1989. The role of reductive and oxidative metabolism in 
the toxicity of mitoxantrone, adriamycin and menadione in human liver derived Hep G2 
hepatoma cells. British Journal of Cancer 60: 566–571.

 192. Beall, H. D., Y. Liu, D. Siegel, E. M. Bolton, N. W. Gibson, and D. Ross. 1996. Role 
of NAD(P)H:quinone oxidoreductase (DT-diaphorase) in cytotoxicity and induction of 
DNA damage by streptonigrin. Biochemical Pharmacology 51: 645–652.

 193. Siegel, D., B. Shieh, C. Yan, J. K. Kepa, and D. Ross. 2011. Role for NAD(P)H:quinone 
oxidoreductase 1 and manganese-dependent superoxide dismutase in 17-(allylamino)-
17-demethoxygeldanamycin-induced heat shock protein 90 inhibition in pancreatic can-
cer cells. Journal of Pharmacology and Experimental Therapeutics 336: 874–880.

 194. Munday, R. 2012. Harmful and beneficial effects of organic monosulfides, disulfides, 
and polysulfides in animals and humans. Chemical Research in Toxicology 25: 47–60.

 195. Khan, M. F., X. Wu, B. S. Kaphalia, P. J. Boor, and G. A. S. Ansari. 1997. Acute hemato-
poietic toxicity of aniline in rats. Toxicology Letters 92: 31–37.

 196. Munday, R., B. L. Smith, and C. M. Munday. 1999. Effect of inducers of DT-diaphorase 
on the toxicity of 2-methyl- and 2-hydroxy-1,4-naphthoquinone to rats. Chemico-
Biological Interactions 123: 219–237.

 197. Munday, R., B. L. Smith, and C. M. Munday. 1998. Effects of butylated hydroxyanisole 
and dicoumarol on the toxicity of menadione to rats. Chemico-Biological Interactions 
108: 155–170.

 198. Shinohara, K. and K. R. Tanaka. 1980. The effects of adriamycin (doxorubicin HCl) on 
human red blood cells. Hemoglobin 4: 735–745.

 199. Doll, D. C. 1983. Oxidative haemolysis after administration of doxorubicin. British 
Medical Journal 287: 180–181.

 200. Clark, D. G. and E. W. Hurst. 1970. The toxicity of diquat. British Journal of Industrial 
Medicine 27: 51–55.

 201. Lubek, B. M., P. K. Basu, and P. G. Wells. 1988. Metabolic evidence for the involvement 
of enzymatic bioactivation in the cataractogenicity of acetaminophen in genetically 
susceptible (C57BL6) and resistant (DBA2) murine strains. Toxicology and Applied 
Pharmacology 94: 487–495.

 202. Huang, L.-L., C.-Y. Zhang, J. L. Hess, and G. E. Bunce. 1992. Biochemical changes and 
cataract formation in lenses from rats receiving multiple, low doses of sodium selenite. 
Experimental Eye Research 55: 671–678.

 203. da Silva, R. F., C. S. dos Santos Borges, P. Villela e Silva et al. 2016. The coadministra-
tion of N-acetylcysteine ameliorates the effects of arsenic trioxide on the male mouse 
genital system. Oxidative Medicine and Cellular Longevity 2016: Article ID 4257498.



194 Hydrogen Peroxide Metabolism in Health and Disease

 204. Matsumoto, M., A. Hirose, and M. Ema. 2008. Review of testicular toxicity of dinitro-
phenolic compounds, 2-sec-butyl-4,6-dinitrophenol, 4,6-dinitro-o-cresol and 2,4-dini-
trophenol. Reproductive Toxicology 26: 185–190.

 205. Cabaj, M., R. Toman, M. Adamkovičová, P. Massányi, S. Hluchý, N. Lukáč, and J. 
Golian. 2012. Structural changes of the testis and changes in semen quality param-
eters caused by intraperitoneal and peroral administration of selenium in rats. Scientific 
Papers: Animal Science and Biotechnologies 45: 125–131.

 206. Siegel, H. and C. W. Mushett. 1944. Structural changes following administration of 
quinacrine hydrochloride. AMA Archives of Pathology 38: 63–70.

 207. Bharali, M. K. and K. Dutta. 2012. Testicular toxicity of para-phenylenediamine after 
subchronic topical application in rat. International Journal of Environmental Health 
Research 22: 270–278.

 208. Clark, D. G., T. F. McElligott, and E. W. Hurst. 1966. The toxicity of paraquat. British 
Journal of Industrial Medicine 23: 126–132.

 209. Anastasiadis, A. and T. M. de Reijke. 2012. Best practice in the treatment of nonmuscle 
invasive bladder cancer. Therapeutic Advances in Urology 4: 13–32.

 210. Fukuyo, T., C. R. Hunt, and N. Horikoshi. 2010. Geldanamycin and its anti-cancer activ-
ities. Cancer Letters 290: 25–35.

 211. Miliukienė, V., H. Nivinskas, and N. Čėnas. 2014. Cytotoxicity of anticancer aziridinyl-
substituted benzoquinones in primary mice splenocytes. Acta Biochimica Polonica 61: 
833–836.

 212. Harris, M. N., T. J. Medrek, F. M. Golomb, S. L. Gumport, A. H. Postel, and J. C. 
Wright. 1965. Chemotherapy with streptonigrin in advanced cancer. Cancer 18: 49–57.

 213. Sullivan, R. D., E. Miller, W. Z. Zurek, and F. R. Rodriguez. 1963. Clinical effects 
of prolonged (continuous) infusion of streptonigrin (NSC-45383) in advanced cancer. 
Cancer Chemotherapy Reports 33: 27–40.

 214. Smith, G. M. R., J. A. Gordon, I. A. Sewell, and H. Ellis. 1967. A trial of streptonigrin 
in the treatment of advanced malignant disease. British Journal of Cancer 21: 295–301.

 215. Leinonen, H. N., E. Kansanen, P. Pölönen, M. Heinäniemi, and A.-L. Levonen. 2014. 
Role of the Keap1-Nrf2 pathway in cancer. Advances in Cancer Research 122: 281–320.

 216. de Rezende, L. C. D., F. Fumagalli, M. S. Bortolin et al. 2013. In vivo antimalarial 
activity of novel 2-hydroxy-3-anilino-1,4-naphthoquinones obtained by epoxide ring-
opening reaction. Bioorganic and Medicinal Chemistry Letters 23: 4583–4586.

 217. Docampo, R. 1990. Sensitivity of parasites to free radical damage by antiparasitic drugs. 
Chemico-Biological Interactions 73: 1–27.

 218. Desoti, V. C., D. Lazarin-Bidóia, F. M. Ribeiro et al. 2015. The combination of vitamin 
K3 and vitamin C has synergic activity against forms of Trypanosoma cruzi through a 
redox imbalance process. PloS One 10: e0144033.

 219. Slocum, S. L. and T. W. Kensler. 2011. Nrf2: Control of sensitivity to carcinogens. 
Archives of Toxicology 85: 273–284.

 220. Talalay, P., A. T. Dinkova-Kostova, and W. D. Holtzclaw. 2003. Importance of phase 
2 gene regulation in protection against electrophile and reactive oxygen toxicity and 
carcinogenesis. Advances in Enzyme Regulation 43: 121–134.



195

NADPH Oxidases and 
Reactive Oxygen in 
Viral Infections, with 
Emphasis on Influenza

Shivaprakash Gangappa, Amelia R. Hofstetter, 
Becky A. Diebold, and J. David Lambeth

CONTENTS

ROS and NADPH Oxidases ..................................................................................  196
Reactive Oxygen Species and Their Production ..............................................  196
Purpose-Driven ROS Production: The NADPH Oxidase Family ....................  197
Tissue NADPH Oxidases .................................................................................  198
NOX Enzyme Expression ................................................................................  200

ROS and Virus Infection .......................................................................................  200
ROS in Viral Infections ....................................................................................  200

HIV ..............................................................................................................  201
Hepatitis Virus .............................................................................................  202
Respiratory Viruses .....................................................................................  202
Dengue Virus ...............................................................................................  203
Herpesviruses ..............................................................................................  203
Other Viruses ...............................................................................................  204

General Consequences of ROS in Viral Infections ..........................................  204
Viral Inactivation .........................................................................................  204
Apoptosis .....................................................................................................  205
Viral Replication..........................................................................................  205
Effects on Transcription ..............................................................................  205
Effects on Cytokines ...................................................................................  206
Molecular and Cellular Damage..................................................................  207
Wound Healing ............................................................................................  207

NOX Enzymes and Influenza ................................................................................  208
General Considerations ....................................................................................  208

NOX1 and Influenza ....................................................................................  208
NOX2 and Influenza ....................................................................................  208
NOX4 and Influenza ....................................................................................  209

9



196 Hydrogen Peroxide Metabolism in Health and Disease

DUOX and Influenza ...................................................................................  209
NOX Enzymes and Innate Immunity to Influenza ......................................  210
NOX Enzymes and Adaptive Immunity to Influenza ..................................  211

Targeting NOX-Derived ROS as Adjunct Therapy for Influenza Infection .....  212
References .............................................................................................................  213

ROS AND NADPH OXIDASES

Reactive Oxygen SpecieS and theiR pROductiOn

Reactive oxygen species (ROS) are short-lived, electrophilic molecules generated 
by the partial reduction of oxygen to form superoxide (O2

−), hydrogen peroxide 
(H2O2), and hydroxyl radical (HO•) as well as secondary metabolites including 
lipid peroxides, peroxynitrite (ONOO−), and hypochlorous acid (HOCl) [1]. ROS 
in biological systems were originally thought to be produced mainly by accidental 
mechanisms such as by-products of metabolism, or from ingestion of toxins or 
chemicals that can induce redox cycling [2]. The herbicide paraquat is an example 
of a class of toxic bipyridinium derivatives of 4,4′-bipyridyl (viologens) that is 
easily reduced in cells to a radical mono cation that produces superoxide upon 
reaction with molecular oxygen, regenerating the parent molecule and leading to 
redox cycling. Likewise, some quinoidal chemical food additives, for example, the 
vitamin K analog menadione, undergo redox cycling reacting with dioxygen to 
form superoxide [3,4]. Also in this category is the initiation of free radical chain 
reactions by radiation that can result in formation of superoxide, hydroxyl radical, 
and peroxyl radicals (Table 9.1).

In early studies, mitochondria were proposed as a major source of ROS since it was 
estimated that 1% of respired oxygen resulted in ROS generation by mitochondria 
[5,6]. However, this estimate has been called into question since these experiments 
were performed on isolated mitochondria that may have undergone structural and 
functional alterations during the isolation procedure. Recent estimates derived using 
methods that permit measurements in living cells indicate that normally respiring 
mitochondria release very low levels of ROS [7]. Nevertheless, inherited or acquired 
mutations in DNA encoding mitochondrial respiratory chain components can perturb 
electron transfer reactions increasing basal ROS generation. Thus, normal mitochon-
dria likely provide a low basal level of ROS in many cells, and this level may increase 
during aging or mitochondrial damage.

Early studies also pointed to reactive oxygen generation as a side reaction during 
catalysis by a variety of redox-active enzymes. These include xanthine oxidase (XO), 
cytochrome p450, cyclooxygenase, lipoxygenase, and nitric oxide synthase (NOS). 
Oxidative destruction of tetrahydrobiopterin, a cofactor of the l-arginine-dependent 
NOS, results in an l-arginine-dependent increase in superoxide generation with a 
concomitant decrease in NOS [8]. In this manner, oxidative stress initiated from 
other sources may be amplified. Nevertheless, relatively few studies support the idea 
that these enzymes are a primary source of most ROS under normal or most patho-
logical conditions.
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puRpOSe-dRiven ROS pROductiOn: the nadph OxidaSe Family

Unlike the mentioned enzymes that produce ROS as a side reaction during the course 
of catalysis, the NADPH oxidase enzymes (NOX) (see Figure 9.1) use NADPH to 
reduce molecular oxygen to form ROS as their sole known enzymatic function, and 
hence are termed “professional” generators of ROS. The phagocytic NADPH oxi-
dase (a.k.a., respiratory burst oxidase), reviewed more thoroughly by Nauseef et al. 
in Chapter 10 of this book, is the earliest example of a professional ROS-generating 
enzyme, reviewed in [9,10]. Its function in neutrophils is to produce large amounts of 
microbicidal ROS during the “respiratory burst,” which is characterized by consump-
tion of O2 and production of superoxide as well as of secondary ROS products shown 
in Figure 9.1. The catalytic subunit gp91phox—now referred to as NOX2—is a mem-
brane-associated flavocytochrome (i.e., it contains both flavin adenine nucleotide and 
heme) that utilizes electrons from cytosolic NADPH to reduce molecular oxygen to 
form superoxide. NOX2 partners in the membrane with p22phox, a subunit that serves 
as a docking partner for the cytosolic regulatory subunits (Figure 9.2). NOX2, pre-
dominantly but not exclusively expressed in phagocytic cells of the innate immune 
system, is dormant in circulating neutrophils but becomes activated upon exposure to 
microbes, microbial products, or inflammatory mediators, producing large amounts 
of ROS. Owing to the reactivity and cytotoxicity of high levels of ROS (particularly 
hypochlorous acid; see Figure 9.1), this process is tightly regulated. Upon phagocy-
tosis of a microbe, membranes from specific granules and secretory vesicles in which 

TABLE 9.1
Reactive Oxygen Species and Their Properties and Reactivities

Molecular Species Properties Molecular Reactivity

Superoxide (O2
−) Weak oxidant, weak reductant

Membrane impermeable
Iron sulfur centers
Reacts with NO to form ONOO−

Reacts with H2O2 to form HO•

Hydrogen peroxide (H2O2) Moderate oxidant
Membrane permeable

Proteins with low-pKa cysteine 
residues

Reacts with Cl− to form HOCl 
(catalyzed by myeloperoxidase)

Peroxidases, unsaturated lipids

Hydroxyl radical (HO•) Highly reactive
Produces secondary radicals

Protein, DNA, lipids

Peroxynitrite (ONOO−) Highly reactive
Produces secondary radicals

Protein, DNA, lipids

Hypochlorous acid (HOCl) Highly reactive
Produced in areas of 
inflammation by reaction of 
Cl− and H2O2 with 
myeloperoxidase

Chlorination of tyrosine
Oxidation of thiols, methionine, 
amines

Source: Adapted from Winterbourn, C.C. and Hampton, M.B., Free Radic. Biol. Med., 45(5), 549, 2008.
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NOX2 and p22phox are embedded fuse with the plasma membrane of phagosomes. 
There, the NOX2 becomes activated as a result of assembly of the NOX2-p22phox 
complex with cytosolic regulatory subunits that include p47phox, p40phox, p67phox, 
and the small GTPase Rac (see Figure 9.2). In addition to their microbicidal role 
in host defense, NOX2-generated ROS can also damage normal tissues and initiate 
an inflammatory response, a side effect (the proverbial double-edged sword) of its 
function.

tiSSue nadph OxidaSeS

In addition to phagocytes, ROS are produced by a variety of cell types and tissues, 
often in response to hormones and growth factors including insulin, angiotensin II, 
epidermal growth factor, and platelet-derived growth factor. ROS levels in these tis-
sues are typically much lower than those in neutrophils, and have been proposed to 
play a variety of roles, notably in signal transduction. While the ROS-generating 

Reactivity

HO

HOCl

ONOO–

NO

Molecular
oxygen

NOX/DUOX SOD
Superoxide Hydrogen

peroxide

Nitric oxide

Signaling/
antimicrobial

Cl–

MPO

Fe3+ Hydroxyl radical

Hypochlorous acid

Peroxinitrite

Macromolecular
damage/antimicrobial

H2O2O2
–O2

FIGURE 9.1 ROS generated by NADPH oxidases. Superoxide (O2
−) is generated from vari-

ous sources, which include NADPH oxidase (NOX) and dual oxidases (DUOX) enzymes. 
Two molecules of superoxide can react to generate hydrogen peroxide (H2O2) plus O2 in a 
reaction known as dismutation, which is accelerated by the enzyme superoxide dismutase 
(SOD). In the presence of iron, superoxide and hydrogen peroxide react in a metal-catalyzed 
reaction to generate hydroxyl radical (HO•). In addition to superoxide and hydrogen peroxide, 
and hydroxyl radical, other ROS occur in biological systems, including hypochlorous acid 
(HOCl), formed from hydrogen peroxide and chloride by the phagocytic enzyme myeloper-
oxidase (MPO). In addition to producing hypochlorous acid as a major product, MPO can also 
oxidize a variety of other biological molecules, and can react in a multifaceted manner with 
superoxide. Nitric oxide (NO) can react with superoxide to form peroxynitrite (ONOO−). The 
gradient indicates the relative reactivity of individual molecules. Shaded boxes indicate func-
tional and pathological roles of individual ROS, such as signal transduction and reactions with 
macromolecules that can participate in microbial killing and inflammation.



199NADPH Oxidases and Reactive Oxygen in Viral Infections

systems in nonphagocytic cell types showed superficial similarities with the ROS-
generating system in neutrophils, NOX2 was initially not detected, although the 
NOX2 partner protein p22phox was frequently seen, implying the existence of one 
or more unknown but related NOX-like partner enzymes. In 1999, NOX1, the first 
homolog of NOX2, was identified [11]. Over the next several years, additional NOX 
homologs were identified [12–16], raising the total number of NOX isoforms in 
mammals to seven. In addition, new regulatory subunits termed NOXO1 (NOX orga-
nizer 1) and NOXA1 (NOX activator 1), homologs of p47phox and p67phox, respec-
tively, were identified [17,18].

O2
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Ca2+

Ca2+ Ca2+
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FIGURE 9.2 Basic structures of NOX isoforms. Seven NADPH oxidase isoforms have been 
described and can be classified by domain structure, regulation, and reactive oxygen product. 
The phagocytic NADPH oxidase, originally termed gp91phox and now designated NOX2, exists 
as a membrane complex with p22phox. Activating signals, for example, microbial products and 
inflammatory mediators, cause assembly of a Rac-containing cytoplasmic complex along with 
p67phox, p47phox, and p40phox. The nonphagocytic enzymes NOX1 and NOX3 also form a het-
erodimeric complex with p22phox and assemble with Rac plus the paralogous proteins NOXA1 
and NOXO1 to form an active complex. Nox4 also requires p22phox, but not other regulatory 
subunits, and is constitutively active. Nox5 and the dual oxidases DUOX1 and DUOX2 are 
activated by Ca2+ through a cytoplasmic calcium-binding domain. In addition to a calcium-
binding domain, DUOX1 and DUOX2 also possess a separate extracellular peroxidase-
homology domain of unknown function. DUOX1 and DUOX2 form an in-membrane complex 
with DUOXA1 and DUOXA2, respectively; the latter function in membrane trafficking of 
the DUOX enzymes as well as in modulating their enzymatic activity. The primary product 
of NOX1, NOX2, NOX3, and NOX5 is superoxide; NOX4, DUOX1, and DUOX2 generate 
mainly hydrogen peroxide.



200 Hydrogen Peroxide Metabolism in Health and Disease

As indicated in Figure 9.2, the NOX enzymes are categorized into two broad groups: 
(1) those that require p22phox (NOX1, NOX2, NOX3, and NOX4) and (2) those that 
are regulated by calcium via an EF hand–containing calcium-binding domain (NOX5, 
DUOX1, and DUOX2). Depending upon the NOX subunit, p22phox can serve multiple 
roles: as a maturation factor required for appropriate glycosylation and localization of 
the NOX subunit, to stabilize the NOX subunit, and to provide a docking site for bind-
ing of regulatory subunits. In the latter context, the p22phox-dependent NOX subgroup 
can be further subdivided: The NOX1, NOX2, and NOX3 isoforms require that their 
heterodimer partner p22phox possess a proline-rich region that serves as the docking site 
for either p47phox or NOXO1, which in turn bind respectively to p67phox and NOXA1. 
NOX4 on the other hand is constitutively active without regulatory subunits, and while 
requiring p22phox for stability and/or maturation, does not require an intact proline-rich 
region in p22phox [19]. The calcium-regulated subgroup can be subdivided into NOX5 
and the dual oxidase enzymes (DUOX1 and DUOX2), the latter so named because in 
addition to the calcium-binding EF domain, they contain an N-terminal domain that 
shows homology to heme-containing peroxidase enzymes [20]. The enzymes can also 
be categorized according to the species of reactive oxygen that is released. NOX1, 
NOX2, NOX3, and NOX5 generate primarily superoxide, whereas the major detected 
product of NOX4, DUOX1, and DUOX2 is hydrogen peroxide [21,22].

nOx enzyme expReSSiOn

NOX enzyme expression is complex and dependent upon factors such as species, tis-
sue, cell type, and physiological or pathological status. Cataloguing NOX expression in 
all tissues is beyond the scope of this chapter. Rather, we will focus here on the expres-
sion of NOX isoforms in lung tissue and changes in expression during viral infections. 
NOX expression and function in lung are summarized in earlier reviews [23–26].

Levels of NOX mRNA in human tracheal epithelial cells have been examined by 
qPCR and one study observed the following relative levels: DUOX1, DUOX2 ≫ 
NOX5 > NOX1, NOX4 > NOX2 [27]. DUOX1 and DUOX2, the most prominently 
expressed NOX isoforms in this tissue, are localized mainly in the apical cell pole 
of ciliated epithelia lining the airway. DUOX1 and DUOX2 appear to play a role in 
host defense against microbial infection by supplying H2O2 as a substrate for muco-
sal lactoperoxidase; the latter generates bactericidal hypothiocyanite (OSCN)− [28] 
from H2O2 and thiocyanate (SCN)-. DUOX1 also functions in wound repair of tra-
cheal epithelium. Silencing of DUOX1 by oropharyngeal administration of DUOX1-
targeted siRNA prevented reepithelialization of the trachea in a naphthalene-induced 
epithelial injury mouse model [29]. The roles of DUOX and the other NOX isoforms 
in IAV will be discussed in a later section.

ROS AND VIRUS INFECTION

ROS in viRal inFectiOnS

Oxidative stress, loosely defined as an abnormal increase in levels of superoxide, 
hydrogen peroxide, and other oxygen-derived reactive species, is a critical mechanism 
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of pathology in many viral infections. Increased ROS can result from either increased 
production of radical species (for example by NOX enzymes or mitochondria) or a 
decrease in their removal by antioxidant systems. Reduced glutathione (GSH) is an 
abundant small molecule in cells that becomes oxidized to GSSG in the presence of 
H2O2 and other oxidants [30] and lowered GSH levels, with or without a decrease in 
GSH/GSSG levels, has been used as a marker of oxidative stress, for example, fol-
lowing viral infection [31–35]. Several enzymes also metabolize and thus eliminate 
ROS: these include superoxide dismutase (SOD), heme oxygenase (HO-1), catalase, 
glutathione peroxidase, peroxiredoxins, and others. In contrast, eosinophil peroxi-
dase and myeloperoxidase (MPO) metabolize hydrogen peroxide to more reactive 
species (HOCl, HOSCN) [36], and these can then react with cellular molecules to 
cause molecular damage.

HIV
Oxidative stress is associated with HIV infection (reviewed in [37–39]). At least five 
HIV proteins have been shown to cause oxidative stress (see Table 9.2). Of these, 
Tat [40–45], Nef [46,47], and the envelope glycoprotein gp160 [40,48,49] are linked 
to increased ROS production via NOX enzymes, particularly NOX2 and NOX4 

TABLE 9.2
Effects on ROS by HIV and HCV Proteins

Virus Protein Effects References

HIV Tat Increases ROS [41,42,339–344]

Decreases GSH and SOD [339,341–349]

Nef Increases ROS [46,47,225,350]

gp120 Increases ROS [40,48,49,342,344,351–356]

Decreases GSH and GS [342,344,352,354,355]

Increases antioxidant proteins [48]

Vpr Increases ROS [357,358]

RT Increases ROS [359]

Increases antioxidant proteins [359]

HCV Core Increases ROS [59,60,62,66,67,69,72,215,360–362]

Increases antioxidant proteins [60,65]

Decreases GSH [340]

E1 Increases ROS [60,215]

Increases antioxidant proteins [60]

E2 Increases ROS [60,68]

Increases antioxidant proteins [60]

NS3/4A Increases ROS [67,70,71,215,362]

NS4B Increases ROS [60,63]

Increases antioxidant proteins [60]

NS5A Increases ROS [60,62,64,67,360]

Increases antioxidant proteins [60]
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[42,43,46,47,49]. On the other hand, in a rat model, expression of transgenic HIV 
proteins did not lead to increased NOX activity [50]. However, in a study on HIV-
1-positive patients, platelet activation was associated with increased platelet NOX2 
activation over healthy controls [51]. Thus, the role of NOX isoforms in HIV infec-
tion needs further clarification.

Hepatitis Virus
Oxidative stress is also associated with infections by hepatitis C virus (HCV). GSH 
is decreased in HCV patients’ plasma, red blood cells, and peripheral blood mono-
nuclear cells [52,53] indicating a systemic oxidative stress, and increased turnover 
of glutathione is seen in liver [54]. In hepatocellular carcinoma lines, HCV elic-
its ROS production by mitochondria [55,56], and by NOX1 and NOX4 [57–59]. 
HCV-associated proteins also induce the transcription of antioxidant enzymes by 
activating Nrf2 [60,61]. HCV proteins have been linked to increased ROS pro-
duction [60,62–67]. In hepatic stellate cells, HCV core proteins cause increased 
ROS and development of fibrosis [68,69]. In myeloid cells, NOX2 activity was 
increased by HCV proteins leading indirectly to decreased NK and T cells [70–72], 
thereby undermining a critical immune response to HCV. ROS elicited by HCV are 
thought to be a contributing factor to both the liver damage seen with HCV [73] 
and the progression to hepatocellular carcinoma (reviewed in [74,75]). A variety 
of other hepatitis viruses, including hepatitis A and hepatitis B [76], implicated in 
hepatic disease also cause elevated levels of ROS, suggesting that ROS is a com-
mon denominator in liver and other tissue damage. HBVx protein increases mito-
chondrial ROS generation [77]. Hepatitis delta virus (HDV) proteins p27 and p24 
both induce ROS production in infected cells. NOX4 expression is increased by 
p27, which may be connected to a ROS- and p27-independent increase in NF-κB 
and STAT3 activity [78].

Respiratory Viruses
Rhinovirus, responsible for the common cold, generates oxidative stress in tar-
get cells [79], but does not inhibit antioxidant enzyme activity or expression [80]. 
Rather, this virus activates the ROS-producing enzymes XO [81], NOX1 [82,83], and 
DUOX2 [84,85] in airway epithelial cells. ROS activate NF-kB, driving transcription 
of intracellular adhesion molecule-1 (ICAM-1), the receptor for 90% of rhinoviruses 
[79]. NOX1-derived ROS play a role in disrupting the barrier function of bronchial 
epithelial cells [83]. Superoxide and/or H2O2 signal through NF-κB to increase IL-8 
[81,82,86], leading to most of the symptoms of the common cold [87]. This suggests 
that inhibition of XO, NOX1, and/or DUOX2 may be therapeutic.

Respiratory syncytial virus (RSV) triggers ROS production by airway epithelial 
cells [88,89], leading to oxidative stress in the airways [35,90]. ROS appear to be 
mainly derived from mitochondrial superoxide production [88,91]. NOX2 contrib-
utes to RSV-induced cytokine signaling downstream of NF-κB [92,93] and possibly 
STAT activation [94]. ROS are critical for the expression of inflammatory cytokines 
RANTES, IL-8, and IL-1β, which contribute to lung pathology after RSV infec-
tion [82,89,93]. After RSV infection of cells or rodents, antioxidant treatment can 
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decrease the following: ROS, clinical signs of illness, weight loss, neutrophil recruit-
ment to the lung, airway hyper-reactivity, viral titers, lipid peroxidation products, 
DNA damage, cytokines and chemokines, mucin, and the activation of transcription 
factors NF-κB and IRF3 [88,95–98]. Nrf2-induced genes and peroxiredoxins 1 and 
4 protect mice and airway epithelial cells, respectively, from RSV-induced oxidative 
damage [99,100]. The body of evidence indicates that ROS production by airway 
epithelial cells contributes to the pathology of RSV, and further studies are war-
ranted to determine whether modulation of ROS can be an effective therapeutic goal. 
Among other respiratory virus infections, influenza virus also elicits ROS in a variety 
of cell types. The details of the effects of ROS on influenza infection are described in 
“Nox Enzymes and Influenza” section.

Dengue Virus
Dengue virus (DENV) infection causes oxidative stress proportional to the progres-
sion and severity of illness. Both NOX2 and mitochondria contribute to ROS accu-
mulation in DENV-infected cells [101]. While oxidative stress is beneficial to DENV 
infectivity [102,103] and contributes to hemorrhage and encephalitis [104,105], 
NOX-dependent superoxide leads to activation of antiviral immune response path-
ways [101,102,106]. Whether these pathways are ultimately beneficial or detrimental 
to the human host is unclear [101–103,106,107]. In contrast, ROS facilitate anti-
DENV responses downstream of Toll in the mosquito host, Aedes aegypti [108]. 
Further research is necessary to determine the therapeutic potential of NOX inhibi-
tors and/or antioxidants in response to dengue.

Herpesviruses
Human cytomegalovirus (HCMV) infection increases ROS production from XO 
and mitochondria in vitro [109–112], which is countered by activation of Nrf2 and 
induction of HO-1 [111]. HCMV also induces SOD, as well as enzymes important 
for maintaining GSH levels [31]. This helps maintain cell homeostasis during the 
relatively long replicative period of HCMV. Hydrogen peroxide also both directly 
activates the HCMV major intermediate promoter (MIEP) and activates NF-κB, 
increasing the ability of the intermediate-early protein IE72 to activate the MIEP. 
In vitro, antioxidant treatment of HCMV-infected cells decreases viral titers and 
cytopathic effects [109,113]. The majority of the ten proteins encoded by CMV [114] 
induce an increase in ROS production (see Table 9.2) by both NOX-dependent and 
NOX-independent mechanisms [60,115–117]. Overall, the data suggest that HCMV 
thrives at a balance point between elevating ROS to propagate its genome and lower-
ing ROS to maintain cell survival.

Other herpes viruses also induce ROS after infection of cells. Herpes simplex 
virus-1 (HSV-1) or bovine herpesvirus-1 infection decreases GSH concentration, 
and their replication is inhibited by exogenous GSH [34,118,119]. HSV-1 infection 
increases ROS production downstream of the mitochondria and NOXes, which may 
implicate an effect on antioxidant mechanisms [120–122]. Peptides derived from the 
secreted G protein of herpes simplex virus-2 (HSV-2) stimulate (NOX2-dependent) 
ROS production by human monocytes or neutrophils [123,124]. Two Epstein-Barr 
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virus proteins have been linked to ROS through activation of NOX enzymes: EBNA-1 
increases NOX1 and NOX2 expression while LMP1 upregulates p22phox [125]. ROS 
contribute to DNA damage [126], telomere dysfunction [127], and bone resorption 
[128] after EBV infection. Kaposi’s sarcoma virus (KSHV) induces ROS production 
in human vascular endothelial cells to increase viral entry by stimulating macropino-
cytosis [129]. KSHV-induced ROS also activate Nrf2, which is critical for efficient 
KSHV replication [130]. In AIDS patients’ KSHV tumors, oxidative stress is indi-
cated by increased Mn-SOD expression but decreased activity was seen compared 
with normal tissue [131]. After primary infection, ROS are important for reactivating 
EBV and KSHV from latency [132–135]. Although HSV-1 is susceptible to oxida-
tive degradation, in general, herpes viruses utilize ROS to increase the efficiency of 
infection and replication.

Other Viruses
Lymphocytic choriomeningitis virus (LCMV) infection leads to increased ROS in 
fibroblasts, B cells [136,137], granulocytes, and splenic macrophages [138]. The 
impact of ROS on LCMV infection remains unclear, however. In vitro, antioxidant 
treatment decreases viral titers, correlating with decreased binding of LCMV to the 
surface of BHK-12 cells [136]. p47phox knockout mice (whose phagocytes fail to gen-
erate superoxide and hydrogen peroxide) have improved T cell responses to LCMV 
[138], while SOD-deficient mice have increased liver inflammation in response to 
infection [139]. In contrast, in vivo antioxidant treatment increases LCMV titers in 
the spleen, correlating with attenuated T and B cell responses [137,140]. Thus, the 
effect of systemically administered antioxidants can differ greatly from the effect of 
selectively targeting a specific ROS-generating enzyme.

Besides the viruses detailed here, ROS and NOX are implicated in the host 
response to many other viruses. Three porcine viruses—porcine reproductive and 
respiratory syndrome virus, porcine circovirus type 2, and porcine arterivirus—
induce ROS upstream of NF-κB [141–143]. Similarly, NOX- and mitochondrial-
derived ROS upstream of NF-κB are critical for efficient replication of enterovirus 
71 [144,145]. Human metapneumovirus, rotavirus, and Nipah virus increase oxida-
tive stress and/or lipid oxidation and increase most cellular antioxidants [146–148]. 
Antioxidants are protective in Newcastle disease virus, Nipah virus, and Sendai virus 
[147,149,150]. Marburg virus protein VP24 indirectly activates Nrf2, protecting cells 
from ROS and cytotoxicity [151,152]. Parvovirus and coccolithovirus spread are 
aided by ROS-induced apoptosis [153–155], but chikungunya virus-induced oxida-
tive stress forces host cells into autophagy, avoiding apoptosis [156,157]. In addition, 
ROS are increased after viral infections in fish and plants [158–161]. The evidence 
suggests that maintaining control of ROS signaling in the host cell is a key aspect of 
viral parasitism.

geneRal cOnSequenceS OF ROS in viRal inFectiOnS

Viral Inactivation
In vitro, hydrogen peroxide and/or myeloperoxidase can inactivate vesicular sto-
matitis virus (VSV), HSV-1, polio, and vaccinia, and this might contribute to viral 
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clearance [162–164]. In support of this hypothesis, HSV-1 is partially protected by 
a viral catalase [165]. The effectiveness of H2O2-mediated antiviral activity in vivo 
is unclear [164–166]. Because viruses are not generally restricted to phagosomes, 
targeting the oxidative burst to the virus is problematic.

Apoptosis
ROS can trigger apoptosis in virus-infected cells [101,105,167–169], but there is a 
lack of conclusive evidence that apoptotic clearance of infected cells is effective at 
lowering viral titers. However, the existence of antiapoptotic mechanisms in viruses 
(e.g., apoptosis-inhibiting proteins in poxviruses [170] and CMV [171,172]) is sug-
gestive of such a role for apoptosis.

Viral Replication
ROS may contribute to antiviral activity by limiting viral replication. ROS can trig-
ger an antiviral phenotype through production of type I IFNs [173,174]. H2O2 can 
inhibit the mammalian target of rapamycin (mTOR), thus inhibiting cell growth, 
and therefore viral replication [31]. H2O2 decreases HBV replication in vitro [175]. 
However, demonstration of ROS-mediated antiviral activity has at times necessitated 
use of viral or cellular enzyme inhibitors and antiviral agents [31,165,173], suggest-
ing that viruses have developed strategies to avoid ROS-mediated antiviral defenses.

In contrast to an effect of ROS on lowering viral titers, a great deal of evidence 
suggests that ROS contribute to viral replication. Certain antioxidants decrease HIV, 
HSV-1, RSV, CMV, and enterovirus 71 titers [34,95,100,109,176,177]. The titers of 
dengue, coronavirus 228E, and enterovirus 71 are increased in patients with glucose-
6-phosphate dehydrogenase deficiency, which limits NADPH-dependent antioxidant 
mechanisms [102,178,179]; the deficiency is associated with lowered levels of intra-
cellular superoxide and nitric oxide, but increased oxidative stress. A prooxidant diet 
increases the titers and pathology of coxsackie virus [180–186]. Depending on their 
concentrations, H2O2 and superoxide can stimulate host cell activation and prolifera-
tion in a wide range of cell types [187–189], supporting virus replication. ROS may 
also increase viral replication by facilitating virus spread to new cells, for exam-
ple, via alterations in surface receptors [79,129,136] or by favoring disulfide bonds 
needed for viral capsid synthesis [34,150]. In addition, antioxidants inhibit the activ-
ity of HIV reverse transcriptase [190]. Increasing cellular ROS may be a common 
strategy for viruses to facilitate replication, but it is important to note that whether 
ROS is pro- or antiviral very likely will depend upon the localization, amount, and 
particular molecular species (superoxide, H2O2, HOCl, etc.) of ROS.

Effects on Transcription
NF-κB is a ubiquitously expressed transcription factor controlling many genes, 
including those necessary for early host defense [191,192] and prosurvival pheno-
type [193–196], both of which make it a target for viral control of host cell fate. 
In the inactivated state, NF-kB is held in the cytoplasm by complexation with IκB 
[197]. The signaling pathways both upstream and downstream of NF-kB are redox-
regulated (reviewed in [191,198]). By altering the redox status of the cell, viruses 
may block NF-κB activation to avoid induction of innate immunity [199–202]. 
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Alternatively, viruses may activate NF-κB to stimulate host gene replication machin-
ery [109,197], induce apoptosis [105,203,204], or preserve host cells from death 
[113,205,206]. Other viruses known to activate NF-κB via increasing ROS include 
HBV [77,207], HDV [78], HCMV [208], HSV [121], RSV [95,209], DENV [101], 
and PRRSV [143]. Thus, viruses acquire control of NF-κB, a critical determinant of 
host cell fate, by altering cellular ROS.

STAT3, another ROS-regulated transcription factor, regulates expression of genes 
that partially overlap with those controlled by NF-κB [210]. Like NF-κB, STAT3 reg-
ulates genes that control cell cycle and proliferation as well as antiapoptotic genes. 
STATs are activated by their phosphorylation state, which is in turn determined by 
the ROS-activated Janus kinases (JAKs) [211,212], and ROS-inhibited phosphatases 
[211–213]. Some viruses activate STAT3 by these mechanisms, leading to host cell 
survival and proliferation. RSV activates STAT1 and STAT3 in respiratory epithe-
lial cells, causing induction IRF-1 and IRF-7 [94] and contributing to lung inflam-
mation [89]. The HIV gp120 protein induces STAT3 in myeloid-derived suppressor 
cells (MDSC), which suppress host immunity. In this model, gp120-increased p47phox 
expression and ROS are involved in the suppressive activity of MDSC [214]. These 
two examples exemplify the range of ROS-dependent, STAT3-mediated effects that 
viruses can exert on the host.

Both STAT3 and NF-κB contribute to malignant transformation following virus 
infection [210]. HCV’s core, E1, NS3, and NS5A proteins stimulate ROS and acti-
vate STAT3 in vivo and in vitro [64,69,215–217]. NS5A activates mitochondrial 
ROS generation indirectly via Ca2+ release from the ER [64,218], while core protein 
stimulates ROS downstream of JAK [69]. The consequences to HCV replication are 
debated [219,220], but it seems clear that translocation of phosphorylated STAT3 to 
the nucleus of hepatoma cells contributes to pathological changes associated with 
hepatic carcinoma. These changes include suppression of matrix metalloprotein-
ase-1, that in turn supports development of liver fibrosis, [69], increased cell survival 
[219], and toxic iron accumulation [216]. SOD and catalase are generally decreased 
in tumorous HBV-infected liver tissues compared with surrounding nontumorous 
tissue [221]. H2O2 silences the tumor suppressor gene RUNX3 in HBV-associated 
hepatic carcinoma [222]. Furthermore, STAT3 and NF-κB activation due to ROS 
are reported to be downstream of HBV proteins HBx and MHBst [77,207] and HDV 
protein p27 [78], suggesting a common theme in the development of hepatic carci-
noma. ROS activation of STAT3 is also pivotal to transformation of B cells by EBV 
[223]. These studies demonstrate a link between virus-induced ROS and malignancy.

Effects on Cytokines
Cytokines can both trigger ROS production and can be regulated by ROS. Binding 
of IL-1, TNF, TGF-β or IFN-γ to their cognate receptors leads to the production 
of ROS in a cell-specific manner [224], while IL-10 blocks superoxide release by 
NOX2 [225]. NOX-mediated ROS promotes TNF-α-dependent NF-κB activation 
in a mouse model [226]. On the other hand, ROS can regulate cytokine produc-
tion through activation of transcription factors NF-κB, STAT3, and their upstream 
kinases, for example, JAK. Several viruses have been shown to induce TNF in a 
ROS-dependent manner [96,188,189]. NF-κB induces cytokines TNF-α, IFN-γ, 
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IL-1, IL-2, IL-6, IL-17, IL-8, IL-22, IL-23, and IL-27, as well as the chemokines 
CXCL10 and CXCL12. IL-6, IL-17, IL-22, IL-23, and IL-27 are also inducible by 
STAT3. ROS are necessary for maximal HIV Tat-induced production of TNF, IL-6, 
and MCP-1 [44,189]. Importantly, ROS activate transcription factors in a cell- and 
tissue-specific manner [226–228]. In two different mouse macrophage lines, H2O2 
treatment activates either NF-κB or AP-1 and TNF-α downstream of p38 and JNK 
phosphorylation [229,230]. Oxidant levels impact Th1/Th2 polarization of the over-
all immune response [231]. The positive feedback loops linking cytokines and ROS 
necessitate robust control mechanisms, such as the range of antioxidants upregulated 
by NF-κB, to prevent excessive inflammation.

Molecular and Cellular Damage
In addition to affecting cellular homeostasis via signaling pathways [91,232], ROS 
can directly cause tissue damage. ROS oxidizes biomolecules, leading to reversible 
or irreversible chemical changes. ROS-mediated oxidation of amino acids [233] was 
observed in bronchiolar lavage fluid from patients with acute respiratory distress syn-
drome [234]. Oxidation of proteins often results in loss of their function [233,235], 
which for surfactant A means an inability to resolve edema [236]. Superoxide effects 
on mitochondrial uncoupling proteins can also impact mitochondrial respiration 
[237]. ROS-mediated oxidation of DNA can lead to mutations or lesions contrib-
uting to the genetic instability in cancer [235,238,239]. Virus-associated ROS and 
reactive nitrogen species are associated with DNA double-strand breaks or muta-
tions in HCV, LCMV, RSV, EBV, HTLV-1, and human papilloma virus infections 
[88,126,139,215,240–242]. For HCV, it is suggested that oxidation of the tyrosine 
residue in the active site of a critical DNA repair enzyme, NBS1, may contribute 
to accumulation of DNA damage [243]. Finally, ROS-dependent lipid peroxidation 
impairs cellular membrane integrity [235,244], as has been observed in HCV infec-
tion [215]. The combined impact of these biomolecular modifications leads to cancer 
in the absence of the protective effects of Nrf1 [245]. Therefore, viral dysregulation 
of the cellular oxidant balance has the potential to cause cell damage independent of 
signaling pathways.

Wound Healing
While evolution has led to adaptations to minimize negative impacts of ROS, it has 
also harnessed ROS as a conserved mechanism of signaling for wound healing [246]. 
In a tail wound model in zebrafish larvae, H2O2 generated at the wound site by DUOX 
served as a chemoattractant for leukocyte recruitment [247]. Multiple studies have 
indicated that NOX family enzymes, including DUOX1, NOX2, and NOX4, act both 
upstream and downstream of growth factor signals to promote wound healing and cell 
proliferation [248–254]. NOX1, 2, 4, and 5 are expressed in endothelial cells [255,256], 
where they contribute to angiogenesis [257,258], reviewed in [255,256,259,260]. 
Wound healing also depends on activation of stem cells to proliferate, and NOX1, 
2, and 4 are involved in activation of various stem cells [258,261–265]. HIV Tat, a 
known angiogenic protein, promotes ROS-dependent cytoskeletal changes in endo-
thelial cells correlating with localization of NOX subunits to the Tat-induced mem-
brane ruffles [266]. Similar angiogenic effects of viral proteins may contribute to 
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vascularization of virus-associated cancers. Although it has not been formally dem-
onstrated, it seems likely that virus-generated ROS intersect with ROS-driven growth 
factor signals to promote cell proliferation and further viral propagation.

NOX ENZYMES AND INFLUENZA

geneRal cOnSideRatiOnS

While diverse enzymatic and other sources of ROS in influenza infection have 
been reviewed [267], this section focuses on ROS generated by NOX enzymes. 
NOX enzymes are expressed in virtually all cell types of the respiratory system 
[26,268–270]. Using both animal models and lung cell lines, basal levels of differ-
ent NOX isoforms are seen and their levels can change dramatically in response to 
various stimuli [271–274]. Influenza A Virus upregulates NOX/DUOX expression 
in epithelial cells and increases ROS levels [275,276]. Since ROS influence innate 
immune responses to virus infections [277–280], an in-depth understanding of the 
expression and activity of different NOX isoforms and their impact on innate and 
adaptive immunity to influenza virus infection is needed.

NOX1 and Influenza
NOX1 is expressed in mouse lung parenchyma [281] perhaps suggesting a role in 
defense against pathogens. We observed an increase in NOX1 mRNA in response 
to influenza A virus in several human lung cell lines derived from epithelial cells 
(A549), endothelial cells (HULEC), and monocytes (THP-1) (Gangappa et al., 
unpublished). Lung tissue from influenza (A/PR8 and A/Mexico/4108/2009)-
infected mice also showed an increase in NOX1 mRNA at 24 and 48 h postinfection 
(Gangappa et al., unpublished). Based on studies demonstrating NOX1 expression 
in epithelial [270] and endothelial cells (Gangappa et al., unpublished), it is possible 
that influenza virus entry and initial replication in the upper respiratory tract (epithe-
lium), and the ensuing cytokine/chemokine milieu, may attract NOX1-expressing 
inflammatory (monocytic) cells from the circulation into the lung parenchyma. 
Consequently, NOX1-induced signaling pathways in such inflammatory cells may 
influence the course and outcome of influenza infection. For example, in NOX1-
deficient mice, a decrease in virus-induced inflammation and oxidative stress during 
early phase of influenza A virus infection was seen [270]. Our studies [282] using 
“knock-in” mice expressing a mutated, catalytically inactive form of NOX1 in place 
of wild-type NOX1, showed improved survival after infection, with survival cor-
relating with changes in the phenotype and functionality of virus-specific T cells. 
In both studies, NOX1 deficiency did not have any effect on virus replication in the 
lung tissue, suggesting that NOX1 deficiency may not have a significant influence on 
viral replication or on early antiviral responses, but may suggest a role for NOX1 in 
anti-inflammatory responses and adaptive immunity during influenza infection.

NOX2 and Influenza
NOX2 is highly expressed in phagocytic cells as well as in various other cell 
types including dendritic cells and B cells [92,283,284]. In addition to its role in 
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antimicrobial host defense, NOX2 has been implicated in regulation of inflam-
mation, antigen presentation and adaptive immune responses [285]. With regard 
to influenza A infection, mice lacking NOX2 showed decreased inflammation in 
the airways compared with control mice [286]. Similarly, mice lacking the gene 
encoding p47phox [287] showed a decrease in lung pathology caused by influenza 
A virus infection [288]. Furthermore, in NOX2-deficinet mice infected with low 
pathogenicity influenza A virus (X31), a significant decrease in lung virus titer and 
inflammation was seen [289]. Moreover, treatment of influenza virus–infected mice 
with apocynin, a NOX inhibitor and antioxidant, led to decreases in lung virus titer, 
apoptosis of alveolar epithelial cells, and inflammation. Results from these studies 
suggest that NOX2 deficiency benefits the host by augmentation of the early antivi-
ral response and by suppression of virus-induced inflammation. On the other hand, 
NOX2-deficient mice showed the same survival as wild-type animals after infection 
with influenza A virus [282].

NOX4 and Influenza
Relatively few reports have considered the significance of NOX4 in viral infec-
tions [59,61,290]. In the case of influenza, in a cell culture model, virus caused an 
increased expression of NOX4, which participated in nuclear transport of viral ribo-
nucleoprotein [275]. Moreover, NOX4 supported virus replication in NCI-H292 and 
BALB/c mice-derived primary airway epithelial cells [275]. NOX4 is expressed in 
endothelial cells [291,292] where it is implicated in endothelial cell activation as well 
as cell dysfunction and injury [293]. Because several influenza virus strains replicate 
in endothelial cells [294–296], it is possible that NOX4-dependent ROS generated 
in endothelial cells impacts the integrity of the lung endothelial barrier, allowing 
extravasation and trafficking of inflammatory cells from the vasculature into the lung 
parenchyma.

DUOX and Influenza
DUOX1 and DUOX2 are prominently expressed in the lung epithelium where their 
biological roles have been investigated (reviewed in [28]). In vitro and in vivo studies 
examined the role of DUOX1 and 2 on host response to influenza infection [276]. In 
NHBE cells, infection caused increased expression of DUOX2 and increased ROS. 
Suppression of DUOX1/2 using siRNA led to an increase in lung virus titer [276]. 
Likewise, siRNA-mediated DUOX1/2 suppression in mice led to increase in lung 
virus titer, suggesting a protective function of DUOX during influenza virus infec-
tion [276]. These findings underscore the important role of DUOX enzymes in early 
antiviral response to influenza infection. A separate in vitro study used human nasal 
epithelial cells and showed that ROS generated via mitochondria and DUOX2 were 
associated with stimulation of the innate immune response as judged by induction of 
IFN-lambda [278].

From the studies described here, it is clear that influenza infection alters expres-
sion of NOX isoforms and ROS in a variety of lung cell types responsible for entry, 
replication, and dissemination of virus in the host tissues [270,276,288]. Several 
influenza virus isolates including laboratory strains [270], seasonal influenza clini-
cal isolate (Gangappa et al., unpublished), and avian influenza viruses [288,297] 
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cause varying degrees of increased NOX expression in both in vitro and in vivo 
experimental models. Importantly, mice lacking some NOX isoforms or NOX regu-
latory protein (e.g., NOX1, NOX2, or p47phox) show decreased oxidative stress and 
lung pathology following infection [270,288]. Also, NOX1 deficiency alters the 
kinetics of inflammatory cytokine production [270]. Therefore, changes in virus-
induced NOX expression in different cell types certainly alter the cytokine milieu in 
cell types relevant to the upper and lower respiratory tract and thereby are likely to 
influence the course of infection. The roles of specific NOX enzymes during influ-
enza infection are likely to depend on such factors as viral strain, immune status 
of the host, and complicating secondary bacterial infections that often accompany 
influenza infection [298].

NOX Enzymes and Innate Immunity to Influenza
Epithelial cells lining the upper respiratory mucosal tissue are generally the primary 
targets of influenza infection [299,300]. Upon infection by influenza A virus, a well-
orchestrated host innate immune response is initiated (reviewed in [301]). Like other 
viral infections, the innate response to influenza is regulated by viral and cellular pro-
cesses that lead to production of type I IFN and pro-inflammatory cytokines [302]. 
For influenza and other viruses, ROS from NOX enzymes and other sources regulate 
the production of antiviral (type I IFN) and pro-inflammatory cytokines [277–280]. 
Both mitochondrial and DUOX2-generated ROS play a role in inducing type I IFN 
and in lowering virus titer [278]. DUOX2-derived ROS induced transcription of the 
pattern recognition receptor RIGI and of MDA5, the two key players involved in rec-
ognition of influenza A virus and the early antiviral response [279]. In cells infected 
with different subtypes of influenza A virus, apocynin led to a decrease in inflam-
matory mediators via upregulation of suppressors of cytokine signaling (SOCS1 
and SOCS3) [280]. Also, in lung tissue of influenza-infected mice, apocynin caused 
a significant decrease in macrophages and neutrophils and a decrease in viral titer 
[289]. These studies suggest that suppression of ROS using pharmacological NOX 
inhibitors will modulate the innate immune response to influenza A virus infection.

It is not yet clear whether NOX-derived ROS participate in the activation of the 
inflammasome, a cellular protein assembly in myeloid cells that is linked to cel-
lular inflammation [303,304]. The inflammasome can be activated by a variety of 
microbial and other stimuli including ROS, which acts via the inflammasome protein 
NLRP3. Several reports have demonstrated that NOX2 is not required for NLRP3 
inflammasome activation [305–307]. Specifically, the role of NOX2-derived ROS 
in inflammasome activation was examined in one study [307]: in NOX2-deficient 
neutrophils, LPS activated caspase 1 and stimulated secretion of IL-1beta, but no 
difference in NLRP3 expression was seen. Interestingly, siRNA depletion of NOX2 
in vitro, as well as the use of NOX2-deficient mice, demonstrated that NOX2 inhibi-
tion leads to a decrease in inflammasome activation [304]. Several studies using influ-
enza A virus in vitro and in vivo have highlighted NLRP3 inflammasome activation 
by various influenza virus subtypes in lung epithelial cells [308]. Specifically, while 
recognition of viral RNA by TLRs and RIG-I serves as a primary signal, many other 
factors including NOX and mitochondria-derived ROS provide a secondary signal 
for NLRP3 inflammasome activation [308]. Thus, the contribution of NOX isoforms 
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and NOX-derived ROS in various cell types that participate in innate and adaptive 
immunity to influenza warrants further investigation.

Since different subtypes of influenza virus alter NOX isoform expression and 
kinetics of induction in different ways [276], these differences are likely to influence 
early antiviral response, NLRP3 inflammasome activation, and the inflammatory 
response. Although studies using mice deficient in a specific NOX isoform or regula-
tory subunit implicate NOX enzymes in immunity to influenza, the results of these 
studies have yielded a range of results making it difficult to generalize regarding a 
specific role for NOX isoforms [270,282,286,288,289]. Apparent differences could 
be due to differences in experimental design, virus strain, virus dose, age, or strain 
of mice or other factors. Lung epithelial cells derived from conditional NOX isoform 
knockout mice could provide a tool to better understand the specific roles of NOX 
isoenzymes. Also, experiments that quantify the kinetics of ROS production versus 
markers of innate immunity following infection are needed, as are experiments using 
seasonal as well as potentially pandemic avian influenza A virus strains.

NOX Enzymes and Adaptive Immunity to Influenza
Although innate immunity plays an early and a key role in the host response to influ-
enza infection, efficient virus clearance and establishment of long lasting memory to 
reinfection depends on a well-coordinated adaptive immune response [309]. Several 
molecular pathways of innate immunity are required to produce an efficient adap-
tive immune response to influenza infection. For example, recognition of influenza 
by TLRs, type I IFN induction, and inflammasome recognition of influenza virus 
play critical roles [310,311]. As described here, these and other facets of the innate 
immune response to influenza infection are influenced by NOX enzymes and by 
NOX-derived ROS.

Therefore it is likely that NOX effects on innate immunity will alter the magni-
tude and/or quality of the subsequent adaptive immune response to influenza. The 
extent and effects will depend on whether expression of NOX and NOX-induced 
ROS are modified in cell types relevant to the adaptive immune system. Effector 
molecules produced by the innate cells as a result of NOX activation might also indi-
rectly regulate the phenotype and functionality of cell types involved in the adaptive 
immune response.

Adaptive immunity to influenza A virus infection depends on efficient trafficking 
and uptake of antigens by dendritic cells (DCs) in the upper respiratory tract [312]. 
Upon antigen uptake, DCs migrate to draining lymph nodes for antigen presentation 
and activation of naïve T lymphocytes [313]. ROS generation in the DCs influences 
both antigen degradation and presentation [314]. Since the first demonstration of 
ROS generation by DCs [315] and subsequent discovery of NOX2 in mouse splenic 
DCs [316], many studies have supported the notion that NOX2 plays a role in antigen 
presentation in DC phagosomes (reviewed in [314]).

In addition to antigen presentation, activation of T cells requires signaling via co-
stimulatory molecules [317]. CD40 is a key costimulatory ligand that is expressed on 
activated DCs and has a role in T cell activation [318]. In recent studies, we found an 
increase in the percentage of cells expressing CD40 among different DC subsets in 
the draining lymph nodes of influenza A virus-infected NOX1-deficient mice [282]. 
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Compared to wild-type mice, NOX1-deficient mice showed an increased frequency 
of CD40 expressing conventional DCs, CD8+DCs, and interstitial DCs. Nevertheless, 
it was not clear whether the alterations in CD40 expressing DC subsets contributed 
to the observed improvement in host survival in NOX1-deficient cells, or to observed 
differences in T cell phenotypes.

While it is known that both transformed [319] and primary human B cells [320] 
generate ROS from NOX2, little is known about the expression and function of other 
NOX isoforms in different lymphocyte subtypes. Studies indicate a role for ROS in B 
cell receptor-mediated signal transduction, TCR-mediated responses, and T cell pro-
liferation [321,322]. ROS generation in T cells activated NF-kB, leading to produc-
tion of IL-2 [323]. Moreover, ROS generated by accessory immune cells suppressed 
T cell proliferation [324]. With regard to influenza-specific immunity and NOX1, we 
observed differences in the proportions and functionality of antigen-specific T cells 
between NOX1-deficient and control groups of mice. Specifically, influenza virus–
infected NOX1-deficient mice showed a decrease in early effector CD8+ T cells 
and an increased proportion of memory precursor effector cells [282]. Additional 
investigations addressing the distribution and kinetics of ROS-generating enzymes 
in lymphocytes and their impact on influenza-specific immune responses are needed. 
Furthermore, considering that a defective adaptive immune response was observed 
upon A. fumigatus infection of p47phox-deficient mice [325], a detailed evaluation of 
NOX isoform expression and function in immune cells may have implications for 
modulation of adaptive immune response to influenza vaccination.

taRgeting nOx-deRived ROS aS adjunct theRapy FOR inFluenza inFectiOn

Although superoxide and hydrogen peroxide are necessary both as an antimicrobial 
defense mechanism [326] and for normal cellular homeostasis [327], overproduction 
can lead to pathological outcomes [328]. In contrast, as demonstrated in chronic 
granulomatous disease caused by mutations in the NOX enzymes in phagocytes, 
the absence of oxidants can result in excessive inflammation, even in the absence of 
infection [329]. Since many NOX enzymes are modulated by pathogens including 
influenza A viruses, it may be beneficial to limit over production of ROS to control 
severity of hyperinflammatory conditions (e.g., acute respiratory distress syndrome 
and others) that relate to morbidity and mortality following infection.

With regard to influenza A–induced disease severity, treatment of mice with a 
cell-permeant form of superoxide dismutase (SOD) suppressed virus-induced ROS 
levels and improved survival [330]. Similarly, treatment of influenza-infected mice 
with a small molecule cell-permeant SOD mimetic decreased virus-induced pathol-
ogy in the lung [286]. Ebselen, a glutathione peroxidase mimetic and a NOX2 inhibi-
tor [331], decreased levels of inflammatory mediators following influenza infection 
[332]. Apocynin decreased lung virus titer and inflammatory cells in influenza virus–
infected mice [289]. In another study in influenza-infected human and chicken cell 
lines [280], apocynin decreased cytokine and ROS levels, but did not affect virus 
titer. In contrast, in a study in NCI-H292 cells, VAS2870, a pan NOX isoform inhibi-
tor, produced a significant decrease in virus titer [275]. While the use of pharmaco-
logical inhibitors of NOX enzymes in the treatment of viral diseases holds promise, 
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isoform-specific effects appear to be complex, and the development and commercial-
ization of isoform-selective inhibitors remains in its infancy (see [333]).

While several other enzymes [334] and signaling pathways [335] are known to 
participate in influenza-induced inflammatory diseases, this discussion suggests that 
the use of NOX isoform-selective inhibitors (along with antiviral compounds) as 
adjunct therapies may have certain advantages. First, NOX enzymes are expressed 
in cell types that mediate viral entry, in cells that regulate the trafficking of other cell 
types responsible for inflammation and cell damage, and in lung cell types where 
replicating virus leads to significant tissue damage. Second, NOX enzymes are 
induced within hours after influenza infection [275,276] and play a role in the regu-
lation of antiviral [275,289], anti-inflammatory [270], and adaptive [282] immune 
responses. Therefore, unlike other host cell–targeted adjunct treatments that promote 
innate immunity and antiviral cytokines (reviewed in [336]), NOX inhibitors can be 
used early as well as during the course of an ongoing influenza infection. However, 
different NOX-selective inhibitors may be more or less effective depending on the 
stage of infection, the host tissues involved, and the influenza virus strain. For exam-
ple, while some influenza strains replicate primarily in epithelial cells, a few others 
also replicate in monocytes and endothelial cells [337,338]. Moreover, while inhibi-
tion of NOX-derived ROS has the potential to benefit the infected host by inhibiting 
virus-induced inflammatory response [289,330,332] and promoting adaptive immu-
nity [282], NOX-derived ROS can also benefit the host during early innate immune 
responses [277–280]. Thus, the function of NOX enzymes during viral infections 
may be a double-edged sword, and careful attention to inhibitor properties (isoform 
selectivity, route of administration, etc.) and dosing schedule may prove important 
for effective treatment.
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INTRODUCTION

Insights in biomedical science highlight the informative interface between clini-
cal practice and basic science research and illustrate that explication of a given 
disease frequently reveals fundamental aspects of normal biology not previously 
recognized. Few disorders demonstrate this principle more than does the relation-
ship between recognition of the clinical disorder of chronic granulomatous disease 
(CGD) and elucidation of the structure and function of the neutrophil NADPH oxi-
dase. At the annual meeting of the American Pediatric Society in 1954, Janeway 
et al. described five boys with hepatosplenomegaly, elevated γ-globulins, gener-
alized lymphadenopathy, and severe recurrent infections [1]. A subsequent report 
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by Bridges et al. described a cadre of similarly affected boys and speculated that 
their phenotype “could represent an alteration in immunological response turned 
against the reticuloendothelial system” [2]. A decade later, the Good laboratory at 
the University of Minnesota linked the clinical syndrome with neutrophil dysfunc-
tion [3], and thus began decades of clinical observations and laboratory experimen-
tation that together identified the composition and activity of the NADPH oxidase 
in normal neutrophils and in parallel elucidated the molecular defects that underlie 
the clinical disorder of CGD.

Three specific examples demonstrate how clinical observations of patients with 
CGD provided the foundation for fundamental insights into the neutrophil NADPH 
oxidase. The Orkin lab exploited the coincidence of CGD, retinitis pigmentosa, and 
Duchenne’s muscular dystrophy in two boys with a known interstitial deletion of 
Xp21 to identify the “X-linked CGD protein” [4], now known as gp91phox or NOX2, 
the membrane protein that serves as the electron transferase of the NADPH oxidase. 
Recognition that one cytosol among a group of samples obtained from patients with 
autosomal complemented the activity of the other cytosols in a broken cell assay 
of NADPH oxidase activity made interpretation of immunoblots possible and thus 
catalyzed the identification of two of the cytoplasmic components of the NADPH 
oxidase [5,6] that are essential for assembly and activity of the functioning enzyme. 
More recently, identification of the genetic basis for CGD in a patient with an atypi-
cal clinical presentation provided critical insight into the importance of p40phox for 
targeting the NADPH oxidase selectively to phagosomal membranes [7]. These three 
examples demonstrate how many investigators operating in diverse disciplines have 
contributed to our understanding of the neutrophil NADPH oxidase and, by exten-
sion, of the NADPH oxidase (NOX) protein family. The goal of this review is to 
provide an overview of the neutrophil NADPH oxidase, including its composition, 
activation, regulation, and function. Excluded from the presentation is the discussion 
of NADPH oxidase activity in other phagocytes and other NOX proteins, both of 
which have been reviewed recently [8–13].

Known components of the neutrophil NADPH oxidase include membrane proteins 
in distinct cellular compartments and soluble proteins in cytoplasm. In unstimulated 
neutrophils, individual components reside in separate places, leaving the oxidase 
unassembled and inactive, thereby utilizing spatial segregation as a regulatory fea-
ture of the phagocyte oxidase.

MEMBRANE COMPONENTS

The redox center of the NADPH oxidase resides in a heterodimeric transmembrane 
heme protein, flavocytochrome b (aka flavocytochrome b558 or cytochrome b-245, 
referring to its peak in reduced-minus-oxidized spectra or its low midpoint poten-
tial, respectively), comprised of gp91phox and p22phox. Although Japanese investiga-
tors had noted the presence of an unusual b-type cytochrome in neutrophils from 
rabbits and horses and speculated that it may contribute to NADPH oxidase activ-
ity [14–16], Segal et al. observed its presence in normal but absence from mem-
branes from patients with X-linked CGD [17] and in over the subsequent decade 
demonstrated convincingly that it serves as the electron transferase in the neutrophil 
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NADPH oxidase [18–29]. The Orkin lab subsequently cloned and identified the pro-
tein missing from patients with X-linked CGD as a 91 kDa glycoprotein, soon after 
named gp91phox [4,30]. Its partner in flavocytochrome b, p22phox, was subsequently 
purified and its gene cloned and sequenced by the Orkin lab [31].

Mature neutrophils express flavocytochrome b in plasma membrane as well as in 
the membranes of two intracellular compartments, secretory vesicles and the perox-
idase-negative granules (i.e., specific and gelatinase granules [32–34]). The plasma 
membrane of unstimulated neutrophils contains only 15% of the total cellular flavo-
cytochrome b, the remainder housed intracellularly and serving as a reservoir readily 
recruited when neutrophils are primed or stimulated.

gp91phox

Human gp91phox is an extensively glycosylated protein of 570 amino acids encoded 
by CYBB [4]. Of note, the CYBB gene product in mice lacks the carbohydrate side-
chains and exists in murine phagocytes as a ~55 kDa protein, still associated in a 
heterodimer with p22phox [35,36]. During biosynthesis in the endoplasmic reticu-
lum (ER), nascent gp91phox undergoes cotranslational glycosylation to generate the 
65 kDa intermediate product that associates with p22phox [37–41]. Heterodimer for-
mation and heme insertion occur in the ER and are required for successful export 
of gp65-p22 to the Golgi, where modifications of the three N-linked carbohydrate 
sidechains on gp65 result in the mature gp91phox-p22phox. When heme synthesis in 
cultured human promyelocytes is inhibited, heterodimer formation fails and the free 
subunits undergo degradation in the proteasome. Biochemical features of neutrophil 
oxidase activity in patients with CGD confirm the importance of heterodimer forma-
tion for the fate of the individual components of the heterodimer: phagocytes from 
patients with mutations in CYBB lack both gp91phox and p22phox, and those with a 
genetic absence of p22phox do not express gp91phox [42–44].

The structural organization of gp91phox, intuited from its sequence and other fea-
tures that will be discussed later, resembles that of ferric reductase proteins widely 
expressed in microbes and eukaryotes. One homologue of gp91phox, the ferric reduc-
tase of Saccharomyces cerevisiae (FRE1)[45], contains six transmembrane helices 
with carboxy-terminal NADPH- and flavin adenine dinucleotide (FAD)-binding 
domains in a cytoplasmic region and two heme groups, which are stacked between 
two helices in the membrane and serve to transport electrons from cytoplasm [46]. 
FRE1 and gp91phox both exhibit similar spectral properties and very low redox poten-
tials (e.g., −250 mV for FRE1) [47]. Both operate as electron transferases, although 
they utilize different substrates. FRE1 reduces Fe+3 in the extracellular space to enable 
its transport into yeast to support vital cellular functions [45]. FRE1 can reduce oxy-
gen, but very inefficiently [20–100 pmol min−1 (mg wet weight)−1] [48]. Gp91phox does 
not exhibit ferric reductase activity [49] and utilizes only oxygen as substrate. The 
phylogeny of the ferric reductase domain proteins is reviewed in [50].

In the absence of crystal structure information, mutagenesis (both experimentally 
targeted and naturally occurring), physicochemical analytical techniques and well-
characterized monoclonal antibodies provide indirect characterization of the organi-
zation of flavocytochrome b [40,51–62]. Expressed as an integral membrane protein, 
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gp91phox includes six membrane-spanning helices, with both N- and C-termini 
expressed intracellularly (Figure 10.1). The hemes in the  bis-heme cytochrome b 
subunit of the mitochondrial cytochrome bc1 complex are bis- histidine linked to the 
same pair of parallel transmembrane helices and the ligating histidines in each helix 
are separated by 13 amino acids [63]. Although gp91phox possesses seven histidine 
residues within proposed transmembrane domains, only the pairs His101-His115 and 
His209-His222 are 13 and 12 residues apart and thus mirror the arrangement in the 
mitochondrial b-cytochrome. Replacement by site-directed mutagenesis of any of 
these four but not the other histidines in gp91phox results in a loss of the characteristic 
spectrum of flavocytochrome b, failure of surface expression of the heterodimer, 
and the absence of NADPH oxidase activity [40]. Based on these data, His101 and 
His115 in helix III and His209 and His222 in helix V likely coordinate the heme groups 
in gp91phox, which are likely stacked one over the other, as suggested in the model of 
yeast iron reductase FRE1 [46].

The midpoint redox potentials of the hemes in gp91phox differ (Em7 = −225 and −265 
mV [64]) and thereby mediate the sequential transfer of electrons across the membrane, 
from the cytosolic face into the phagosomal lumen or into the extracellular space. 

p22phoxgp91phox

NH2

NH2

DB

FAD

NADPH
Cytoplasm

PRR

FIGURE 10.1 Flavocytochrome b. Composed of gp91phox and p22phox, flavocytochrome b is a 
transmembrane protein that serves as the redox center of the neutrophil NADPH oxidase. The 
current model for human gp91phox includes six transmembrane helices and amino (NH2) and 
carboxy-termini both on the cytoplasmic face of the membrane. Between helices III and V are 
two inequivalent heme groups (purple polygons) that transport electrons across the membrane. 
There are three N-linked carbohydrate chains on the second and third extracellular loops, 
and two cytoplasmic loops (B and D). The carboxy terminal region includes both FAD and 
NADPH binding sites. Models for human p22phox likewise have both amino and carboxy ter-
mini on the cytoplasmic side of the membrane but the extracellular loops are not glycosylated. 
The carboxy region of p22phox contains a proline-rich region (PRR) that associates with p47phox 
during oxidase assembly (see text).



241The Neutrophil NADPH Oxidase

Cytoplasmic NADPH serves as the source of electrons for the NADPH oxidase, which 
has a Km for NADPH of 33 μM (vs 930 μM for NADH) [65,66]. In the first step in 
electron transfer, flavin adenine dinucleotide (FAD) associated with the FAD-binding 
domain in the cytosolic tail of gp91phox accepts a pair of electrons from NADPH, also 
associated with C-terminus of gp91phox [67]. The flavin group delivers each electron 
in the pair sequentially to the innermost heme of gp91phox. Each electron subsequently 
shifts to the outermost heme and then to molecular oxygen, culminating in the genera-
tion of superoxide anion, the proximal product of the neutrophil NADPH oxidase. The 
overall reaction occurs with the following stoichiometry:

 NADPH 2O NADP H 2O2
+ ++ ¾ ®¾ + + ·

2 . 

p22phox

Purification of flavocytochrome b recovers both gp91phox and p22phox, a nonglycosylated 
protein of 195 amino acids encoded by CYBA and located on chromosome 16 [68,69]. 
Like its partner gp91phox, p22phox has eluded crystallization, leaving in silico modeling, 
physicochemical analyses such as nuclear magnetic resonance, and epitope mapping 
with monoclonal antibodies as the sources for structural information [51,70–72]. For the 
most part, data suggest that both the amino- and carboxy-termini reside intracellularly 
and that p22phox contains two transmembrane helices [54,56,58,62,73,74] (Figure 10.1). 
In contrast to the transferase activity of gp91phox, p22phox lacks intrinsic enzymatic activ-
ity and instead provides structural support in two important ways; it contributes to the 
integrity of the heterodimer and provides a critical docking site for cytosolic oxidase 
components during assembly of the NADPH oxidase complex.

As noted earlier, heterodimer formation in the ER is prerequisite for its matura-
tion, and the individual subunits of flavocytochrome b undergo proteasomal degrada-
tion in the absence of association with its partner. Patients with CGD secondary to 
mutations in CYBA lack both p22phox and gp91phox from their phagocytes [4,26,75]. 
The structural basis for the formation of the gp91phox-p22phox heterodimer remains 
incompletely defined, although mutational analysis of transfectants has suggested 
that the terminal eleven amino acids and residues 65–90, a region in the putative first 
transmembrane domain of p22phox, interact with gp91phox [62]. A similar experimen-
tal approach, but using mutations that naturally occur in patients with X− CGD that 
have missense mutations that compromise but do not eliminate flavocytochrome b 
synthesis [76], provides insight into important sites in gp91phox that contribute to het-
erodimer formation. Data suggest that residues both in the first transmembrane helix 
and in several regions near the cytosolic dehydrogenase domain and the FAD binding 
site of gp91phox contribute to the stability of flavocytochrome b [77].

CYTOPLASMIC COMPONENTS

Recognition that components of the phagocyte NADPH oxidase reside in cytoplasm 
rests largely on the development of cell-free assays for oxidase activity. In a seminal 
paper that reported the role unsaturated fatty acids in the stimulation of NADPH 
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oxidase activity of guinea pig macrophages [78], Bromberg and Pick described an 
in vitro cell-free oxidase system that utilizes membranes and cytosol from unstimu-
lated phagocytes to generate superoxide anion in an FAD- and NADPH-dependent 
fashion. Confirmed independently soon after by other laboratories [79–81], the cell-
free system established the existence of one or more cytosolic components by dem-
onstrating that the cytosol of neutrophils from patients with the autosomal form of 
CGD and a normal flavocytochrome b was inactive in the cell-free system [6,82,83]. 
The cell-free system proved to be the analytical tool essential to the discovery of the 
cytosolic components of the NADPH oxidase [5,6].

The soluble components of the neutrophil NADPH oxidase exist in the cytosol of 
unstimulated cells in two complexes, one containing p47phox, p67phox, and p40phox and 
the with Rac and RhoGDI, and each complex translocates independently to target 
membranes during cell activation [84] (vide infra).

p47phox

A protein of 390 amino acids, p47phox possesses structural domains that enable 
it to serve as an organizing adaptor protein in assembly of a functioning oxidase 
(Figure 10.2). The amino-terminal end of p47phox contains a PX domain with its 
phosphoinositide-recognition motif, originally identified during a search of pro-
teins containing C2 domains, a structural feature associated with membrane target-
ing [85,86]. Searches of protein databases revealed the presence of PX domains 
in both p47phox and p40phox, as well as the yeast protein Bem1p and a large num-
ber of proteins homologous with human sorting nexins [85]. The PX domains 
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FIGURE 10.2 Cytosolic components of the neutrophil NADPH oxidase. The four currently 
identified cytosolic components of the neutrophil NADPH oxidase are p47phox, p40phox, p67phox, 
and Rac2. Each has structural domains that mediate interactions with membrane phospholipids 
(PX) and with other oxidase components both in the resting and active state of the oxidase (see 
text for details). The residue number of amino acids delineating motifs and protein domains 
are indicated. (Modified from Groemping, Y. and Rittinger, K., Biochem. J., 386, 401, 2005.)
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in both p47phox and p40phox promote association with phosphoinositides in target 
membranes, although each recognizes different phospholipid structures [87,88]. 
Sequencing of p47phox and p67phox demonstrated the presence of two Src homol-
ogy 3 (SH3) domains [89–91]. In a wide variety of proteins, SH3 domains medi-
ate interactions between proteins and thereby direct their cellular localization 
(reviewed in [92]).

Adjacent to the carboxy-terminal SH3 domain sits the polybasic autoinhibitory 
domain, which contains several serine residues clustered among basic amino acids. 
Phosphorylation of serines in the polybasic region during oxidase activation alters 
the conformation of p47phox and makes its potentially interactive motifs accessible 
for binding to targets (discussed in “Activation” section). At the carboxy terminus 
of p47phox sits a proline-rich region (PRR) that contains the PxxP motif, which in a 
variety of proteins supports binding to SH3 domains [93,94]. As discussed in more 
detail later, these structural motifs support both intra- and intermolecular interactions 
critical to the regulation of NADPH oxidase assembly and activity.

p40phox

p40phox, a 339 amino acid protein encoded by NCF4 on chromosome 22q13.1 [95] 
and expressed in most nonerythroid hematopoietic cells, was first identified as a pro-
tein that copurified with the cytosolic oxidase components from unstimulated neu-
trophils [96]. Three structural domains have been identified in p40phox (Figure 10.2). 
Like p47phox, p40phox contains a PX motif near its amino-terminus. However, the PX 
domains of p40phox and p47phox associate with different phospholipids and thus pro-
vide a mechanism for selectively directing oxidase components to specific mem-
branes. p40phox possesses a single SH3 domain and, near its carboxy terminus, a PB1 
domain [97,98]. First identified in p67phox and the yeast protein Bem1 [97], PB1 has 
been identified as a protein interaction motif conserved throughout the plant and 
animal kingdoms (reviewed in [99]). All three structural domains—PX, SH3, and 
PB1—participate cooperatively in the interaction of p40phox with phospholipids in 
target membranes and with its cytosolic oxidase partners.

p67phox

Human p67phox contains 526 amino acids and is encoded by NCF2 located on 
chromosome 1q25.3 [91]. Whereas p47phox and p40phox operate primarily as adap-
tor proteins that organize the structure and assembly of the NADPH oxidase, 
p67phox serves as an essential catalytic agent in the assembled enzyme complex. 
Structural elements in the terminal 300 amino acids of p67phox include a PRR, two 
SH3 domains, and, as mentioned here, a PB1 domain (Figure 10.2). Starting at the 
amino terminus are four tetratricopeptide repeat (TPR) motifs and an activation 
domain (AA 199–210). The TPR domains collectively support binding of Rac-
GTP [51,52,100,101] and the activation domain associates with gp91phox to cata-
lyze electron transfer [102,103].
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RacGTP

In addition to the complex of cytosolic phox proteins, GDP-bound Rac2 associ-
ated with RhoGDI exists in the cytoplasm of unstimulated human neutrophils. The 
important role of small molecular weight GTPases to NADPH oxidase activity pre-
dated the discovery of the phox proteins, but the identity of the specific protein 
eluded investigators, a saga chronicled in an informative and clearly written review 
by Pick [104].

Both Rac2, in the case of neutrophils, and Rac1 from macrophages were purified 
from cytosol in a prenylated state and complexed to RhoGDI, and the corresponding 
GTP-loaded Rac support optimal activity of cell-free oxidase systems [105–111]. 
Structural features of Rac2, the form expressed in human neutrophils, whereas Rac1 
is ubiquitously expressed [112,113], include two regions near the amino-terminus 
termed Switch 1 (AA 30–40) and Switch 2 (AA 60–67) that figure prominently 
in conformational changes that regulate transition from inactive to active states 
[51,114,115] (Figure 10.2). Of special importance to the NADPH oxidase is the 
insert helix (amino acids 123–135), which, despite some controversy with respect to 
parts of the story (discussed in depth in [51]), promotes interactions with p67phox that 
are essential for electron transfer through flavocytochrome b.

ASSOCIATED PROTEINS

In addition to the NADPH oxidase components already presented, proteins that 
copurify or appear functionally linked to the active oxidase have been reported. 
Included among such proteins is Rap1A, a small molecular weight GTPase that 
copurified with flavocytochrome b [116]. Subsequent studies have demonstrated 
that flavocytochrome b free of associated Rap1A supports complete oxidase activity 
in a cell-free system [117,118], indicating that Rap1A is not required for oxidase 
activity under these experimental conditions. Studies using murine neutrophils sug-
gest that Rap1A may participate in upstream events important for oxidase activity 
in intact cells [119] and thus leave unresolved the contribution of Rap1a to NADPH 
oxidase activity.

Several lines of evidence suggest that a phospholipase in the cytoplasm, cytosolic 
phospholipase 2Aα (cPLA2), contributes to the activity of the assembled oxidase. First 
isolated from the macrophage-like cell line U937 [120], cPLA2 acts on fatty acids 
situated at the sn-2 position and prefers hydrolyzing arachidonic acid, thus provid-
ing a mechanism for modulating local eicosanoid production. cPLA2 translocates to 
the assembled oxidase, with the PX domain of p47phox serving as the docking site, 
and reduction in cPLA2 correlates with decreases in oxidase activity in neutrophils, 
monocytes, and cultured human promyelocytes [121–123]. However, the precise role 
of cPLA2 in the operation of the oxidase remains unclear, since neutrophils from a 
murine cPLA2 knockout exhibit normal oxidase activity [124].

The calcium binding proteins S100A8 and S100A9, aka myeloid-related protein 
(MRP) 8 and 16, respectively [125], have been implicated in promoting oxidase acti-
vation [126,127]. In a calcium-dependent fashion, S100A8 drives the delivery of 
arachidonic acid in plasma membranes to flavocytochrome b already associated with 
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both p67phox and Rac2 [128,129]. Collectively, these events increase the affinity of 
p67phox for flavocytochrome b and concomitantly alter its conformation in the mem-
brane [130,131].

The activated NADPH oxidase complex from neutrophils also contains 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase (PFK-2/FBase-2) [130], a bifunc-
tional enzyme with distinct kinase and phosphatase domains and a major role in 
glycolysis [132]. Pharmacologic inhibition or targeted depletion with siRNA reduces 
agonist-triggered NADPH oxidase regulation [133]. The implications of these obser-
vations await additional study, but the data suggest an important functional link 
between the NADPH oxidase and glycolysis.

ACTIVATION

The neutrophil NADPH oxidase in unstimulated cells exists unassembled and inactive, 
its components spatially segregated as membrane and soluble proteins (reviewed in 
[51,52,134–136]). Agonists engage signaling pathways that initiate a cascade of bio-
chemical events that causes posttranslational modifications of the components, with 
phosphorylation as the predominant change. The concatenation of biochemical reac-
tions culminates in conformational changes that promote the assembly of the oxidase 
enzyme complex and the relay of electrons from cytosolic NADPH to FAD, across the 
two inequivalent hemes stacked in flavocytochrome b, and eventually to molecular oxy-
gen [137]. As described here, the oxidase components contain several structural motifs 
that support binding with proteins and lipid targets. Multiple interactions between these 
binding domains support intra- and intermolecular links that maintain the trimeric phox 
protein complex in a 1:1:1 stoichiometry in resting neutrophils [138–140], although 
there is evidence that p47phox is free in the cytosol of resting neutrophils and associates 
with the complex during the activation cascade [141].

Intramolecular interactions within p47phox depends on its SH3 domains to  maintain 
its conformation in the cytosol of resting neutrophils. Although models early on sug-
gested that intramolecular associations between the SH3 domains and the PRR main-
tained p47phox in its resting conformation [142,143], the current consensus is that the 
region carboxy terminal to the second SH3 and rich in basic amino acids (polybasic 
region) interacts with both SH3 domains [71,144–148] (Figure 10.3a).

At least three important intermolecular interactions among oxidase components 
operate in the cytosol of resting neutrophils, with p67phox envisioned as a bridge 
joining the two adaptor proteins p47phox and p40phox in the phox cytosolic protein 
complex (Figure 10.3b). First, the PB1 domain in p67phox supports a constitutive 
and firm association with the PB1 region in p40phox [97,139,149–151] and the 
crystal structure of the PB1 p67phox-p40phox dimer has been solved [139,152]. The 
association between p67phox and p40phox seems to benefit the integrity of each pro-
tein. Recombinant p67phox is less stable in the absence of p40phox, and neutrophils 
from p67phox-deficient CGD patients contain less than normal amounts of p40phox 
[91,150,151,153–155]. Second, the carboxy terminal SH3 domain of p67phox binds 
the PRR of p47phox with an affinity atypically strong for SH3-PRR associations 
[139,156], likely reflecting input from additional interactions outside of the PRR 
[150,155,157–159]. An interaction between the PRR of p47phox and the SH3 in 
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p40phox has been proposed [150,160,161] but likely has lower affinity than that 
between p47phox PRR and p67phox SH3 [139,156] and not likely to occur for a variety 
of reasons, as lucidly presented by Groemping and Rittinger [51]. Lastly, RhoGDI 
is bound to the switch II region of Rac [162–164].

The multiple inter- and intramolecular interactions between and within cytosolic 
oxidase components render unavailable or hidden protein domains that otherwise 
would associate with complementary sites in flavocytochrome b or target mem-
branes. The docking of p47phox at the target plasma membrane depends on at least two 

FIGURE 10.3 Organization of cytosolic phox proteins in unstimulated neutrophils. 
(a) Conformation of p47phox in the cytosol of unstimulated neutrophils. In the cytosol of unstim-
ulated neutrophils, p47phox adopts a conformation wherein its PX and SH3 domains, which 
mediate association with specific phospholipids in membrane and the PRR of p22phox in the 
assembled oxidase, respectively, are cryptic and unavailable for docking with their targets. 
The intramolecular interaction between the polybasic region and the two SH3 domains retains 
p47phox in its resting configuration until phosphorylation of several serines in the polybasic 
region occurs as part of oxidase assembly. (b) The cytosolic phox proteins exist in resting neu-
trophils in a trimeric complex with 1:1:1 stoichiometry. Critical intermolecular interactions 
between the polybasic region of p47phox and the carboxy terminal SH3 domain of p67phox (SHB) 
and between the PB1 domains of p40phox and p67phox support the trimeric complex.
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interactions, namely binding of its SH3 to the PRR in p22phox and association of its 
PX domain with phosphoinositide 3,4 phosphate [PI(3,4)P2] and, to a lesser extent, 
other phosphoinositides, phosphatidylserine, and phosphoinositol. Missense or dele-
tion mutations in the PRR compromise oxidase activity, thereby underscoring the con-
tribution of the PRR in p22phox to oxidase assembly, [56,62,142,165–170].

Despite their presence in both p47phox and p40phox, the individual PX domains 
exhibit important differences with respect to the phosphoinositides that they recog-
nize and the membranes that they target. Whereas the p47phox PX binds best to PI(3,4)
P2 and to plasma membranes [171], p40phox PX associates with PI(3)P on phago-
somal membranes [172–176]. In one patient in whom the p40phox PX had a missense 
mutation in the region critical for phospholipid binding, the NADPH oxidase fails to 
assemble on phagosomes, and particulate stimuli do not trigger oxidant production, 
despite normal responses to soluble agonists phorbol myristate acetate and fMLF [7]. 
This very selective defect in oxidase assembly demonstrates the specificity of target-
ing determinants on cytosolic components during oxidase activation.

Similar to the arrangement in the trimeric phox protein complex in cytosol, Rac in 
its resting state bound to RhoGDI maintains its potentially interactive domains con-
cealed. Upon stimulation, RhoGDI dissociates from Rac, and GTP replaces GDP, allow-
ing translocation of RacGTP to target membranes independent of the phox proteins 
[84,177,178]. Once exposed in RacGTP, the carboxy terminal prenyl group and the 
polybasic region together support membrane association (reviewed in [51,179]).

The conformational changes in the cytosolic phox protein complex that are prereq-
uisite for NADPH oxidase assembly and activation depend in large part on phosphory-
lation of serine residues in the polybasic autoinhibitory domain of p47phox [180–184]. 
Nearly a dozen serines in this arginine-rich region have been mapped as targets for 
phosphorylation by a variety of kinases, including protein kinase C isoforms β, γ, and 
ζ, protein kinase A, p38-activated protein kinase, p21-activated kinase, casein kinase 
2, and PKB/Akt [183–193]. The sequential phosphorylation of multiple serines in 
p47phox relieves the conformational constraints that conceal its PX and SH3 domains 
and thereby allows translocation to the target PI(3,4)P2 and PRR in the plasma 
membrane and p22phox (Figure 10.4), respectively [142,146,166,168,170,194–196]. 
Because of interactions with the B loop of flavocytochrome b [197,198], translocated 
p47phox brings associated p67phox near both the redox center and membrane-bound 
prenylated Rac2. After a Rac2-triggered conformational change, p67phox prompts 
electron transferase activity by gp91phox [178,199]. Although it is generally accepted 
that the activation domain of p67phox regulates electron flow [102,103,200], the pre-
cise action of the insertion domain of p67phox during oxidase activity remains contro-
versial (reviewed in [104]).

Compelling data from many labs implicate the lipid environment in target mem-
branes as important modulators of oxidase activity. In part, and as discussed ear-
lier, changes in the membrane phosphoinositide composition by PI-3-kinases in 
neutrophils [176,201–203] alter the recognition sites for differential targeting of PX 
domains in p47phox and p40phox [204–209]. In addition, alterations in the lipid envi-
ronment near the assembled oxidase trigger functionally significant conformational 
changes in flavocytochrome b [134,210,211]. Changes in lipid metabolism (reviewed 
in [210]) and organization of flavocytochrome b into lipid rafts within the membrane 
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[212,213] and in association with S100A8 [126] serve to promote electron trans-
fer. More refined definition of the specific changes and the particular lipid changes 
responsible await further study.

PRIMING

Presenting activation of the neutrophil NADPH oxidase as a binary state—that is, 
either on or off—serves a practical goal, as it facilitates the discussion of components 
and processes integral to the structure and activation of the NADPH oxidase. However, 
such a depiction misrepresents the cell biology. Many bioactive agents modulate the 
structural and functional state of the oxidase, rendering it more susceptible to sub-
sequent activation without driving it to a fully activated state. Known as “priming,” 
the phenomenon of heightened susceptibility to activation was first observed after 
neutrophils were treated with lipopolysaccharide prior to exposure to a known ago-
nist [214,215]. Priming of the NADPH oxidase can be promoted also by treatment 
with other Toll-like receptor agonists, chemoattractants, and cytokines. Elegant stud-
ies from the El Benna lab, recently reviewed in [216], provide detailed description of 
the molecular changes in cytosolic oxidase components in primed human neutrophils.

Cytoplasm

3 10436 70 120 153 199–210 243226–
236 298 351 429 460 515

p40phox

18

1

136 173 228

339

237 329

PB1SH3PX

p47phox

p22phoxgp91phox

PI(3)P PI(3,4)P2

NH2

FAD

NADPH NH2

B D

4 121 159 214 264229 292 340 363–368

390poly-basicSH3BSH3APX1

Rac 2

30–
40

60–
67

124–
135

183–
188

192

Switch 1 Switch 2 Insert Poly-basic

1

p67phox 1 TPR1 TPR2 TPR3 TPR4

AD PRR

SH3A PB1 SH3B 526

PRR
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Partial phosphorylation of p47phox and the resultant conformational changes lie 
at the heart of priming of the neutrophil NADPH oxidase. In the case of priming 
by TNFα or GM-CSF, phosphorylation of Ser345 in p47phox mediated by p38 MAPK 
or ERK1/2 provides the essential first step in transformation of the oxidase from 
its resting state [217]. Simultaneous with prompting the phosphorylation of Ser345, 
priming agents activate the proline isomerase Pin 1. In general, activated Pin 1 binds 
phosphorylated serine or threonine residues that are adjacent to a proline and trig-
gers changes in the conformation of the proline [218–221]. In p47phox, the resultant 
conformational shift from resting to primed state exposes sites for phosphorylation 
by protein kinase C, subsequent “hyperactivation” of the oxidase and exposure of 
protein domains that mediate oxidase assembly [216] (vide supra). Other oxidase 
components undergo phosphorylation during TNFα priming or activation, including 
p67phox [222], gp91phox [223], p40phox [224], and p22phox [225], although the functional 
correlates are incompletely defined.

REGULATION

In large part, spatial segregation regulates the activation state of the neutrophil 
NADPH oxidase. The partitioning of factors in cytosol apart from the redox center in 
the membranes renders the oxidase unassembled and inactive in resting neutrophils. 
To the extent that phosphorylation promotes the conformational changes in p47phox 
that allow oxidase assembly, kinases can be considered as regulatory agents.

Once activated, the neutrophil oxidase depends on a variety of biochemical inputs to 
sustain its action. Of course, oxidant generation requires a supply of molecular oxygen 
as substrate, and the active oxidase has a Km for oxygen of ~5 to 10 μM [67], although 
estimates vary. Neutrophils fed opsonized zymosan at varied concentrations of oxygen 
decrease oxidase activity gradually down to 1% oxygen levels, after which oxidant 
production decreases precipitously and becomes almost nil at 0.25% oxygen [226]. 
However, it is unlikely that tissue hypoxia limits oxidase function in clinical settings, 
as enzyme activity remains approximately half-maximal at as low as 0.35% oxygen, a 
level well below the ~3% (~25 mm pO2) present in abscesses [227].

As the source of electrons essential for activity, NADPH levels in neutrophil cyto-
sol dictate the enzymatic capacity of the oxidase. Fully activated, the neutrophil oxi-
dase has a turnover rate of 300–330 electrons per second [28,228–230] and would 
thus consume the 50–100 μM NADPH in neutrophil cytosol within ~100 ms [231]. 
Activation of the hexose monophosphate shunt precludes the consumption of cyto-
solic NADPH and premature termination of oxidase activity by providing NADPH 
to supply electrons for the oxidase in parallel with enzyme activation [232–235]. 
Underscoring the requirement for a steady supply of NADPH from a functional 
hexose monophosphate shunt are reports of defective antimicrobial activity by neu-
trophils with low levels of glucose-6-phosphatase, an enzyme essential for shunt 
activity [236–238]. Levels of glucose-6-phosphatase in neutrophils below 5% of nor-
mal compromise oxidase activity [239], and affected patients may exhibit the clinical 
phenotype of CGD, with recurrent and severe infection [239–241]. Individuals with 
an oxidase with low affinity for NADPH likewise can present with CGD [242].
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The electron transfer from cytoplasm across plasma or phagosomal membranes 
poses a challenge to neutrophils: how to compensate for the charge inequality and 
subsequent depolarization of the membrane. As discussed by DeCoursey, the failure 
to compensate the charge from electron transfer would cause NADPH oxidase activ-
ity to stop prematurely [231,243,244] because of membrane depolarization caused 
by oxidase activity [245–247]. The voltage-gated proton channel Hv1, first identi-
fied in snail neurons [248–250], supports proton export from cytosol and provides 
the bulk of the charge compensation required by oxidase activity, as reviewed in 
detail recently by DeCoursey [251]. Hv1 is expressed in the membrane of neutrophil 
phagosomes [252], and one Hv1 can compensate for the electrons transferred by 
100 molecules of the NAPDH oxidase. There are estimated to be ~20 molecules of 
NADPH oxidase per Hv1 [253]. Neutrophils that lack Hv1 initiate oxidase activity 
normally but do not sustain superoxide production over time, illustrating the impact 
of membrane depolarization on electron transfer through the oxidase. Fluxes of other 
ions also contribute to charge compensation [254–256], but Hv1 shoulders the bulk 
of the load and thus serves as a key cofactor for sustained NADPH oxidase activ-
ity. In addition to its support of the oxidase, charge compensation by Hv1 sustains 
calcium influx and calcium-dependent neutrophil activities, including adhesion and 
chemotaxis [257]. Hv1 serves other purposes as well (reviewed in [258]) and appears 
to be coupled to the release of azurophilic granules, although the mechanisms and 
functional implications remain to be more fully elucidated [259,260].

The activity of the NADPH oxidase in neutrophils in suspension begins rapidly 
and typically persists for 0.1–100 min, depending on the agonist used (reviewed in 
[231]). The lag time between agonist treatment and response, and the rate, magni-
tude, and duration of oxidant production by neutrophils adherent to surfaces, particu-
larly those that engage integrins, differ markedly from the properties of suspended 
neutrophils [261]. In all cases, however, activity is finite. Under physiologic condi-
tions, neither exhausted NADPH nor limited oxygen dictates termination of oxidase 
activity [262,263].

Continued oxidase activity requires the multicomponent complex to remain intact 
at the target membrane [264]. Several lines of evidence suggest that turnover of 
the oxidase complexes sustains oxidant production, whereby spent complexes are 
replaced by new, active complexes [265–271]. Although data supporting this notion 
are many and sound, the precise events in cycling oxidase complexes remains to be 
defined. DeCoursey and Ligeti suggest two very different possible mechanisms to 
explain the observations: (1) dissociation of spent complexes from target membranes 
with immediate replacement by newly recruited, active complexes, or (2) modulation 
of the activity of assembled complexes by a cytosolic factor that serves to convert 
the enzyme between “on” and “off” states [231]. Better understanding of the mecha-
nisms underlying cytosolic oxidase cycling requires additional exploration.

Irrespective of oxidase complex recycling, additional biochemical events figure 
in the overall regulation of enzyme function. Oxidant production depends on repeti-
tive cycles of phosphorylation-dephosphorylation of p47phox [272], catalyzed by bal-
anced activities of several kinases and phosphatases [266,273,274]. These balanced 
activities create a tonic state of p47phox phosphorylation that becomes manifest when 
inhibitors of one of the classes of enzymes are applied. A protein kinase C inhibitor 
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such as staurosporine terminates oxidase action [180,272], whereas those that block 
phosphotyrosine phosphatase activity [275,276], but not serine-threonine phospha-
tases [277,278], activate the neutrophil oxidase. Such data underscore the tight regu-
lation of oxidase activity imposed by the state of p47phox phosphorylation at any given 
moment.

In addition to p47phox, Rac2 provides a means to terminate oxidase action. Because 
only the GTP-bound form of Rac2 supports oxidase activity [279,280], hydrolysis of 
GTP by GTPases shuts down oxidant production. Conversely, activity in the cell-free 
system is sustained with the addition of the nonhydrolyzable GTP analogue GTP-γ-S 
or GTPase inhibitors such as fluoride [281,282]. Readers interested in learning more 
about GTPase regulation of the oxidase are encouraged to access the thoughtful and 
detail discussion by DeCoursey and Ligeti [231].

Lastly, data implicate MPO-dependent chemistry as participating at some level in 
the cessation of oxidase activity. Inhibition of MPO augments superoxide produc-
tion in a cell-free oxidase system [262] and neutrophils that lack MPO or in whom 
MPO is inhibited exhibit more sustained oxidant generation [283–292]. The extent 
to which the prolonged and more productive oxidase activity compensates for the 
absence of MPO with respect to antimicrobial activity of MPO-deficient neutrophils 
is not known.

ANTIMICROBIAL ACTIVITY

Human neutrophils work collaboratively with their phagocytic compatriots, mac-
rophages [293], in a wide range of inflammatory and immune responses [294], 
although antimicrobial activity during infection likely has been the most exten-
sively studied. As expected from their phagocytic nature, the bulk of antimicro-
bial attack occurs in phagosomes, the specialized membrane-bound compartments 
absent from unstimulated neutrophils but created by virtue of ingestion of a tar-
get (reviewed in [295]). Once confined to the phagosome, the ingested microbe 
encounters assaults by multiple toxic agents generated by the NADPH oxidase 
(reviewed in [296,297]) and released from recruited granules. Although categori-
zation of antimicrobial as oxygen “dependent” or “independent” achieves a useful 
pedagogical end, as it facilitates appreciation of the diverse mechanisms by which 
microbes can be killed, it understates the complexity of biochemical reactions 
and interactions that culminate in the death and destruction of a given organism. 
Several fundamental aspects of these events merit recognition, including the vari-
ety of potential substrates for attack and the plethora of reactive species generated 
by the NAPDH oxidase and its products.

Starting with the premise that damage mediated in neutrophil phagosomes is the 
result of biochemical attack, it follows that variability of substrate composition in 
the targets would result in differential susceptibility to modification. For example, 
Gram positive bacteria such as Staphylococcus aureus provide an array of proteins, 
carbohydrates, and lipids for attack that differ in part from those presented by a Gram 
negative bacterium such as Escherichia coli or the mycolic acid-rich Mycobacterium 
tuberculosis. Not only do the potential substrates for biochemical attack differ 
among species of microbes but also between organisms of the same strain that are 
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in different phases of growth. Surface-expressed and secreted proteins of S. aureus 
in stationary phase of growth differ markedly from those in log phase [298], thus 
providing different substrates to react with active agents in the phagosome. In the 
case of secreted proteins, some will act as competitive substrates, thereby consum-
ing toxic molecules that otherwise might engage vulnerable targets on the organism 
and cause damage. Lastly, it is important to recognize that unlike opsonized inert 
particles, such as latex beads or zymosan fragments, ingested microbes are alive 
and respond instantly to their immediate environment. E.coli ingested by normal 
neutrophils rapidly sense and respond to oxidants in the phagosome, a response not 
seen when ingested by CGD neutrophils [299]. Likewise, S. aureus possesses com-
plex oxygen-sensing machinery that prompts cellular responses that cause structural 
and functional changes in the bacterium [300–302]. In many ways, the exchange in 
phagosomes between host and microbe is a conversation, not a monologue. Taken 
together, these issues underscore the complexity posed by the broad spectrum of 
microbial targets presented to toxic agents generated by the neutrophil [303–305]. 
However, this complexity is magnified by the plethora and range of toxic species 
generated in neutrophil.

As comprehensively discussed by Winterbourn and colleagues [306] and by 
Hurst [303], complex oxidant biochemistry in neutrophil phagosomes yields pre-
dominantly HOCl, the reaction product of H2O2 from the NADPH oxidase and the 
granule protein myeloperoxidase (MPO) [307]. HOCl reacts with a wide variety of 
biomolecules, but there is a hierarchy among the potential substrates. For example, 
HOCl reacts with methionine residues far more readily than with tyrosine residues 
[306,308,309]. Furthermore, protein chloramines, aldehydes, and low molecular 
weight chloramines, all downstream products of the reaction of HOCl with its sub-
strates, provide numerous long-lived oxidants with their own spectrum of reactiv-
ity [310–316]. However, the biochemical reactions are indiscriminant with respect 
to the origin of substrates. Methionine residues in bacterial or mammalian proteins 
are equally susceptible to attack, a fact particularly germane to consideration of 
events in the neutrophil phagosome, where host proteins predominate. Concurrent 
with NADPH oxidase activation, granules fuse with nascent phagosomes [317], 
thereby adding their contents to the mix of oxidants produced in the phagosomal 
lumen [296,297]. The granule proteins include those with direct antimicrobial action, 
such as bactericidal permeability increasing protein [318], as well as those with 
enzymatic activity, such as the four neutrophil serine proteases [319]. Synergistic 
interactions predominate within the phagosome, including collaborations between 
oxidants and granule proteins and among the individual granule proteins (reviewed 
in [320]). Interactions can be productive, as when MPO catalyzes the generation 
of the potent microbicide HOCl, or counterproductive, as when MPO-generated 
HOCl attacks granule proteins, thereby eliminating them from the assembly of anti-
microbial agents. MPO-generated HOCl inactivates many granule enzymes, includ-
ing matrix metalloproteinases 7, 8 and 9, cathepsin G, and elastase [321–326]. In 
fact, MPO-deficient neutrophils release more enzymatically active elastase than do 
normal neutrophils [326]. HOCl-mediated inactivation extends beyond elastase and 
applies to all vulnerable granule proteins. The majority of proteins halogenated by 
activated neutrophils, the biochemical fingerprint of MPO activity, are of host, not 
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microbial origin [327,328], a finding that simply reflects the predominance of host-
derived  proteins in the phagosomal lumen. However, chlorination and methionine 
oxidation of microbial proteins correlate with loss of viability of ingested bacteria 
[327,329–331], findings that are consistent with the MPO-H2O2-chloride system as 
the predominant microbicidal system in normal human neutrophils [332].

PHAGOSOME AS AN EMERGENT SYSTEM

The interconnected and interdependent relationships among phagosomal con-
tents support potent activity against a remarkably diverse range of microbes that 
might threaten a host. By the same token, the same complexity makes it difficult 
to assign to any one component a specific, immutable role in the antimicrobial sys-
tem of neutrophils. The combination of complex biochemistry, reactive interactions 
among individual components in the phagosomal milieu, and dynamic responses to 
the assault by captive microbes leave reductionist approaches to the study of anti-
microbial mechanisms in neutrophils as crude approximations of reality. In many 
ways, the inherent complexity of antimicrobial events within phagosomes displays 
some features of an emergent system, whose properties have long been recognized 
in science and philosophy [333] and currently provide a rationale for the analytical 
approaches in “network biology” [334]. In short, the Aristotelean notion posits that 
output of a complete system differs from the sum of activities of its individual com-
ponents. Depending on the specific synergies among components that may exist at 
any given time, the overall impact of the complete system may be greater or lesser 
than the sum of the activities of individual elements [335]. Casadevall and colleagues 
reject a reductionist view of microbial virulence and instead argue convincingly that 
it should be seen as an emerging property, a reflection of the net outcome of inputs 
from both host and microbe [336]. Although this perspective fails to provide a unify-
ing theory of neutrophil antimicrobial action, the recognition and acceptance of the 
emergent properties of the neutrophil phagosome brings some solace when trying to 
understand the clinical consequences of specific neutrophil deficiencies.

Given that HOCl-mediated modifications mediate killing and inactivate some antimi-
crobial granule proteins, it is clear that the NADPH oxidase profoundly influences the 
nature of neutrophil antimicrobial function beyond simply serving as a source of oxidants 
to act directly on ingested organisms. In many ways, oxidants alter the overall antimi-
crobial tone in the phagosome and, consequently, their absence eliminates the contribu-
tions of many microbicides in situ. In contrast to the pervasive influence that the lack of 
oxidants exerts on neutrophil killing, the absence of a single granule protein has a much 
lesser impact. The contrasting clinical phenotypes of CGD and MPO deficiency illustrate 
this point. CGD neutrophils in vitro fail to kill a variety of bacteria, including S. aureus, 
although killing of E. coli is normal. Affected patients suffer frequent and severe infec-
tion from S. aureus, Serratia, Burkholderia, Nocardia, Aspergillus, and other microbes 
(reviewed in [337]). Thus, at the level of both the isolated neutrophil and the patient, the 
absence of oxidase activity in neutrophils profoundly compromises host defense.

In contrast, MPO-deficient individuals do not incur infection more frequently, 
and in vitro their neutrophils eventually kill most bacteria, albeit at a much 
slower rate than do normal neutrophils, as initially described by Klebanoff [338]. 
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However, MPO-deficient neutrophils are unable in vitro to kill strains of Candida, 
including C. albicans [283,339–342], and there are several case reports of systemic 
candidal infections occurring in MPO-deficient subjects with concurrent diabetes 
mellitus (reviewed in [343]). Taken together, the contrasting consequences between 
the absence of oxidants or MPO illustrate two principles underlying the complex 
antimicrobial activity of human neutrophils. First, oxidants support optimal antimi-
crobial action, characterized by killing the broadest spectrum of microbes (but not 
all) with the greatest efficiency. In the absence of oxidants, both the range of suscep-
tible organisms and the rapidity of killing decrease. Second, limitations in antimicro-
bial action imposed by the absence of single granule protein (e.g., MPO) or class of 
granule proteins (e.g., serine proteases [344,345]) are minimized by overlapping and 
redundant actions of the remaining granule proteins.

FUNCTIONS UNRELATED TO ANTIMICROBIAL ACTION

Neutrophil-derived oxidants participate in biological events in addition to those 
germane to antimicrobial defense. Since the initial recognition of CGD, its clinical 
picture includes a predisposition for granuloma formation, which can cause outlet 
obstruction of the genitourinary or gastrointestinal tracts. Studies from the Dinauer 
laboratory elegantly demonstrated that granuloma formation in CGD reflects dys-
regulated inflammation and is not an exclusive manifestation of their antimicrobial 
defect. Airway challenge of gp91phox-deficient mice with killed Aspergillus elicits 
robust granuloma formation that exceeds in quantity and duration that seen in normal 
mice identically challenged [346]. Investigators using different experimental models 
of noninfectious inflammation have confirmed and extended findings that link the 
absence of phagocyte oxidase activity to a defect in the capacity to resolve inflam-
mation normally [347–356]. Of note, data from the Krause lab suggest that lack 
of oxidase activity in macrophages and dendritic cells, not neutrophils, may be the 
cause of excess granuloma formation [357].

Extracellular oxidants derived from the neutrophil NADPH oxidase can mod-
ify susceptible targets and thus operate as either pro- or anti-inflammatory agents, 
depending on the specific target and context (e.g., [358–360]). Intracellularly, oxi-
dants contribute to selective signaling pathways, including those that modulate cell 
death, as summarized in an excellent review highlighting key questions in the field 
and identifying specific methodologic needs [136].

SUMMARY

The neutrophil NADPH oxidase constitutes a robust, multicomponent enzyme 
complex that shuttles electrons from cytoplasmic NADPH across plasma or phago-
somal membranes to molecular oxygen and thereby generates superoxide anion. 
Essential components of the phagocyte NADPH oxidase that have been identified 
to date include the membrane heterodimeric protein flavocytochrome b, composed 
of gp91phox and p22phox, and two cytoplasmic protein complexes of p47phox-p67phox-
p40phox and Rac2-RhoGDI. Agonist-induced changes in conformation of cytosolic 
components allow for their translocation to the membrane, assembly of a functioning 
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oxidase, and generation of oxidants. In concert with granule proteins and circulating 
plasma proteins (e.g., Group IIA phospholipase A2 [361]), products of the NADPH 
oxidase contribute in great measure to acute host defense against microbial infection. 
In addition, the products of the neutrophil oxidase alter host constituents that more 
broadly modulate the inflammatory response and, in some situations, extend tissue 
damage. Elucidation of the composition and regulation of the neutrophil oxidase has 
set the stage for exploration of the biology of other members of the NADPH oxidase 
protein family (NOX family), which has members expressed throughout nearly all 
cellular systems in both the plant and animal kingdoms (reviewed in [8–13]).
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INTRODUCTION

Christine Winterbourn’s visit to London in 1984 sparked a new research interest for 
her that eventually became a major focus of her work on free radicals in biology 
and medicine. At that time, Christine was on sabbatical leave in Tony Segal’s labo-
ratory at University College London. She was intrigued by how free radicals may 
contribute to host defense. Tony suggested she investigate how myeloperoxidase—
an abundant antimicrobial enzyme of neutrophils—transforms hydrogen peroxide 
and superoxide into reactive species that kill microorganisms. Myeloperoxidase 
was then virtually neglected as a major player in oxidant production by neutro-
phils. Most researchers in the free radical field were engrossed in the reactions of 
superoxide—recently  discovered by Bernard Babior and his team to be produced 
by the NADPH oxidase of neutrophils [1]. Seymour Klebanoff was one of the few 
scientists extolling the capabilities of myeloperoxidase and how it uses hydrogen 
peroxide to oxidize ubiquitous chloride to hypochlorous acid—a lethal oxidant that 
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kills all pathogens [2]. Christine initially investigated the redox transformations of 
myeloperoxidase that occur when it reacts with hydrogen peroxide and superox-
ide [3]. She found that, depending on the concentration of hydrogen peroxide, the 
enzyme could act either as a producer of hypochlorous acid or a catalase. Since that 
time, Christine has published over a hundred papers involving myeloperoxidase. 
With her team, she has demonstrated that when neutrophils phagocytose bacteria, 
myeloperoxidase consumes the majority of superoxide and hydrogen they gener-
ate to produce hypochlorous acid, which kills ingested bacteria [4]. She has also 
advanced our understanding of how myeloperoxidase uses hydrogen peroxide to 
promote inflammatory tissue damage.

Neutrophils, the most abundant white blood cell in humans, must generate hydro-
gen peroxide to kill many of the different pathogens they ingest during  infections [5]. 
However, hydrogen peroxide itself is a weak antimicrobial agent, even though it 
is a thermodynamically strong oxidant. It is an ineffectual oxidant of biologi-
cal molecules because of the high activation energies for most of its reactions [6]. 
Myeloperoxidase lowers these barriers by transforming hydrogen peroxide into sev-
eral kinetically reactive species. It is a classical heme peroxidase that catalyzes the 
oxidation of numerous organic substrates to free radicals [7]. During oxidation of 
these substrates, the enzyme cycles through three redox intermediates—the native 
ferric heme iron species, and compound I and compound II, which are high-valent 
iron  species [8]. However, what sets myeloperoxidase apart from other mammalian 
enzymes is the exceptional ability of compound I to oxidize chloride to chlorine 
bleach or hypochlorous acid—a strong oxidant that kills all bacteria and is toxic to 
human cells [9]. In this chapter, we will focus on how myeloperoxidase unleashes the 
oxidation potential of hydrogen peroxide and exploits it to produce oxidants that are 
highly toxic to microorganisms and human cells.

STRUCTURE OF MYELOPEROXIDASE

Myeloperoxidase is a strikingly beautiful dark green heme protein. At 146 kDa in size, 
it is composed of two identical heterodimers containing heavy (58.5 kDa) and light 
(14.5 kDa) subunits. Cysteine residues on the heavy subunits link the heterodimers. 
The three dimensional structure of myeloperoxidase has been determined at high reso-
lution and provides useful insights into how it exploits the oxidation potential of hydro-
gen peroxide (Figure 11.1). The secondary structure is predominantly α-helical [10]. 
Each identical half consists of a core of five helices—four from the larger subunit plus 
one from the small—and a covalently bound heme in the heavy subunit. The cavities 
containing the heme prosthetic groups are on the same side of the protein and about 
40 Å apart. There are five N-glycans on asparagine residues at positions 323, 355, 391, 
483, and 729 on each heavy subunit [11]. The majority of the glycosylated residues 
are on the side opposite to the heme cavities and located in the interface between the 
dimers. Deglycosylation, especially of Asn355, lowers enzyme activity. Each heterodi-
mer contains a tightly bound calcium ion that is ligated to the heavy and light subunits 
[12]. It maintains the stability of the heterodimer but may also affect redox properties 
of the enzyme because it is coordinated to Asp96, which is close to His95—the distal 
histidine that activates hydrogen peroxide for reaction with the heme (see Figure 11.4).
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The two cavities containing the heme prosthetic groups have identical structures. 
There is a large opening at the entrance of each cavity that is partially covered on one 
side by the C-terminal residue (Ala104) on the small subunits and a loop contain-
ing His216 on the heavy subunits (Figure 11.2a) [10]. These residues would restrict 
direct entry of substrates into the active site. However, there is relatively unrestricted 
access on the opposite side. From here, the cavity narrows down to a channel that 
extends into the core of the protein. There is a large hydrophobic region just beyond 
this narrowing. The heme prosthetic group is located within the channel with its D 
pyrrole ring and propionate group poking out of the entrance (Figure 11.2d). The 
B pyrrole ring is at the back of the channel. The architecture of the substrate chan-
nel of myeloperoxidase allows numerous potential substrates to interact with the 
catalytic heme. The active site is more restricted than that of horseradish peroxi-
dase (Figure 11.2b), but much more accessible than that of catalase (Figure 11.2c) 
[13,14]. There is no evidence to date that the two active sites interact during catalysis.

The structure of the heme groups and their interactions with both proximal and 
distal residues gives myeloperoxidase its unique redox properties [15]. Each heme 
is an uncommon derivative of protoporphyrin IX where the methyl groups on the A 
and C pyrrole rings are covalently linked to the protein (Figure 11.2d). The A pyrrole 
ring is attached to the heavy subunit via an ester bond with Glu242 and a positively 

FIGURE 11.1 The structure of myeloperoxidase. The crystal structure of myeloperoxidase 
showing the heavy (green) and light (blue) subunits plus the heme prosthetic groups (orange) 
with a bromide (red) bound in the distal pockets. The structure was drawn with Pymol using 
data from 1CXP in the Protein Data Bank.
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charged vinyl-sulfonium bond to Met243. The C pyrrole ring is linked to the light 
subunit via a second ester bond with Asp94. These bonds disrupt the planarity of the 
heme. When viewed across the distal half of the heme pocket, the heme is notice-
ably bent with the edges of pyrrole rings A and C bowed upward (Figure 11.2d). 
The heme iron sits slightly below the bottom of the heme curvature and is coordi-
nated to His336 on its proximal side [10]. His336 forms a triad with Asn421 and 
Arg333 that link the heme iron with the propionate group of the D pyrrole ring. 
Disruption of this proximal triad lowers enzyme activity and alters the spectral prop-
erties of the protein [16,17]. Important residues on the distal side of the heme that are 
most likely to be involved in catalysis include His95, Arg239, and Gln91. These resi-
dues, along with the propionate group on pyrrole ring C, are hydrogen bonded to four 
of the five water molecules that are located in the distal pocket [10]. The heme group 
(Figure 11.2d) is considerably different from those of horseradish peroxidase (Figure 
11.2e) and catalase (Figure 11.2f), but the perpendicular orientation of histidine and 
location of the arginine in the distal space resemble that of the plant peroxidase [14].

MYELOPEROXIDASE LIBERATES THE OXIDATION 
POTENTIAL OF HYDROGEN PEROXIDE

Myeloperoxidase is not a typical enzyme. In contrast to textbook examples, it has 
multiple substrates and several activities. However, the common feature to all the 
reactions myeloperoxidase catalyzes is that hydrogen peroxide provides the ther-
modynamic driving force to generate kinetically reactive oxygen and halogen spe-
cies. Hydrogen peroxide is either used directly by the enzyme or via the ability of 

(a) (b) (c)

(d) (e) (f)

FIGURE 11.2 Residues in the distal site for myeloperoxidase (a, d) and horseradish peroxi-
dase (b, e) are histidine and arginine, while just histidine is shown for catalase (c, f). Heme 
prosthetic groups are shown in orange. The structure were drawn with Pymol using data from 
1CXP, 1HCH, and 2IQF in the Protein data bank.
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myeloperoxidase to dismutate superoxide. The chief physiological activity is oxida-
tion of halides, predominantly chloride and the pseudohalide thiocyanate, to hypo-
halous acids (Figure 11.3) [18,19]. It is also an efficient classical peroxidase that 
generates free radicals from myriad substrates (Figure 11.3). In fact, it is a much 
more powerful classical peroxidase than plant and other mammalian peroxidases 
[20]. We have shown that myeloperoxidase also uses superoxide to hydroxylate aro-
matic compounds in a reaction similar to that of cytochrome P450 [21]. Superoxide 
should indeed be viewed as a major physiological substrate for myeloperoxidase. The 
propinquity of superoxide and myeloperoxidase in time and space, plus their rapid 
reactions (Figure 11.3), ensures an intimate interaction that neutrophils must exploit 
to defend us against pathogens. Finally, myeloperoxidase also has catalase activity 
[22,23]. That is, it degrades hydrogen peroxide to oxygen and water without the need 
for other substrates. The mechanism is contentious and has yet to be satisfactorily 
clarified. We believe the details of this mechanism need to be defined because they 
may alter our perspective on the physiological functions of myeloperoxidase.

ActivAtion of Hydrogen Peroxide viA comPound i

The oxidation potential of hydrogen peroxide is harnessed by myeloperoxidase 
when it reacts with hydrogen peroxide to form compound I. This reaction is fast 
(k = 2 × 107 M−1 s−1). In the process, two electrons are removed from the heme 
prosthetic group and an oxygen atom is added to its iron to form compound I 
(Figure 11.4) [24,25]. Water is released as a by-product. The oxygen bound to the 
heme iron in compound I contains only six valence electrons, making it a potent 
oxidant. Compound I is then poised to unleash the oxidation potential of hydrogen 
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FIGURE 11.3 The established reactions catalyzed by myeloperoxidase. X− is chloride, bro-
mide, iodide, or thiocyanate, which are oxidized to hypohalous acids (HOX) when the enzyme 
acts as a halogenase. S is for organic substrates, such as serotonin, urate, tyrosine, and ascor-
bate, when myeloperoxidase acts as a classical peroxidase to produce free radical S∙, or S is 
superoxide when myeloperoxidase acts as a superoxidase. S can also be hydrogen peroxide 
when it reacts with compound I to form compound II and superoxide.
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peroxide by channeling the enzyme into either the halogenation or peroxidation 
cycles (Figure 11.3). As with other peroxidases, it is likely that the reaction of 
hydrogen peroxide with ferric myeloperoxidase is facilitated by His95 and Arg239 
in the distal heme cavity (Figure 11.4). The distal histidine, via hydrogen bonding 
with a nearby water, could act as an acid–base catalyst that promotes heterolytic 
cleavage of hydrogen peroxide [10]. At first, the proton would be removed from 
the oxygen atom that becomes bound to the ferric iron, then transfer the proton 
to the other oxygen. By swapping the proton from one oxygen atom to the other, 
it would facilitate the heterolytic cleavage of the O–O bond. The distal arginine 
(see Figure 11.2d) could decrease the pKa of His95 and also stabilize the develop-
ing negative charge on the leaving hydroxide anion during bond rupture. It would 
play an ancillary role by stabilizing the resultant oxyferryl center of compound I. 
In myeloperoxidase, the distal histidine is also hydrogen bonded to a buried water 
molecule, which is linked by His250 to a series of four other water molecules that 
form a chain of hydrogen bonds extending to the surface of the protein. This chain 
may function as a conduit for transfer of protons away from the distal histidine and 
enable it to accept a proton from hydrogen peroxide.

Similar to other peroxidases [14], formation of compound I may be preceded by 
an initial binding of hydrogen peroxide onto the ferric enzyme to form compound 0 
(see Figure 11.4). Whether myeloperoxidase compound 0 exists as a fleeting redox 
intermediate has yet to be investigated. Compound I is often described as a π-cation 
radical in which heme iron is present as ferryl iron (IV) and a cation radical is delo-
calized on the heme (Figure 11.4). However, this electron configuration is based on 
that for horseradish peroxidase and no study has verified the presence of a π-cation 
radical in myeloperoxidase compound I [26]. Nevertheless, compound I has high 
reduction potentials and oxidizes numerous substrates by removing either one (E0′ vs 
NHE pH 7.0 Compound I/Compound II = 1.36 V) or two electrons (E0′ vs NHE pH 
7.0 Compound I/Compound II = 1.16 V) [27]. In the absence of reducing substrates, 
compound I rapidly and irreversibly inactivates the enzyme [28], presumably via 
transfer of the π-cation radical on the heme group to a nearby amino acid residue on 
the protein.
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FIGURE 11.4 Proposed formation of myeloperoxidase compound I. Based on the analo-
gous reaction with horseradish peroxidase, hydrogen peroxide becomes associated with the 
heme iron through a hydrogen bond relay with a water molecule and histidine 95 and rapidly 
rearranges to compound I with an iron (IV) heme and a π-cation radical delocalized over the 
porphyrin.
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HAlogenAtion Activity of myeloPeroxidAse

Compound I removes two electrons from chloride, bromide, iodide, and thiocya-
nate to produce their respective hypohalous acids and regenerate the ferric enzyme 
(Figure 11.3) [19,29,30]. Crystallographic studies support a model in which chlo-
ride, bromide, and thiocyanate occupy the distal heme cavity binding site [10,31]. 
Compound I is highly unstable and cannot be studied by x-ray crystallography. 
However, the cyanide complex with ferric myeloperoxidase has been proposed to be 
a useful model for compound I because its electron paramagnetic resonance spec-
trum is affected by halides [32]. Crystal structures show that cyanide interferes with 
the binding of bromide but has little effect on the location of thiocyanate [10,31]. 
From these structures, it is apparent that the halides and thiocyanate are favorably 
positioned to enable them to transfer electrons to the heme and accept oxygen from 
compound I to yield hypohalous acids as products. The halide binding site is close to 
the bridge between the A and D pyrrole rings, which may be electron deficient due 
to the adjacent and positively charged sulfonium ion that links Met243 to the heme. 
Thus, the halides may transfer two electrons to an electron-deficient heme π-cation 
radical of compound I, followed by the incorporation of oxyferryl oxygen into the 
hypohalous acid product.

The rate constant for oxidation of halides is inversely related to their two-elec-
tron reduction potential [29,30]. The similar rate constants for thiocyanate and 
iodide, despite the lower reduction potential for iodide, suggest that iodide is too 
big to fit favorably into the halide binding site. At physiological concentrations, 
chloride and thiocyanate are the preferred substrates for compound I because rates 
of oxidation are determined by both the rate constant and substrate concentration 
[29,30]. In physiologically relevant mixtures of halides, bromide is also oxidized 
to a limited degree by the purified enzyme or isolated neutrophils [33–35]. The 
concentration of iodide is too low in biological fluids for it to be a substrate.

It has been proposed that chloride reacts with compound I to form an enzyme-
bound chlorinating intermediate that oxidizes taurine to taurine chloramine [24]. This 
proposal is supported by kinetic analysis of the reaction of chloride with compound I 
over a range of chloride concentrations [36]. In addition, myeloperoxidase selectively 
chlorinated the N-terminal amine of apolipoprotein B-100, implying that this resi-
due must enter the catalytic site and react with the putative chlorinating intermediate 
[37]. The existence of a chlorinating intermediate, however, was dismissed when the 
myeloperoxidase-generated oxidant was found to have similar reactivity to free hypo-
chlorous acid [38]. More recent studies suggest that depending on accessibility of the 
substrate to the active site, myeloperoxidase may either release free hypochlorous acid 
or chlorinate it directly [39]. Further investigation is required to establish the functional 
relevance of a chlorinating intermediate in the catalytic reactions of myeloperoxidase.

Production of hypochlorous acid by compound I is a reversible reaction because 
ferric myeloperoxidase is rapidly oxidized by hypochlorous acid to produce com-
pound I and chloride (k = 2 × 108 M−1 s−1) [40]. Reaction of hypochlorous acid 
with the enzyme’s heme group is accompanied by chlorination of protein residues 
and irreversible inactivation [41]. Oxidation of myeloperoxidase by hypochlorous 
acid is likely to be a minor reaction because hypochlorous acid released from the 
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enzyme will be rapidly scavenged by multiple other reactive targets. However, it 
may be  relevant to inactivation of the enzyme when local reducing species have been 
depleted, and provide a mechanism for curtailing unwanted oxidative activity by 
myeloperoxidase. Peroxynitrous acid (HOONO) also oxidizes ferric myeloperoxi-
dase with a rate comparable to that of hydrogen peroxide. In this case, however, the 
end product is compound II without observable formation of compound I [42]. Under 
some conditions this reaction can be expected to divert the enzyme from its normal 
activity and inhibit halogenation.

Chloride binds reversibly to ferric myeloperoxidase at physiologically relevant 
concentrations having a dissociation constant of 0.5 M at neutral pH [43]. Binding 
is stronger at acidic pH where chloride competes with hydrogen peroxide and 
inhibits production of hypochlorous acid [43,44]. Chloride most likely inhibits 
reactions of substrates with ferric myeloperoxidase when it binds to the sub-
strate pocket within the distal heme cavity and thereby prevents other substrates 
from reacting with the heme iron [10]. Nitric oxide also binds reversibly to ferric 
myeloperoxidase (kon = 1.1 × 106 M−1 s−1; koff 10.8 s−1) and modulates chlorination 
activity [45].

PeroxidAtion Activity of myeloPeroxidAse

Myeloperoxidase functions as a classical peroxidase when compound I oxidizes 
substrates by removing a single electron to produce compound II and a substrate 
free radical (Figure 11.3). Compound II—an oxoferryl complex—reacts with a sec-
ond substrate molecule to produce another radical and regenerate the ferric enzyme. 
Physiological substrates that are readily oxidized by the classical peroxidase cycle 
include superoxide [46], serotonin [47], urate [48], tyrosine [49], ascorbate [50], and 
hydrogen sulfide [51]. Although nitrite is readily oxidized by compound I [52], it is 
a relatively poor substrate for compound II and requires the presence of cosubstrates 
to promote its oxidation via turnover of compound II [53]. Numerous xenobiotics are 
also oxidized via the classical peroxidation cycle including anti-inflammatory and 
anticancer drugs as well as dietary polyphenols [7].

The high one-electron reduction potential of compound I allows it to oxidize a 
wide variety of substrates. In fact, the magnitude of its reduction potential is so high 
that the rate constants for its reduction by substrates are largely independent of the 
substrate reduction potential. However, when a series of benzoic acid hydrazides 
was investigated as substrates for compound I and compound II, it was found that 
their rate constants for reduction of the redox intermediates were dependent on the 
electron-donating capacity of substituents on the aromatic ring [54]. This suggests 
that the reduction potential of the substrate influences the ease of their oxidation by 
compound I and compound II. The effect was greater for compound II than com-
pound I. With compound I, rates of reaction were influenced more by the structure 
and charge of the substrate. For example, the aromatic nature of tryptophan, tyro-
sine, and serotonin is more important for oxidation by compound I than the reducing 
capabilities of urate and ascorbate. Hence, interaction of the aromatic rings with 
the heme must favor oxidation. Negatively charged substrates hinder oxidation by 
both compound I and compound II. For example, comparison of rate constants for 



289Myeloperoxidase

aliphatic thiols indicates that the absence of a carboxylic acid group increases the 
ease of oxidation by several orders of magnitude [55]. It is likely that negatively 
charged substrates are repelled by the propionate group on the D pyrrole ring of the 
heme prosthetic group.

It has been proposed that substrates for horseradish peroxidase transfer a single 
electron to the heme periphery [56]. An analogous mechanism is likely to operate 
with for myeloperoxidase. Based on the crystal structure of hydroxamates bound in 
the entrance of the heme cavity [57], substrates are ideally positioned above and par-
allel to the plane of the D pyrrole ring to transfer electrons to the electron- deficient 
locus of the heme group. This proposal is supported by the covalent binding of 
2-thioxanthines to the methyl group of the D pyrrole ring, which protrudes out of 
the heme cavity. 2-Thioxanthines are suicide substrates that are oxidized to radicals 
that subsequently oxidize the heme and become covalently attached [58]. Electron 
transfer most likely occurs at the heme edge, where the substrate initially binds, and 
before the product radical can leave the active site.

In contrast to compound I, compound II has a more restricted substrate prefer-
ence due to its lower reduction potential and possibly a narrower substrate channel 
[59,60]. As a consequence, most substrates react up to several orders of magnitude 
slower with compound II than with compound I. Therefore, reduction of compound 
II is the rate determining step and controls the rate at which the enzyme turns over 
in the classical peroxidation cycle. A substrate’s reduction potential, structure, and 
charge all influence the rate at which it is oxidized by compound II. Serotonin and 
superoxide are the best physiological substrates for compound II.

Superoxide is as a physiological substrate for compound I and compound II; reacting 
rapidly with these redox intermediates (Figure 11.3) [61,62]. Thus, myeloperoxidase 
can be viewed as a superoxidase that uses hydrogen peroxide to oxidize superoxide. 
The product is presumed to be molecular oxygen but formation of singlet oxygen is 
thermodynamically feasible [63]. Oxidation of superoxide is inhibited by chloride, 
which at physiological concentrations outcompetes superoxide for reaction with com-
pound I [23]. The superoxidase activity could be relevant during bacterial killing and 
may account for singlet oxygen detected within neutrophil phagosomes [64].

suPeroxide dismutAse Activity of myeloPeroxidAse

Even though the reaction of hydrogen peroxide with the enzyme is highly favor-
able, superoxide should also be regarded as a principal physiological substrate for 
native ferric myeloperoxidase [46,62]. Superoxide is the primary species formed by 
the NADPH oxidase in neutrophil phagosomes and should react with ferric myelo-
peroxidase before any hydrogen peroxide is produced [4]. Superoxide reacts rap-
idly with ferric myeloperoxidase to form oxymyeloperoxidase or compound III 
(k = 2.0 × 106 M−1 s−1) [65], and diverts the enzyme from its main oxidative cycles 
(Figure 11.3). Thus, superoxide and hydrogen peroxide will compete for reaction 
with ferric myeloperoxidase and, as a result, formation of compound III will inhibit 
both the chlorination and peroxidation activity of the enzyme [46].

Compound III can be represented as the electronically equivalent structures of 
superoxide bound to ferric iron or molecular oxygen bound to ferrous iron. Its main 
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physiological substrate appears to be superoxide which reduces it in a favorable reac-
tion (k = 1.3 × 105 M−1 s−1) to either compound I or ferric enzyme plus hydrogen 
peroxide [62]. Thus, superoxide reacts with both ferric myeloperoxidase and com-
pound III. The products are hydrogen peroxide and molecular oxygen (Figure 11.3). 
Consequently, myeloperoxidase has superoxide dismutase activity [62,66]. 
Experimental evidence for the cycle comes from the finding that superoxide generat-
ing systems are able to convert myeloperoxidase to a maximum of 90% compound III 
at neutral pH, indicating that superoxide must react with compound III to maintain its 
turnover [62,67]. Myeloperoxidase is much less efficient than superoxide dismutases 
at dismutating superoxide. However, when present at high concentrations, such as in 
neutrophil phagosomes, it could dismutate superoxide to hydrogen peroxide.

Compound III is also reduced by ascorbate (k = 4 × 102 M−1 s−1) [67] and serotonin 
[68,69], and is involved in the hydroxylation of salicylate [21] and oxidation of mela-
tonin [70]. Benzoquinone reacts readily with compound III to form ferric myelo-
peroxidase and presumably benzosemiquinone and oxygen [71]. In the absence of 
reducing agents, compound III decays slowly to ferric myeloperoxidase [3].

cAtAlAse Activity of myeloPeroxidAse

Christine, in her early collaboration with Tony Segal, was the first to show that 
myeloperoxidase could degrade hydrogen peroxide to oxygen and water, and conse-
quently suggested that myeloperoxidase could function as a catalase [3]. Soon after, 
Hiroyuki Iwamoto and colleagues at Kyoto University investigated the kinetics of 
hydrogen peroxide loss and oxygen liberation by myeloperoxidase. They proposed 
that the enzyme had true catalase activity [22,23]. That is, hydrogen peroxide reacts 
with both the ferric enzyme and  compound I in a ping-pong mechanism to produce 
oxygen and water. The thermodynamics for two-electron reduction of compound I 
(E0′ Compound I/MP3+ = 1.16 V) [27] by hydrogen peroxide are highly favorable 
(E0′ H2O2/O2 = 0.28 V) [63]. Indeed, if compound I can pull two electrons from 
chloride, oxidation of hydrogen peroxide to oxygen should occur with relative 
ease. Subsequently, Christine’s team investigated the reaction of hydrogen peroxide 
with myeloperoxidase in more detail and agreed with the proposal of the Japanese 
researchers [23]. They concluded that myeloperoxidase has true catalase activity 
because hydrogen peroxide consumption and production of molecular oxygen mir-
rored each other and had a distinct burst-phase that slowed to a steady-state rate 
as the enzyme was diverted to compound II [23]. Furthermore, substrates that pre-
vented accumulation of compound II, such as tyrosine and superoxide, enhanced the 
conversion of hydrogen peroxide to molecular oxygen.

The proposal that compound I reacts with hydrogen peroxide as a true catalase 
to produce oxygen met with considerable skepticism [8,72]. When Marquez and 
Dunford investigated the pre-steady-state kinetics for reaction of hydrogen peroxide 
with ferric myeloperoxidase, they found that at least a 10-fold excess of hydrogen 
peroxide over the enzyme was required to convert the enzyme predominantly, but not 
completely, to compound I [25]. In contrast, a one to one ratio is sufficient to form com-
pound I of HRP or catalase [14]. The large excess of hydrogen peroxide suggests that 
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formation of compound I is reversible. Indeed, plots of the concentration of hydrogen 
peroxide against the observed rate constant for the reaction had a positive intercept, 
which is indicative of a reversible reaction. They found hydrogen peroxide reduced 
compound I to compound II in a relatively slow  reaction (k = 8 × 104 M−1 s−1) [25]. 
There was no spectral evidence that hydrogen peroxide reduced compound I to the 
ferric enzyme. These findings were confirmed by Obinger’s group [30]. Marquez and 
Dunford proposed that compound I (E0′ compound I/MP3+ = 1.16 V) [27] is reduced 
back to ferric myeloperoxidase by water (E0′ H2O/H2O2; 1.35 V) [25,63]. But the 
unfavorable thermodynamics suggests that this reaction is unlikely to explain the 
reversibility of compound I formation.

The skepticism leveled at true catalase activity for hydrogen peroxide breakdown 
is understandable because the mechanism fails to take into account the relative dif-
ficulty of forming compound I [72,73]. However, the detractors of the true cata-
lase activity have failed to acknowledge that myeloperoxidase does indeed degrade 
hydrogen peroxide to oxygen and water in a rapid reaction that precedes formation 
of compound II. Oxygen production cannot be explained by other much slower reac-
tions of hydrogen peroxide with compound II, compound III and the ferrous enzyme 
(Figure 11.3). Consequently, the apparently simple reaction of hydrogen peroxide 
with myeloperoxidase is at a mechanistic impasse and needs resolution.

influence of pH

In vivo, myeloperoxidase may operate anywhere from pH 6–9. It is important, there-
fore, to appreciate how pH affects the different reactions of the enzyme. pH has a 
major effect on myeloperoxidase activity by altering the charge on His95 in the distal 
heme cavity (see Figure 11.4). Formation of compound I is unaffected in the range 
of pH 5–9 but is inhibited below pH 5, suggesting that His95 has a pKa of approx. 
4.5–4.9 [24,25,73]. As described, when His95 is uncharged, it can form a hydrogen 
bond relay that helps to orientate hydrogen peroxide correctly and optimize its reac-
tion with the ferric enzyme and form compound I. In contrast, reaction of several 
substrates with compound I, including the halides, requires that His953 is protonated 
[30,52,74]. Optimal oxidation of these substrates occurs below pH 5 and decreases 
with increasing pH. Presumably the negatively charged substrates need to interact 
with the positively charged His95 to favor their oxidation. Interestingly, reduction 
of compound I by hydrogen peroxide to form compound II has a similar pH profile 
to the formation of compound I [25,75]. That is, the reaction is independent of pH 
above pH 5 but inhibited below this pH.

Formation of compound I and its subsequent reactions with halides and hydrogen 
peroxide determines the pH optimum for hypohalous acid production. For example, 
when the steady-state concentration of hydrogen peroxide is low and chloride is pres-
ent at physiological concentrations of 100–140 mM, then the formation of compound 
I will be rate determining and the enzyme will function optimally anywhere from pH 
5–9 or above [44,76]. Conversely, at high concentrations of hydrogen peroxide, reac-
tions of compound I will be rate determining. These reactions include reduction of 
compound I by halides and hydrogen peroxide. Increasing acidity will favor reaction 
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with chloride and inhibit formation of compound II. Hence, under these conditions, 
the optimal pH will be around pH 5.0. These contrasting pH optima were observed 
when enzyme activity was monitored with a hydrogen peroxide electrode at varying 
initial concentrations of hydrogen peroxide [76].

Introduction of peroxidase substrates adds complexity to the observed pH optimum 
because enzyme turnover becomes dependent on the rate of reduction of compound 
II. For most substrates, such as ascorbate, nitrite, and urate, plus nonphysiological 
substrates including 3,3′,5,5′-tetramethylbenzidine and  monochlorodimedon, the 
reaction is optimal at low pH [48,52,77–79]. As with the halides, it is likely that 
His95 needs to be protonated to favor their reaction with the heme center. There 
are, however, exceptions to this rule. The rates of oxidation of phenols increase with 
increasing pH [47,49,80]. This is because their phenolate forms (pKa > 10) reduce 
compound II. Based on these considerations, it is expected that under physiological 
concentrations of low hydrogen peroxide but high chloride, urate, and ascorbate, 
turnover of the enzyme will be dependent on the rate of reduction of compound II, 
and the enzyme will have an acidic pH optimum.

PHYSIOLOGICAL ENVIRONMENTS OF MPO 
AND H2O2 ACTIVATION

Humans make about 0.5 g of myeloperoxidase per day. This impressive amount is 
derived from 5 μg of myeloperoxidase per million neutrophils, and a normal daily 
production of 1011 neutrophils [81]. In some pathologies when neutrophil and myelo-
peroxidase production goes into overdrive, body fluids become visibly green, for 
example pus and phlegm. As the predominant neutrophil protein at up to 5% of dry 
cell weight, and neutrophils the most abundant white blood cell in normal circula-
tion [82], it is no wonder myeloperoxidase is scrutinized for its impact on health 
and disease. Synthesis of myeloperoxidase occurs in the bone marrow at an early 
promyelocytic stage of neutrophil development, where it is packaged into granules 
together with other antimicrobial agents [83]. Neutrophils circulate in the blood-
stream as a monitor for host distress, and when infection or inflammation is detected 
they enter a complex activation cascade, ultimately resulting in degranulation. Some 
stimuli cause the neutrophil to undergo intracellular release of myeloperoxidase, and 
others lead to the release of myeloperoxidase into the extracellular milieu. These are 
very different environments for the enzyme, including with respect to its exposure to 
hydrogen peroxide.

myeloPeroxidAse in neutroPHil PHAgosomes

Neutrophils are professional phagocytic cells of the innate immune system. They 
trap bacteria within intracellular vacuoles called phagosomes, into which they dis-
charge their granule contents and generate superoxide [84] (Figure 11.5). The super-
oxide is produced via the NADPH oxidase (NOX2) on the phagosomal membrane, 
which shuttles electrons from NADPH in the cytosol to dioxygen in the phagosome 
[85]. The intraphagosomal space around an ingested bacterium is tight, estimated to 
be only ~1 × 10−15 l in volume. Within this compartment, the consumption rate of 
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dioxygen is calculated to be approx. 2.5 mM s−1 [4]. This enormous respiratory burst 
creates a superoxide flux of about 5 mM s−1 in the phagosome. Concomitant degranu-
lation occuring in the tiny phagocytic space subjects the ingested bacterium to a 
strong cocktail of antimicrobial peptides and proteins. Phagosomal myeloperoxidase 
is estimated to approach a concentration of 1 mM [4]. Traditionally it was assumed 
that superoxide would spontaneously dismutate and deliver hydrogen peroxide to 
myeloperoxidase, but the kinetics for this are too slow. Rather, with myeloperoxidase 
present at such a high concentration, superoxide will preferentially react with it, and 
dismutate to hydrogen peroxide via the cycling of ferric enzyme and compound III 
(Figure 11.3) [4].

Following the initial respiratory burst, a steady state is established in the sealed 
phagosome. The rapid myeloperoxidase-dependent dismutation of superoxide 
initially causes an influx of protons and an increase in pH to 7.8–8.0 [86,87]. As 
hydrogen peroxide accumulates toward a steady-state concentration of 1 μM, it will 
react with the ferric enzyme to form compound I, which in turn oxidizes chloride to 
hypochlorous acid. There are no other substrates present at sufficiently high concen-
trations to have a substantive effect on oxidant production. Some one-electron reduc-
tants may reduce compound I to compound II, but superoxide would readily reduce 
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FIGURE 11.5 Myeloperoxidase activity in the neutrophil phagosome. A bacterium (yel-
low) is depicted inside a neutrophil phagosome (green) into which a granule (dark green) is 
releasing its contents, including myeloperoxidase. Superoxide is formed inside the phagosome 
by the NADPH oxidase (NOX2). It is dismutated by ferric myeloperoxidase and compound 
III to form hydrogen peroxide, which converts the enzyme to compound I. Compound I then 
oxidizes chloride to hypochlorous acid. Protons and chloride are pumped into the phagosomes 
through specific channels (gray). Through a combination of subsequent oxidative and proteo-
lytic assaults, the ingested microorganism is killed in the phagosome.
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compound II back to the active enzyme and prevent it accumulating. Computer mod-
eling suggests that, provided chloride is not limiting, myeloperoxidase will convert 
the majority of superoxide to hypochlorous acid [4]. The initial chloride concen-
tration in the phagosome has been measured at roughly 70 mM [88,89]. There are 
multiple pumps to replenish chloride, including the cystic fibrosis transmembrane 
conductance regulator (CFTR) [88,89].

Most of the hypochlorous acid will react with neutrophil proteins inside the 
phagosome, this has been substantiated experimentally [90]. There could be specific 
protein targets that once oxidized, promote death pathways. Enough hypochlorous 
acid might react directly on the bacterium to kill it, or protein chloramines could 
breakdown to ammonia chloramine (NH2Cl) and ammonia dichloramine (NHCl2), 
which are both bactericidal [91]. Protein chloramines may also act via histidine resi-
dues to chlorinate bacterial proteins [92]. Given its estimated high steady-state con-
centration of 20 μM [4], superoxide could have a bactericidal effect independent of 
myeloperoxidase or react with protein chloramines to generate radical species [93]. 
Thus, within neutrophil phagosomes, superoxide rather than hydrogen peroxide is 
the dominant form of reactive oxygen, and myeloperoxidase will act mainly as a 
superoxide dismutase and a chlorinating enzyme.

extrAcellulAr Activity of myeloPeroxidAse

In addition to myeloperoxidase exerting its powers within the confines of the phago-
some, it is active extracellularly. There are various mechanisms by which it is released 
outside neutrophils, and some remain poorly understood. First, not all neutrophil 
stimuli lead to phagocytosis, the oxidative burst can be activated with the assembly of 
NOX2 on the external plasma membrane and release of myeloperoxidase to the out-
side. Second, the term frustrated phagocytosis has long been used to describe degranu-
lation leakage from an incompletely sealed phagosome, but it may be that this form of 
extracellular release is more actively controlled than simply “toxic spill.” Over the last 
decade much has been learnt about the exportation of granule contents outside the cell.

Phagocytic and inflammatory stimuli induce neutrophils to cast out web-like 
structures called neutrophil extracellular traps (NETs) that consist of DNA, histones, 
and an array of other proteins, including myeloperoxidase. NETs trap bacteria and 
other microorganisms [94] and, when supplied with hydrogen peroxide, kill bacteria 
entangled within them [95]. The myeloperoxidase tethered to the NETS is active [96]. 
Also, the repackaging of neutrophil contents into extracellular vesicles is an active 
process not just associated with apoptotic cell death. Vesicles produced by neutro-
phils that have been stimulated by opsonized particles contain myeloperoxidase and 
can exert antibacterial activity [97]. It is acknowledged that myeloperoxidase may be 
released from neutrophils for different purposes. Aside from microbicidal activity, 
other functions of extracellular myeloperoxidase have been identified such as media-
tion of neutrophil recruitment [98], as well as a role in the resolution of inflammation 
[99] or suppression of the immune response [100].

Elevated extracellular myeloperoxidase is a consequence of the proinflamma-
tory response in numerous acute and chronic diseases. The neutrophil is not only a 
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frontline defender against microbial infection, but it is also involved in wide-ranging 
noninfectious inflammatory etiologies. The neutrophil population soars in the circu-
lation leading to an invasion of afflicted tissues. Myeloperoxidase activity is always 
central to the neutrophil’s impact and is implicated in the oxidative damage at sites of 
inflammation. Myeloperoxidase generates reactive oxidants in septic blood [101], in 
joints of patients with rheumatoid arthritis [102], in the lungs of children with cystic 
fibrosis [103], and in the brains of the elderly with Alzheimer’s disease [104]. It is 
also active in atherosclerotic plaques [105] and solid tumors [106]. At the onset of 
a heart attack or stroke, neutrophils release large amounts of myeloperoxidase into 
circulation where it sticks to the endothelium and impacts the pathology of these 
often fatal clinical events [107–109]. More recently, it has been found that when 
neutrophils infiltrate adipose tissue, myeloperoxidase contributes to the development 
of obesity and obesity-associated insulin resistance [110].

Enzymatic cycling of myeloperoxidase in the extracellular milieu will vary 
depending on the available substrates. Unlike the situation in the phagosome, expo-
sure to reactive oxygen species is likely to be fleeting. Hydrogen peroxide could 
be supplied by stimulated neutrophils (NOX2), other NADPH oxidases, particularly 
NOX4 on the endothelium [111], or xanthine oxidase [112,113]. The presence of 
ceruloplasmin, the major endogenous inhibitor currently known [114–116], will also 
determine the extent of myeloperoxidase activity. This copper containing protein 
is abundant in plasma, binds to myeloperoxidase, reduces it to compound II, and 
prevents turnover of the enzyme [117]. Ceruloplasmin inhibits myeloperoxidase in 
plasma but whether it is effective in vivo has yet to be established [117]. Nitric oxide 
may also modulate the activity of myeloperoxidase and lower its production of oxi-
dants by binding to the ferric and ferrous redox intermediates [118,119].

Hypochlorous acid and hypothiocyanite will be the main oxidants generated 
in the extracellular milieu because chloride and thiocyanate will be the preferred 
substrates for compound I [29,30]. The concentration of myeloperoxidase will be 
too low for it to act as an effective superoxide dismutase. Within the oral cavity, 
where thiocyanate is  present at millimolar concentrations, hypothiocyanite will be 
the major oxidant  produced [120]. The numerous one-electron substrates of com-
pound I will compete with chloride and thiocyanate, and continually reduce a small 
proportion of the enzyme to compound II. Urate will be the major one-electron 
substrate for compound I because of its high concentration in extracellular fluids 
compared to other substrates, and its favorable rate constant [48]. The enzyme will 
not accumulate as compound II because its facile reactions with urate, ascorbate, 
and superoxide should ensure continued turnover (Figure 11.3). Consequently, 
under normal physiological conditions, myeloperoxidase is expected to produce 
predominantly urate free radicals via its classical peroxidation cycle. The propor-
tion of urate radicals produced by myeloperoxidase will be enhanced in individuals 
with hyperuricemia, where urate concentrations can be as high as 900 μM [48,121]. 
In summary, in the extracellular environment, myeloperoxidase will act mainly as a 
halogenating enzyme producing both hypochlorous acid and hypothiocyanite. The 
classical peroxidase activity of myeloperoxidase will also operate to a small degree 
and generate free radicals, especially the urate radical.
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SUMMARY

Since the time Christine ventured to London and started studying the enzymol-
ogy of myeloperoxidase, much has been learnt about how this fascinating green 
protein contributes to host defense and inflammation. We now have a better appre-
ciation of its complex behavior and multiple potential activities. Within neutrophil 
phagosomes, it will act both as a superoxide dismutase and a halogenase, producing 
hypochlorous acid to kill bacteria. Hypochlorous acid, hypothiocyanite, and urate 
free radicals will be its major extracellular products and contribute to oxidative 
stress during inflammation. However, there are still several aspects of its enzymol-
ogy that should be teased out. Most importantly, the precise mechanistic features of 
the formation and reactivity of compound I need to be probed with more informative 
techniques than have been used to date. The details that emerge will be essential 
to fully grasp how this enzyme captures, then unleashes, the oxidation potential of 
hydrogen peroxide and drives oxidative stress exerted by neutrophils. Perhaps, as 
an additional bonus, a mechanism will come to light for Christine’s first discovery 
that myeloperoxidase is also a catalase, and whether this activity is relevant to the 
biology of neutrophils.
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INTRODUCTION

Neutrophils are the body’s predominant phagocytes, with their primary function 
being the killing and disposal of invading microorganisms [1,2]. The early obser-
vation that the act of phagocytosis was accompanied by the consumption of vast 
amounts of oxygen—the oxidative burst [3]—was followed by the demonstration 
that the oxygen consumed was converted to H2O2 [4]. Seymour Klebanoff then 
reported that the antimicrobial capacity of H2O2 was enhanced by the neutro-
phil enzyme myeloperoxidase in the presence of a halide or pseudohalide [5,6]. 
Bacterial killing was mediated by the hypohalous acids, including hypochlorous 
acid (HOCl) [7]. That these white blood cells were endowed with the capacity to 
generate an oxidant such as HOCl (chlorine bleach), an “industrial” oxidant with 
broad reactivity against any number of microorganisms, could be considered an 
evolutionary masterstroke. Nothing would seem more fit-for-purpose: professional 
killer phagocytes that can generate a highly effective microbicidal agent, ensur-
ing effective protection against invasion by a host of pathogens. This very attrac-
tive proposition, however, poses a problem in terms of protection from self-harm, 
as reactive oxidants cannot differentiate between foreign and host tissues. Other 
chapters in this book are devoted to the source of H2O2 generation in neutrophils, 
the NOX2 NADPH oxidase complex, and to the enzymology of myeloperoxidase. 
We will discuss the generation of HOCl, its reactivity, and the pathological conse-
quences of its generation in inflammatory environments.

HYPOCHLOROUS ACID: GENERATION 
AND BIOLOGICAL REACTIVITY

The hypohalous acids are generated by the peroxidase-mediated oxidation of a halide 
X− according to the following reaction:

 H2O2 + X− + H+ → HOX + H2O (12.1)

The species of hypohalous acid formed will depend on both the substrate preference 
of the particular peroxidase and the relative availability of the halide substrate [8–15]. 
Myeloperoxidase is able to oxidize chloride (Cl−), bromide (Br−), iodide (I−), and the 
pseudohalide thiocyanate (SCN−) [16], and the variable availability of these sub-
strates can result in the simultaneous generation of a mixture of products [8,9,17,18]. 
SCN− is the preferred substrate for myeloperoxidase and although it is present at 
much lower levels than Cl− in body fluids, a mixture of HOCl and hypothiocyanous 
acid (HOSCN) is likely in most biological settings [8]. When SCN−  levels are ele-
vated, as in cigarette smokers, the generation of HOSCN may predominate [19–21]. 
The generation and reactivity of HOSCN and hypobromous acid (HOBr) is the topic 
of another chapter in this book.
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HOCl CHemistry

HOCl exists in equilibrium with molecular chlorine and hypochlorite anion (OCl−), 
as shown in Reactions 12.2 and 12.3. The amount of each species present in a 
physiological setting is dependent on pH and the availability of Cl− [22]. At neutral 
pH, HOCl is in equilibrium with OCl−, with the pKa for Reaction 12.3 below 7.44 
at 37°C, indicating that equimolar amounts of both species would be present in 
most biological fluids containing around 140 mM Cl− [22,23]. At pH > 3 molecular 
chlorine (Reaction 12.3) is a minor species, and is therefore generally not con-
sidered to have a great influence as a reactive chlorine species in a physiological 
environment [22].

 Cl2 + H2O ↔ HOCl + Cl− + H+ (12.2)

 HOCl ↔ OCl− + H+ (12.3)

For ease of communication, and because HOCl is much more reactive than OCl− 
[22,24], the HOCl/OCl− mixture present in body fluids is generally referred to simply 
as HOCl, and in this chapter we will also adopt this practice. Despite this, it should 
be remembered that the two species will exert a significantly different effect in a 
physiological environment due to differences in membrane permeability and reactiv-
ity [22,24]. The rapid reaction of HOCl with its targets, however, generally results in 
complete consumption of the oxidant and the depletion of OCl− as the equilibrium of 
Reaction 12.3 shifts to the left.

HOCl reaCtivity and BiOlOgiCal targets

Thiols and Thioethers
HOCl is a highly reactive two-electron oxidant and is quite possibly the most 
prevalent oxidant in our bodies [2,22,25]. It has a broad reactivity range against 
its numerous targets [2,17,24], reacting most readily with thiols and thioethers to 
generate disulfides and higher oxidation products [2,24,26,27]. Whereas the rate 
constant for reaction of HOCl with cysteine and methionine residues is ~108 M−1 s−1 
[17,28], this varies between thiols, with ionized thiols being found to be most reac-
tive [20,23,29–31]. Glutathione (GSH) is a major target for HOCl in the cellular 
environment, generating both glutathione disulfide (GSSG) and glutathione sulfon-
amide, a unique and stable product [32–36]. The products of methionine oxida-
tion depend on the location of this amino acid in the targeted protein. Reaction 
with an N-terminal residue results in ~80% dehydromethionine with the remainder 
being converted to  methionine sulfoxide. Methionine residues at sites other than the 
N-terminal form methionine  sulfoxide only [37].
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Protein Targets
The rate constant for the reaction with protein targets other than thiols and thioethers, 
such as amino groups, lysine side chain amines, tryptophan and histidine residues, is 
orders of magnitude less than the thiol reaction (k ~ 104–105 M−1 s−1) [17,28,30]. The 
reaction of HOCl with tyrosine and arginine is much slower again (k < 100 M−1 s−1) 
[38], but the generation of a stable product such as chlorotyrosine means that this 
reaction can be used as a biomarker for HOCl formation in vivo [29,39–41]. The 
reactivity of other amino acids and the peptide bond itself is less well characterized 
and these groups are not considered to be preferred targets for HOCl. See Figure 12.1 
for a graphic representation of HOCl reactivity.

Phospholipids and Alkenes
Alkenes, present in phospholipids and derived molecules, can undergo oxidative 
addition reactions with HOCl, generating chlorohydrins across the C=C double bond 
[42–46]. The physiological relevance of this reaction is being reconsidered, after 
early studies suggested that the reaction was slow and might therefore not be com-
petitive in the thiol-rich cell environment [23,42,47,48]. However, there is significant 
potential for membrane disruption resulting from the saturation of phospholipid dou-
ble bonds and the addition of a bulky chlorine, making the potential for this reaction 
of HOCl highly relevant in human pathology [49–53].
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The accessibility of the reactive double bonds in phospholipids may influence 
their reactivity with HOCl. Plasmalogens are phospholipids containing a vinyl 
ether bond that lies close to the polar amine near the interface with the aque-
ous phase. They are present in cells of the vasculature and in heart muscle and 
their HOCl reaction products have been detected in tissues from atherosclerotic 
lesions [46,54]. This could be explained by the relative accessibility of the vinyl 
ether group compared with the double bond of phospholipid alkenes, which are 
buried deeper in the membrane hydrophobic environment [46,55], and the sig-
nificantly faster reaction rate with vinyl ethers than with phospholipid alkenes 
(see Figure 12.1) [46,55].

Antioxidant and Other Cellular Targets
The rapid reaction of HOCl with thiols suggests that GSH will be the most effec-
tive antioxidant protection against this oxidant. In addition, ascorbate reacts readily 
with HOCl and, with intracellular ascorbate levels being in the low millimolar range 
[56–58], should significantly protect other cellular targets from HOCl-mediated 
damage. Vitamin E could also protect membrane phospholipids, as the reaction with 
Trolox occurs readily [59], although accessibility of vitamin E in a membrane envi-
ronment is likely to affect this. Nucleic acids and free cellular nucleotides (e.g., NAD) 
also react with HOCl [59,60], but the biological effects of these reactions are poorly 
characterized.

Amines: Formation of Reactive Chloramines
HOCl reacts with amine groups (k ~ 104–105 M−1 s−1) [2,17,22,29,59], generating 
chloramines that retain the two-electron oxidizing equivalents.

 HOCl + R − NH2 → R − NHCl + H2O (12.4)

Chloramines extend the reactivity of HOCl and will oxidize thiols and methionine resi-
dues [17,25]. Moreover, chloramines are much more selective than HOCl in reacting 
with thiol proteins and have a wide window for reactivity depending on thiol ionization 
state [61]. The biological activity of chloramines is determined by their site of gen-
eration, permeability, and stability and can vary greatly [28,30,62–64]. In addition to 
thiols and methionine residues, they also react with ascorbate, which may influence 
their biological activity [2]. Chloramines are variably permeable: some neutral small 
molecular weight compounds such as ammonia chloramine (NH2Cl [monochloramine]) 
easily cross cell membranes and very low concentrations are able to affect cell function 
as readily as HOCl, with similarly high antimicrobial activity [67] and ability to oxidize 
intracellular thiols including GSH [25]. In contrast, other chloramines, such as taurine 
chloramine or those formed on proteins, are unable to oxidize intracellular thiols, even 
when present at high concentrations [25,65,66]. Chloramines formed on protein residues 
can break down to form carbonyls or NH2Cl and ammonia dichloramine (NHCl2) [67].

The variable permeability means that the reactivity of chloramines with cell targets 
is more complex than would be predicted by in vitro studies, being largely influenced 
by the site of generation and the compartmentalization within the cell. For example, 
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Midwinter et al. reported that the impermeable oxidant taurine chloramine was 
unable to oxidize intracellular thiols, even when present at high concentrations, but 
could still activate intracellular MAP kinases, likely through the oxidation of the 
EGF receptor on the plasma membrane [65,66]. The selectivity of chloramines for 
thiols and methionine residues could enhance the capacity for these oxidants to trig-
ger signaling events. Cell-permeable chloramines were shown to influence the NFκB 
pathway through the modification of a single methionine residue in IκBα, thereby 
preventing degradation of IκBα by the proteasome [66]. That inactivation was due 
to the oxidation of a methionine to methionine sulfoxide was confirmed by rever-
sal with methionine sulfoxide reductases. This reaction overrides the activation of 
NFκB and has the potential to exert a profound effect on the inflammatory response. 
Chloramines, like HOCl, can also oxidize N-terminal methionine residues to form 
dehydromethionine [37]. The formation of a cyclic product at protein N-termini by 
this reaction could have a profound effect on the interaction of the modified protein 
with other molecules. Proteins with N-terminal methionine residues include ubiqui-
tin, which is involved in vital regulatory processes including protein degradation and 
N-terminal acetyltransferases that determine histone acetylation [68]. Chloramines 
have also been shown to induce p53-dependent growth arrest, stress responses, zinc 
mobilization, adhesion molecule expression, and apoptosis [69–71].

Which chloramines are formed by HOCl reaction in vivo will reflect the avail-
ability of the parent amine. Histamine is released from mast cells as an inflammatory 
mediator and therefore has the potential to react with HOCl from neutrophils. The 
resultant histamine chloramine is uncharged and is therefore relatively cell perme-
able [63]. It was also shown to be the most reactive of the biologically relevant chlo-
ramines [63]. Intracellular GSH was readily oxidized, but in contrast with HOCl that 
generates a number of reaction products from GSH, histamine chloramine produced 
only GSSG [63].

To add to the complexity of understanding the potential reactivity of HOCl and 
derived oxidants with cells, chloramine exchange was shown to occur and this was 
likely to affect their cellular interactions [72]. Transchlorination reactions between 
histamine, glycine, and taurine chloramines and protein chloramines occurred read-
ily and influenced the reactivity with intracellular GAPDH, a highly oxidant-prone 
thiol enzyme [72].

 R1 − NH2 + R2 − NHCl ↔ R1 − NHCl + R2 − NH2 (12.5)

HOCl is a highly reactive but also selective oxidant and its diffusion distance from 
the site of generation will depend on the availability of target molecules. Generally 
in a cellular environment, with an abundance of available thiols such as GSH and 
proteins, HOCl could be considered to act over a very limited distance—estimated at 
around 1 μm in an intracellular space [73]. The chloramines are much less reactive 
and could persist in biological fluids for many minutes if available thiol substrates 
were restricted. This is possible in the extracellular milieu where thiol groups may be 
limiting. In such a setting, transchlorination reactions may contribute to the ability of 
the oxidant reaching intracellular targets [2,24,72,74].
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HOCl GENERATION IN THE NEUTROPHIL PHAGOSOME 
AND BACTERIAL KILLING

The phagocytosis of bacteria was one of the first observations of cells in action 
and was eloquently described by Metchnikoff in the late nineteenth century [75]. 
The demise of the engulfed bacterium was readily apparent but how this occurred 
remained an intriguing mystery for almost a century. The generation of superoxide 
and H2O2, together with the in vitro demonstrations of HOCl generation by myelo-
peroxidase in the 1960s and 1970s, led to the hypothesis that this was an essential 
component of neutrophil bacterial killing [7]. While this appeared to be a perfectly 
sensible proposal, demonstrating that this reaction actually does occur within the 
enclosed phagosome was an enormous challenge. When a bacterium is engulfed by 
a neutrophil, it becomes fully enclosed in a very confined space, and the chemical 
composition of this intraphagosomal space is determined (1) by the activation of 
the NOX2 complex in the membrane and generation of superoxide, (2) by fusion 
with cytoplasmic granules containing many and varied cytotoxic proteins, and (3) by 
active transport of electrolytes such as H+ and Cl− [76,77] (see Figure 12.2). Whether 
the phagosome provided the right conditions to support HOCl generation by myelo-
peroxidase was a matter of (sometimes fierce) debate. Is the optimal pH maintained? 
Is there sufficient Cl−? Even if formed, is the HOCl able to contribute to bacterial 
killing? The essential nature of the oxidative burst for the microbicidal activity of 
neutrophils was clearly apparent from the clinical observations of individuals with 
chronic granulomatous disease who carry a mutation in the NOX2 enzyme complex 
and whose neutrophils lack an oxidative burst. These individuals are highly suscep-
tible to bacterial infections that do not resolve, giving rise to granulomas and other 
pathologies [78–80]. However, in contrast with this phenotype in the absence of oxi-
dant generation, myeloperoxidase deficiency is common but often goes undetected as 
the individuals do not exhibit clinical symptoms [81–84]. It was subsequently shown 
that H2O2 can build up to cytotoxic concentrations in myeloperoxidase-deficient neu-
trophils [85] and that myeloperoxidase deficiency does result in compromised kill-
ing capacity (reviewed in [83,86,87]). However, concrete evidence that HOCl was 
indeed formed in the phagosome in quantities sufficient to kill bacteria remains a 
challenging question that has kept us entertained and intrigued.

Evidence that superoxide and H2O2 are generated directly onto the phagocy-
tosed target came from cytochemical studies [88,89]. Superoxide was calculated 
to be formed at 5–10 mM s−1 [90] and the myeloperoxidase concentration reached 
1–2 mM, suggesting optimal conditions for substantial HOCl generation [91]. 
Demonstrations of the bleaching of fluorescein-coated beads following ingestion 
[92], the selective chlorination of fluorescein-coated particles [93], and chlorination 
of bacterial proteins [94] indicated that HOCl was indeed formed in the phagosome 
environment. Chlorinated bacterial and neutrophil proteins were detected following 
phagocytosis, with the vast majority (94%) being detected in the neutrophil itself 
[95]. This result reinforces the indiscriminate targeting of a reactive oxidant in a 
complex environment.

Direct visualization of oxidants generated in the phagosome has become possi-
ble with the development of HOCl-reactive fluorescent dyes. Although the absolute 
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specificity of the probes for HOCl still needs to be chemically validated, real-time 
imaging indicates HOCl generation inside phagosomes following particle ingestion 
([96–98] and Figure 12.2). This technology has also allowed visualization of individual 
phagosomes that suggests a heterogeneous response with respect to oxidant generation 
[96–98]. The implications of this variable reaction in phagosomes are unknown.

HOCl GENERATION IN THE EXTRACELLULAR SPACE

Myeloperoxidase can be released into the extracellular space after neutrophil degran-
ulation [99] or from macrophages [100], and its high positive charge (pI ~ 11) encour-
ages adherence to negatively charged surfaces and proteins. It has been detected in 
the subendothelial space of the vasculature [101,102] and administration of nega-
tively charged heparin results in elevated plasma levels due to release of the myelo-
peroxidase enzyme from the endothelium [103]. It is also detected on neutrophil 
extracellular traps (cellular DNA material actively ejected from the cell) [104–106] 
and elevated myeloperoxidase is detected in plasma following myocardial infarc-
tion, presumably as a result of release from activated neutrophils [107]. Neutrophils 
also target host tissues in autoimmune diseases and are likely to release granule pro-
teins directly into the extracellular space in these circumstances [108–110]. Taken 
together, these data indicate a high likelihood that HOCl could be formed in the 
tissues at inflammatory sites.

BiOmarkers fOr HOCl generatiOn

Specific antibodies were used to detect the presence of HOCl-modified proteins 
colocalized with myeloperoxidase in atherosclerotic plaque tissue [111,112] and in 
human kidney [113]. Other biomarkers are stable products of HOCl reaction with 
proteins, GSH and phospholipids. Levels of 3-chlorotyrosine (Cl–Tyr) were elevated 
in patients with CVD and respiratory illness [41,114]. Glutathione sulfonamide, a 
unique oxidation product formed by reaction with GSH [33,115], is potentially use-
ful as a biomarker because it is stable and is a specific signature molecule for HOCl. 
Glutathione sulfonamide is released from endothelial cells treated with nonlethal 
doses of HOCl [115] and has been detected in lung lavage fluid from children with 
cystic fibrosis [22,33,34].

Ready reaction with plasmalogens (see Figure 12.1), major phospholipids of 
endothelial and vascular smooth muscle cells and cardiac myocytes, generates excel-
lent biomarkers: HOCl reacts with the plasmalogen vinyl ether group to produce 
2-chlorofatty acids and 2-chlorofatty alcohols [116] that can be further metabolized 
to 2-chlorohexadonic acid and 2-chloradipic acid. These compounds retain the chlo-
rine atom, are produced in vivo by myeloperoxidase [117,118], and can be detected 
using mass spectrometry. They have been detected in atheroma, in LDL from athero-
sclerotic lesions, and in the urine of humans and rats [54,119,120]. That 2-chloroad-
ipic acid can be measured with assurance in urine makes this biomarker particularly 
attractive.
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MECHANISMS OF HOCl-MEDIATED TISSUE INJURY

The detection of biomarkers of HOCl associated with a number of pathologies and its 
biological reactivity, as discussed above, provides a compelling case for its formation 
and potential in vivo impact. Consideration should therefore be given to the potential 
biological consequences of its formation. Much of the research with HOCl has been 
carried out in vitro and when interpreting these data, the reactivity of HOCl should 
be kept in mind. Many things are possible in vitro, but which reactions are physi-
ologically relevant will depend on the in vivo sites of HOCl formation: because neu-
trophils are rarely activated in the circulation, targets are most likely to be host cells 
at inflammatory sites and the extracellular proteins in these same tissues. Plasma 
proteins, which are often studied, are unlikely to be affected, although they are of 
course potentially reactive.

reaCtivity Of HOCl and CHlOramines witH Cells

HOCl is more cytotoxic than most chloramines, reflecting its more indiscriminate 
reactivity and ability to react with numerous intracellular targets. Cellular antioxi-
dant defense against HOCl and chloramines exists in the scavenging ability of thiol 
compounds, particularly GSH and the peroxiredoxins, and ascorbate, all abundant 
in cells and able to form a significant protective shield [25,71,115,121]. GSSG gen-
erated by HOCl or chloramines can be recycled to some extent [63] although recy-
cling appears to be inefficient with higher concentrations of HOCl [25,115]. The 
peroxiredoxins (Prx) are ubiquitous and abundant cytoplasmic (Prx1 and Prx2) and 
mitochondrial (Prx3) proteins, and in endothelial cells and red blood cells, Prxs 
were oxidized by HOCl or cell-permeable chloramines to disulfide-linked dimers 
that could be reversed within 10–30 min [121,122]. That Prxs are able to limit the 
toxicity of chlorinated oxidants was suggested by the observation that pretreat-
ment with H2O2 to oxidize Prxs increased the subsequent susceptibility to ammonia 
 chloramine [121].

The thiol screen offered by GSH and the Prxs would be expected to limit the dam-
age to other thiol-containing enzymes. However some enzymes have been shown to 
be highly susceptible and may have significant functional consequences. GAPDH is 
very readily oxidized in endothelial cells [32], with implications for cell metabolism, 
and a recent study has indicated alterations in lysosomal enzyme function, dem-
onstrating selective inactivation of cys-dependent cathepsins B and L in J774A.1 
macrophages [123]. In this same study, lysosomal acid lipase activity could also be 
decreased by exposure of the cells to HOCl-modified LDL, with implications for 
LDL processing by macrophages and the development of atherosclerosis [123].

The effects of cellular exposure to chlorinated oxidants is entirely dose depen-
dent, with higher doses readily causing cell death and lower doses affecting numer-
ous functional aspects of cell biology (reviewed by [21] and references therein). It 
should be noted that, when considering the cytotoxicity of a highly reactive oxidant 
such as HOCl, complete reaction with the oxidant will occur; hence, the amount 
of the oxidant that reacts with the target cell, rather than the concentration, will 
determine toxicity. For example, equivalent cytotoxicity could be achieved by adding 
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1 mL of a 100 μM solution to 106 cells as when adding 10 mL of a 10 μM solution to 
the same number of cells. In a similar manner, the medium in which the cells are con-
tained will influence the reactivity of HOCl in vitro. Full culture medium containing 
free amino acids, serum proteins, and numerous other molecules will effectively act 
as a scavenger system for the added oxidant. In many in vitro experimental systems 
carried out in full medium, any observed effect on the cells is likely to be carried 
out by secondary chloramines formed from the proteins and free amino compounds 
present [25]. The cytotoxicity of chloramines reflects their permeability; imperme-
able agents such as taurine chloramine are almost completely nontoxic when added 
to intact cells [61,65], whereas only a very low dose of a highly cell-permeable agent 
such as monochloramine can cause extensive lysis [63].

HOCl- and CHlOramine-induCed Cell deatH

Necrotic cell death is initiated in vascular and aortic endothelial cells following 
exposure to >100 μM HOCl [124,125]. Oxidation of cell thiols does not appear to 
result in necrosis or cell lysis and is more likely to be associated with oxidation of 
alternative targets such as membrane proteins or lipids [124,126]. The toxic potential 
of HOCl is such that doses of HOCl that are able to cause rapid lysis (<1 h) may still 
lie within a physiologically relevant range [21]. The spectrum of dose-dependent 
toxicity continues such that lesser amounts are able to initiate the classical apoptotic 
pathway involving phosphatidylserine exposure, translocation of Bax to the mito-
chondrial membrane, caspase 3 activation and DNA fragmentation [20,124,125]. 
Sublethal oxidant exposure disrupts the cell cycle, inducing either growth arrest or 
proliferation [21,32,71,127]. These latter processes are initiated by the activation of 
intracellular signaling cascades.

effeCt Of HOCl and CHlOramines On Cell signaling

Cellular thiol proteins are readily oxidized upon exposure to HOCl or chloramines 
[28,32,65,128], with significant functional consequences. The EGF receptor on the 
cell surface and intracellular phosphatases have been identified as targets, with con-
sequent activation of the MAP kinase pathways leading to apoptosis or growth arrest 
or altered endothelial cell stress responses [65,129]. More recently, increased ERK 
1/2 phosphorylation was observed to initiate vasculogenesis in an in vivo mouse 
model of systemic sclerosis in which HOCl was administered daily for six weeks, 
generating a dermal and pulmonary sclerosis [130,131]. There was also increased 
activation of the membrane-bound GTPases Ras and Rho and increased VEGF 
expression. These changes could be prevented by the thiol reagent propylthiouracil, 
which reduced HOCl-mediated lipid peroxidation and prevented aortic thickening 
and myofibroblast differentiation [130,131].

Perturbations in intracellular Ca2+ that were thiol-dependent were noted in  rabbit 
ventricular myocytes within minutes of HOCl exposure [132], affecting cardiac con-
tractility and sarcoplasmic reticulum Ca2+ ATPase activity [133]. Possibly associ-
ated with the changes in intracellular Ca2+ is a downstream effect on Ca2+ uptake 
into mitochondria that results in reduced mitochondrial membrane potential and 
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mitochondrial disruption, this being observed in a number of cell types, including 
endothelial and epithelial cells, liver cells and neurons following low-level exposure 
to HOCl (reviewed in [21] and references therein).

A number of transcription factors are affected by HOCl or chloramines, with sig-
nificant consequences for gene expression and cell function. Nuclear factor (NF) κB, 
localized in the cytoplasm as a dimer of p50–p65 subunits bound to the inhibitory 
protein IκB, regulates the gene expression of inflammatory cytokines and leukocyte 
adhesion proteins. Phosphorylation of IκB leads to its degradation by the proteasome 
and the release of active NFκB [134]. DNA binding by active NFκB requires an oxi-
dant-sensitive cysteine residue in the p50 subunit to be maintained in its reduced state 
in the nucleus by thioredoxin [135]. Thus, loss of thioredoxin in an oxidizing envi-
ronment can result in decreased transcriptional activity of NFκB [136]. Chloramines 
have been shown to oxidize IκBα by modification of a single methionine residue 
[66], preventing degradation of IκBα by the proteasome and overriding the activation 
of NFκB. These events have the potential to exert a profound effect on the inflam-
matory response.

The tumor suppressor p53 is a master regulatory transcription factor of cell life 
and death pathways [137,138]. The activity of p53 can be variously affected by oxi-
dation of thiol residues that can affect DNA binding and transcription [139,140]. 
Low concentrations of reagent chloramines were able to activate p53 in fibroblasts 
and alter gene expression, upregulating p21 levels [69]. The nuclear factor erythroid 
2-related factor (Nrf2) transcription factor upregulates the expression of antioxidant 
defense enzymes upon thiol oxidation of its inhibitor Keap-1. The demonstration of 
HOCl- and chloramine-mediated Nrf2 activation in macrophages [141] and epithe-
lial cells [142], together with the upregulation of downstream Nrf2 gene targets such 
as heme oxygenase 1, is consistent with a thiol-specific oxidant and indicates that 
exposure to these oxidants can mediate a protective response in tissue cells.

effeCt Of HOCl and CHlOramines On extraCellular matrix

Myeloperoxidase released from neutrophils or macrophages has been detected in the 
subendothelial matrix of the blood vessels [101,102]. The proximity of the extracel-
lular matrix (ECM) to the potential site of HOCl generation is strongly suggestive of 
this tissue being a biologically relevant target. The ECM not only provides a support 
for neighboring cells, but also influences the function of the adherent cells. Damage 
to the ECM can result in altered cell function and is integral to organ integrity, with 
alterations being reported in a number of inflammatory conditions including glo-
merulonephritis, rheumatoid arthritis, chronic obstructive pulmonary disease, and 
atherosclerosis (see the review by Chuang et al. [143] and references therein).

The ECM represents heterogeneous and site-specific structures with a backbone 
of collagen and elastin, together with numerous glycosylated proteins and proteo-
glycans and these components offer HOCl and chloramines a number of potential 
targets. The sugar moieties present can react with HOCl, but it seems that damage to 
the protein core of the glycoproteins and glycosaminoglycans predominates [143]. 
Many reactions are both possible and probable in the complex setting of the ECM, 
and demonstration of relative importance is challenging. However, despite this, there 
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is strong evidence that modification of the ECM by HOCl alters cell adhesion, as 
shown with endothelial cells [144,145]. HOCl also promoted the detachment of 
endothelial cells from a Matrigel substratum [146], and the degradation of collagen 
by neutrophil proteinases has been shown to be enhanced following pretreatment of 
ECM with myeloperoxidase-derived oxidants [147].

SUMMARY AND CONCLUSIONS

From the information presented in this chapter, it is clear that neutrophils can, and 
do, generate HOCl when activated in an inflammatory setting. Whereas this prop-
erty is extremely useful for the primary function of the neutrophil, that is, the kill-
ing of ingested microorganisms, the valiant effort by the cell to contain the oxidant 
into an enclosed space is not always successful, and biomarkers of chlorinated oxi-
dants are readily detectable in acute inflammatory conditions such as cystic fibro-
sis, pneumonia and related respiratory infections, sepsis, and trauma such as burns 
[2,22]. In addition, the neutrophil is an ever-present cell in noninfectious inflamma-
tory situations such as rheumatoid arthritis, chronic obstructive pulmonary disease, 
ischemia-reperfusion events (heart infarction and stroke), atherosclerosis, rheuma-
toid arthritis, glomerulonephritis, vasculitis, inflammatory bowel disease, and many 
more. Activation and release of myeloperoxidase into the tissues in these conditions 
will result in the generation of HOCl and the formation of downstream chloramines, 
the reactivity of which has been described here. The potential for these oxidants 
to react with highly susceptible thiols, proteins, and other vital cellular targets has 
prompted the search for effective inhibitors of myeloperoxidase, aimed at the preven-
tion of this oxidant generation [22,148].

The fast reaction of the chlorinated oxidants with thiols has highlighted their 
potential for influencing cell signaling events as well as cell growth and survival that 
are often dependent on a thiol-mediated process. Transchlorination reactions may 
allow these oxidants to be relayed to targets far from where original oxidant was 
formed. In addition, the potential to generate dehydromethionine from N-terminal 
methionine residues, a reaction specific to HOCl and chloramines, may also impact 
on inflammation. These effects could be either positive or negative, and it is likely 
that the recyclable thiol-based antioxidant systems, the GSH/GSSG, and Prxs/thiore-
doxin systems are able to ameliorate many effects of HOCl exposure.

POSTSCRIPT

The authors of this chapter have shared an interest in neutrophil-mediated oxidant 
production and the biological consequences of HOCl generation with Professor 
Christine Winterbourn, to whom this book is dedicated, since the early 1980s. 
Interestingly, relatively few in the oxidative stress research area have ventured into 
the study of the halogenated oxidants. That Professor Winterbourn has embraced this 
topic reflects her willingness to engage with a complex and highly reactive oxidant 
with high biological relevance. Her knowledge of chemistry has combined well with 
our desire to understand the biological relevance of these oxidants and our shared 
interest in this topic persists. It has been a lot of fun!
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INTRODUCTION

Hypobromous acid (HOBr) and hypothiocyanous acid (HOSCN) are produced by a 
number of human peroxidase enzymes, including myeloperoxidase (MPO), eosin-
ophil peroxidase (EPO), and lactoperoxidase (LPO), via the reaction of hydro-
gen peroxide with bromide (Br−) and thiocyanate (SCN−) ions, respectively [1–6]. 
HOBr and HOSCN are chemical oxidants that react with biological molecules and 
cells with quite different potency and selectivity [1,7]. In each case, these oxidants 
are critical in immune defense, as each has powerful antibacterial, antiviral, and 
antifungal properties (e.g., [8–13]). However, in some cases, the overproduction of 
these oxidants during chronic inflammation has been implicated in the development 
of disease [12,13]. For example, HOBr is believed to contribute to tissue damage 
in the lungs of patients with asthma, shown by the detection of elevated amounts 
of the biomarker 3-bromo-Tyr [12,14]. In contrast to HOBr, which is generally 
regarded as a damaging oxidant, the role of HOSCN in disease is unclear. Thus, 
some studies provide evidence to support cellular damage on exposure to this oxi-
dant, which may exacerbate disease (reviewed [7,13]), while others support a poten-
tially protective role of elevated SCN− in inflammatory disease (reviewed [15,16]). 
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This chapter will review the formation and reactivity of HOBr and HOSCN in 
biological systems, and discuss the implications of these reactions in both immune 
defense and disease.

FORMATION OF HOBr AND HOSCN

The hypohalous acids HOBr and HOSCN are produced in vivo via the halogenation 
cycle of MPO, EPO, and LPO, where the halide or pseudohalide ions donate two 
electrons to generate the ferric form of the enzyme, which is termed Compound I. 
There are differences in both the specificity and second order rate constants for the 
reaction of Br− and SCN− with each peroxidase, which are shown in Table 13.1 
(reviewed [1,17]). Under normal physiological concentrations of halide ions and at 
neutral pH, HOBr is thought to be produced in vivo primarily by EPO [2], though this 
species can also be produced by MPO, particularly at pH values > 7 [18]. Although 
at high concentrations, HOBr is known to be damaging, and can readily modify dif-
ferent biological targets (see below), the production of HOBr in vivo can also be ben-
eficial. For example, formation of HOBr by EPO is believed to play a key role in the 
destruction of parasites, shown by isolated EPO in the presence of H2O2 efficiently 
killing the Schistosoma mansoni parasite [19], and a correlation between eosinophil 
levels and damaged parasites has been reported [20]. Other studies have shown that 
HOBr formed by peroxidasin is required for matrix synthesis, with bromine known 
to be essential for the correct assembly of collagen IV scaffolds, which are involved 
in tissue development and architecture [21,22].

HOSCN is produced in vivo by MPO, EPO, and LPO [2,3,6,23]. HOSCN may 
also be formed by the direct reaction of SCN− with HOCl or HOBr, which occurs 
with a high rate constant in each case, and is likely to be relevant under physiologi-
cal conditions [24,25]. It is well established that LPO is responsible for the produc-
tion of HOSCN in the oral cavity and airway, where it plays a key antimicrobial 
role [13,15,26,27]. However, MPO is also believed to be an importance source of 
HOSCN, with reports that similar yields of HOCl and HOSCN are formed at physi-
ological halide/pseudohalide levels, which is attributed largely to the difference in 
specificity constants of 1:730 for Cl− compared to SCN− [3].

TABLE 13.1
Apparent Second Order Rate Constants for the Halogenation Cycles 
of MPO, EPO, and LPO at pH 7.0 and 15°C

Peroxidase
Native Enzyme 

+ H2O2 (M−1 s−1)
Compound I 

+ Cl− (M−1 s−1)
Compound I 

+ Br− (M−1 s−1)
Compound I 

+ SCN− (M−1 s−1)

MPO 1.4 × 107 2.5 × 104 1.1 × 106 9.6 × 106

EPO 4.3 × 107 3.1 × 103 1.9 × 107 1.0 × 108

LPO 1.1 × 107 — 4.1 × 104 2.0 × 108

Source: Taken from Furtmuller, P.G. et al., Arch. Biochem. Biophys., 445(2), 199, 2006.
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This has sparked increased interest in understanding the biological reactivity of 
HOSCN, given the key role of MPO in numerous inflammatory pathologies [28,29]. 
In addition, the concentration of SCN− in the circulation dramatically influences the 
ratio of HOCl: HOSCN produced by MPO [16,30]. In smokers who have elevated 
SCN− from the detoxification of cyanide in cigarette smoke, the shift to HOSCN pro-
duction has been postulated to be detrimental, as greater damage is apparent in cer-
tain cell types exposed to HOSCN compared to HOCl (reviewed [7,31]). However, in 
other studies, supplementation with SCN− is protective, with a reduction in oxidative 
damage, inflammation, and disease severity seen on diverting MPO to produce less 
HOCl [32–34].

REACTIVITY OF HOBr AND HOSCN 
WITH BIOLOGICAL MOLECULES

The reactivity and selectivity of HOBr and HOSCN with biological molecules are 
markedly different. HOBr, like HOCl, is a powerful oxidant that reacts rapidly with 
a wide range of biological molecules, including proteins, lipids, DNA, and carbohy-
drates [35], whereas HOSCN is a far less potent oxidant, which displays a marked 
selectivity for thiol and selenol moieties in biological environments [13]. The pKa 
value of each oxidant is also markedly different, with the pKa of HOBr reported as 
8.7 [36], and that of HOSCN as 4.85–5.3 [37,38]. Thus, under normal physiological 
conditions HOBr will predominate over −OBr, whereas −OSCN will predominate 
over HOSCN, which may have implications for their cellular uptake in vivo. In each 
case, proteins are major targets for these oxidants, particularly HOBr, due to their 
abundance in biological systems and the presence of numerous reactive amino acid 
side chains [39]. Low-molecular-mass thiol and selenol species are also key targets, 
particularly for HOSCN, which has very limited reactivity with other biological tar-
gets [40,41]. The rate constants for the reaction of HOBr and HOSCN with various 
model protein components and the products formed in each case are collected in 
Tables 13.2 and 13.3. HOBr also reacts readily with DNA, lipids, and carbohydrates, 
particularly glycosaminoglycans, which are a key component of the extracellular 
matrix. With HOBr, the reaction with nitrogen-containing functional groups, particu-
larly amine (–NH2) and amide (–C(O)NH–) moieties, is also important in biological 
systems, as the resulting bromamines (RR′NBr) and bromamides (RC(O)N(R′)Br) 
are able to brominate other substrates and propagate oxidative damage [1,42].

Reactivity with PRoteins

The sulfur (and selenium)–containing functional groups of proteins are the most 
reactive sites for reaction with HOBr and HOSCN, with the second order rate con-
stants for reaction of these oxidants with Cys reported as 1.2 × 107 M−1 s−1 [1,35,39] 
and 7.8 × 104 M−1 s−1 [31,38,40], respectively. The rate constants for these reactions 
are compared to other substrates and also the analogous reactions with HOCl in 
Table 13.2. With free Cys residues, these reactions result in the formation of sulfe-
nyl halide (RS-X) species, which are unstable intermediates that can react further 
with other thiol residues to form disulfides, or be hydrolyzed to yield sulfenic acid 



330 Hydrogen Peroxide Metabolism in Health and Disease

(RSOH), sulfinic acid (RSO2H), and sulfonic acid (RSO3H) [1,13,43]. In general, the 
oxidation products formed on exposure of Cys residues to HOSCN are reversible, 
and can be repaired in the presence of a suitable reductant [44–46]. This has led to the 
hypothesis that SCN− may be able to modulate oxidative damage induced by MPO 
during chronic inflammatory conditions (e.g., [15,16]).

HOBr also reacts rapidly (k 4 × 106 M−1 s−1) with the thioether Met, which forms 
methionine sulfoxide and methionine sulfone at high oxidant excesses [35,39,47,48], 
whereas HOSCN shows no apparent reactivity with Met under normal physiologi-
cal conditions [3,40]. Reaction of HOBr with free Met or Met residues present at 
the protein N-terminus also results in the formation of dehydromethionine via a 
cyclization reaction [49]. This product can also be formed in reactions of Met with 
N-bromamines [49]. Selenomethionine (SeMet) is reactive with HOSCN, which 
results in the formation of methionine selenoxide (MetSeO) [41].

The nitrogen-containing amino acid side chains of Lys and His are also favorable 
targets for HOBr, which results in the formation of reactive N-brominated species, 
which are themselves oxidants [42]. N-bromamines (and bromamides) can react with 
other biological substrates to cause both oxidation (e.g., Met [50]) and bromina-
tion (e.g., Tyr [51]) reactions. HOBr can also convert Lys into its respective nitrile 
(2-amino-5-cyanopentanoic acid) [51]. There is evidence to show the decomposi-
tion of N-brominated species forming other reactive species, including nitrogen-
centered radicals [48], which can rearrange and propagate damage to other sites and 
substrates [52,53]. The reaction of HOBr with Lys residues to form N-bromamines 

TABLE 13.2
Summary of Second Order Rate Constants for Reaction of HOCl, HOBr, 
and HOSCN with Selected Amino Acid, Peptide, and Protein Components

Substrate k2(HOCl)/M−1 s−1 k2(HOBr)/M−1 s−1 k2(HOSCN)/M−1 s−1

Cysteine — — 7.8 × 104d

N-acetyl-Cys ca. 3.2 × 107a 1.2 × 107c 7.3 × 103d

N-acetyl-Met-OMe 3.8 × 107a 3.6 × 106c ≪103d

(N-acetyl-Cys)2 6.4 × 103b 3.4 × 105c 1.8 × 103b

3,3′-dithiodipropionic acid 1.7 × 105a,b 1.1 × 106b,c 1.9 × 103b

Nα-acetyl-Lys ca. 7.9 × 103a 3.6 × 105b —

N-acetyl-Tyr 47a 2.6 × 105b —

N-acetyl-Trp 7.8 × 103a 3.7 × 106b —

Selenocysteine (Sec) — — 1.2 × 106e

Selenomethionine (SeMet) — — 2.8 × 103e

Apparent rate constants determined at pH 7.2–7.5 at 22°C–25°C.
a Pattison and Davies [124].
b Karimi et al. [125].
c Pattison and Davies [39].
d Skaff et al. [40].
e Skaff et al. [41].
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is also a pathway to the formation of sulfilimine cross-links between Lys and Met 
residues [50]. This may be a key mechanism to account for HOBr-induced protein 
cross- linking, and has particular significance in relation to the formation of sulfili-
mine cross-linked collagen IV scaffolds [54]. These structures are critical to matrix 
 functionality and are formed by reactions involving HOBr, which is formed by 
 peroxidasin, an enzyme utilizing Br− as an essential cofactor [21].

In contrast, Lys and His residues are not believed to be favored targets for HOSCN, 
though there is some evidence for the formation of the analogous amino thiocyanate 
(RN–SCN) species on exposure of poly-Lys to HOSCN [45]. However, these prod-
ucts are not generally believed to be relevant in vivo, owing to their lack of stabil-
ity at physiological pH [37]. Sulfonamides (R–SO2–NH2) and heterocyclic aromatic 
imines, including the imidazole side chain of His have been reported to react with 
HOSCN forming thiocyanatosulfonamide (R–SO2–NH–SCN) and thiocyanatimine 

TABLE 13.3
Summary of the Products Formed on Reaction of HOCl and HOSCN 
with Amino Acids, Peptides, and Related Species

Substrate HOBr HOSCN

Cysteine (Cys) Sulfenyl chloride (RS-Br)
Sulfenic acid (RS-OH)
Sulfinic/sulfonic acids
Disulfides (RS-SR′)

Sulfenyl thiocyanate (RS-SCN)
Sulfenic acid (RS-OH)
Sulfinic/sulfonic acids
Disulfides (RS-SR′)

Glutathione (GSH) GSSG
Glutathione sulfonic acid
Mixed disulfides (GS-SR)

GSSG
Mixed disulfides (GS-SR)

Methionine (Met) Methionine sulfoxide (MetSO)
Methionine sulfone (MetSO2)
Dehydromethionine

No reaction

Selenomethionine (SeMet) Methionine selenoxide (MetSeO) Methionine selenoxide (MetSeO)

Tryptophan (Trp) Oxindolyalanine/2-
hydroxytryptophan

Di-oxindolyalanine species

Oxindolyalanine/2-
hydroxytryptophan

Di-oxindolyalanine species

Tyrosine (Tyr) 3-bromo-Tyr
3,5-dibromo-Tyr

Addition of SCNa

Histidine (His) Ring bromamines (RR′N-Cl) Thiocyanatimines (RR′N-SCN)

Amines (e.g., Lys, Arg, 
α-amino group, 
N-terminus)

N-brominated species
Bromamines (RR′NBr)
Dibromamines (RNBr2)

Amino thiocyanate species 
(RR′N-SCN)b

Amides (e.g., Gln, Asn, 
protein backbone)

N-brominated species
Bromamides (RC(O)N(R′)Br)

No reaction

References are cited in the accompanying text.
a Believed to occur via the formation of (SCN)2 [126], which may not be relevant at physiological 

pH [58].
b Unstable at physiological pH [37].
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(ring RNH–SCN) species, respectively [37]. The backbone amide sites on proteins, 
together with the side chains of Gln and Asn, also show some reactivity with HOBr, 
which in the case of the protein backbone, can result in fragmentation reactions 
[39,55].

The aromatic side chains of Trp and Tyr are also highly reactive with HOBr 
(k 3.7 × 106 and 2.6 × 105 M−1 s−1, respectively), with these reactions occurring rather 
more rapidly than the analogous reactions with HOCl [39]. For example, the HOBr-
mediated bromination of Tyr residues occurs almost 5000 times faster than the chlo-
rination of Tyr by HOCl, which has implications for the use of 3-bromo-Tyr and 
3,5-dibromo-Tyr compared to the analogous chlorinated Tyr products as biomarkers 
to assess the formation of these oxidants in vivo [14,18,39,56]. With HOSCN, modi-
fication of Tyr residues has been observed either at low pH or in the presence of per-
oxidase/SCN− systems, which is attributed to the formation of thiocyanogen (SCN)2, 
rather than reactions mediated by HOSCN [57].

Trp residues react with both HOBr [39,47] and HOSCN [45,58]. However, with 
HOSCN, this reaction again occurs predominately at low pH and likely involves 
(SCN)2, and therefore may have limited relevance to biological systems [58]. With 
HOSCN, a number of Trp-derived products have been characterized, with evidence 
for the formation of oxindolyalanine (2-hydroxytryptophan) and related dioxygen-
ated derivatives [45,58]. These products are also formed with HOCl, and are likely 
to be formed in the analogous reactions with HOBr [1,59]. There is also evidence for 
reactivity of various N-bromamines with Trp following exposure to proteins, which 
in some circumstances is reported to be more efficient than the reaction with the 
parent HOBr [60]. The targeting of Trp by HOBr, N-bromamines, and HOSCN has 
implications for both protein structure and function, with Trp oxidation linked to 
protein unfolding, aggregation, enzyme inactivation, and alteration of functionality 
[45,47,60,61].

Reactivity with nucleic acids

Exposure of nucleic acids to HOBr results in the formation of a series of both stable 
and unstable brominated products [62–65], as well as a number of other oxidized 
products [66,67], whereas there is no evidence to support the analogous reactions with 
HOSCN, either in isolated or cellular systems [68,69]. There is evidence for the HOBr-
mediated bromination of both pyrimidine and purine nucleosides to form a range 
of products including 5-bromouracil, 5-bromouridine, 5-bromo-2′-deoxycytidine, 
8-bromoadenine, and 8-bromo-2′-deoxyguanosine [62,63,65,66,70,71]. The mecha-
nism involved is likely to be via electrophilic substitution reactions, as HOBr is a 
powerful electrophilic reagent as well as oxidant, with recent theoretical and experi-
mental studies demonstrating that the reactivity of HOBr correlates well with its 
electrophilic strength [71]. There is also evidence for other nonbrominated products 
on exposure of nucleic acids to HOBr, which is particularly relevant for thymidine, 
where exposure to equimolar amounts of HOBr at physiological pH results in the 
formation of 5,6-dihydroxy-5,6-dihydrothymidine (thymine glycol) and 5-hydroxy-
5,6-dihydrothymidine-6 phosphate [67]. The mechanism involved in this case is pos-
tulated to involve both bromohydrin and epoxide intermediates [67]. It has also been 
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shown that the bromination of certain nucleosides by HOBr in vitro, particularly 
2′-deoxyguanosine, can be enhanced in the presence of taurine by a mechanism 
involving the formation of taurine dibromamines [72].

The relevance of these brominated and oxidized nucleosides to health and disease 
is not well established, though 8-bromo-2′deoxyguanosine is present in inflamma-
tory fluids early in the disease process, which has led to the suggestion that this 
compound may be a promising biomarker for early inflammation [70]. This modi-
fied nucleoside is also reported to have miscoding properties, suggesting that it may 
be able to play a role in driving mutagenesis [73]. Similarly, it has been postulated 
that the brominated pyrimidine nucleoside derivatives could have both cytotoxic 
and mutagenic effects, particularly at inflammatory sites that are rich in eosinophils 
[62,63], though further work is required to assess these reactions in detail.

Reactivity with liPids

HOBr (and bromamines) react with the double bonds present in unsaturated fatty 
acid side chains and cholesterol to give bromohydrins (RCH=CHR′ + HOBr → 
RCH(Br)–CH(OH)R′), which may be important in vivo as these species reportedly 
cause cell lysis and also have other cytotoxic properties [74–77]. The phospho-
lipid head groups and plasmalogens, which contain a vinyl ether linkage, are also 
reactive with HOBr [78,79,80]. The rate constants for the reaction of HOBr with 
the model phospholipid head groups phosphoryl-serine and phosphoryl-ethanol-
amine and the model vinyl ether, ethylene glycol vinyl ether, are ca. 106 M−1 s−1, 
which are higher than the corresponding reactions with aliphatic alkene models 
of phospholipids and most lipid-soluble antioxidants [78,79]. In the case of the 
plasmalogens, reaction with HOBr results in cleavage of the vinyl ether linkage, to 
give an α-bromo fatty aldehyde and lysophospholipids, which may have important 
implications in vivo, owing to the chemoattractant properties of the α-bromo fatty 
aldehyde [80]. Low-density lipoprotein (LDL) is another potential lipid-containing 
target for HOBr, with studies showing oxidation of both the apolipoprotein B moi-
ety and the formation of fatty acid bromohydrins from the lipid moieties [81]. 
These modifications increased the relative electrophoretic mobility of LDL, which 
is consistent with the HOBr-induced modifications having potentially proathero-
genic effects on cells [81]. These experimental observations are supported by 
kinetic modeling studies, where a marked difference in the selectivity between 
HOCl and HOBr on LDL is apparent [78].

In contrast to HOBr, it is rather less clear whether HOSCN plays a significant role 
in the modification of lipids in vivo. Thus, it has been shown that SCN− can promote 
the MPO-dependent peroxidation of both LDL [82] and other plasma lipids [83], 
which in the latter case has been linked with dysfunctional lipid transport in patients 
with coronary heart disease [83,84]. The SCN− -dependent lipid peroxidation is sug-
gested to involve the formation of SCN− -derived radicals, as it can be prevented by 
ascorbic acid [82], though there is some question as to whether this is thermodynami-
cally favorable (reviewed [13]). The formation of lipid hydroperoxides, and other 
lipid-derived oxidation products, including 9-hydroxy-10,12- octadecadienoic acid 
(9-HODE) and F2-isoprostanes, is also observed in studies with LDL and reagent 
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HOSCN, in addition to MPO/H2O2/SCN− systems [85]. Again, the mechanism 
involved in the HOSCN-mediated lipid oxidation is not certain. It may involve the 
formation of protein-derived intermediates such as radicals, as suggested previously 
by Zhang et al. [83], but further studies are warranted, given that no reactivity of 
HOSCN is seen with the double bonds of model isolated phospholipids [86].

CELLULAR REACTIVITY OF HOBr

By and large, the reactivity of HOBr with cellular systems has been far less exten-
sively characterized compared to the other peroxidase-derived oxidants HOCl and 
HOSCN [7]. In early studies, liposomes were utilized as a model of oxidant mem-
brane injury, where it was shown that HOBr, generated through the reaction of MPO 
and H2O2 with a bromide concentration of 1 mM, was more effective at causing 
membrane damage than HOCl at equivalent halide concentrations [87]. More recent 
studies with a variety of cell types, including red blood cells (RBCs) [75,88], endo-
thelial [89,90], monocytes [88], macrophages [88,91], epithelial [92], osteoblasts 
[93], and tumor cells [94], support the membrane reactivity of HOBr, with evi-
dence of rapid cell lysis upon exposure to HOBr at equivalent or lower concentra-
tions than HOCl. With HOBr, RBC lysis occurred up to ten times more rapidly than 
with the equivalent concentration of HOCl. In addition, membrane modification was 
observed, characterized by extensive protein cross-linking and the formation of bro-
mohydrin derivatives of phospholipids and cholesterol. The authors concluded that 
it was these HOBr-induced alterations to the membrane components of the RBC that 
were responsible for the evident cell lysis [75].

Subsequent experiments by these researchers demonstrated that exposure of 
human umbilical vein endothelial cells (HUVECs) to membrane-derived bromohy-
drins resulted in significant cell death, with the bromohydrins found to be approxi-
mately four times more cytotoxic than exposure to equivalent concentrations of 
chlorohydrins over the same time period. Furthermore, the evident necrosis demon-
strated was preceded by a faster rate of uptake of the bromohydrins, compared to the 
chlorohydrins, by HUVECs indicative of heightened cellular reactivity of the HOBr-
derived species [76]. The faster rates of RBC lysis seen with HOBr compared to 
HOCl has also been attributed to the formation of unstable membrane protein–derived  
bromamines that decompose to form membrane-bound radicals, which occurs to a 
much lesser extent with HOCl [88]. The data gathered on the susceptibility of RBCs 
to HOBr was subsequently compared to the extent of lysis evident within monocyte 
and macrophage cell cultures [88]. It was found that exposure of the THP-1 human 
monocyte cell line to 100 nmol HOBr per 106 cells caused up to 50% cell lysis within 
2 h, while it took 400 nmol HOBr per 106 cells to achieve the same result within 
cultures of the J774A.1 murine macrophage cell line. The authors attributed this 
difference in susceptibility to HOBr between RBCs, monocytes, and macrophages 
to differences in cell membrane structure with no protein-derived, nitrogen-centered 
radicals detectable within either THP-1 or J774A.1 cultures [88].

Subsequent studies on J774A.1 macrophages exposed to concentrations of HOBr 
of up to 100 μM resulted in ~25% decrease in cellular GSH and a comparative 
decrease in total cellular thiols that was concurrent with a ~20% decrease in cell 



335Peroxidase-Derived Oxidants Hypobromous Acid and Hypothiocyanous Acid

viability, in part attributable to apoptotic cell death pathways [91]. Likewise, exposure 
of the human leukemia cell line HL-60 for 15 min to physiological concentrations of 
between 100 and 200 μM HOBr resulted in the dose-dependent increase in the extent 
of apoptotic cell death as measured by DNA fragmentation at 24 h following expo-
sure to the oxidant [94]. Consistent with the previous studies [88,91], the extent of 
apoptosis in this instance was attributed to the formation of bromamines through the 
reaction of HOBr with media constituents [94]. Taken together, these data suggest 
that, rather than having uniformly membrane-specific sequelae, the products gener-
ated upon HOBr exposure may also act intracellularly to exert detrimental effects.

It has been just over 30 years since Weiss and colleagues first demonstrated the 
preference of eosinophil peroxidase (EPO) to utilize bromide, over the more physi-
ologically prevalent chloride ion, to generate HOBr [95]. It has further been shown 
that SCN− is up to three times more preferred as a substrate for EPO over bromide, 
although this is dependent on the localized concentration of both of these substrates 
[14]. Although SCN− is the preferred substrate at concentrations of the halides nor-
mally found in plasma and extracellular fluids, it has however been subsequently 
demonstrated that the extent of generation of brominated products, indicative of 
HOBr production, provides a useful diagnostic marker for the study of the activation 
of eosinophils within an in vivo setting [96,97].

ROLE OF HOBr IN DISEASE

One of the major defining steps within allergic inflammatory diseases such as chronic 
asthma is the recruitment and activation of eosinophils [14], with the degree of eosin-
ophilia directly correlating with disease severity [98]. Two landmark publications 
by the Hazen laboratory [96,97] were the first to identify that the increased activity 
of EPO results in increased brominated tyrosine residues in bronchoalveolar lavage 
fluid from individuals with both mild [96] and severe [97] asthma, identifying 3-bro-
motyrosine as a molecular footprint for this inflammatory disease. Indeed, it has 
further been shown in the sputum from patients presenting with mild to moderate 
forms of the disease that the expression and activity of EPO is directly correlated 
with 3-bromotyrosine formation [14]. Furthermore, these studies also demonstrated 
no comparative increase in MPO expression or the HOCl marker 3-chlorotyrosine, 
indicating a role for eosinophils and not neutrophils within this disease setting [14].

Another disease with respiratory sequelae is cystic fibrosis (CF). Patients with 
CF have a mutation in the gene encoding the Cystic Fibrosis Transmembrane 
Conductance Regulator (CFTR) protein, a channel membrane protein responsible 
for transporting ions, including chloride, bromide, and thiocyanate, across epithe-
lial cell membranes. As in the case with asthmatic patients, 3-bromotyrosine has 
been detected within the sputum from CF patients and the extent of 3-bromotyrosine 
formation correlates with both patient infection and respiratory status [99]. Unlike 
asthma, however, sputum from CF patients contained only MPO, with no other per-
oxidase (including EPO) detected, results that strongly implicate neutrophils and not 
eosinophils as the source of HOBr within this disease setting [99].

Utilizing an ex vivo model of isolated tracheas as an asthmatic airway model, 
Brottman and colleagues [100] demonstrated that EPO in the presence of both H2O2 
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and bromide resulted in the increased permeability of the epithelial layer, evidenced 
by the increased flux of molecules out of the tracheal lumen, without causing visible 
cell damage. The authors concluded that these changes in epithelial integrity dem-
onstrated were the result of the effect of HOBr exposure on airway epithelium tight 
junctions, rather than the cells themselves, results that contradict the earlier in vitro 
studies on isolated epithelial cells that were lysed upon exposure to HOBr [92], as 
discussed here. The physiological relevance of these data implicates HOBr as play-
ing a role in the modulation of airway hyper-reactivity within the setting of asthma 
by exposing underlying nerve endings.

The effect of HOBr on the extracellular matrix (ECM) has further been studied 
in reference to inflammatory disease conditions, including asthma [101], as well as 
within diabetic renal complications [102]. It has been shown that exposure of vascu-
lar smooth muscle cell–generated ECM to concentrations of HOBr of up to 200 μM 
resulted in the dose-dependent release of carbohydrate and protein components of the 
ECM over time, through the generation and subsequent decomposition of N-bromo 
intermediates [101]. Brown and coworkers [102] further demonstrated that, within 
the diabetic kidney, collagen IV is modified by HOBr, leading to the inhibition of 
α1β1 integrin binding, directly affecting interaction of renal cells with the ECM in 
this setting [102]. Given this evidence of the degradation of ECM components by 
HOBr, it is conceivable that exposure to this oxidant, particularly during inflamma-
tory diseases, may result in profound effects on the structural integrity of tissues and 
subsequent cellular and tissue function [101].

The presence of HOBr in the circulation, in addition to the direct effects detailed 
here, can mediate changes to other serum components, which may result in the  further 
downstream cellular and tissue damage evident within inflammatory diseases. It has 
been established, within an in vitro setting at least, that HOBr is capable of modify-
ing human serum albumin (HSA) by specifically targeting tryptophan residues on 
the protein [103]. This HOBr-modified HSA (HSA-Br) was subsequently shown to 
increase neutrophil superoxide production and lead to the dose-dependent increase 
in neutrophil degranulation concomitant with increased extracellular MPO activity, 
activating these mechanisms through a PI3K-dependent pathway [103]. While it is 
yet to be demonstrated upon direct exposure to HOBr, the activation of these cel-
lular mechanisms following exposure to a physiologically achievable intermediate 
product, in this case modified HSA, illuminates the potential future identification of 
molecular processes for the targeted treatment of inflammatory diseases involving 
excessive HOBr production.

HOBr may also play a role in cardiomyopathies, particularly eosinophilic or 
Loeffler’s endocarditis. This condition is characterized by the infiltration and adher-
ence of eosinophils to the endocardium of the heart, resulting in progressive dam-
age, first to the endocardial and then myocardial tissue, culminating in congestive 
heart failure associated with extensive fibrosis [104]. Slungaard and Mahoney [89], 
within an isolated rat heart model of the disease, demonstrated that EPO bound to 
heart muscle, in the presence of H2O2 and bromide, resulted in an abrupt decrease 
in aortic output consistent with the heart failure evident in this condition. Indeed, 
it has previously been shown that the presence of bromide is able to increase the 
TNFα-dependent toxicity of eosinophil interaction with endothelial cells, with the 
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exogenous addition of 100 μM bromide to TNFα-activated eosinophils cocultured 
with HUVECs exacerbating endothelial cell death by ~30% [90]. The authors postu-
late that the generation of HOBr within this setting may contribute to the pathogen-
esis of Loeffler’s endocarditis, although further studies confirming this hypothesis 
have yet to be undertaken.

CELLULAR REACTIVITY AND ROLE OF HOSCN IN DISEASE

Unlike the other peroxidase-derived oxidants HOCl and HOBr, which have been 
shown to be reactive with a range of biological targets, HOSCN is stable enough to 
penetrate intact mammalian cell membranes and induce intracellular oxidative stress 
[23,105], reacting with great specificity toward thiols, including glutathione (GSH), 
protein cysteine residues [40], and selenium-containing species [41]. It is well estab-
lished that HOSCN acts as an antibacterial agent, able to prevent bacterial cell growth 
and perturb glucose transport through selective reactivity with thiols located within 
the active sites of key enzymes involved in bacterial glycolysis [106–109]. It has 
been reported that HOSCN demonstrates a relatively benign reactivity toward cells 
of mammalian origin, possibly due to the ability of HOSCN to be rapidly metabo-
lized by thioredoxin reductase (TrxR), an enzyme absent in lower order organisms 
[110]. It has nonetheless been shown, particularly in cells of the vasculature, that 
HOSCN exposure elicits intracellular signaling cascades that can exert detrimental 
effects (reviewed [13,31]). An overview of the reactivity of HOSCN with various 
mammalian cells is provided in Table 13.4.

The endothelial lining of blood vessels is the primary point of exposure to oxi-
dants derived from circulating leukocytes within the vasculature, with oxidative 
stress and damage to the endothelium the driving mechanism behind the develop-
ment of atherosclerosis. Wang and colleagues were the first researchers to demon-
strate that endothelial cell exposure to HOSCN results in the activation of cellular 
signaling mechanisms associated with thrombosis [23] and atherogenesis [105], key 
mitigating events in atherosclerotic lesion development. Tissue factor (TF) plays a 
pivotal role in the pathology of thrombosis in vivo by acting as the primary initiator 
of coagulation. Within in vitro cell culture models utilizing human umbilical vein 
endothelial cells (HUVEC), the researchers found that a 4 h exposure to concentra-
tions of HOSCN between 10 and 100 μM resulted in up to a sevenfold increase in TF 
activity which was markedly increased in the presence of serum up to approximately 
thirtyfold over controls, consistent with the formation of HOSCN-derived stable 
sulfenyl thiocyanate (R-S-SCN) adducts or cysteinyl or other serum SH compounds 
such as GSH [23]. Furthermore, TF activity within the cell lysates was shown to be 
time dependent, increasing as early as 2 h following exposure to HOSCN, peaking 
at 6 h before a return to basal levels by 24 h. The researchers reasoned that this pat-
tern of induction is suggestive of a transcriptional regulatory mechanism. Indeed, 
HOSCN-induced TF activity was shown to be dependent on NFκB activation, ema-
nating from the phosphorylation of the extracellular signal–regulated kinases (ERK) 
1/2 pathway. Subsequent studies using the ERK inhibitor U0126 or the irreversible 
NFκB antagonist andrographolide demonstrated the near total ablation of TF expres-
sion and activity in HUVEC exposed to HOSCN [23].
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TABLE 13.4
Overview of the Reactivity of HOSCN with Various Mammalian Cell Types

Cell Type Oxidant System Observations Reference

Gingival 
fibroblasts

LPO/H2O2/
SCN− and HOSCN

Concentrations up to 300 μM had no effect 
on proliferation as assessed by 
3H-thymidine incorporation.

[127]

RBC LPO/H2O2/SCN− Hemolysis/GSH oxidation. [128]

Porcine aortic 
endothelial cells

EPO/H2O2/SCN− SCN− reduces the extent of H2O2-induced 
cell lysis (51Cr release) in the presence 
of Br−.

[129]

RBC EPO/H2O2/SCN− GSH oxidation/inactivation of ATPases. [130]

HL-60 cells MPO/H2O2/SCN− SCN− inhibits H2O2-induced apoptosis seen 
with Cl−.

[94]

HUVECs HOSCN NFκB activation/increased expression of 
E-selectin, ICAM-1, and VCAM-1.

[105]

HUVECs HOSCN Increased tissue factor expression via NFκB 
and ERK1/2 activation.

[23]

J774A.1 cells HOSCN Protein thiol and GSH oxidation/cell lysis 
and apoptosis/necrosis.

[91]

Calu-3, 
Neuro-2A, 
Min-6, HCAECs

Glucose oxidase, 
MPO/H2O2/
Cl− with SCN−

Protection against MPO/H2O2/Cl− induced 
toxicity, assessed by trypan blue exclusion 
assay.

[119]

HUVECs HOSCN Morphological changes and inhibition of 
apoptosis and caspase activation.

[116]

J774A.1 cells HOSCN Inhibition of PTPs and activation of MAPK 
signaling.

[113]

A549 cells HOCl/SCN− Decreased LDH release with increasing 
SCN− concentrations.

[121]

HCAECs HOSCN Inhibition of SERCA/increased intracellular 
Ca2+.

[111]

J774A.1 cells HOSCN GAPDH and creatine kinase inactivation/
protein sulfenic acid formation.

[43]

HCAECs HOSCN Protein thiol and GSH oxidation/GAPDH 
inactivation/mitochondrial dysfunction/
apoptosis.

[131]

HCAECs HOSCN Decreased eNOS activity and nitrite-nitrate 
formation/increased free Zn2+.

[115]

J774A.1 cells HOCl/SCN− Decreased HOCl-induced necrosis with 
increasing SCN− concentrations

[32]

J774A.1 cells HOSCN Targeting of thiol-containing metabolic 
proteins/inhibition of glycolysis.

[117]

HCAECs HOSCN Increased intracellular levels of chelatable 
iron/loss of aconitase activity/increased 
iron response protein-1 activity.

[114]

HMDMs HOSCN Increased PTP activity. [112]
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The expression of endothelial adhesion molecules during inflammation initiates 
the recruitment and extravasation of leukocytes at sites of tissue injury. As in the 
case of TF, the expression of a variety of adhesion molecules, including E-selectin, 
intercellular adhesion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 
(VCAM-1), on the endothelial cell surface is regulated by NFκB activity. Parallel 
studies by Wang and colleagues [105] found that exposure to 150 μM HOSCN 
increased HUVEC cell surface expression of E-selectin, ICAM-1, and VCAM-1 up 
to approximately fivefold over controls. While all three molecules peaked expres-
sion following 4 h HOSCN exposure, the former rapidly returned to basal levels, 
while both ICAM-1 and VCAM-1 remained stably elevated over a prolonged 12 h 
period. These protein expression results were preceded by corresponding increases 
in mRNA expression, which peaked following 3 h HOSCN exposure. These results 
were compatible with a primarily transcriptional mechanism. As was the case for 
HOSCN-induced HUVEC TF expression and activity [23], the authors further 
showed in this study that andrographolide inhibition of NFκB activity negated adhe-
sion molecule expression. Interestingly, the HOSCN-induced increased expression 
of E-selectin, ICAM-1, and VCAM-1 on HUVEC was further exacerbated through 
the inhibition of the phosphatidylinositol-3-kinase (PI3K)/Akt, suggesting a role for 
this signaling pathway in the suppression of these adhesion molecules during the 
immune response.

The chemotaxis of leukocytes to sites of stress or damage within the body is an 
essential mechanism in the inflammatory response. Upon an intraperitoneal injection 
of 150 μM HOSCN in mice, Wang and coworkers found that within 4 h there was 
an eightfold increase over controls in leukocyte extravasation within mouse perito-
neal cavity lavage exudates, indicating a possible chemotaxic role for HOSCN [105]. 
In order to demonstrate the functional consequence of the convergence of both the 
ability of HOSCN to act as a chemoattractant and the upregulation of the adhesion 
molecules on HUVEC exposed to the oxidant, the authors of this study then preceded 
to coculture HOSCN-activated endothelial cells with isolated human neutrophils. They 
found that exposure of HUVEC to 150 μM HOSCN resulted in an eightfold increase 
in neutrophil adhesion to the endothelial cell surface [105]. Preincubation of HUVEC 
cultures with blocking antibodies against E-selectin or of neutrophils with an antibody 
against CD11b/CD18, the counterligand for ICAM-1, decreased the HOSCN-induced 
neutrophil adhesion by approximately 40%. Furthermore, andrographolide inhibition 
of NFκB activity severely attenuated this enhanced neutrophil adhesion induced by 
endothelial HOSCN exposure, data highlighting a potentially pivotal role for NFκB 
signaling in these HOSCN-mediated inflammatory processes [105].

The activation of NFκB-mediated pathways is not the only perturbation in intra-
cellular molecular mechanisms induced by HOSCN that leads to vascular cell 
dysfunction that may result in further vessel patency complications. It has been 
demonstrated that HOSCN exposure is also able to invoke detrimental effects on 
crucial cellular processes such as calcium (Ca2+) signaling [111], enzyme activity 
[112–116], and respiration [117] in a range of vascular cells. Within human coronary 
artery endothelial cell (HCAEC) cultures, Cook and coworkers demonstrated that 
exposure to up to 20 μM HOSCN resulted in the concentration-dependent increase 
in intracellular Ca2+ release from internal stores [111]. Experiments with  isolated rat 
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skeletal muscle sarcoplasmic reticulum vesicles exposed to HOSCN concentrations 
of between 10 and 100 μM for 2 h showed significant concentration-dependent inhi-
bition of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) activity, oxidation of 
SERCA thiol residues concurrent, and the loss of SERCA Cys residues [111]. Such 
HOSCN-mediated modification in intracellular Ca2+ storage may generate or exacer-
bate vascular dysfunction, which could have consequences for inflammatory disease 
settings such as those evident in atherosclerosis.

Modulation of intracellular Ca2+ is inextricably linked with permutations in the 
activity of endothelial nitric oxide synthetase (eNOS), the enzyme responsible for 
regulating vascular tone. Exposure of isolated recombinant human eNOS to increas-
ing concentrations of HOSCN results in the dose-dependent deactivation of the 
enzyme, as evidenced by the conversion from the active dimer to the inactive mono-
mer form of the molecule, concurrent with a decreased conversion of l-arginine to 
l-citrulline [115]. The results obtained from studies performed with isolated eNOS 
were confirmed within HCAEC and also intact rat aorta, showing that exposure to a 
HOSCN concentration as low as 50 μM results in the loss of protein thiols and sub-
sequent decrease in l-citrulline formation and cGMP activity [115]. The mechanism 
of action of HOSCN on eNOS dysfunction was subsequently shown to involve the 
selective targeting by the oxidant of the Zn2+-cysteine cluster of the eNOS enzyme, 
with the release of Zn2+ paralleling the loss of enzymatic activity [115].

The ability of HOSCN to directly affect the activity of intracellular enzymatic 
processes demonstrated in this eNOS study has been mirrored in research on the 
Fe2+-sulfur protein aconitase, the inactivation of which by oxidants is implicated 
in mitochondrial dysfunction, intracellular iron accumulation and toxicity [114]. 
Activated aconitase released significant amounts of Fe2+ when exposed to ≥1.5 μM 
HOSCN over a 2 h time period, with concentrations of HOSCN as low as 3 μM per 
mg of protein releasing approximately 80% of Fe2+ concurrent with increased deacti-
vation of the enzyme. These effects of HOSCN exposure were inhibited in the pres-
ence of citrate, suggesting that HOSCN inactivation of aconitase involves reactions 
at, or in close proximity to, the active site [Fe-S]4 cluster. Indeed, peptide mass map-
ping revealed that HOSCN selectively targets cysteine residues of aconitase involved 
in binding the Fe2+-sulfur cluster, located on the perimeter of the enzyme active site 
[114]. As in the case with studies on eNOS mentioned here, the authors here next 
sought to translate the results demonstrated with isolated enzyme into a functionally 
more relevant cellular system. Exposure of HCAEC to HOSCN concentrations of 
up to 200 μM for 2 h resulted in the dose-dependent decrease in HCAEC aconitase 
activity and the increase in intracellular free Fe2+ accumulation that occurred con-
current to an increase in expression of iron response protein 1 (IRP-1), upregulated 
in a bid to attenuate iron sequestration within the cells. From these studies, it is 
evident that HOSCN-induced changes to enzymatic activity may have far-reaching 
consequences.

One particular family of enzymes ubiquitously expressed in various tissue and 
cell types is protein tyrosine phosphatases (PTPs), responsible for phosphorylation 
events crucial in the regulation of signal transduction and therefore control of a mul-
titude of cellular processes including cell cycle progression, activation, apoptosis, 
and metabolic homeostasis. Studies with murine J774A.1 macrophages [113] and 



341Peroxidase-Derived Oxidants Hypobromous Acid and Hypothiocyanous Acid

with human monocyte-derived macrophages (HMDM) [112] have both demon-
strated a HOSCN concentration–dependent loss of PTP activity. Assaying the effect 
of HOSCN on cell lysates, Lane and colleagues found that HOSCN concentrations 
as low as 10 μM resulted in the statistical significant inhibition of PTP activity that 
was only recoverable by DTT over short incubation periods [113]. Similar results 
were shown within intact macrophages [112,113], but only at the higher HOSCN 
concentrations ≥100 μM, differences that were attributed to the slow kinetics of the 
penetration of HOSCN into intact cells [112]. Inhibition of PTP activity at the higher 
concentrations of HOSCN was also associated with the activation of the p38 mito-
gen-activated kinase (MAPK) pathway [113] as well as the increased loss of cysteine 
residues and the formation of sulfenyl thiocyanates (RS-SCN) and/or sulfenic acids 
(RS-OH) on PTPs [112].

The formation of the reversible RS-SCN and RS-OH products by HOSCN has 
also been implicated in the disruption of macrophage cellular respiration following 
exposure to the oxidant [117]. Using the thiol-specific fluorescent probe IAF and 
MALDI-TOF MS to identify J774A.1 macrophage intracellular targets of HOSCN 
oxidation, Love and coworkers [117] found reversible thiol oxidation detectable 
on proteins involved in cell metabolism. These HOSCN-affected proteins included 
fructose-bisphosphate aldolase, triosephosphate isomerase (TPI), and GAPDH, 
which are essential for glycolysis, as well as the redox-active cysteine-dependent 
antioxidant enzyme peroxiredoxin-1. Further studies on macrophage metabolic 
activity in response to HOSCN exposure were undertaken using a Seahorse XF 
analyzer. Data obtained revealed that exposure to HOSCN resulted in a concen-
tration-dependent decrease in the rate of glycolysis, subsequent lactate release 
from the cells, and the loss of cellular ATP stores [117]. The authors reasoned that 
these events were consistent with the inactivation of TPI and GAPDH, resulting in 
a rerouting of the glycolytic flux through the parallel pentose phosphate pathway. 
These perturbations in cellular respiration occurred in the absence of macrophage 
cell death and therefore may be involved in the promotion of inflammation, particu-
larly in the development of atherosclerosis, in which macrophages are known to 
play a defined and continual role.

Macrophages are the key effector cell in atherosclerotic lesion development, 
infiltrating the vessel wall at sites of inflammation, consuming oxidized low density 
lipoprotein (oxLDL) present, and becoming the lipid-laden foam cells characteris-
tic of the disease, eventually forming part of the necrotic core of advanced lesions. 
Exposure of LDL to HOSCN results in the formation of modified LDL, with physio-
logical levels of the oxidant able to affect both the protein and lipid components of the 
LDL particle (see also above) [85]. Functional analysis of the effects of the HOSCN-
mediated oxidation of LDL was subsequently undertaken using both J774A.1 mac-
rophages and HMDM [85,118]. Incubation of macrophages with HOSCN-modified 
LDL resulted in the increased macrophage uptake of lipids and cellular accumulation 
of cholesterol and cholesterol esters compared to cells incubated with native LDL 
[85], and perturbed the activity of lysosomal enzymes involved in the detoxification 
of LDL and related materials [118]. These data implicate HOSCN in the oxidation of 
LDL within the setting of atherosclerosis, possibly contributing to macrophage lipid 
loading within this setting.
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It is increasingly recognized that rather than being a benign oxidant [110], HOSCN 
is able to exert a range of effects on host cells and tissues that may have detrimental 
consequences and contribute toward disease development. Of particular significance 
is the ability of physiologically relevant concentrations of HOSCN to perturb signal-
ing cascades, enzymatic activity, and cellular homeostasis across a range of cells of 
vascular origin. However, there is also evidence that the formation of HOSCN via 
addition of SCN− to cell cultures exposed to the enzymatic MPO/H2O2/Cl− system or 
HOCl in vitro can reduce cellular damage and death [32,94,119,120]. Similarly, addi-
tion of bolus HOSCN to HUVECs protects them from undergoing apoptosis, though 
profound morphological changes to the cells was apparent following treatment [116].

Supplementation of animals with SCN− protects lung tissue from damage in both 
wild type animals and murine models of cystic fibrosis (CF) [32,33,121]. The CF 
mice have low SCN− levels in their epithelial lining fluid and suffer from enhanced 
tissue oxidation and chronic inflammation. This can be corrected by nebulized 
SCN−, which decreases neutrophil infiltration and restores the tissue antioxidant 
 levels. In addition, nebulized SCN− decreased inflammation, cytokine release, bacte-
rial load, and HOCl formation in the lungs of wild type and CF mice infected with 
Pseudomonas aeruginosa {Chandler, 2015 [32]; Chandler, 2013 [33]}, supporting 
the hypothesis that SCN− acts as a protective molecule, by both boosting host defense 
and decreasing tissue injury and inflammation. Supplementation with SCN− has also 
been shown to be protective toward the context of atherosclerosis, with human MPO 
transgenic atherosclerosis-prone mice supplemented with SCN− showing a reduced 
extent of lesion formation [34]. Further studies are warranted to determine the mech-
anisms involved, and whether SCN− can reduce the extent of MPO-induced tissue 
damage in these disease models, as in human studies, serum levels of SCN− in smok-
ers correlate with higher macrophage foam cell populations [122] and fatty streak 
formation [123], though these studies were performed in smokers, where other detri-
mental pathways may be a confounding factor.
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WHAT IS REDOX SIGNALING?

Cells use a considerable amount of energy to maintain an internal reducing environ-
ment. They synthesize proteins that can scavenge oxidants, chelate redox-active met-
als and repair oxidatively damaged lipids, proteins, and nucleic acids. Low molecular 
mass compounds are imported or synthesized to supply electrons to oxidized biomol-
ecules. The complex antioxidant networks are highly coordinated, enabling removal 
of various oxidants and redox-active compounds, and any intermediates generated 
during the detoxification of an oxidizing species. Increased oxidative stress initi-
ates a rapid response in cells, with alterations in antioxidant protein expression and 
diversion of more metabolic energy into reductive processes. The accumulation of 
 oxidatively damaged biomolecules can be a signal to bolster antioxidant defenses, 
but more importantly, cells appear able to respond to subtle disturbances in homeo-
stasis before damage occurs. This ability to sense and respond to increased oxidant 
levels is one form of redox signaling.

Inducible antioxidant defenses are likely to have evolved in the earliest life 
forms, protecting sensitive intracellular constituents as oxygen levels increased 
in the atmosphere [1]. Infact, it is hypothesized that these organisms had to cope 
with hydrogen peroxide, generated by the irradiation of water, prior to the evolution 
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of photosynthesis and rise of atmospheric oxygen [2]. In addition to upregulating 
defenses, unicellular organisms respond to increased levels of hydrogen peroxide 
by migrating away from the source [3]. Mammalian cells are mostly sheltered from 
environmental extremes faced by unicellular organisms and plants, but they have 
maintained the ability to respond to hydrogen peroxide. Their major exposure comes 
from within, in particular, from metabolic processes that occur in peroxisomes, mito-
chondria, and endoplasmic reticulum. The constant production of hydrogen peroxide 
in cells is estimated to result in steady state levels in the low nanomolar range [4]. 
This will increase under various pathological conditions associated with oxidative 
stress, including ischemia-reperfusion, mitochondrial dysfunction, protein aggregate 
accumulation, and inflammation.

Phagocytic white blood cells are a major source of hydrogen peroxide during 
inflammation. The most abundant phagocyte is the neutrophil, which ingests patho-
gens into an intracellular compartment called a phagosome. The process of phago-
cytosis triggers an oxidative burst to assist in the destruction of the pathogen, but 
other soluble stimuli can also induce oxidant production [5]. Initiation of the oxi-
dative burst involves the rapid assembly of an NADPH oxidase complex (NOX) 
that reduces oxygen in a one-electron reaction to generate superoxide. Neutrophil 
myeloperoxidase dismutates superoxide then uses the resulting hydrogen peroxide 
to generate the microbicidal oxidant hypochlorous acid. Although oxidant genera-
tion is predominantly contained within intracellular phagosomes, oxidants such as 
hydrogen peroxide can diffuse to neighboring cells [6]. While first discovered in 
phagocytes, a family of NOX enzymes was subsequently detected in nonphagocytic 
white blood cells and then in a variety of other cell types [7]. Expression is lower 
than in neutrophils, and NOX activity can either be constitutive or require activation 
by extracellular stimuli. This leads to an obvious question: Why do nonphagocytic 
cells intentionally generate superoxide and hydrogen peroxide?

The answer that has emerged over several years is that hydrogen peroxide acts as 
a signaling molecule—a second messenger generated in response to the activation 
of receptor-mediated signaling pathways that assists in transmitting or modulating 
signals through post-translational modification of redox-sensitive proteins (Figure 
14.1). Redox signaling involving controlled or intentional oxidant generation is 
likely to have adapted the same processes that enable cells to respond to environ-
mental oxidative stress. This chapter provides a general overview of these signaling 
processes, and identifies unresolved questions regarding the mechanisms and bio-
logical significance of redox signaling.

HOW DOES REDOX SIGNALING OCCUR?

Various growth factors, hormones, inflammatory mediators, and death receptor 
ligands are reported to increase NOX activity in cells, with the resultant hydrogen 
peroxide proposed to regulate many aspects of cell function ranging from prolif-
eration and differentiation to cell death [8–10]. Hydrogen peroxide diffusing from 
mitochondria is also considered to play a signaling role, though the physiological 
triggers that lead to increased generation and/or release to the cytosol are not as well 
defined [11].
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There are two important features of NOX activity that are sometimes overlooked. 
First, electrons from cytosolic NADPH are transferred to oxygen on the opposite side 
of the membrane. Second, the primary product of several NOX family members is 
superoxide, which then dismutates to hydrogen peroxide [7]. NOX assembly com-
monly occurs at the plasma membrane, with oxidant generation occurring outside the 
cells, but in some cases it occurs at the endoplasmic reticulum or endosomes [12]. 
Extracellular generation contrasts with typical intracellular second messenger sys-
tems such as cyclic nucleotides, phospholipid metabolites, and calcium. Hydrogen 
peroxide can, therefore, influence both the cell that generated it and neighboring 
cells. Extracellular hydrogen peroxide has to transport across the plasma membrane 
before being consumed in a cell, resulting in a concentration gradient. The controlled 
uptake of hydrogen peroxide via membrane-spanning aquaporins is proposed to reg-
ulate uptake by specific cells [13], and may influence their sensitivity to hydrogen 
peroxide. Aquaporins may also help to channel hydrogen peroxide to specific regions 
of the cells and even specific targets. Superoxide may play a direct role in signaling 
[14], though it does have limited membrane permeability. However, hydrogen perox-
ide levels could be controlled by the routing of superoxide away from dismutation, 
for example, reaction with other radicals such as nitric oxide.

Transmission of a redox signal requires reaction of hydrogen peroxide with spe-
cific target proteins. In the context of signaling, the sulfhydryl group of cysteine resi-
dues is the most studied target of hydrogen peroxide. Cysteine is a strong biological 
nucleophile, and in addition to its role in oxidoreductase enzymes, it is utilized at the 
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FIGURE 14.1 Redox signaling by hydrogen peroxide derived from NOX activation or mito-
chondria. Protein-S− represents a reduced cysteine residue in a target protein, and Protein-S-
Oxid represents the various reversible oxidation products that can be formed upon reaction 
with hydrogen peroxide, including sulfenic acid, intra- and intermolecular disulfides, and 
glutathionylated cysteine.
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active site of hydrolases, for example, cysteine proteases, and phosphate and methyl 
transferases, for example, tyrosine phosphatases. The reactive moiety is the thio-
late anion. Its nucleophilicity at physiological pH is increased by positively charged 
residues in the active site that lower the pKa of cysteine from 8.5 to below 5 [15]. 
Cysteine is also used to chelate metals, such as iron and zinc in some respiratory 
chain complexes and transcription factors. Disulfide bonds play an important func-
tion in protein structure. With such a prominent role, post-translational oxidation 
and reduction of cysteine provides a means for the dynamic regulation of protein 
structure and function. Redox proteomics technology has revealed many proteins 
that undergo reversible oxidative modification upon exposure of cells to low levels of 
oxidants, or physiological and pathological increases in oxidant generation [16–18]. 
Lists include kinases, phosphatases, transcription factors, metabolic enzymes, and 
cytoskeletal and membrane proteins, thereby confirming the potential for redox sig-
nals to influence most major aspects of cell function.

It is important to mention, that while thiol proteomics methodology has domi-
nated redox signaling cysteine-independent targets have typically been ignored. 
Methionine oxidation is known to influence protein function, and while selective 
oxidation has been reported in a physiological signaling pathway [19], sensitive 
labeling techniques have not been developed for global screening. The metal cen-
ters of the serine–threonine phosphatase PP1 are known to be sensitive to NOX-
dependent inactivation [20]. Also, the reactivity of heme peroxidases with hydrogen 
peroxide means they have the potential to contribute to redox signaling, but there are 
no reported examples.

Why are the cysteines in some proteins oxidized during signaling, but not others? One 
possibility is a thermodynamic hierarchy based on the redox potential of the relevant cys-
teine residues. A problem with this scenario is that the thiol exchange reactions involved 
in establishing such equilibriums are slow, making them ineffective at responding to 
transient increases in hydrogen peroxide. These reactions will play an important role in 
the establishment and return to homeostasis following oxidant exposure. The signaling 
events themselves, however, appear to rely on a small subset of cysteines having the 
appropriate kinetic properties to react rapidly with hydrogen peroxide.

When the cellular proteins that become oxidized in cellular models are closely 
examined, some of these proteins are relatively unreactive with hydrogen perox-
ide. This issue was best illustrated in competition analyses performed by Christine 
Winterbourn. She demonstrated that the vast majority of hydrogen peroxide enter-
ing cells will react with an abundant family of thiol peroxidases called peroxire-
doxins [15,21,22]. These proteins, which constitute up to 1% of cellular protein, 
have an active site peroxidatic cysteine that reacts with hydrogen peroxide at 106 to 
107 M−1 s−1. This compares to lower abundance target proteins such as tyrosine phos-
phatases whose low pKa cysteines have rate constants of up to 102 M−1 s−1. It is 
important to note that this modeling assumes that the peroxiredoxins are in their 
reduced form. Oxidized peroxiredoxins are recycled by the thioredoxin system, and 
to some extent by glutaredoxin [23]. Since this recycling is slower than the initial 
oxidation step, at times of increased hydrogen peroxide oxidized peroxiredoxins will 
accumulate and won’t be available to react with hydrogen peroxide. Even so, other 
reactive targets of the hydrogen peroxide, in particular the glutathione peroxidases 
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and catalase, will account for much of the hydrogen peroxide. It seems that direct 
oxidation of phosphatases and other weakly reactive proteins is unlikely without 
some form of facilitation.

One simple explanation for the oxidation of low-reactivity thiols is that the rate 
constants derived from in vitro studies are significantly different from reactivity 
inside a cell. Interactions with other biomolecules could increase reactivity, enabling 
direct oxidation of sensitized target proteins. The peroxiredoxins have a special-
ized active site in which hydrogen bonding with conserved active site residues sta-
bilizes the transition state intermediate, lowering the activation energy required to 
break the O–O bond [24,25]. Such a structure might be replicated through in situ 
protein- protein interactions. Another possibility is that only a very small fraction of 
the hydrogen peroxide generated as a signal actually reaches the appropriate target 
protein, and by extension, only a small fraction of the target protein would be modi-
fied. For this scenario to be biologically relevant there would have to be a “gain-in-
function” for the target protein. If, for example, only a small proportion of cellular 
tyrosine phosphatases were inhibited, then it would be unlikely to have a significant 
impact on protein phosphorylation following addition of a growth factor.

Site-specific effects have been invoked as an alternate explanation for the selectiv-
ity observed during redox signaling. It is proposed that proteins closest to the site of 
hydrogen peroxide generation (or entry into the cell) are more likely to be directly 
oxidized. Indeed, NOXs have been reported to be colocalized with targets [26,27]. 
A variation on this theme hypothesizes that the peroxiredoxins, as major consumers 
of hydrogen peroxide, are inhibited within specific regions, enabling local hydro-
gen peroxide levels to increase and oxidize the less reactive targets. Two specific 
mechanisms of peroxiredoxin inactivation have been characterized: hyperoxidation 
of the active site cysteine by increased concentrations of hydrogen peroxide, which 
will completely inactivate peroxiredoxin activity [28], and phosphorylation of per-
oxiredoxins that decreases catalytic activity [29]. An alternate mechanism would be 
accumulation of the reversibly oxidized peroxiredoxin. These modifications have 
only been observed in a small fraction of cellular peroxiredoxins during signaling, 
which is consistent with it being restricted to specific regions, but there are still issues 
relating to the capacity of hydrogen peroxide to diffuse from these regions. Indeed, 
mathematical modeling indicates that local hydrogen peroxide concentrations would 
still not be high enough for direct oxidation of less reactive thiol proteins [30].

An alternate mechanism is emerging in which oxidation of target proteins occurs 
via thiol exchange reactions termed redox relays. In the most common scenario, 
the target protein interacts with a peroxiredoxin (or similarly reactive thiol per-
oxidase) that has been oxidized by hydrogen peroxide, forming a mixed disulfide 
with either the sulfenic acid formed at the peroxidatic cysteine of the peroxire-
doxin (Figure 14.2), or via exchange with the disulfide formed between peroxi-
datic and resolving cysteines. These mechanisms were first discovered in yeast, and 
more recently examples have been reported in mammalian cells [31–33]. Relays 
are attractive because the sensing element is provided by proteins specialized in 
reacting with peroxide, and their physical interaction with target proteins provides 
an important layer of selectivity. These protein interactions could vary in different 
cell types or at different stages of the cell cycle, thereby altering the response of 
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cells to hydrogen peroxide. The peroxiredoxins form complex oligomeric struc-
tures, including decameric or dodecameric rings that can stack upon each other, 
and are influenced by the redox state of the peroxiredoxin [34,35]. This is far more 
complex than required to consume hydrogen peroxide and supports a mechanism 
whereby peroxiredoxins channel the oxidizing equivalents from hydrogen peroxide 
into established signaling pathways. While an attractive hypothesis, it is too soon 
to know how widespread such a redox signaling mechanism is. The model makes 
a valuable prediction though; the oxidation of target proteins and subsequent sig-
naling will be inhibited by removal of the peroxiredoxins, rather than increased as 
would be predicted by a competition model.

HOW IMPORTANT IS REDOX SIGNALING?

It is well established that cells respond to oxidative stress by increasing expression 
of their antioxidant defense systems. This can be mediated by the oxidation of tran-
scription factors, some of which may be reactive enough to be directly oxidized, 
for example, bacterial OxyR [36], while others involve facilitated oxidation by per-
oxidases, for example, yeast Yap1 [37]. The activity of other transcription factors is 
influenced by the redox status of associated regulatory proteins, for example, mam-
malian Nrf2, which is regulated by the KEAP1 protein with reactive cysteines that 
respond to various oxidants and electrophiles [38]. Experiments in which the redox-
sensitive residues are mutated clearly highlight these adaptive systems.

The biological relevance of controlled hydrogen peroxide production following 
receptor activation has proven more difficult to characterize. The first challenge has 
been detecting and quantifying the small changes in hydrogen peroxide production 
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in these models. Chemical probes that fluoresce upon oxidation have been commonly 
used, but interpretation of results can be difficult [39]. In most cases these probes are 
not directly oxidized by hydrogen peroxide, and instead require a catalyst. Several 
intermediates can be generated during oxidation, and any changes in cells that impact 
on catalyst and intermediate levels will alter fluorescence independent of hydrogen 
peroxide levels. One of the probes most susceptible to artifacts is dichlorofluorescein 
[40], but this hasn’t prevented it from also being the most widely used. Several new 
generation probes are emerging, including protein-based redox sensors, that will be 
much more valuable, particularly those that provide information on cell localization 
[41]. The peroxiredoxins themselves have been used as markers of oxidative stress, 
but in signaling models it can be difficult to observe global accumulation of oxidized 
forms without inhibition of reduction pathways [42].

Detection of redox changes provides evidence that a stimulus could be using oxi-
dation as part of a signal transduction event, but does not reveal its importance. This 
requires the ability to specifically inhibit target oxidation and measure the conse-
quences. It is extremely unlikely that hydrogen peroxide scavengers can be intro-
duced in sufficient amounts to impact on redox signaling pathways. The one possible 
exception is catalase overexpression, which can effectively compete with the perox-
iredoxins, and has been reported to have an inhibitory effect in some models [43]. 
One of the most used compounds in the redox signaling field is N-acetylcysteine 
(NAC). NAC is commonly described as a ROS scavenger, yet its reaction with hydro-
gen peroxide, the “ROS” usually invoked in the context of signaling, is slow and 
unlikely to be physiologically relevant. NAC increases intracellular glutathione con-
centrations, and is more likely to interfere with DCF oxidation through scavenging 
intermediate radicals rather than impacting on hydrogen peroxide levels. At the mil-
limolar levels used in cell studies, NAC can reduce disulfides on extracellular recep-
tors, which could explain inhibitory effects on signaling [44].

More direct effects have been observed by the use of NOX-knockout cells [20], 
and this approach should be employed in a broader range of signaling models. NOX 
inhibitors provide another useful experimental tool, but specificity is important. 
Earlier studies using the general flavoprotein inhibitor diphenyleneiodonium (DPI) 
need to be interpreted cautiously. To best unravel the biological relevance of redox 
signaling, it will be important to specifically disrupt the signaling event. This could 
be achieved by mutating relevant cysteines in the target protein to protect them from 
oxidation, as long as the cysteine is not critical for cell function. Alternatively, if sig-
naling occurs through a relay mechanism, it may be feasible to uncouple the relay by 
introducing mutations that block protein–protein interactions. New approaches such 
as these are required to determine exactly which biological processes are influenced 
by redox signals.

A more detailed understanding of redox signaling mechanisms will bring with 
it the potential for practical applications. Oxidative stress is commonly linked to 
human disease through its ability to damage and kill cells. The effect of patho-
logical oxidative stress on redox-sensitive signaling pathways is less well under-
stood. These signaling pathways are fine-tuned to respond to small disturbances in 
redox homeostasis, and it is not clear what happens following acute stress such as 



360 Hydrogen Peroxide Metabolism in Health and Disease

ischemia/reperfusion injury or exposure to oxidants from neutrophils and their 
released peroxidases, or from more chronic oxidative stress such as accumulation of 
protein aggregates or dysfunctional mitochondria. Under increased oxidative stress 
are these pathways constantly stimulated, or is there a compensatory increase in thiol 
reductants making the pathways less responsive to stimulation? Are there significant 
changes to redox signaling networks in cancer cells, and can they be targeted for 
therapeutic purposes? How do these signaling pathways change during aging? These 
questions warrant detailed investigation.

To date, antioxidant therapies have been largely ineffective in treating disease. 
One of the key challenges is delivering sufficient amounts of scavengers to a site to 
protect other biomolecules. An alternate would be to limit excess generation in the 
first place, but this is challenging when the processes responsible have important 
physiological roles. If, as predicted here, redox signaling pathways are dependent on 
protein–protein interactions for selectivity and signal transduction, then this opens 
up a new approach for combating oxidative stress—the selective uncoupling of spe-
cific pathways with compounds that interfere with protein interactions. Such strate-
gies should be explored now, not so much as therapeutic agents, but as experimental 
tools to provide crucial insight into the biochemical mechanisms and physiological 
significance of redox signaling.

SUMMARY

Redox signaling pathways enable cells to respond to oxidative stress, and to oxidants 
such as hydrogen peroxide that are generated in a controlled manner in cells to acti-
vate or modulate signal transduction pathways. In the best characterized systems, 
signal transmission occurs via transient oxidation of specific cysteine residues in reg-
ulatory proteins, including kinases, phosphatases, and transcription factors. A major 
issue in the field is to understand how selective oxidation occurs in cells, particularly 
when many of the target proteins are not reactive enough for direct oxidation to occur. 
Evidence is emerging that oxidizing equivalents can be channeled to specific targets 
through controlled protein–protein interactions termed redox relays. Disruption of 
these relays would provide a valuable tool to assess the importance of redox signaling 
in various biological processes. It is not clear exactly what impact pathological oxida-
tive stress has on redox signaling pathways, but relay disruption may provide a novel 
approach for protecting cells from oxidative stress.
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INTRODUCTION

The senior author of this chapter remembers vividly the intense discussions with 
Christine Winterbourn in two Gordon Research Conferences on Thiol signaling. In 
the first one, Christine commented with skepticism on our data indicating that—at 
 concentrations lower than 100 μM—exogenous H2O2 needs AQP8 to gain access into 
HeLa cells. Considering her knowledge and experience, my team and I were quite 
worried. Much happier were we two years later, when Christine accepted the role of 
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AQP8, maintaining however that membrane permeability to H2O2 was a controver-
sial issue. We are now firmly convinced that peroxiporins regulate H2O2 transport and 
hence redox signaling, and hope that Christine’s remaining doubts will disappear upon 
reading this chapter, which is warmly dedicated to her.

TRANSPORT OF H2O2 IS FACILITATED BY AQUAPORINS

ROS ARe eSSentiAl fOR SignAling, but they CAn Kill

The term reactive oxygen species (ROS) groups a number of chemically reactive 
molecules and radicals (O2

−, H2O2, OH−) derived from the incomplete reduction of 
molecular oxygen. They most likely appeared on Earth together with the first oxy-
gen molecules, about 2.5 billion years ago, matching the appearance of complex life 
forms [1]. In conditions of rising free oxygen concentration, organisms switched to 
a more efficient metabolism allowing the evolution of a huge diversity of forms of 
life. Not surprisingly, therefore, ROS were originally considered the toxic payback 
of sustaining an aerobic metabolism, to be swiftly removed for limiting the damage 
caused by hyperoxidation of macromolecular cell components [2]. However, recent 
studies revealed that ROS are used as key signal transduction molecules in most 
multicellular organisms [3,4], mainly via interacting with cysteine (cys) residues 
within target proteins and yielding a dynamic regulation based in either “on–off” or 
rheostatic sulfur switches [5]. These redox-mediated protein modifications modu-
late transcription, phosphorylation, and other important signaling events, and/or 
alter metabolic fluxes and reactions, playing an essential role in diverse physiologi-
cal processes, including life–death decisions [3]. Moreover, a basal level of ROS 
seems to be required to support life (reviewed in [6]), highlighting the new view of 
ROS as being beneficial.

Owing to their Janus-like nature, ROS have traditionally been considered the 
double-edged sword of signaling (Figure 15.1). Cells maintain redox homeostasis 
by keeping a fine balance between their generation, diffusion, and scavenging via 
antioxidant systems, and removing oxidized cellular components via proteasomes 
and/or autophagy. However, if ROS pass a toxic threshold, they can overwhelm the 
antioxidant capacity of the cell, causing oxidative stress and cell death. The integra-
tion of all these different ROS-dependent reactions/signals determines the overall 
response of the cell to a particular stimulus.

h2O2 AS SignAling MOleCule

A crucial feature of any signal is specificity. Thus, most free radical species of ROS 
do not fulfill the criteria necessary for signal transduction. Until recently, the reaction 
kinetics of ROS with their potential targets, in competition with the enzymes that 
remove them, has been given insufficient consideration. For instance, superoxide/
O2

−, which can initiate a chain reaction, has a low oxidation rate constant—likely 
below 103 M−1 s−1 at pH 7.4 [7]—that would appear insignificant in biological sys-
tems in comparison to the rate constants for cytosolic and mitochondrial superoxide 
dismutases (>109 M−1 s−1; [8]). On the other hand, hydroxyl radicals/HO have no 
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specificity as they react with almost any organic molecule with rate constants near 
the limit of diffusion. Remarkably, sequential univalent electron transfer occurs with 
many proteins that generate superoxide/O2

− within living cells, so that H2O2 is a 
common product of these reactions [9,10]. Moreover, reaction of oxygen radicals 
with scavenger molecules often results in their efficient conversion to H2O2 result-
ing in substantial generation of this molecule. But what really qualifies H2O2 as a 
versatile second messenger is (1) its rapid enzymatic generation in response to extra-
cellular stimuli (2) its easy removal by numerous antioxidant cellular systems, and 
(3) its chemistry, that provides substrate specificity for thiol oxidation. Four oxida-
tion states of cysteine can be generated upon H2O2 production. These are disulfides 
(-S-S-), sulfenic acid (–SOH), sulfinic acid (–SO2H), and sulfonic acid (–SO3H). 
While the latter is irreversible under physiological conditions [11], SO2H species 
can be reduced by sulfiredoxin-1 (Srx1) in an ATP-dependent reaction [12]. Most 
importantly, reversible oxidation of thiols to disulfides or sulfenic acid residues 
can control biological functions in two nonmutually exclusive ways: by chemically 
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signal molecule or as a stressor. Various stresses have been shown to inhibit AQP-mediated 
transport of H2O2, either by the internalization into vesicles or by a yet biochemically not 
identified posttranslational modification.
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altering active site cysteines, as in the case of tyrosine phosphatases, or by altering 
supramolecular interactions, as in the case of PKCs (reviewed [13,14]). Concerning 
the specificity of H2O2, a cysteine residue is a good target only if deprotonated into its 
thiolate anion form (–S−). Most cysteine residues in proteins have a pKa value of 8.5, 
which makes them unable to become anions at physiological pH values. However, 
if the cysteine residue is located in the vicinity of a positively charged amino acid, 
frequently an arginine, its lower pKa makes it a target for the oxidizing action of 
H2O2 [15]. Thus, the accessibility of deprotonated cysteine(s) dictates the specificity 
of H2O2 as second messenger.

COMpARtMentAlized h2O2 SignAling

An important feature of H2O2-driven signaling is its potential to site-localize oxida-
tion in restricted zones of the cell, allowing spatially and temporally controlled signal 
transmission. Four main pathways generate H2O2 in living cells:

 1. Oxidative phosphorylation in mitochondria
 2. Electron transport chain in chloroplasts
 3. Oxidative protein folding in the endoplasmic reticulum (ER)
 4. NADPH oxidases (NOX), peroxidases, oxalate and amine oxidases residing 

in the plasma or endoplasmic reticulum (ER) membranes [16] (Figure 15.1)

In all cases, H2O2 must cross a membrane to reach its cytosolic targets. This char-
acteristic can confer specificity to the redox signaling circuitry, ensuring physical 
insulation and kinetic control of ROS accumulation, and limit cell damage in case of 
dysregulation, assuming that biological membranes be impermeable to H2O2 [17].

Importantly, increasing evidence suggests that redox signaling and its control sys-
tems are specialized to organelle function; indeed, optimization of redox environments 
may have been an important component of evolution coupling chemistry and biologi-
cal function in each compartment and at each stage of cellular life. In that sense, dif-
ferences in H2O2 concentrations between compartments within a cellular system or 
between cells have been described for Escherichia coli [18], Saccharomyces cerevisiae 
[19,20], mammalian cell lines [21–23] (and references therein), and in plants [24]. 
Such chemical gradients could be built up due to differences in membrane lipid perme-
ability and different H2O2 detoxification machineries within the cells or compartments. 
To make H2O2 a specific, rapid, and highly reactive signaling molecule and render its 
transport performance independent from slowly modifiable membrane compositions 
or enzyme activities, a facilitated diffusion via transport proteins would suit the physi-
ological requirements for sufficiently rapid changes of transport processes and site-
localized oxidation of protein targets. Cumulative evidence suggests that membrane 
diffusion of H2O2 is indeed facilitated by membrane proteins, namely by members of 
Major Intrinsic Proteins (MIPs) channel protein family, often referred to as aquaporins 
(AQPs) (Figure 15.1). AQPs have not only been shown to facilitate the transmembrane 
diffusion of H2O2, but are also physiologically important for the transmembrane trans-
port regulation of both the essential H2O2 signaling molecule and the detrimental H2O2 
reactive oxygen species [25] (Table 15.1).



369Regulation of H2O2 Transport across Cell Membranes

AquApORinS

AQPs are membrane channel proteins consisting of six transmembrane helices con-
nected by five loops and two termini extending into the cytosol. Two loops contain the 
conserved asparagine-proline-alanine (NPA) signature sequence or variants thereof. 
AQPs have a molecular weight between 20 and 40 kDa and assemble as tetramers 
within biological membranes [26]. Each channel within a tetramer is functional, and 
contains a narrow hydrophilic pathway with selectivity features generally excluding 
charged ions as well as large and bulky solutes, but permeable to water, glycerol, 
hydroxylated metalloid acids, urea, ammonia, carbon dioxide, lactic acid, acetic acid, 
nitric acid, and H2O2 [26]. In 1992, the laboratory of Peter Agre demonstrated that 
AQP1 from red blood cells, named CHIP28 at that time, is a functional water channel 
[27]. This study was a breakthrough in the description of single AQP isoforms. Due 
to the physiological significance of MIP protein family members in water transport 
processes, consistently described in the early MIP-characterizing studies, these pro-
teins were designated as “water channels” or “aquaporins.”

Peter Agre was awarded the Nobel Prize in 2003 for the discovery that AQPs rep-
resent physiologically important water channels. In the following years, the diversity 
and phylogeny of AQPs was elucidated [28], crystal structures for some members 

TABLE 15.1
Functions of Aquaporins in H2O2-Mediated Transmembrane Signal 
Transduction Pathways

Signal Transduction Pathway—
Physiological Mechanism in Which 
an Aquaporin Is Involved Aquaporin

Site of Signal Action (Cell 
Type and/or Organism) Reference

EGF-induced tyrosine kinase signaling

AQP8

HeLa cells [58]

NOX2 in B cell activation and 
differentiation

Normal and neoplastic B 
lymphocytes

[59]

NOX-, VEGF- AKT-dependent 
signaling pathways

Human acute leukemia cells [53]

ROS detoxification Murine mitochondria [66]

ROS detoxification Sperm mitochondria (seabream) [69]

Cell survival and stress resistance HeLa cells [25]

EGF- AKT kinase-mediated signal 
transduction

AQP3

Human HEK293 cells [50]

Actin polymerization T-lymphocyte 
migration

Murine and human T cells [79]

CXCL12-induced AKT-mediated cell 
migration

Human breast cancer cell lines [52]

Pathogen defense signal transduction Colonic epithelial cells [55]

NF-kB-dependent psoriasis progression Murine and human keratinocytes [56]

Bleomycin-induced scleroderma Murine fibroblasts [57]

Pathogen defense signal transduction AtPIP1;4 Arabidopsis leaf cells [77]
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of the family were revealed [29,30] (and references therein), and questions such as 
subcellular localization of AQPs, their spatial and temporal expression patterns and 
regulation addressed [31]. In the last decade, knowledge about the importance of 
individual residues for pore selectivity, transport capacity, gating, and posttransla-
tional modifications has blossomed [32], and consequences of posttranslational 
modifications and heteromerization (in plant AQPs) on the functional and trafficking 
regulation have been shown [31,33,34].

Long before the discovery of AQPs, the existence of proteins facilitating the 
transmembrane transport of water was speculated by various researchers [35,36] and 
reviewed by Finkelstein [37], based on experimental observations. Stein and Danielli 
postulated as early as in 1956 that facilitated diffusion through the cell plasma mem-
brane takes place “through a hydrogen-bonding stereochemically specific membrane 
component which extends through the thickness of the membrane.” The existence 
of “water channels” became obvious as the activation energy for the water passage 
through biological membranes was calculated much lower as for phospholipid-only 
bilayers. Moreover, permeability for water differed greatly between different cell 
types with similar membrane compositions. Furthermore, for a given cell type, mem-
brane permeability varied in response to treatments with diuretic, antidiuretic, and 
mercury-containing agents. These chemicals, however, did not share the same inhibi-
tory effect on water transport across synthetic membranes [38].

Interestingly, as it was just described for water, biophysical measurements and 
various experimental results suggested that (1) membranes are not freely perme-
able to H2O2 (though the permeability is quite high), (2) membrane permeability to 
H2O2 varies greatly between different cell types or in a time-dependent fashion, and 
(3) H2O2 membrane permeability is inhibited by AQP blockers (reviewed in [39,40]).

Despite these experimental indications that proteinaceous H2O2 transport facili-
tators exist, most likely AQPs, and in spite of the fact that several metabolic and 
signaling pathways require tight and fast regulation of the H2O2 membrane perme-
ability to gain physiological effectiveness, the general assumption was that H2O2 
crosses membranes via nonfacilitated diffusion, as it was assumed for water for a 
long time.

The presence of efficient H2O2 decomposing enzymes and molecules in living 
cells and the lack of robust assays to quantify and visualize H2O2 hampered many 
attempts to monitor its fluxes. In fact, it is a general problem to experimentally sepa-
rate membrane permeation from reaction flows when the compound is highly reac-
tive, takes part in chemical reactions, is rapidly decomposed, and has therewith a 
short half-life. Additionally, specific probes for H2O2 such as dyes or tracers were 
unavailable.

“peROxipORin hypOtheSiS” Of henzleR And Steudle

Nonetheless, like Danielli and Stein did for water, Henzler and Steudle hypothe-
sized that “some of the water channels in Chara (and, perhaps, in other species) 
serve as peroxiporins rather than as aquaporins” [41]. Henzler and Steudle devel-
oped a mathematical model to describe H2O2 permeation through cell membranes 
taking the enzymatic decomposition into account. The model delivered a series of 
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predictions, which were addressed experimentally using the algae Chara corallina. 
Comparing the permeability and reflection coefficients of water and H2O2 the authors 
suggested that H2O2 partly uses the same pathway through membranes as water does. 
Accordingly, the AQP inhibitor mercury chloride reduced the permeability coeffi-
cient for H2O2 permeation and the subsequent treatment with 2-mercaptoethanol 
reverted the inhibitory effects of the channel blocker [41]. This behavior is typical of 
AQP-mediated processes.

Then, the progress in the discovery of AQP-mediated H2O2 transport mechanisms 
resembled that of water. The analogy is also reasoned in the similar electro-chemical 
properties of water and H2O2 that allow permeation through membranes and AQPs 
[39], despite their different chemical reactivity.

SpeCifiC AqpS fACilitAte the diffuSiOn Of h2O2 ACROSS MeMbRAneS

In 2007, one of us and his coworkers demonstrated for the first time that specific 
AQP isoforms possess permeability to H2O2 [42]. In a comprehensive screen, AQP 
isoforms from different organisms and different subfamilies with different selectivity 
filters and substrate spectra were heterologously expressed in Saccharomyces cere-
visiae mutants differing in sensitivity to exogenous H2O2. Dramatic differences in 
growth rates and cell survival were observed that nicely correlated with the amount 
of H2O2 added, the ability of the yeast strain to detoxify it, and, most importantly, the 
AQP isoform that is expressed. Most isoforms changed only slightly—if at all—the 
yeast sensitivity to H2O2 in a strain-specific manner [42]. In contrast, the expres-
sion of human AQP8 (hAQP8) and of Arabidopsis AtTIP1;1 and AtTIP1;2 signifi-
cantly decreased cell growth and survival on a medium containing low amounts of 
H2O2. The addition of silver nitrate, an AQP inhibitor, did partly rescue the growth 
of yeast expressing hAQP8 as well as AtTIP1;1 and AtTIP1;2 on medium containing 
H2O2. More operative and direct methods were then used to confirm and compare the 
transport ability of the peroxiporins identified with toxicity assays. Yeast cells were 
loaded with a ROS-sensitive dye (5-(and-6)-chloromethyl-2,7-dichlorodihydrofluo-
rescein diacetate acetyl ester [CM-H2DCFDA]) and incubated with or without H2O2 
and the kinetics of fluorescence emission changes were monitored and quantified. 
In the absence of H2O2, dye-loaded yeast cells displayed similar fluorescent levels 
independent of whether they were transformed with an empty vector or with different 
AQPs. Likewise, addition of low H2O2 amounts to yeasts expressing AQPs that did 
not significantly impact growth rates increased the fluorescent signal only slightly, 
likely reflecting uptake of H2O2 via passive diffusion. In contrast, the signal increased 
significantly in yeast cells expressing hAQP8, AtTIP1;1, and AtTIP1;2, consistent 
with facilitated uptake of H2O2 mediated by these isoforms. Accordingly, fluores-
cence increase was prevented by prior treatment of yeast cells with AQP inhibitors. 
Single cell confocal microscopy assays confirmed that the H2O2-dependent fluores-
cence significantly increased only in cells transformed with hAQP8 and AtTIP1;1. 
Altogether these experiments provided compelling evidence demonstrating an AQP-
mediated H2O2 transport [42].

Thereafter, yeast growth and survival assays in combination with H2O2 optical 
detection assays have been used to quantitatively assess whether and which AQPs are 
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permeable to H2O2 (reviewed in [43]). Various AQP isoforms from bacteria, plants, 
and mammals belonging to different AQP subfamilies have been demonstrated in the 
following to be permeable to H2O2 [43] (see Tables 15.1 and 15.2).

Additionally, the results of molecular dynamic simulations on plant (SoPIP2;1) 
and mammalian (AQP1) crystal structures further corroborated that H2O2 represents 
a substrate for AQPs, indicating that H2O2 is permeating through these channels and 
exhibits flow behaviors similar to water [44,45]. These simulations revealed that the 
calculated energy barrier for H2O2 permeation was smaller in AQP-loaded bilayers 
than in pure bilayers, further suggesting a potential role of certain AQPs in physiolog-
ical H2O2 transport processes. Moreover, experiments with AQP mutants implicated 
that water and H2O2 share similar transport routes through AQP pores [25,40,44,46], 
yielding similar results to molecular dynamic simulation studies. Detailed calcula-
tions showed that water and H2O2 have similar energy profiles and residence times 
throughout the AQP pore pathway. In contrast, H2O2 permeation via the “fifth pore” 
(the central cavity, which is formed in an AQP tetramers) was excluded, as calculated 
energy barriers for the fifth pore are either similar or even higher compared to those 
of protein-free bilayers [45].

PHYSIOLOGICAL FUNCTIONS OF MAMMALIAN 
AQPs IN H2O2 TRANSPORT

Once it was accepted that AQPs increase membrane permeability to H2O2 and the 
latter is a key signaling molecule, a number of studies in mammalian cell systems 
followed promptly to demonstrate that (1) AQPs facilitate transmembrane H2O2 
diffusion in their native expression contexts, (2) AQP-mediated H2O2 transport is 
of physiological relevance, and (3) it can be regulated. Key to the success of these 
studies was the development of H2O2–specific probes of improved specificity, faster 

TABLE 15.2
AQP Groups Demonstrated to Possess H2O2 Permeability Though 
No Physiological Signaling Function Has Been Identified Yet

Aquaporin-Group Organism Functional Assay System References

Aquaporin-group Mammal Toxicity growth assay in yeast [45,46,69]

Aquaglyceroporin-group Mammal Uptake assays in Xenopus oocytes [70]

Aquaporin-group Fungus Toxicity growth assay in yeast [80]

Aquaglyceroporin-group Microbe Toxicity growth assay in yeast [46]

Aquaglyceroporin-group Bacterium Toxicity growth assay in yeast [75]

Aquaporin-PIP2-group Plant Toxicity growth assay in yeast
Uptake assay in yeast
Molecular simulation study

[43–45,78]

Aquaporin-TIP-group Plant Toxicity growth assay in yeast
Uptake assay in yeast

[42,44,81]

Aquaporin-NIP-group Plant Toxicity growth assay in yeast [44,82]

Aquaporin-XIP-group Plant Toxicity growth assay in yeast [26]
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kinetics, and predetermined subcellular localization, of either chemical nature, as 
in the case of boronate-based fluorescent dyes [47] or genetically encoded fusion 
proteins between bacterial OxyR and a permutated fluorescent protein (HyPer and 
variants thereof) [48,49]. Using these technologies, it was possible to establish that 
AQP-mediated import of NOX-produced H2O2 has an important role amplifying 
diverse signal transduction cascades (Figure 15.2), as detailed here.

Aqp3

The first AQP demonstrated to transport H2O2 in mammalian cells was AQP3 [50]. 
AQP3-expressing human embryonic kidney 293 (HEK293) cells, which were loaded 
with chemical or genetically encoded optical H2O2 sensors, responded with a signifi-
cant higher fluorescent signal emission upon exposure to H2O2 than control cells [50]. 
Importantly, modifying AQP3 expression altered downstream intracellular H2O2 sig-
naling. Thus, knockdown of hAQP3 expression using a specific shRNA decreased 
the influx of H2O2 upon extracellular application or after epidermal growth factor 
(EGF)–stimulated production. Simultaneously, downstream serine/threonine kinase 
AKT/protein kinase B phosphorylation circuits were reduced, implying that AQP3-
mediated H2O2 import is important for intracellular redox signaling [50].
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FIGURE 15.2 Signal amplification via AQP-mediated H2O2 transport. Upon receptor activa-
tion, H2O2 is produced by a NOX enzyme, frequently NOX2 [56,59], and reaches the cytosol 
by a peroxiporin, allowing site-localized modification of target proteins.
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In the following years, AQP3, initially described as an aquaglyceroporin, became 
also the best-characterized peroxiporin and important functions were unveiled for 
its H2O2 transport activity, like the chemokine-dependent T lymphocyte migration 
during immune responses in mice [51]. CD4+ T cells derived from AQP3−/− knock-
out mice showed impaired migration during cutaneous immune reactions when 
compared to cells from control animals. The authors showed that this phenotype 
was due to deficient H2O2—rather than water—transport capacity. In their setup, 
H2O2 was presumably produced extracellularly by a NOX enzyme after activation 
by chemokine ligands and then transported back to the cytoplasm via AQP3 [51]. 
Application of exogenous H2O2 in excess allowed passive uptake via nonfacilitated 
membrane diffusion and rescued CXCL12-stimulated migration ability in AQP3−/− 
cells. Accordingly, AQP3 silencing in human T cells impaired CXCL12-induced 
actin polymerization, used as a marker for cell motility [51].

Similar to T cells, AQP3-mediated H2O2 transport was shown to be required for 
migration of two breast cancer lines. In these cells, H2O2 produced by NOX2 uses 
AQP3 to enter the cytoplasm, where it oxidizes PTEN and protein tyrosine phos-
phatase 1B (PTP1B) allowing AKT activation and directional cell migration [52]. 
As discussed later in this chapter, the same pathway is activated in leukemia cells 
in an AQP8-dependent manner [53,54]. In addition, by overexpression of AQP3 and 
CXCL12 stimulation, the authors were able to show that the expression level of AQP3 
positively correlated with cancer cell migration both in vitro and in vivo. On the other 
hand, AQP3 knockdown reduced spontaneous metastasis in orthotopic xenografts [52].

AQP3-mediated H2O2 transport is important also in colonic epithelium cells. 
These cells generate extracellular H2O2, which promotes signaling cascades 
 initiating defense mechanisms or affecting barrier function in response to injury or 
microbial pathogens. Consequently, deregulation of intestinal H2O2 levels has been 
clinically connected to the early onset of inflammatory bowel disease and colon 
cancer. In this context, it was hypothesized that intestinal H2O2 transport across 
the cell membrane depends on AQP3 [55]. Accordingly, Caco-2 colonic epithe-
lial cells expressing AQP3 accumulated detectable intracellular H2O2 significantly 
faster than AQP3-knockdown cells or cells treated with the AQP inhibitor silver 
nitrate. Upon wounding or exposure to the intestinal pathogen Citrobacter roden-
tium, colonic epithelial cells knocked down for AQP3 expression showed  defective 
H2O2-associated responses. Analogously, AQP3−/− mice showed reduced colon 
wound healing and impaired immune responses against C. rodentium  infection, 
compared to AQP3+/+ mice [55].

Also, the pathogenesis of psoriasis is promoted by AQP3-dependent H2O2 chan-
neling [56]. In AQP3−/− mice, H2O2 entry, nuclear factor-kB (NF-kB) activation, and 
IL-23-dependent disease progression are reduced. Concordantly, in TNFα-stimulated 
neonatal human and mouse keratinocytes, AQP3 allowed entry of NOX2-generated 
H2O2 molecules into the cytoplasm, where they oxidized and inactivated protein 
phosphatase 2A (PP2A) upstream of NF-kB activation [56]. Taken together, these 
data indicated that AQP3-facilitated H2O2 entry into keratinocytes is required for 
NF-kB activation and the consequent development of psoriasis.

AQP3 has been also shown to be involved in the pathogenesis of scleroderma, 
another autoimmune disease involving the skin. In a mouse model of inducible 
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scleroderma, H2O2 levels increased upon bleomycin treatment of wild type but not 
AQP3-silenced fibroblasts [57]. These results leave little doubt that AQP3-dependent 
H2O2 transport impacts signaling.

Aqp8

H2O2 Transport across the Plasma Membrane
In heterologous expression systems, AQP8 facilitates H2O2 diffusion across mem-
branes [42]. The physiological importance of AQP8 in the transduction of H2O2 
signals across the plasma membrane was demonstrated in human and murine cells 
[58,59]. Silencing or inhibiting hAQP8 in HeLa cells inhibited the activation of HyPer 
sensors after exposure to exogenous H2O2, suggesting that also AQP8 is an efficient 
peroxiporin. Moreover, hAQP8-silencing diminished EGF-induced  transient cyto-
solic H2O2 peaks, dampening downstream signaling. The presence of catalase in the 
extracellular space phenocopied AQP8 silencing, implying that H2O2 generated in 
response to EGF was produced in the outer leaflet of the plasma membrane, hence 
accessible to the scavenger and needing to cross a lipid bilayer to promote signaling 
[58]. In an independent study, it was also shown that AQP8 is essential to import 
H2O2 generated by NOX2 upon B cell receptor or TLR4 cross-linking in B cells, and 
H2O2-mediated signal amplification is necessary for B cell activation and plasma cell 
differentiation [59].

Other examples of the involvement of AQP8 in signaling cascades can be found 
in studies performed using the human acute leukemia B1647 cell line [53]. In this 
model, inhibition of different AQP isoforms caused a decline in intracellular ROS, 
independently of whether H2O2 was externally applied or endogenously produced by 
NOX. The authors ranked the contribution to the transmembrane H2O2 transport as 
AQP8 > AQP3 ≫ AQP1. When AQP8 expression was positively or negatively modu-
lated, downstream signaling was increased or decreased, respectively. Thus, AQP8-
mediated H2O2 transport affects redox signaling and leukemia cell proliferation [53]. 
The biochemical consequences of this pathway were investigated also in B1647 cells 
that constitutively produce vascular endothelial growth factor (VEGF) [53]. Using 
cysteine sulfenylation as a readout for intracellular H2O2 reactivity, AQP8 expres-
sion levels were shown to influence the VEGF-induced oxidation of target proteins. 
Interestingly, increased AQP8 levels correlated with PTEN sulfenylation and pro-
longed AKT activity [53]. Taken together, these examples show that AQP8 can fine-
tune cysteine modifications of proteins, modulating intracellular signaling pathways.

Transport across the Membranes of Organelles
H2O2 became a most intriguing matter for people interested in the biogenesis of 
secretory proteins when Jonathan Weismann and coworkers discovered that Ero1 
flavoproteins use oxygen as an electron acceptor during oxidative folding in the 
ER, thus generating abundant H2O2 in the exocytic pathway [60]. It soon became 
clear that H2O2 is produced in equimolar amounts to the number of disulfide bonds 
inserted in secretory cargoes. Considering that a single plasma cell can produce sev-
eral thousand immunoglobulins per second, each containing dozens of disulfides, it 
follows that up to 105 H2O2 molecules are generated each second in the ER, solely to 
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sustain the antibody factory. Similar figures hallmark pancreatic beta cells and other 
professional secretors. As many other ER-resident enzymes have been also shown 
to be capable of producing H2O2, and/or transfer its oxidative power onto other pro-
teins, whether and how transport of H2O2 from the ER lumen to the cytosol serves for 
physiological signaling purposes are open questions that remain to be solved [61].

Since AQP8 begins its folding schedule in the ER, it is not surprising that down-
regulation of the channel also had an impact on H2O2 transport across the membrane 
of this organelle, as shown using a HyPer probe specifically targeted to the ER lumen 
[58]. Thus, digitonin-treated HeLa cells showed a substantial reduction on ER H2O2 
import when AQP8 expression was silenced, compared to control cells. In the same 
experimental setup, no differences were detected when the entry of H2O2 into mito-
chondria was analyzed. Considering that proteins that release H2O2 inside the ER, 
that is, NOX4, are able to oxidize and modulate the activity of cytoplasmic enzymes 
such as PTP1B [62], it is conceivable that AQP8-mediated ER H2O2 channeling be 
also used to provide specificity to interorganelle redox signaling [63].

Besides the secretory pathway and plasma membrane, AQP8 has been reported to 
reside also in mitochondria [64,65], a major source of ROS in animals. Mitochondria 
isolated from HepG2 hepatoma cells in which AQP8 was silenced by a siRNA 
approach, displayed decreased H2O2 efflux ability and higher ROS levels compared 
to mitochondria from control cells. Partial permeabilization by digitonin abolished 
the differences between AQP8low and wild type mitochondria. These data were inter-
preted to suggest that a fraction of AQP8 localizes in mitochondria mediating H2O2 
release and that defective or deregulated AQP8 function may cause ROS-induced cell 
damage by opening the mitochondrial permeability transition pore [66]. However, 
independent studies in which water permeability was compared in mitochondrial 
membrane preparations from wild type versus AQP8-deficient mice argued against 
the presence of functional AQP8 in mitochondria [67]. The results were compat-
ible with a diffusion rather than a facilitated mechanism. An intriguing possibility is 
that AQP8 be present in mitochondrial-associated membranes (MAMs), ER subre-
gions that are tightly tethered to mitochondria. Facilitated H2O2 exchange between 
the two organelles could promote signaling, oxidative folding, and/or disposal by 
ER-resident scavengers, such as GPX8 [68].

Another study pointed at a role for mitochondrial AQP8b in ROS detoxification in 
spermatozoa of the marine teleost seabream [69]. As AQP8b facilitates H2O2 trans-
port when heterologously expressed in Xenopus laevis oocytes, it could also have this 
function in sperm cells. Accordingly, when sperm are exposed to hypertonic condi-
tions to mimic their release into sea water, AQP8b is rapidly phosphorylated and con-
centrates in the area occupied by the mitochondrion. The toxic effects observed under 
these hypertonic conditions were prevented by mitochondrial-targeted antioxidants. 
These results were interpreted to suggest that an AQP8-dependent facilitated efflux of 
H2O2 from mitochondria might prevent oxidative stress [69]. However, this report also 
showed that sperm mobility was arrested upon incubation with anti-AQP8 antibodies, 
a result suggesting a role for plasma membrane rather than mitochondrial AQP8.

Thus, the different subcellular localizations of AQPs and the underlying targeting 
mechanisms are relevant issues that deserve further studies. It remains to be estab-
lished how AQP8, a protein destined to reach the plasma membrane through the 
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secretory pathway, can be efficiently rerouted to mitochondria in certain cell types 
or—as interestingly if not more—within the same cell under different conditions. In 
our hands, a tagged version of human AQP8 did not localize to mitochondria upon 
overexpression (our unpublished results) and AQP8 silencing inhibited H2O2 entry 
into the ER, but not mitochondria, of semipermeabilized HeLa cells [58]. These 
results should be interpreted with caution, because appending a fluorescent tag could 
alter targeting of the chimeric AQP8, and digitonin treatment could increase mito-
chondrial permeability [66]. The development of targeted and faster H2O2 sensors 
of novel genetic tools and higher resolution imaging and cell fractionation assays 
will hopefully allow to establish under which conditions and how AQP8 (or other 
isoforms) are preferentially delivered to mitochondria or other organelles and the 
physiological consequences of interorganellar H2O2 transport.

Aqp9

A reverse genetic approach using cell model systems (CHO-K1 and HepG2 cells) 
and AQP9 knockout mice have recently implicated AQP9 as an H2O2 transporter 
in vivo. The authors hypothesized that—like AQP3 and AQP8—this channel also 
might control physiologically important transmembrane H2O2 fluxes [70].

OtheR iSOfORMS

So far, the AQP family is more easily subdivided in two groups regarding their H2O2 
channeling ability, those capable and those incapable of facilitating the transport 
of this molecule, rather than providing a ladder of decreasing efficiencies. A recent 
study however suggested that “all AQPs are bona fide H2O2 channels with increas-
ing H2O2 permeability from aquaglyceroporins via orthodox AQPs to aquaammo-
niaporins, with the latter displaying the optimal pore layout for H2O2 transport” 
[46]. Transport capacities might be masked by limits in the detection assay or other 
experimental biases. Indeed, a variety of AQP isoforms seem to possess permeability 
to H2O2 (see Table 15.2). However, the court has still to decide whether these other 
AQPs transport H2O2 at rates of physiological interest in their native context.

MODULATION OF H2O2 TRANSPORT BY AQP GATING

Considering the detrimental roles of defective and excess of H2O2, it was to be 
expected that peroxiporin activities are tightly regulated. Recent lines of evidence 
fulfill this expectation [25,71]. Thus, we showed that heat, ER, hypoxia, and other 
types of cellular stress(es) block the transport of H2O2 and water through AQP8 
(Figure 15.3). The blockade involves the generation of ROS, because transport was 
not impaired if inhibitors of ROS production (diphenyleneiodonium [DPI]) or scav-
enger molecules (N-acetyl cysteine, NAC) were present during stress induction. 
Moreover, a rapid exposure to reducing agents restored H2O and H2O2 transport, 
suggesting redox-dependent inhibitory mechanisms [25]. Using HeLa transfectants 
expressing different AQP8 mutants, we identified cysteine 53—a residue located in 
the outer part of the pore—as the main target of the stress-induced redox regulation. 
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Interestingly, a cysteine occupies a similar position in the other AQPs known to exert 
peroxiporin activity. Excitingly, the expression of the noninhibitable mutant AQP8 
C53S was advantageous for cell survival upon stress, treatment with chemotherapeu-
tic drugs or radiation [25]. In normal cells, this mechanism might postpone prolif-
eration and migration to resolution of the causes of stress. Considering that cancer 
cells frequently encounter hypoxia, starvation, or other stresses, bypassing AQP8 
gating could favor tumor progression. As to the nature of the cysteine 53 chemi-
cal modification(s) that impede transport across AQP8, only negative results are so 
far available. Neither channel internalization, a phenomenon shown to inhibit AQP2 
and AQP4 [72,73], nor formation of inter- or intramolecular disulfide bonds was 
observed [25].
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FIGURE 15.3 Regulation of signal intensity by AQP8 gating during cell stress. Cellular 
stresses exaggerate the production of intracellular ROS, ultimately H2O2, disrupting redox 
homeostasis (1). Oxidative modifications targeting cysteine 53 inhibit the AQP8-dependent 
bidirectional transport of water and H2O2 (2). Inhibitors of ROS production (DPI), or antioxi-
dants (NAC), prevent AQP8 blockade. Stress-induced AQP8 gating prevents the NOX/H2O2–
dependent amplification of growth factor–stimulated cascades (3), causing growth arrest. If 
stress persists, excess H2O2 accumulates, causing oxidative stress, macromolecular damage, 
and eventually cell death (4).
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Studies on plant cells clearly demonstrated that AtPIP2;1, an Arabidopsis thali-
ana peroxiporin, redistributed to late endosomes upon stress-induced oxidation. In 
this system, however, the internalization of many plasma membrane proteins could 
reflect bulk internalization rather than specific removal of AQP [74]. Plant Plasma 
Membrane Intrinsic Proteins (PIPs) possess highly conserved extracellular cyste-
ine residues, which are theoretically prone to oxidative modification and reactions 
[45,75,76]. It would be of great interest to establish whether also these AQP isoforms 
are subjected to redox regulation.

PHYSIOLOGICAL FUNCTIONS OF PLANT 
AQPs IN H2O2 TRANSPORT

As in mammalian cells, plant cells contain numerous signaling pathways in which 
H2O2—extracellularly produced in the apoplast—subsequently fulfills its chemical 
function in the cytoplasm. One such example is the production of H2O2 by plant 
NADPH-dependent oxidases upon contact with pathogens. This H2O2 burst can acti-
vate signaling pathways resulting in systemic acquired resistance (SAR) or patho-
gen-associated molecular pattern (PAMP) triggered responses.

Expression of AtPIP1;4, a plant peroxiporin, is induced upon infection with 
Pseudomonas syringae pv tomato concomitantly with apoplastic H2O2 production. 
Arabidopsis atpip1;4 knockout plants accumulate much less H2O2 than wild type and 
fail to promptly initiate SAR responses, thus failing to prevent bacterial pathogenic-
ity [77]. Likewise, flagellin and chitin can induce efficient PAMP and SAR responses 
via apoplastic H2O2 production only in plant cells that express AtPIP1;4 [77]. Thus, 
AtPIP1;4-mediated H2O2 diffusion across the membrane seems to be essential for 
Arabidopsis to respond to pathogens.

PIPs are essential for plant water homeostasis, playing crucial roles in uptake 
from the soil, root-to-shoot translocation, transcellular transport, maintenance of cel-
lular turgor pressure, and osmotic-driven processes [33]. Additional functions in CO2 
and H2O2 channeling have been hypothesized (reviewed in [26]).

Peroxiporin activity has been detected for several plant PIPs [44,75,78]. Dynowski 
and coworkers were the first to show that expression of plant PIP family members in 
yeast resulted in an enhanced H2O2 sensitivity and in an increased fluorescent signal 
of yeast loaded with a ROS-sensitive dye [44]. The authors further demonstrated 
that mutations that alter water transport–related gating and selectivity of PIPs also 
alter H2O2 permeability. Based on a PIP crystal structure, molecular dynamic simula-
tions were calculated to assess the flow of H2O2 through PIP channel proteins. These 
analyses showed that H2O2 passes the pore but with a slightly less favorable conduc-
tance than water [44]. These calculations further pointed at certain channel regions 
and residues as more important for efficient H2O2 passage. Perhaps not surprisingly, 
some of these coincided with regions known to be critical for H2O transport. Taken 
together, the literature suggests that PIPs regulate membrane resistance toward H2O2 
diffusion. Thus, AtPIP1;4 will most likely not remain the only plant PIP that is func-
tionally involved in transmembrane H2O2 signal transduction pathways.
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CONCLUSIONS

The findings highlighted in this essay are the tip of an iceberg underlining the key roles 
that AQPs play in all kingdoms of life in regulating H2O2 transport across membranes. 
Considering the multilevel control of their expression, localization, and activity, AQPs 
emerge as potent signal rheostats besides being pure material flow facilitators. The 
interrelationships between AQP and ROS action are hence of central interest in both 
the plant and mammalian research fields, and deserve further intensive work.
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ABBREVIATIONS

AQP Aquaporin
cys Cysteine
DPI Diphenyleneiodonium
EGF Epidermal growth factor
ER Endoplasmic reticulum
IL-23 Interleukin-23
MAM Mitochondrial-associated membrane
MIP Major intrinsic protein
NAC N-acetyl cysteine
NF-kB Nuclear factor-kB
NIP Nodulin26-like intrinsic protein
NOX NADPH oxidase(s)
PAMP Pathogen-associated molecular pattern
PIP Plasma membrane intrinsic protein
PKC Protein kinase C
PP2A Protein phosphatase 2A
PTP1B Protein tyrosine phosphatase 1B
ROS Reactive oxygen species
SAR Systemic acquired resistance
Srx1 Sulphiredoxin-1
TIP Tonoplast intrinsic protein
TLR4 Toll-like receptor 4
TNFα Tumor necrosis factor α
VEGF Vascular endothelial growth factor
XIP X-intrinsic protein
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INTRODUCTION

It is generally accepted that one major step in the initiation of cellular signaling 
pathways involves an oxidative burst, that is, a transient surge in H2O2 derived from 
NADPH oxidases, which can be activated by extracellular stimuli constituted by 
binding of growth factors to their cognate receptors. Also mitochondria can lead to 
increases in H2O2 that may trigger signaling responses. Exactly how a burst of H2O2 
can be mitigated to a distinct cellular response with altered transcriptional programs, 
ultimately resulting in a change of cellular phenotype is, however, less understood 
at the molecular level. In this chapter, the possible steps of redox control that can 
link an oxidative burst with modulations of the mammalian thioredoxin system will 
be discussed.

16
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MAMMALIAN THIOREDOXIN SYSTEM IN MODULATION 
OF CELLULAR SIGNALING PATHWAYS

The two major reductive systems in mammalian cells are the thioredoxin and gluta-
thione systems, which are generally complementary to each other in life supporting 
functions but may differ in the context of signaling [1–6]. Here we will focus on 
the thioredoxin system, which is constituted of isoenzymes of NADPH-dependent 
selenoprotein thioredoxin reductases with their primary substrates, which in turn 
modulate a large number of secondary target molecules by redox control. This sys-
tem is well known to modulate a large number of signaling pathways in the cyto-
sol, mitochondria, as well as nuclei, which has been extensively reviewed elsewhere 
[3,7–18] and shall thus not be repeated here. Hence we shall specifically discuss the 
possible molecular mechanisms of links between an oxidative burst of H2O2 and the 
modulation of cellular signaling pathways by the thioredoxin system. Before doing 
so, some of the key players of the mammalian thioredoxin system known to be linked 
to signaling pathways need to be briefly surveyed. See Figure 16.1 for a schematic 
summary and Table 16.1 for further information and key references.

Key Players of the MaMMalian thioredoxin systeM

Proteins
The whole thioredoxin system becomes NADPH dependent due to the fact that it is 
propelled by NADPH-dependent oxidoreductases, mainly cytosolic TrxR1 and mito-
chondrial TrxR2. These enzymes are selenoproteins, that is, they are dependent upon 
a catalytic selenocysteine residue that in turn requires selenium for synthesis, and 
they are furthermore subject to extensive splicing that results in diverse variants of 
each of the two enzymes that mainly differ at their N-terminal domains [13,19–22]. 
Of note in relation to signaling events is the fact that the normally cytosolic TrxR1 
can also be found in the nucleus in the form of TXNRD1_v2, where it can modulate 
the activities of several transcription factors such as the estrogen receptor isoforms 
[13,21], and in the form of TXNRD1_v3 at the cell membrane, where it colocal-
izes with membrane rafts and can promote formation of filopodia [13,23–25]. These 
splice variants of TrxR1 have not yet been examined at depth in relation to cellular 
signaling pathways, which should thus be a suitable topic for future studies.

The primary substrates of TrxR1 and TrxR2 are Trx1 and Trx2, respectively, and 
most actions of the mammalian thioredoxin system are likely to be carried out by 
the activities of these two proteins [11,13,26–30]. However, additional substrate pro-
teins for TrxR1 such as TRP14 are also likely to be important in relation to signaling 
events [31–36]. It should furthermore be noted that although major signaling aberra-
tions can be seen upon genetic deletion of TrxR1 or TrxR2 these are not necessarily 
related to effects on Trx1 or Trx2, respectively, suggesting crosstalk in redox path-
ways and indicating that specific effects on signaling depend upon more than solely 
an impairment of a general redox capacity [7,37–40].

Examples of secondary target proteins that are either requiring or being modu-
lated by Trx1, Trx2, TRP14, or other members of the thioredoxin system, and which 
in turn regulate signaling pathways, are discussed further here.
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Low Molecular Weight Compounds
The mammalian thioredoxin reductases are, in addition to their primary protein sub-
strates, also able to reduce a large number of low molecular weight substrates, as 
well as being inhibited by many compounds [9,13]. Several of these compounds 
are naturally occurring and are also known to modulate cellular signaling pathways, 
including lipoic acid [27,41,42], pyrroloquinoline quinone [43,44], other quinone 
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FIGURE 16.1 The mammalian thioredoxin system in relation to cellular signaling path-
ways. The figure schematically summarizes several levels of control whereby the mammalian 
thioredoxin system can modulate intracellular signaling pathways by redox control. Binding 
of a growth factor (GF) to its cognate receptor (GFR) typically activates NADPH-dependent 
NADPH oxidases (NOX, yellow), producing extracellular superoxide that dismutates to 
H2O2 and enters cells through aquaporins (AQP), as illustrated. This burst in H2O2 is part of 
a signaling cascade typically involving several levels of protein phosphorylation that con-
verge on a nuclear transcriptional response (green). Several steps of this signaling can be 
modulated by the mammalian thioredoxin system, either in the cytosol as propelled through 
TrxR1 (light red, with primary and secondary targets boxed), in the nucleus through a spe-
cific nuclear splice variant of TrxR1 supporting nuclear Trx1 or estrogen receptors (ERs) 
(purple, with primary and secondary targets boxed), or in the mitochondria through TrxR2 
and Trx2 (orange, with primary and secondary targets boxed). All of these factors are likely 
to modulate the outcome of signaling pathways. The exact molecular mechanisms for such 
interactions with H2O2 and other factors of cellular signaling are yet insufficiently known, 
with the overall outcome likely being dependent upon overall cellular context (red double-
pointed arrows and question marks). See the text and Table 16.1 for further information and 
citations to relevant literature.
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TABLE 16.1
Key Players of the Mammalian Thioredoxin System with Examples of Primary 
and Secondary Target Molecules Involved in Cellular Signaling Pathways

TrxR Isoform
Primary 

Substrate

Presumed 
Secondary Target 

Molecules 
Involved in 
Signaling

Effects of an Active 
Thioredoxin System on 
Signaling through the 
Primary Substrate and 

Secondary Target Molecules References

TrxR1 Trx1 Prxs (mainly 
Prx1 and Prx2)

Supports antioxidant Prx 
functions, which 
counteracts H2O2 
accumulation, but may also 
be directly involved in 
mediating signaling

[3,14,17,67,83,85,86]

Msrs (MsrA and 
MsrB)

Reduces methionine 
sulfoxide residues that may 
be involved in signaling, 
e.g., through actin and 
Mical counteraction

[75,100,101]

PTP1B Activation of PTP1B, 
inhibition of receptor linked 
phosphorylation cascades

[33]

Nitrosylated 
caspases

Either activation or 
inhibition of caspases 
through nitrosylation, 
depending upon facilitated 
denitrosylation or 
transnitrosylation reactions, 
respectively

[11,55,56,102,103]

p53 Maturation of p53 (may be 
an effect that is independent 
of Trx1)

[37,76,77,104,105]

Nrf2 Inhibition of Nrf2 (may be 
an effect that is independent 
of Trx1)

[9,106,107]

Nucleoredoxin Inhibition of Wnt signaling [81,82]

ASK1 Inhibition of ASK1 with 
prevention of JNK and p38 
activation

[15,28,62,63]

PPARγ Suppression of PPARg 
activation (may be an effect 
that is independent of Trx1)

[37]

(Continued)
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TABLE 16.1 (Continued)
Key Players of the Mammalian Thioredoxin System with Examples of Primary 
and Secondary Target Molecules Involved in Cellular Signaling Pathways

TrxR Isoform
Primary 

Substrate

Presumed 
Secondary Target 

Molecules 
Involved in 
Signaling

Effects of an Active 
Thioredoxin System on 
Signaling through the 
Primary Substrate and 

Secondary Target Molecules References

STAT3 Maintenance of STAT3 
activity, since oxidized 
Prx2 inhibits STAT3

[85,86]

TXNIP (VDUP1/
TBP2)

Endogenous protein that acts 
as a dominant inhibitor of 
Trx1 activities, also acting 
independently of Trx1

[89–91]

TRP14 PTP1B Activation of PTP1B, 
inhibition of receptor linked 
phosphorylation cascades

[33]

Dynein light 
chain LC8

Inhibition of NFκB signaling [36]

Lipoic 
acid

Insulin receptor, 
IRS-1, Akt, 
AMPK, p38, 
PTP1B

Stimulation of insulin-like 
signaling, with activation of 
Akt, AMPK and p38, and 
inhibition of PTP1B 
(molecular mechanisms 
unclear)

[41,42]

ERα and 
ERβ

AP1, SP1, p53 Presumed activation of ERα 
and ERβ βψ διρεχτ 
interaction between the 
TrxR1 splice variant 
TXNRD_2 and the estrogen 
receptors in the nucleus

[21]

TrxR2 Trx2 Prx3 Supports antioxidant Prx 
functions, which 
counteracts H2O2 
accumulation in the 
mitochondria, and may be 
more susceptible to 
inhibition than cytosolic 
Prxs

[97,98]

(Continued)
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compounds [45–47], several electrophiles [9], and different selenium metabolites 
[13,18,48–53]. If or how effects on cellular signaling pathways linked to bursts of 
H2O2 are modulated by interactions of these low molecular compounds with the thio-
redoxin system needs to be better understood.

POSTTRANSLATIONAL MODIFICATIONS 
OF SIGNALING PROTEINS THAT MAY BE AFFECTED 
BY THE MAMMALIAN THIOREDOXIN SYSTEM

Thioredoxins are known as powerful and versatile protein disulfide reductases, and 
most of their actions are indeed likely to be mediated mainly by catalytic reduc-
tion of disulfides in target proteins. This holds true for Trx-mediated reactivation of 
classical Trx substrates such as oxidized ribonucleotide reductase, peroxiredoxins, 
methionine sulfoxide reductases (where MsrB1 however forms a selenenylsulfide 
that is reduced by Trx), and many other target proteins for the thioredoxin system 
[13,16,26,30]. Additional target motif entities of Trx1, Trx2, and TRP14 that are 
likely to be involved in modulation of signaling pathways include S-nitrosylated 

TrxR Isoform
Primary 

Substrate

Presumed 
Secondary Target 

Molecules 
Involved in 
Signaling

Effects of an Active 
Thioredoxin System on 
Signaling through the 
Primary Substrate and 

Secondary Target Molecules References

Nitrosylated 
mitochondrial 
caspase-3

Activation of mitochondrial 
nitrosylated caspase-3 
resulting in either cellular 
apoptosis or promotion of 
glioma tumors

[54,56]

ASK1 
(mitochondrial)

Inhibition of mitochondria-
associated ASK1 with 
prevention of JNK and 
Bcl-2 activation

[61]

This table summarizes primary substrates of TrxR1 and TrxR2, together with examples of secondary tar-
get molecules that are involved in modulation of cellular signaling pathways. The effects of an active 
thioredoxin system on these signaling pathways are also exemplified, together with citations to relevant 
literature for further information. See Figure 16.1 for a graphical summary of these pathways. Please note 
that the list is not extensive but should be seen as selected representative illustrations. Much further infor-
mation on links between the mammalian thioredoxin system and cellular signaling pathways can be found 
in the literature. Please also note that several of these factors are also affected by the glutathione system, 
which is not covered in this chapter.

TABLE 16.1 (Continued)
Key Players of the Mammalian Thioredoxin System with Examples of Primary 
and Secondary Target Molecules Involved in Cellular Signaling Pathways
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[11,32,54–57] or persulfidated [31,58] Cys residues in target proteins, while in 
PTP1B it seems to be a sulfenylamide motif that can be reduced by Trx1 or TRP14 
[33,59,60]. When it comes to regulation of the signaling kinase ASK1, reduced Trx1 
binds to the protein in an inhibitory manner while oxidized Trx1 does not, thereby 
activating ASK1 under conditions where the active site motif of Trx1 becomes oxi-
dized [15,28,61–63]. Thus, it is not merely through its potent disulfide reduction that 
the thioredoxin system asserts modulatory roles in signaling, but also through more 
elaborate molecular mechanisms. The final outcome in signaling will depend upon 
a combination of the nature of the posttranslational modification that is targeted, 
the change in function incurred by the modification, the exact signaling role(s) of 
the target protein(s), and the overall cellular context in which such modifications 
occur. Considering the complexity of the web of signaling networks in a cell, it 
becomes obvious that although it is clear that the thioredoxin system modulates the 
H2O2-linked signaling pathways in cells, it seems almost impossible to fully predict 
the final impact on cellular phenotypes that may be the result of a particular modifi-
cation. In the next chapter we shall however briefly introduce some of the signaling 
pathways that are known to be modulated by the thioredoxin system.

SIGNALING PATHWAYS KNOWN TO BE MODULATED 
BY THE MAMMALIAN THIOREDOXIN SYSTEM

Protein PhosPhorylation CasCades

Most of the growth factor receptor-linked signaling pathways are mediated by 
 protein phosphorylation cascades, including those triggered by insulin, EGF, PDGF, 
FGF, Wnt, TGF, or TNF, such as exemplified by transmembrane receptors tyro-
sine kinases (RTKs) linked to mitogen-activated protein kinase (MAPK) pathways 
[64,65]. These pathways are also known to be redox modulated, that is, altered in 
their signaling capacities or profiles by redox-related events [66] and it is thereby 
not surprising that these pathways are also mediated by alterations in activities in 
the proteins of the thioredoxin system [36,67]. More specifically, it seems clear that 
oxidative  inactivation of PTPs should be an important step to allow for phosphoryla-
tion cascades to occur [60,68,69] and in this context the opposing PTP-activating 
capacity of the thioredoxin system will be important in the inhibition of signaling 
[33,59]. The  Trx-regulated kinase ASK1 is another important member of protein 
phosphorylation cascades as already mentioned, which is thus also inhibited by an 
active thioredoxin system.

aCtin PolyMerization

Rearrangements of actin polymerization and the cellular cytoskeleton are intimately 
linked with signaling pathways that result in an altered cellular phenotype [70]. 
Also here is redox regulation important, and the thioredoxin system is well known 
to modulate actin polymerization, either by reducing disulfides in actin or in actin-
related proteins [71–74], or by supporting Msrs that counteract modulation of actin 
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polymerization involving methionine residues that can be oxidized by the action of 
MICAL proteins [75]. Thus, not only the activities of cellular signaling pathways 
can be modulated by the thioredoxin system, but also cell shape and motility through 
direct regulation of actin polymerization.

transCriPtion faCtor regulation

All signaling pathways that alter cellular phenotypes converge upon transcription 
factors that ultimately regulate cell fate as a result of altered transcriptional pro-
grams. Also in this context is the thioredoxin system important, as it directly regu-
lates the activities of several transcription factors. Examples are many and include 
the observations that TrxR1 seems to be required for normal maturation of functional 
p53 [37,76–78] while the enzyme may also act as an important repressor of Nrf2 
activation [9] and in the form of a specific splice variant affecting estrogen receptor 
signaling in the nucleus [21]. The TrxR1 substrate TRP14 is a repressor of NFκB 
signaling [35,36], and nuclear Trx1 modulates the activities of AP1 through Ref-1 
[79], p21 through p53 [80], and Wnt/beta-catenin signaling through nucleoredoxin 
[81,82]. The thioredoxin system thereby carries out specific roles in the nuclei that 
directly affect transcriptional responses to cellular signaling pathways that may have 
been initiated at the cell membrane or in the cytosol, which in turn are also processes 
that may be modulated by the thioredoxin system, as discussed here. The complexity 
by which the thioredoxin system may affect signaling pathways is thus extensive. 
Next we shall discuss how a burst of H2O2 may be linked to these pathways.

HOW CAN A BURST IN H2O2 MODULATE 
SIGNALING PATHWAYS THROUGH INTERACTIONS 
WITH THE THIOREDOXIN SYSTEM?

Christine Winterbourn has convincingly shown that peroxidases, predominantly per-
oxiredoxins (Prxs), ought to be the first and major proteins to be oxidized upon a burst 
in H2O2, considering their high abundance in combination with their uniquely fast 
reactivity with H2O2 [14,83,84]. The question thereby becomes whether or how the 
oxidized Prxs in turn may transfer the signal to secondary target proteins, or, alterna-
tively, whether yet unknown mechanisms increase the reactivity of specific signaling 
proteins with H2O2 to supersede that of Prxs. It was recently shown by Tobias Dick 
and colleagues that oxidized Prx2 can indeed transfer oxidative equivalents to the 
transcription factor STAT3 and thereby inhibit its activity [85]. As Winterbourn and 
Hampton conclude, this may either have constituted the first example of a general 
mammalian signaling mechanism, mediating the signal of a H2O2 burst to target pro-
teins directly via Prxs, or, alternatively, a unique case, which should be a question 
that further studies need to address [86]. Moreover, it should be noted that because 
Prx2 is reactivated by Trx1, this reactivation will oxidize Trx1 and theoretically oxi-
dized Trx1 may subsequently transfer oxidizing equivalents to other target proteins 
that take part in signaling [86]. Such a phenomenon can also be detected in vitro, 
whereby Trx1 can be shown to aggregate in inactive disulfide-linked dimers upon 
reactivity with oxidized Prx1, and it can be seen in cells treated with oxidants that 
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the oxidized Trx1 dimers, which are not substrates of TrxR1, can subsequently be 
resolved by the glutaredoxin system [87]. With regard to STAT3 signaling, it is inter-
esting to note that STAT3 activity upregulates TRP14 transcription, being encoded 
by the TXNDC17 gene [88], and that thioredoxin-interacting protein (TXNIP), an 
endogenous Trx1 inhibitor [89–91], can inactivate STAT3 [92]. The example of 
STAT3 regulation by H2O2 and its modulation by the thioredoxin system, through 
several possible direct and indirect mechanisms via Prx2, Trx1, TRP14, and TXNIP, 
illustrates the intricate web of highly complex signaling pathways. Considering H2O2 
as a signaling molecule, it is important to consider the mitochondria as alternative 
and powerful sources of H2O2, which may also affect signaling events occurring 
in the cytosol and nucleus [93–96]. Interestingly, some exogenous stimuli such as 
treatment of cells with auranofin or isothiocyanates, initially oxidize Prx3, the mito-
chondrial peroxiredoxin being regenerated by mitochondrial TrxR2 and Trx2, before 
oxidation of Prx1 or Prx2 occurs [97,98]. It is clear that H2O2 is a signaling molecule 
and that the thioredoxin system, either directly or indirectly, modulates the final out-
come of H2O2-dependent signaling, but it is just as clear that the redox regulation of 
cellular signaling pathways is enormously complex.

CHALLENGES AHEAD: TO UNDERSTAND 
THE COMPLETE PICTURE

Based upon the many players of redox control and the major complexity of the 
molecular reactions that may lead from a burst of H2O2 to a final cellular response, 
as discussed and indicated in a highly simplified manner by Figure 16.1, it becomes 
challenging to ask and understand how a cell coordinates these signaling events. 
How can the seemingly simple molecular phenomena of ligand binding to a recep-
tor that results in a burst of H2O2 lead to highly divergent responses dependent upon 
cell type, cell growth conditions, and specific ligand binding, as mediated by such 
complex cellular pathways? How can these pathways be redox regulated through 
the thioredoxin system in a specific manner, allowing transfer of signals from the 
cell surface to specific transcriptional responses and beyond? One answer might be 
that protein–protein interactions and compartmentalization effects separate specific 
signaling pathways from the cellular bulk of redox events. Another possibility is 
that different cell types react differently to stimuli because of divergent profiles in 
their redox pathways and signaling molecules, in terms of what exact variants that 
are expressed and at what levels. These two broad explanations are not exclusive of 
each other and are both possible as well as likely. Indeed, between individual cells of 
a single cell culture a high heterogeneity can be seen upon single stimuli with such 
diverse redox perturbing signaling compounds as auranofin, TNFα or hypoxia [99], 
suggesting highly dynamic events and inferring that the outcome of redox signaling 
in a complete organ or tissue will be dependent upon the combined outcome of rather 
heterogenic events on the individual cell level. To fully understand how a given stim-
ulus resulting in a burst of H2O2 is mediated on the molecular level to a phenotypic 
response is still a highly challenging task. It seems clear that the thioredoxin system 
modulates these signaling pathways, but it requires many additional studies before 
the complete picture of these processes can be painted.
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THIOREDOXIN-1

Thioredoxin-1 (Trx-1) plays a major role in maintaining cellular redox balance by 
functioning as a scavenger of reactive oxygen species [1]. Its molecular weight is 12 
kDa and contains conserved cysteine residues at its active site (Cys 32 and Cys 35). 
Trx-1 functions within a thioredoxin system (Trx system), whose components in 
addition to Trx-1 are the mitochondrial isoform Trx-2, NADPH, and the thioredoxin 
reductases (TrxR) (see Arner, this book, [2]). The ubiquity of the Trx system implies 
that it can interact with a variety of targets. Peroxiredoxins are direct targets that 
function in the reduction of H2O2 and organic peroxides associated with redox sig-
naling [3]. Ribonucleotide reductase is an indirect target of the Trx system. The Trx 
system supplies precursors for the synthesis of DNA [1].

Trx-1 is present in all cells, including tumor cells, where it serves as a positive 
 regulator of cell survival [1–5]. It inhibits the apoptosis signal-regulated protein 
kinase ASK-1 [6] and regulates many redox-sensitive transcription factors [7–12]. 
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Cellular compartmentation is an essential feature of Trx-1 mediated signaling events. 
Trx-1 is found in the cytoplasm and in the nucleus. When found in the nucleus, typi-
cally by transfer from the cytoplasm by redox-mediated signaling events [13–15], it 
functions as a regulator of transcription factors [7–10].

THIOREDOXIN INTERACTING PROTEIN

Thioredoxin interacting protein (Txnip) or thioredoxin binding protein 2 (TBP-2) 
is a vitamin D3 upregulated protein [16]. Txnip is a negative regulator of Trx-1 and 
may be a suppressor of Trx-1-mediated prosurvival signaling [17]. Txnip can interact 
with Trx-1 in vitro and in vivo, binding to the reduced, but not the oxidized or mutant 
form of Trx-1, where the two redox-active cysteine residues are substituted by serine 
residues [18]. Adenovirus-mediated overexpression of Txnip decreases Trx-1 activ-
ity in rat cardiomyocytes, leading to apoptosis [19]. Downregulation of Txnip in cells 
by H2O2 or exogenous NO increases Trx-1 activity [19,20].

Txnip and the Trx system in cells under oxidative stress are subjected to tran-
scriptional regulation by microRNAs (miR). TrxRs, Trx-1, and Txnip each have 
almost 100 predicted miRs that can target their sequences, though only a few have 
been demonstrated to downregulate their mRNAs. TrxR1 and TrxR2 in non-small 
lung cancer cells are targets for miR-124 and for miR-17-3p, respectively [21,22]. 
Trx-1 is targeted by miR523-3p after exposure to ionizing radiation in several cell 
lines that are either from nontransformed or tumor-derived cells [23]. Txnip expres-
sion increases in senescent cells due to a decrease in miR-17-5p expression [24]. 
Melanoma-derived cell lines that induce expression of the miR 224/452 cluster asso-
ciated with downregulation of Txnip drive the epithelial-mesenchymal transition 
[25]. MiR-20a targets Txnip in fibroblast-like synoviocytes after adjuvant-induced 
arthritis treatment in vitro [26].

TRX-1, TXNIP, ERK 1/2 MAP KINASES, AND H2O2

Trx1 is predominantly a cytosolic protein, but can be secreted from cells in two 
forms, a full-length and a truncated form [27]. In infection and inflammation both 
forms are released extracellularly where they behave as co-cytokines and chemo-
kines [28,29].

Following challenge with H2O2 [10,15], UV irradiation [30], cis-diamine-dichlo-
roplatinum II (cisplatin) [9], or NO [14,15]. Trx-1 migrates to the nucleus where it 
can regulate the DNA binding activity of NFkB, AP-1, p53, and the glucocorticoid 
receptor (GR) by reducing critical cysteine residues. Reduction of the Cys62 in the 
DNA binding loop of the p50 subunit of NFkB by Trx-1 enhances its transcriptional 
activity [11]. Conserved cysteine residues within the DNA binding domain of Fos 
and Jun undergo reduction by Trx-1 and reducing catalyst redox-factor-1 resulting in 
transcriptional activity of AP-1 [8]. Trx-1 regulates p53 transcriptional activity via 
redox regulation of the conserved DNA binding domain containing zinc and essential 
cysteine residues [9]. Ligand binding activity of the GR in the cytosol is maintained 
by Trx-1 mediated redox regulation, which also promotes GR translocation and its 
DNA binding activity [10].
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H2O2, in a similar fashion as NO, causes the migration of cytoplasmic ERK 1/2 
MAP kinases to the nucleus. Nuclear migration of ERK 1/2 MAP kinases results in 
downregulation of Txnip expression and activation of nuclear translocation of Trx-1. 
Inhibition of the ERK1/2 MAP kinases signaling pathway or transfection of cells 
with Protein Enriched in Astrocytes (PEA-15), a cytoplasmic anchor of the ERK 1/2 
MAP kinases [31–33], results in inhibition of Trx-1 nuclear migration and down reg-
ulation of Txnip. Over expression of Txnip inhibits nuclear migration of Trx-1, while 
gene silencing of Txnip enhances nuclear migration of Trx-1, even in the absence of 
H2O2 [15].

CONCLUSION

Trx-1 and Txnip are critical to the redox regulation of cells. Regulation of the expres-
sion levels of Trx-1, Txnip, and of TrxRs by miRs is achieved under oxidative stress. 
H2O2, in a similar fashion as NO, affects nuclear migration of Trx-1. This is associ-
ated with intracellular compartmentalization and activation of ERK1/2 MAP kinases. 
The interaction of Trx-1 and Txnip coordinated by the ERK 1/2 MAP kinases is 
responsible for the nuclear migration of Trx-1 and cell survival. A general scheme 
illustrates how oxidative stress triggered by H2O2 or NO mediates Trx1/Txnip inter-
actions associated with survival signaling (Figure 17.1).
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CENTRAL ROLE OF GLUTATHIONE IN 
THE MAINTENANCE OF REDOX HOMEOSTASIS

The reduced form of glutathione (GSH) is best known for its roles in the pre-
vention of cellular injury [1]. As a substrate for both the enzymes that reduce 
H2O2 and lipid hydroperoxides and the enzymes that attach GSH to xenobiotic 
compounds, GSH contributes to the maintenance of nontoxic concentrations of 
these potential toxicants [2,3]. But GSH is also important in the metabolism of 
endogenous molecules, including the leukotrienes [4], and in signal transduc-
tion, where it is used in the reversible glutathionylation of numerous kinases, 
protein phosphatases, and transcription factors [5–7]. While there has been a 
great amount of work on how elevating GSH synthesis contributes to the adapta-
tion of oxidative or electrophilic stress, we will focus here on the role of GSH in 
maintaining redox homeostasis.

18
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What Is Redox homeostasIs?

What is redox homeostasis? We recently published an article titled, “Redox 
 homeostasis: The Golden Mean of healthy living [8],” in which we defined redox 
homeostasis operationally as “A steady-state redox status of the ensemble of redox 
couples [that] is maintained by metabolic fluxes and redox feedback where elec-
trophiles produced by aerobic life stressors activate the mechanism reestablishing 
nucleophilic tone.” While this appears to be similar to adaptation, it differs from 
adaptation because homeostasis involves a normal range in which the responses do 
not require a phenotypic switch. An example we used is the response to eating a 
meal and elevating blood glucose. Each time blood glucose is elevated it presents 
a metabolic challenge generating electrophiles and nucleophiles, but those are within 
a range that is not stressful to cells. These transient alterations in metabolism signal 
for transient changes in gene expression of the enzymes that maintain the steady state 
range of nucleophiles in the cell. This contrasts with the stress caused by prolonged 
elevation in glucose that can result in the establishment of offset steady states that are 
an adaptation to elevated glucose and allows viability, but are pathologically altered 
resulting in the metabolic syndrome.

Just as homeostasis, as defined by Bernard [9], is not defined by specific val-
ues for parameters, redox homeostasis is not defined by specific concentrations 
of nucleophiles and electrophiles. Rather it is a range of many nucleophiles that 
a biological system must maintain for normal function. To clarify what we mean 
by “normal” in this context we consider it as “the homeostatic range of multiple 
redox couples that define the steady state of a healthy organism.” Stress disturbs 
the steady state and this activates a feedback nucleophilic response. If that stress 
is prolonged, the organism may adapt by moving to a new steady state, which 
allows survival, but is not normal. Obviously, this homeostatic condition will 
vary among cells. A more detailed explanation of redox homeostasis is in our 
recent article [8].

Several authors have offered definitions of “redox state,” a term that would seem 
to be related to redox homeostasis, particularly focusing on the dominant intracel-
lular nucleophile, GSH and using a ratio of the disulfide (GSSG) and reduced form 
([GSSG]/2[GSH]) or the Nernst potential calculated from [GSSG]/[GSH]2 [10,11]. 
Jones and Sies have also recently expanded upon this in a thought-provoking article 
concerning “the redox code” [12].

We have addressed in our reviews on redox signaling and redox homeostasis 
[8,13,14], our difference of opinion with the use of ratios to describe homeostasis. 
Simply, reversible reactions implied by redox potentials insufficiently account for the 
variation in the oxidized and reduced forms of glutathione and pyridine nucleotides 
in cells. This is because they do not factor in their de novo synthesis and other uses 
in metabolism. For example, NAD+ is used by sirtuins and GSH is used by GSTs. 
Thus, the concentrations of GSH, GSSG, NADH, NAD+, NADPH, and NADP+ are 
a result of multiple enzymatic processes that maintain homeostasis rather their ratios 
being the driving force for it. Secondly, as Brigelius-Flohé [15] has pointed out, it 
is GSH concentration rather than the ratio of GSH/GSSG that is sensed by most of 
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the enzymes that use GSH. Furthermore, the term “eustress” [16] seems problematic 
to us as it implies stress within the range of electrophilic challenge that we see as 
avoiding stress while maintaining the steady state range of nucleophiles, which we 
have also referred to as the “nucleophilic tone” [17]. We refer to the variations in 
nucleophiles and electrophiles that occur in the absence of stress as challenges within 
a homeostatic range. This discussion may to some extent seem like a semantic argu-
ment. Thus, we will hope the readers will decide for themselves whether eustress or 
redox homeostasis works for them.

While we have stated elsewhere that H2O2 is the most significant oxygen-centered 
species involved in signaling [13,14], other electrophiles are major contributors as 
well. Indeed, studies from numerous laboratories have indicated that many alkylating 
electrophiles are far more potent than H2O2 as activators of EpRE-regulated genes 
[18]. Electrophiles including 4-hydroxynonenal are well established as activators of 
signaling through EpRE as well as other pathways [19,20].

Similarly, GSH is not the only nucleophile that is important in the maintenance 
of redox homeostasis. Other major contributing nucleophiles are NADPH, NADH, 
and the reduced form of thioredoxin (Trx). Indeed, the Trx system may contribute as 
much to the reduction of hydroperoxides as the GSH system [21].

Both Prxs and GPxs appear to be capable of reducing H2O2 with variation in their 
kinetics among the enzymes and distribution among cells [22–25]. Lipid hydroper-
oxides can be reduced in vitro by several of the GPxs and Prx6 [23,24,26]. For lipid 
hydroperoxides in membranes, there is clear cut evidence only for GPx4, as deletion 
of Gpx4 has a phenotype from which there is no rescuing by other peroxidases [27]. 
For other GPxs and Prxs, the phenotype is rather weak [28].

Regardless, redox homeostasis is not about competition among the various sys-
tems for eliminating hydroperoxides, but an integration of the enzymatic systems for 
that purpose with all of metabolism and other cellular functions. While not the sole 
determinant of redox homeostasis, GSH does play several major roles in the cell, 
which will be briefly reviewed next.

Roles foR Gsh

GSH in Metabolism, Cell Protection, and Protein Folding
Probably, the most commonly discussed role in cells for GSH is the reduction of 
hydroperoxides by GSH. There are eight mammalian GPxs, which, along with 
Prdx6, use GSH to reduce hydroperoxides in Reaction 18.1:

 ROOH + 2GSH → ROH + H2O + GSSG (18.1)

where
ROOH is a hydroperoxide or H2O2

ROH is the corresponding alcohol or another molecule of water
GSSG is glutathione disulfide, often imprecisely referred to as oxidized glutathione
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Five of the eight known mammalian GPxs (1–4 and 6) use a selenocysteine in 
their catalysis of hydroperoxide reduction while GPxs 5, 7, and 8 use a catalytic 
cysteine [24]. Prdx6 is an unusual protein having two independently functional 
active sites, one being operatively a GPx, while the other has phospholipase A2 
activity [29].

In the physiological state, almost all glutathione is maintained as GSH. GSSG is 
reduced by glutathione reductase using NADPH:

 GSSG + NADPH + H+ → 2GSH + NADP+ (18.2)

The other enzymes that eliminate hydroperoxides are catalase, which dismutates 
H2O2, and the other five mammalian Prdxs, which use reduced Trx, which is also 
maintained by reduction using NADPH. NADPH is maintained, primarily by the 
pentose shunt enzymes, glucose-6-phosphate dehydrogenase and 6-phosphogluco-
nate dehydrogenase, but also by the action of cytosolic isocitrate dehydrogenase and 
malic enzyme 1.

Another important role for GSH is in the conjugation and elimination of electro-
philes in addition (Reaction 18.3) or substitution (Reaction 18.4) reactions catalyzed 
by glutathione S-transferases (GSTs):

 RC = CR′ + GSH → RC(SG)CHR′  (18.3)

 RX + GSH → RSG + HX (18.4)

While these reactions are important in the elimination of a vast assortment of xeno-
biotic compounds or their electrophilic metabolites [30], GSTs are also involved 
in the conjugation of endogenously produced lipid peroxidation products including 
4-hydroxy-2-nonenal [31] and the production of leukotriene C4, which involves the 
adduction to an epoxide, a third type of GST catalyzed reaction [32]. Interestingly, 
the GSTs are generally not impressive in their catalytic activity. Indeed, the nonenzy-
matic conjugation of GSH to some electrophiles can be faster at a high GSH physi-
ologically relevant concentration than is catalyzed by the GST, which is saturated by 
GSH and at its maximum rate [33].

GSH also participates in protein folding. Protein disulfide isomerases (PDIs) and 
glutaredoxins (GRxs) are enzymes having a thioredoxin-like structure (thioredoxin 
fold). They catalyze exchange of protein thiols and disulfides allowing the tertiary 
structures of proteins to change. GRxs can reduce protein–glutathione mixed disul-
fides, forming a GRx–glutathione mixed disulfide that reacts with GSH to form 
GSSG and the reduced GRx:

 GRx − SH + Protein − SSG ↔ GRx − SSG + Protein − SH (18.5)

 GSH + GRx − SSG ↔ GRx − SH + GSSG (18.6)
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The reactions are reversible and thereby provide a mechanism for protein glutathio-
nylation (see next section on signaling), but in mammalian cells, which maintain 
high GSH, the reaction tends to go to the right.

Based upon in vitro studies, GSH may also be used to form a mixed disulfide with 
PDI that releases GSH to become an intramolecular disulfide, but the precise mecha-
nisms whereby GSH is used by PDI in protein folding is uncertain [34]. Recently, 
Maiorino and her colleagues demonstrated that the glutathione peroxidase activity of 
GPx7 leads to PDI oxidation in competition with GSH [35].

GSH in Signaling
GSH may play several roles in signal transduction. GPxs and Prdx6 activities use 
GSH to maintain a low concentration of the second messengers, H2O2 and lipid 
hydroperoxides. This is analogous to the actions of the phosphodiesterases that 
hydrolyze phosphate bonds in cyclic AMP, cyclic GMP, and the inositol phosphates. 
In this way, the peroxidases act as limiters of signaling by the hydroperoxide second 
messengers. There is a hypothesis that overwhelming the peroxidases would allow 
signaling by nonenzymatic oxidation of protein thiolates [36], but this ignores both 
the abundance of enzymes, which includes the other Prdxs as well as catalase, and 
the reality that the intracellular GSH is alone sufficient to outcompete any protein 
thiolate that does not have a high rate of peroxidase activity or is bound to zinc or 
another metal [37].

The peroxidases may also act in signaling in a more direct manner. As a post-
translational modification, glutathionylation can result in the increased or decreased 
activity of signaling proteins. The involvement of protein glutathionylation has been 
previously proposed in multiple cellular processes including inhibition of the activi-
ties of sodium-potassium ATPase, glyceraldehyde phosphate dehydrogenase, cas-
pase 3, decreased actin polymerization, increased Hsp70 chaperone function, and 
inhibition of DNA binding of the transcription factors NF-κB and c-Jun [7,38–40]. 
In addition, the activities of the signaling proteins protein tyrosine phosphatase 1B 
(PTP1B) and STAT3 by glutathionylation have also been previously proposed as tar-
gets [41,42]. A decade ago, Gallogly and Mieyal proposed that glutathionylation was 
a common reversible mechanism in redox signaling and suggested several enzymes 
that might catalyze glutathionylation, which included GPx-like enzymes and GRx5 
[5]. Recently, we proposed several mechanisms for the glutathionylation of signal-
ing proteins by GPxs, Prdxs, GSTs, and GRxs [37]. For the latter two, which might 
facilitate disulfide exchange of GSSG with protein thiols, we pointed out a GPx or 
Prdx6 would need to be physically very close to provide sufficient GSSG to push the 
reaction in the direction of protein glutathionylation (see Reactions 18.5 and 18.6 
and discussion above).

This section concerned the multiple roles of glutathione, a major metabolite that is 
present at relatively high (1–10 mM) concentration in cells. Usually, thought of as a 
protector against oxidative stress and xenobiotic toxicity, GSH clearly is involved in 
many other important functions. It is therefore not surprising that the regulation of its 
synthesis is well controlled. The next section concerns both how GSH synthesis and 
many of the enzymes that use it as a substrate are regulated by one of the cell’s most 
important transcription factors, Nrf2, but also how GSH regulates Nrf2 activation.
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Nrf2 ACTIVATION AND ITS CENTRAL ROLE 
IN GLUTATHIONE METABOLISM

mechanIsms of nrf2 actIvatIon

The transcription factor, nuclear factor (erythroid-derived 2)-like 2, better known 
as Nrf2, acts as a master regulator in the maintenance of redox homeostasis. Nrf2 
is referred to as a cap“n”collar basic-region leucine zipper transcription factor. It is 
often stated that Nrf2 regulates cellular defenses against oxidative, electrophilic and 
environmental stress, but it also has essential roles in modulating basal expression of 
enzymes in intermediary metabolism, mitochondrial biogenesis, and the proteasome 
[43]. Recently, a special issue of Free Radical Biology and Medicine for which refer-
ence [43] served as the introduction described in great detail the regulation of Nrf2 
and its roles in multiple aspects of cell function. Therefore, here we will only briefly 
describe how it is activated and then focus on how GSH affects Nrf2 activation.

In the cytosol, the protein called Keap1, which is an adaptor subunit of Cullin 
3-based E3 ubiquitin ligase, is a direct sensor of electrophilic molecules including 
H2O2 [44,45]. Keap1 contains several cysteines that have been implicated as the sites 
modified by either direct alkylation or oxidation [46], with cys 151 being the cys 
that forms a disulfide bond between two Keap1 molecules when oxidized by H2O2 
[47]. It is likely that the reactivity of these cysteines is facilitated by binding of zinc 
[37,46]. When Keap1 is active, which it is constitutively, it facilitates the rapid and 
constant degradation of Nrf2 in the cytosol. That prevents most Nrf2 from being 
activated and moving to the nucleus. But while nuclear Nrf2 is constitutively low, 
it is not absent. When the concentration of an electrophile is elevated, it will alkyl-
ate specific cysteine residues of Keap1 [45]. This modification of Keap1 inhibits its 
facilitation of Nrf2 degradation [45]. Although it was thought that Nrf2 would then 
dissociate and be free to enter the nucleus, it now appears that it is newly synthesized 
Nrf2 that escapes binding to Keap1 and travels to the nucleus where it can signal for 
the transcription of genes [48]. Part of the facilitation of Nrf2 degradation appears 
to require its phosphorylation by GSK3, which in turn can be inhibited by its phos-
phorylation by Akt. Akt is activated by PI3K, and this action is prevented by PTEN. 
Electrophiles inhibit PTEN, adding another point at which electrophiles signal for 
increased Nrf2 activity [49]. But there are several other signaling pathways acti-
vated by electrophiles that contribute to Nrf2 activation, including the activation of 
PKCδ [50], which may phosphorylate Nrf2, and TAK1, which phosphorylates p62/
SQSTM1 [51]. Then, p62, which sequesters Keap1 and facilitates its degradation, 
enables Nrf2 to escape degradation mediated by Keap1 [52]. Figure 18.1 summarizes 
aspects of Nrf2 activation described here.

Nrf2 translocates to the nucleus where it binds to antioxidant/electrophile 
response element (ARE/EpRE) sequences in the promoter regions of many genes. 
Hayes and coworkers provided a recent list of a number of the Nrf2 regulated genes 
and their functions [53]. In its DNA binding, Nrf2 partners with other proteins 
including small Mafs or c-Jun that may facilitate or inhibit transcription depending 
upon the gene [54–56] probably as a consequence of the non-consensus nature of 
functional EpRE sequences that varies among genes [57]. Further regulation of Nrf2 
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function occurs in the nucleus, where it competes for binding to EpRE with Bach1 
[58], which is a repressor, different forms of Nrf1 that act as either repressors or 
alternative activators [59], and c-Myc, which inhibits transcription and facilitates 
Nrf2 degradation [60].

ReGulatIon of nrf2 actIvatIon by Gsh

As described here, modification of Keap1 by addition of electrophiles to its cyste-
ines causes Keap1 to be unable to facilitate Nrf2 degradation. This is considered 
a major mechanism in Nrf2 activation. There are reports demonstrating that gluta-
thionylation of Keap1 can be also lead to Nrf2 activation [61,62]. The latter report 
suggests that Keap1 glutathionylation is facilitated by GST-Pi [47]. As noted here, 
glutathionylation of Keap1 by GST-Pi would require that both a source of H2O2 and 
a GPx or Prdx6 be in the immediate vicinity to provide GSSG. But the oxidation of 
Keap1 by H2O2 does not require glutathionylation because a disulfide can be formed 
between two Keap1 molecules [47], facilitated by zinc binding to reactive cysteines 
in Keap1 [46]. Although glutathionylation or disulfide formation in Keap1 provides 
a direct mechanism for activating Nrf2 using H2O2, alkylation by electrophiles rather 
than oxidation by H2O2 appears to be the predominant mechanism of Nrf2 activa-
tion [63,64]. Thus, the connection between GSH and Nrf2 activation is more likely 
a competition between the removal of electrophiles by GSTs using GSH to prevent 
Nrf2 activation and alkylation of Keap1 to activate Nrf2.

Electrophiles

TAK1

p62

PI3K

Akt

PKCδ

Nrf2

PTEN

GSK3

Keap1

FIGURE 18.1 Activation of Nrf2 by electrophiles including H2O2. See text. Proteins that 
promote Nrf2 activation are in green while those that inhibit Nrf2 activation are shown in red. 
Solid arrows designate a direct stimulatory effect. Dashed arrows designate an indirect stimu-
latory effect. Solid perpendicular lines designate direct inhibitory effect. Dashed perpendicular 
lines designate direct inhibitory effect.
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A major connection between Nrf2 activation and GSH is that the transcription of 
the four genes involved in GSH synthesis is dependent upon Nrf2/EpRE binding [65]. 
The gene products are the two glutamate cysteine ligase subunits, GCLC and GCLM 
[66,67], glutathione reductase, and the cystine/glutamate transporter XCT [68]. Many 
studies have been made of Nrf2 activation using the GCLC as a model. But it is interest-
ing to note that while GCLC has 13 EpRE consensus sequences, binding of Nrf2 to only 
one of them appears to increase transcription while three others appear to be involved 
in basal but not electrophile-inducible transcription [57]. This evidence provides a clear 
warning about inferring regulation when a consensus sequence is found in the promoter 
of a gene. Thus, for some of the genes cited in this section, the evidence based on bind-
ing of Nrf2 implies only the potential for electrophilic inducibility through Nrf2.

Nrf2 has also been suggested to regulate several of the genes encoding enzymes that 
use GSH to reduce hydroperoxides. Both Prdx6 [69] and GPx2 [70] have been shown 
to be regulated by Nrf2. It is then not surprising that the enzyme the catalyzes reduc-
tion of GSSG to GSH, glutathione reductase [71], and enzymes that maintain NADPH, 
its reducing substrate, glucose-6-phosphate dehydrogenase [72], malic enzyme 1 [73] 
and isocitrate dehydrogenase 1 [74] are also regulated by Nrf2. Gorrini et al. [65] has 
discussed these relationships and their association with cellular anticancer defenses. It is 
interesting that Prdx1 [75], which uses Trx to reduce H2O2, Trx [76], and Trx reductases 
1 and 2 [77], are also regulated by Nrf2, complementing the effect of Nrf2 on GSH.

As noted here, GSTs catalyze the conjugation of endogenous and exogenous elec-
trophiles, but also appear to play a role in signal transduction. Nrf2 regulates the 
transcription of at least eight GSTs [65]: GSTA1 [78], GSTA2 [79], GSTA3 [72], 
GSTA5 [79], GSTM1 [72], GSTM2 [72], GSTM3 [80], GSTM4 [80], and GSTP1 
[81]. Finally, the export of molecules conjugated to glutathione is facilitated by 
members of the multidrug resistance protein (MRP3) family of which at least four, 
MRP1 [82], MRP2 [83], MRP3 [84], and MRP4 [85] are regulated by Nrf2.

CONCLUSION

In this brief chapter, we have addressed the relationship of GSH to Nrf2. It seems 
clear that there is both feedback and feed-forward signaling between Nrf2 activation 
and the use of GSH in protection of cells. Nrf2 activation leads to the transcription 
of enzymes that synthesize GSH, maintain it and NADPH in their reduced forms, 
and the use of GSH in protecting cells from hydroperoxides and other electrophiles. 
While glutathionylation of Keap1, which indicates an increase in hydroperoxide 
production, can signal for Nrf2 activation, GSH elimination of electrophiles and 
hydroperoxides decreases Nrf2 activation. These interactions contribute to redox 
homeostasis and, thereby, maintenance of the golden mean that defines a healthy life.

REFERENCES

 1. Meister, A. 1991. Glutathione deficiency produced by inhibition of its synthesis, and its 
reversal; applications in research and therapy. Pharm. Ther. 51:155–194.

 2. Sies, H. 1997. Oxidative stress: Oxidants and antioxidants. Exp. Physiol. 82:291–295. 
doi:10.1113/expphysiol.1997.sp004024.



417Interactions between Nrf2 Activation and Glutathione

 3. Jakoby, W.B. 1978. The glutathione S-transferases: A group of multifunctional detoxifi-
cation proteins. Adv. Enzymol. Relat. Areas Mol. Biol. 46:383–414.

 4. Rouzer, C.A., W.A. Scott, O.W. Griffith, A.L. Hamill, and Z.A. Cohn. 1981. Depletion 
of glutathione selectively inhibits synthesis of leukotriene C by macrophages. Proc. 
Natl. Acad. Sci. USA 78:2532–2536.

 5. Gallogly, M.M. and J.J. Mieyal. 2007. Mechanisms of reversible protein glutathio-
nylation in redox signaling and oxidative stress. Curr. Opin. Pharmacol. 7:381–391. 
doi:10.1016/j.coph.2007.06.003.

 6. Ghezzi, P. 2005. Regulation of protein function by glutathionylation. Free Radic. Res. 
39:573–580. doi:10.1080/10715760500072172.

 7. Dalle-Donne, I., R. Rossi, D. Giustarini, R. Colombo, and A. Milzani. 2007. 
S-glutathionylation in protein redox regulation. Free Radic. Biol. Med. 43:883–898. 
doi:10.1016/j.freeradbiomed.2007.06.014.

 8. Ursini, F., M. Maiorino, and H.J. Forman. 2016. Redox homeostasis: The Golden Mean 
of healthy living. Redox Biol. 8:205–215. doi:10.1016/j.redox.2016.01.010.

 9. Bernard, C. n.d. Introduction à l’étude de la médecine expérimentale, 1865; English 
translation, Macmillan & Co. Ltd, Paris, France.

 10. Schafer, F.Q. and G.R. Buettner. 2001. Redox environment of the cell as viewed through 
the redox state of the glutathione disulfide/glutathione couple. Free Radic. Biol. Med. 
30:1191–1212.

 11. Go, Y.-M. and D.P. Jones. 2010. Redox clamp model for study of extracellular thi-
ols and disulfides in redox signaling. Methods Enzymol. 474:165–179. doi:10.1016/
S0076-6879(10)74010-6.

 12. Jones, D.P. and H. Sies. 2015.The redox code. Antioxid. Redox Signal. 23:734–746. 
doi:10.1089/ars.2015.6247.

 13. Forman, H.J., F. Ursini, and M. Maiorino. 2014. An overview of mechanisms of redox 
signaling. J. Mol. Cell. Cardiol. 73:2–9. doi:10.1016/j.yjmcc.2014.01.018.

 14. Forman, H.J., M. Maiorino, and F. Ursini. 2010. Signaling functions of reactive oxygen 
species. Biochemistry 49:835–842. doi:10.1021/bi9020378.

 15. Brigelius-Flohe, R. and L. Flohe. 2011. Basic principles and emerging concepts 
in the redox control of transcription factors. Antioxid. Redox Signal. 15:2335–2381. 
doi:10.1089/ars.2010.3534.

 16. Sies, H. 2017. Hydrogen peroxide as a central redox signaling molecule in physiological oxi-
dative stress: Oxidative eustress. Redox Biol. 11:613–619. doi:10.1016/j.redox.2016.12.035.

 17. Forman, H.J., K.J.A. Davies, and F. Ursini. 2014. How do nutritional antioxidants really 
work: Nucleophilic tone and para-hormesis versus free radical scavenging in vivo. Free 
Radic. Biol. Med. 66:24–35. doi:10.1016/j.freeradbiomed.2013.05.045.

 18. Talalay, P., J.W. Fahey, W.D. Holtzclaw, T. Prestera, and Y. Zhang. 1995. Chemoprotection 
against cancer by phase 2 enzyme induction. Toxicol Lett. 82–83:173–179.

 19. Poli, G., R.J. Schaur, W.G. Siems, and G. Leonarduzzi. 2008. 4-hydroxynonenal: 
A membrane lipid oxidation product of medicinal interest. Med. Res. Rev. 28:569–631. 
doi:10.1002/med.20117.

 20. Zhang, H. and H.J. Forman. 2009. Signaling pathways involved in phase II gene 
induction by alpha, beta-unsaturated aldehydes. Toxicol. Ind. Health. 25:269–278. 
doi:10.1177/0748233709102209.

 21. Lu, J. and A. Holmgren. 2014. The thioredoxin antioxidant system. Free Radic. Biol. 
Med. 66:75–87. doi:10.1016/j.freeradbiomed.2013.07.036.

 22. Rhee, S.G., H.Z. Chae, and K. Kim. 2005. Peroxiredoxins: A historical overview and 
speculative preview of novel mechanisms and emerging concepts in cell signaling. Free 
Radic. Biol. Med. 38:1543–1552.

 23. Arthur, J.R. 2000. The glutathione peroxidases. Cell. Mol. Life Sci. 57:1825–1835. 
doi:10.1007/PL00000664.



418 Hydrogen Peroxide Metabolism in Health and Disease

 24. Brigelius-Flohé, R. and M. Maiorino. 2013. Glutathione peroxidases. Biochim. Biophys. 
Acta—Gen. Subj. 1830:3289–3303. doi:10.1016/j.bbagen.2012.11.020.

 25. Flohe, L., S. Toppo, G. Cozza, and F. Ursini. 2011. A comparison of thiol peroxidase 
mechanisms. Antioxid. Redox Signal. 15:763–780. doi:10.1089/ars.2010.3397.

 26. Fisher, A.B., C. Dodia, Y. Manevich, J.W. Chen, and S.I. Feinstein. 1999. Phospholipid 
hydroperoxides are substrates for non-selenium glutathione peroxidase. J. Biol. Chem. 
274:21326–21334.

 27. Imai, H. 2004. Biological significance of lipid hydroperoxide and its reducing enzyme 
phospholipid hydroperoxide glutathione peroxidase in mammalian cells. Yakugaku 
Zasshi. 124:937–957.

 28. Brigelius-Flohé, R. and A. Kipp. 2009. Glutathione peroxidases in different stages of 
carcinogenesis. Biochim. Biophys. Acta—Gen. Subj. 1790:1555–1568. doi:10.1016/j.
bbagen.2009.03.006.

 29. Chen, J.W., C. Dodia, S.I. Feinstein, M.K. Jain, and A.B. Fisher. 2000. 1-Cys peroxire-
doxin, a bifunctional enzyme with glutathione peroxidase and phospholipase A2 activi-
ties. J. Biol. Chem. 275:28421–28427.

 30. Sheehan, D., G. Meade, V.M. Foley, and C.A. Dowd. 2001. Structure, function 
and evolution of glutathione transferases: Implications for classification of non-
mammalian members of an ancient enzyme superfamily. Biochem. J. 360:1–16. 
doi:10.1042/0264-6021:3600001.

 31. Cheng, J.Z., Y. Yang, S.P. Singh, S.S. Singhal, S. Awasthi, S.S. Pan, S.V. Singh, 
P. Zimniak, and Y.C. Awasthi. 2001. Two distinct 4-hydroxynonenal metabolizing 
glutathione S-transferase isozymes are differentially expressed in human tissues. 
Biochem. Biophys. Res. Commun. 282:1268–1274. doi:10.1006/bbrc.2001.4707. 
S0006-291X(01)94707-2 (pii).

 32. Murphy, R.C., S. Hammarström, and B. Samuelsson. 1979. Leukotriene C: A slow-
reacting substance from murine mastocytoma cells. Proc. Natl. Acad. Sci. USA 
76:4275–4279.

 33. Coles, B., I. Wilson, P. Wardman, J.A. Hinson, S.D. Nelson, and B. Ketterer. 1988. The 
spontaneous and enzymatic reaction of N-acetyl-p-benzoquinonimine with glutathione: 
A stopped-flow kinetic study. Arch. Biochem. Biophys. 264:253–260.

 34. Hatahet, F. and L.W. Ruddock. 2009. Protein disulfide isomerase: A critical evalua-
tion of its function in disulfide bond formation. Antioxid. Redox Signal. 11:2807–2850. 
doi:10.1089/ars.2009.2466.

 35. Bosello-Travain, V., M. Conrad, G. Cozza, A. Negro, S. Quartesan, M. Rossetto, 
A. Roveri, S. Toppo, F. Ursini, M. Zaccarin, and M. Maiorino. 2013. Protein disul-
fide isomerase and glutathione are alternative substrates in the one Cys catalytic cycle 
of glutathione peroxidase 7. Biochim. Biophys. Acta. 1830:3846–3857. doi:10.1016/j.
bbagen.2013.02.017.

 36. Wood, Z.A., L.B. Poole, and P.A. Karplus. 2003. Peroxiredoxin evolution and the regu-
lation of hydrogen peroxide signaling. Science 300:650–653.

 37. Forman, H.J., M.J. Davies, A.C. Krämer, G. Miotto, M. Zaccarin, H. Zhang, and 
F. Ursini. 2017. Protein cysteine oxidation in redox signaling: Caveats on sulfenic 
acid detection and quantification. Arch. Biochem. Biophys. 617:26–37 doi:10.1016/j.
abb.2016.09.013.

 38. Ghezzi, P. 2013. Protein glutathionylation in health and disease. Biochim. Biophys. 
Acta—Gen. Subj. 1830:3165–3172. doi:10.1016/j.bbagen.2013.02.009.

 39. Mieyal, J.J., M.M. Gallogly, S. Qanungo, E.A. Sabens, and M.D. Shelton. 2008. Molecular 
mechanisms and clinical implications of reversible protein S-glutathionylation. Antioxid. 
Redox Signal. 10:1941–1988. doi:10.1089/ars.2008.2089.

 40. Lillig, C.H., C. Berndt, and A. Holmgren. 2008. Glutaredoxin systems. Biochim. 
Biophys. Acta—Gen. Subj. 1780:1304–1317. doi:10.1016/j.bbagen.2008.06.003.



419Interactions between Nrf2 Activation and Glutathione

 41. Barrett, W.C., J.P. DeGnore, S. Konig, H.M. Fales, Y.F. Keng, Z.Y. Zhang, M.B. Yim, 
and P.B. Chock. 1999. Regulation of PTP1B via glutathionylation of the active site cys-
teine 215. Biochemistry 38:6699–6705.

 42. Sobotta, M.C., W. Liou, S. Stöcker, D. Talwar, M. Oehler, T. Ruppert, A.N.D. Scharf, 
and T.P. Dick. 2015. Peroxiredoxin-2 and STAT3 form a redox relay for H2O2 signaling. 
Nat. Chem. Biol. 11:64–70. doi:10.1038/nchembio.1695.

 43. Mann, G.E. and H.J. Forman. 2015. Introduction to special issue on Nrf2 regulated 
redox signaling and metabolism in physiology and medicine. Free Radic. Biol. Med. 
88:91–92. doi:10.1016/j.freeradbiomed.2015.08.002.

 44. Itoh, K., N. Wakabayashi, Y. Katoh, T. Ishii, K. Igarashi, J.D. Engel, and M. Yamamoto. 
1999. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 
through binding to the amino-terminal Neh2 domain. Genes Dev. 13:76–86.

 45. Canning, P., F.J. Sorrell, and A.N. Bullock. 2015. Structural basis of Keap1 interactions 
with Nrf2. Free Radic. Biol. Med. 88:101–107. doi:10.1016/j.freeradbiomed.2015.05.034.

 46. Dinkova-Kostova, A.T., W.D. Holtzclaw, and N. Wakabayashi. 2005. Keap1, the sensor 
for electrophiles and oxidants that regulates the phase 2 response, is a zinc metallopro-
tein. Biochemistry 44:6889–6899. doi:10.1021/bi047434h.

 47. Fourquet, S., R. Guerois, D. Biard, and M.B. Toledano. 2010. Activation of NRF2 
by nitrosative agents and H2O2 involves KEAP1 disulfide formation. J. Biol. Chem. 
285:8463–8471. doi:10.1074/jbc.M109.051714.

 48. McMahon, M., N. Thomas, K. Itoh, M. Yamamoto, and J.D. Hayes. 2006. Dimerization 
of substrate adaptors can facilitate Cullin-mediated ubiquitylation of proteins by a “teth-
ering” mechanism: A two-site interaction model for the Nrf2-Keap1 complex. J. Biol. 
Chem. 281:24756–24768. doi:10.1074/jbc.M601119200.

 49. Rada, P., A.I. Rojo, N. Evrard-Todeschi, N.G. Innamorato, A. Cotte, T. Jaworski, 
J.C. Tobón-Velasco et al. 2012. Structural and functional characterization of 
Nrf2 degradation by the glycogen synthase kinase 3/β-TrCP axis. Mol. Cell. Biol. 
32:3486–3499. doi:10.1128/MCB.00180-12.

 50. Zhang, H. and H.J. Forman. 2008. Acrolein induces heme oxygenase-1 through PKC-
delta and PI3K in human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 
38:483–490. doi:10.1165/rcmb.2007-0260OC.

 51. Hashimoto, K., A.N. Simmons, R. Kajino-sakamoto, Y. Tsuji, and J. Ninomiya-tsuji. 
2016. TAK1 regulates the Nrf2 antioxidant system through modulating p62/SQSTM1. 
Antioxid. Redox Signal. 25:1–52. doi:10.1089/ars.2016.6663.

 52. Jiang, T., B. Harder, M. Rojo de la Vega, P.K. Wong, E. Chapman, and D.D. Zhang. 
2015. p62 links autophagy and Nrf2 signaling. Free Radic. Biol. Med. 88:199–204. 
doi:10.1016/j.freeradbiomed.2015.06.014.

 53. Tebay, L.E., H. Robertson, S.T. Durant, S.R. Vitale, T.M. Penning, A.T. Dinkova-Kostova, and 
J.D. Hayes. 2015. Mechanisms of activation of the transcription factor Nrf2 by redox stress-
ors, nutrient cues, and energy status and the pathways through which it attenuates degenera-
tive disease. Free Radic. Biol. Med. 88:108–146. doi:10.1016/j.freeradbiomed.2015.06.021.

 54. Itoh, K., T. Chiba, S. Takahashi, T. Ishii, K. Igarashi, Y. Katoh, T. Oyake et al. 1997. 
An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme 
genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 
236:313–322. S0006291X97969436 (pii).

 55. Yang, H., T. Liu, J. Wang, T.W.H. Li, W. Fan, H. Peng, A. Krishnan, G.J. Gores, 
J.M. Mato, and S.C. Lu. 2016. Deregulated methionine adenosyltransferase α1, 
c-Myc, and Maf proteins together promote cholangiocarcinoma growth in mice and 
humans. Hepatology 64:439–455. doi:10.1002/hep.28541.

 56. Levy, S., A.K. Jaiswal, and H.J. Forman. 2009. The role of c-Jun phosphorylation in 
EpRE activation of phase II genes. Free Radic. Biol. Med. 47:1172–1179. doi:10.1016/j.
freeradbiomed.2009.07.036.



420 Hydrogen Peroxide Metabolism in Health and Disease

 57. Zhang, H. and H.J. Forman. 2010. Reexamination of the electrophile response element 
sequences and context reveals a lack of consensus in gene function. Biochim. Biophys. 
Acta 1799:496–501. doi:10.1016/j.bbagrm.2010.05.003.

 58. Dhakshinamoorthy, S., A.K. Jain, D.A. Bloom, and A.K. Jaiswal. 2005. Bach1 com-
petes with Nrf2 leading to negative regulation of the antioxidant response element 
(ARE)-mediated NAD(P)H:quinone oxidoreductase 1 gene expression and induc-
tion in response to antioxidants. J. Biol. Chem. 280:16891–16900. doi:10.1074/jbc.
M500166200. M500166200 (pii).

 59. Bugno, M., M. Daniel, N.L. Chepelev, and W.G. Willmore. 2015. Changing gears 
in Nrf1 research, from mechanisms of regulation to its role in disease and preven-
tion. Biochim. Biophys. Acta—Gene Regul. Mech. 1849:1260–1276. doi:10.1016/j.
bbagrm.2015.08.001.

 60. Levy, S. and H.J. Forman. 2010. C-Myc is a Nrf2-interacting protein that negatively 
regulates phase II genes through their electrophile responsive elements. IUBMB Life 
62:237–246. doi:10.1002/iub.314.

 61. Gambhir, L., R. Checker, M. Thoh, R.S. Patwardhan, D. Sharma, M. Kumar, and 
S.K. Sandur. 2014. 1,4-Naphthoquinone, a pro-oxidant, suppresses immune responses 
via KEAP-1 glutathionylation. Biochem. Pharmacol. 88:95–105. doi:10.1016/j.
bcp.2013.12.022.

 62. Carvalho, A.N., C. Marques, R.C. Guedes, M. Castro-Caldas, E. Rodrigues, J. Van 
Horssen, and M.J. Gama. 2016. S-Glutathionylation of Keap1: A new role for glu-
tathione S-transferase pi in neuronal protection. FEBS Lett. 590:1455–1466. 
doi:10.1002/1873-3468.12177.

 63. Prochaska, H.J. and P. Talalay. 1988. Regulatory mechanisms of monofunctional and bio-
functional anticarcinogenic enzyme inducers in murine liver. Cancer Res. 48:4776–4782.

 64. Friling, R.S., A. Bensimon, Y. Tichauer, and V. Daniel. 1990. Xenobiotic-induced 
expression of murine glutathione S-transferase Ya subunit gene is controlled by an elec-
trophile- responsive element. Proc. Natl. Acad. Sci. USA 87:6258–6262.

 65. Gorrini, C., I.S. Harris, and T.W. Mak. 2013. Modulation of oxidative stress as an anti-
cancer strategy. Nat. Rev. Drug Discov. 12:931–947. doi:10.1038/nrd4002.

 66. Mulcahy, R.T. and J.J. Gipp. 1995. Identification of a putative antioxidant response ele-
ment in the 5′-flanking region of the human g-glutamylcycteine synthetase heavy sub-
unit gene. Biochem. Biophys. Res. Commun. 209:227–233.

 67. Moinova, H.R. and R.T. Mulcahy. 1998. An electrophile responsive element (EpRE) 
regulates b-naphthoflavone induction of the human g-glutamylcysteine synthetase 
regulatory subunit gene. Constitutive expression is mediated by an adjacent AP-1 site. 
J. Biol. Chem. 273:14683–14689.

 68. Sasaki, H., H. Sato, K. Kuriyama-Matsumura, K. Sato, K. Maebara, H. Wang, M. Tamba, 
K. Itoh, M. Yamamoto, and S. Bannai. 2002. Electrophile response element-mediated 
induction of the cystine/glutamate exchange transporter gene expression. J. Biol. Chem. 
277:44765–44771. doi:10.1074/jbc.M208704200.

 69. Chowdhury, I., Y. Mo, L. Gao, A. Kazi, A.B. Fisher, and S.I. Feinstein. 2009. Oxidant 
stress stimulates expression of the human peroxiredoxin 6 gene by a transcriptional 
mechanism involving an antioxidant response element. Free Radic. Biol. Med. 46:146–
153. doi:10.1016/j.freeradbiomed.2008.09.027.

 70. Banning, A., S. Deubel, D. Kluth, Z. Zhou, and R. Brigelius-Flohé. 2005. The 
GI-GPx gene is a target for Nrf2. Mol. Cell. Biol. 25:4914–4923. doi:10.1128/
MCB.25.12.4914-4923.2005.

 71. Hübner, R.-H., J.D. Schwartz, P. De Bishnu, B. Ferris, L. Omberg, J.G. Mezey, 
N.R. Hackett, and R.G. Crystal. 2009. Coordinate control of expression of Nrf2-
modulated genes in the human small airway epithelium is highly responsive to cigarette 
smoking. Mol. Med. 15:203–219. doi:10.2119/molmed.2008.00130.



421Interactions between Nrf2 Activation and Glutathione

 72. Thimmulappa, R.K., K.H. Mai, S. Srisuma, T.W. Kensler, M. Yamamoto, and 
S. Biswal. 2002. Identification of Nrf2-regulated genes induced by the chemopreven-
tive agent sulforaphane by oligonucleotide microarray. Cancer Res. 62:5196–5203. 
doi:10.1080/01635589209514201.

 73. Qaisiya, M., C.D. Coda Zabetta, C. Bellarosa, and C. Tiribelli. 2014. Bilirubin mediated 
oxidative stress involves antioxidant response activation via Nrf2 pathway. Cell. Signal. 
26:512–520. doi:10.1016/j.cellsig.2013.11.029.

 74. Kanamori, M., T. Higa, Y. Sonoda, S. Murakami, M. Dodo, H. Kitamura, K. Taguchi 
et al. 2015. Activation of the NRF2 pathway and its impact on the prognosis of anaplas-
tic glioma patients. Neuro. Oncol. 17:555–565. doi:10.1093/neuonc/nou282.

 75. Kim, Y.J., J.Y. Ahn, P. Liang, C. Ip, Y. Zhang, and Y.M. Park. 2007. Human prx1 gene 
is a target of Nrf2 and is up-regulated by hypoxia/reoxygenation: Implication to tumor 
biology. Cancer Res. 67:546–554. doi:10.1158/0008-5472.CAN-06-2401.

 76. Kim, Y.-C., Y. Yamaguchi, N. Kondo, H. Masutani, and J. Yodoi. 2003. Thioredoxin-
dependent redox regulation of the antioxidant responsive element (ARE) in electrophile 
response. Oncogene 22:1860–1865. doi:10.1038/sj.onc.1206369.

 77. Hintze, K.J. and E.C. Theil. 2005. DNA and mRNA elements with complementary 
responses to hemin, antioxidant inducers, and iron control ferritin-L expression. Proc. 
Natl. Acad. Sci. USA 102:15048–15052. doi:10.1073/pnas.0505148102.

 78. Chorley, B.N., M.R. Campbell, X. Wang, M. Karaca, D. Sambandan, F. Bangura, 
P. Xue, J. Pi, S.R. Kleeberger, and D.A. Bell. 2012. Identification of novel NRF2-
regulated genes by ChiP-Seq: Influence on retinoid X receptor alpha. Nucleic Acids Res. 
40:7416–7429. doi:10.1093/nar/gks409.

 79. Yates, M.S., M.K. Kwak, P.A. Egner, J.D. Groopman, S. Bodreddigari, T.R. Sutter, 
K.J. Baumgartner et al. 2006. Potent protection against aflatoxin-induced tumorigen-
esis through induction of Nrf2-regulated pathways by the triterpenoid 1-(2-cyano-
3-,12-dioxooleana-1, 9(11)-dien-28-oyl)imidazole. Cancer Res. 66:2488–2494. 
doi:10.1158/0008-5472.CAN-05-3823.

 80. Chanas, S.A., Q. Jiang, M. McMahon, G.K. McWalter, L.I. McLellan, C.R. Elcombe, 
C.J. Henderson et al. 2002. Loss of the Nrf2 transcription factor causes a marked reduc-
tion in constitutive and inducible expression of the glutathione S-transferase Gsta1, 
Gsta2, Gstm1, Gstm2, Gstm3 and Gstm4 genes in the livers of male and female mice. 
Biochem. J. 365:405–416. doi:10.1042/BJ20020320.

 81. Montano, M.M., H. Deng, M. Liu, X. Sun, and R. Singal. 2004. Transcriptional regula-
tion by the estrogen receptor of antioxidative stress enzymes and its functional implica-
tions. Oncogene 23:2442–2453. doi:10.1038/sj.onc.1207358.

 82. Hayashi, A., H. Suzuki, K. Itoh, M. Yamamoto, and Y. Sugiyama. 2003. Transcription 
factor Nrf2 is required for the constitutive and inducible expression of multidrug 
resistance-associated protein 1 in mouse embryo fibroblasts. Biochem. Biophys. Res. 
Commun. 310:824–829. S0006291X03018886 (pii).

 83. Vollrath, V., A.M. Wielandt, M. Iruretagoyena, and J. Chianale. 2006. Role of Nrf2 in 
the regulation of the Mrp2 (ABCC2 ) gene. Biochem. J. 395:599–609. doi:10.1042/
BJ20051518.

 84. Mahaffey, C.M., H. Zhang, A. Rinna, W. Holland, P.C. Mack, and H.J. Forman. 2009. 
Multidrug-resistant protein-3 gene regulation by the transcription factor Nrf2 in human 
bronchial epithelial and non-small-cell lung carcinoma. Free Radic. Biol. Med. 46:1650–
1657. doi:10.1016/j.freeradbiomed.2009.03.023.

 85. Aleksunes, L.M., A.L. Slitt, J.M. Maher, L.M. Augustine, M.J. Goedken, J.Y. Chan, 
N.J. Cherrington, C.D. Klaassen, and J.E. Manautou. 2008. Induction of Mrp3 
and Mrp4 transporters during acetaminophen hepatotoxicity is dependent on Nrf2. 
Toxicol. Appl. Pharmacol. 226:74–83. doi:10.1016/j.taap.2007.08.022. S0041-
008X(07)00394-8 (pii).



http://taylorandfrancis.com


423

Roles of Hydrogen 
Peroxide in the 
Regulation of 
Vascular Tone

Christopher P. Stanley, Ghassan J. Maghzal, 
and Roland Stocker

CONTENTS

Regulation of Vascular Tone .................................................................................  424
H2O2-Induced Arterial Relaxation.........................................................................  424

Arterial Relaxation to Exogenous H2O2 ...........................................................  426
Stimuli That Induce H2O2 Formation and Arterial Relaxation .........................  426

Sources of H2O2 in the Vasculature .......................................................................  428
NADPH Oxidases ............................................................................................  428
Uncoupled eNOS .............................................................................................  429
Xanthine Oxidoreductase  .................................................................................429
Mitochondria ....................................................................................................  430

Targets of H2O2 in the Modulation of Arterial Tone .............................................  430
Endothelial Cell •NO ........................................................................................  430
Endothelial EDH/EDHF...................................................................................  431
Soluble Guanylyl Cyclase in Smooth Muscle Cells  ........................................433
Protein Kinase G1α in Smooth Muscle Cells ..................................................  433

Regulation of Vascular H2O2 Concentrations and H2O2-Mediated Arterial 
Relaxation .............................................................................................................  435

Peroxiredoxins..................................................................................................  435
Glutathione Peroxidases (GPx) ........................................................................  436
Catalase ............................................................................................................  437
Disrupting H2O2 Signaling Downstream of H2O2  ............................................437

Conclusions and Perspectives ...............................................................................  437
References .............................................................................................................  438

19



424 Hydrogen Peroxide Metabolism in Health and Disease

REGULATION OF VASCULAR TONE

Arterial tone describes the balance between the constriction and relaxation imposed 
upon an artery, a dynamic state that is governed by endocrine, paracrine, and auto-
crine stimuli. Such control of arterial tone is important in the maintenance of total 
peripheral resistance and thus the regulation of blood pressure under physiological 
and pathological conditions. While arterial constriction and control of arterial tone 
by the endocrine system are important topics [1], the focus of this chapter is the role 
of hydrogen peroxide (H2O2) as a paracrine and autocrine regulator of arterial relax-
ation/dilation. However, it is fitting to first briefly outline the key effectors in arterial 
relaxation.

Three major mechanisms have been well characterized as key endothelial cell-
derived inducers of arterial relaxation. These are: prostacyclin (or PGI2) proposed 
initially by Moncada et al. [2]; nitric oxide (•NO) discovered by Furchgott and 
Zewadzki [3], Palmer et al. [4], Ignarro et al. [5]; and the endothelium-dependent 
hyperpolarization that is independent of •NO and PGI2 described initially by Feletou 
and Vanhoutte [6], Chen et al. [7]. Since the initial discovery of arterial relaxation 
induced by endothelium-derived hyperpolarization, several mediators have been 
shown to produce this response. While direct electrical coupling between junctional 
proteins of endothelial and smooth muscle cells (termed endothelial derived hyper-
polarization [EDH]) has been suggested as a regulator of smooth muscle tone, there 
is also evidence for the presence of a diffusible, endothelium-derived factor capable 
of hyperpolarizing smooth muscle cells (termed endothelial derived hyperpolarizing 
factor [EDHF]). Key mechanisms of EDH and EDHF are described in Table 19.1. 
While there is evidence for the existence of both these phenomena, the relative con-
tributions of each in the control of vascular tone are still unclear and, therefore, this 
review will group EDH and EDHF (EDH/EDHF) as one entity, except where refer-
ences have specifically defined EDH or EDHF.

The relative contribution of •NO, PGI2, and EDH/EDHF to the regulation of arte-
rial tone varies between species, vascular beds, and experimental setting. However, 
it is often observed that EDH/EDHF responses are more prominent in resistance 
vessels [8]. It has long been known that H2O2 causes arterial relaxation, with more 
recent reports proposing H2O2 as an EDH/EDHF. Therefore, the aim of this chapter 
is to describe the potential role of H2O2 in the regulation of arterial tone and to evalu-
ate its arterial effects, origins, mechanisms of action, and its regulation within the 
arterial tissue and cells.

H2O2-INDUCED ARTERIAL RELAXATION

This section firstly describes the key features of relaxant responses to exogenous 
H2O2, and secondly summarizes the evidence in support of stimuli-induced forma-
tion of H2O2 as an effector molecule in arterial relaxation. Details on the poten-
tial sources of arterial H2O2 and the mechanisms of H2O2-induced relaxation are 
described in sections “Sources of H2O2 in the Vasculature” and “Targets of H2O2 in 
the Modulation of Arterial Tone,” respectively.
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TABLE 19.1
Key Modulators of Arterial Relaxation

Pathway Early Pathway Events Downstream Signaling References

Arachidonic 
acid (COX 
metabolism)

↑Prostacyclin and 
stimulation of IP 
receptor

↑AC, cAMP, PKA, VSMC hyperpolarization, 
and ↓VSMC [Ca2+]I

[2,9–11]

↑PGE2 and stimulation of 
EP2 and EP4 receptors

↑cAMP, PKA, VSMC hyperpolarization, and 
↓VSMC [Ca2+]I

[12,13]

Nitric oxide Conversion of 
l-arginine to citrulline 
and •NO and 
activation of sGC

↑cGMP, PKG, VSMC hyperpolarization, 
↓VSMC [Ca2+]I, and MLCK Ca2+ sensitivity

[3,14–17]

Carbon 
monoxide

Activation of sGC ↑cGMP, PKG, activation of BKca channels 
VSMC hyperpolarization, ↓VSMC [Ca2+]I

[18–21]

EDH/EDHF K+ efflux through 
endothelial calcium-
activated K+ channels

Activation of VSMC Kir and Na/K+ ATPase 
channels, VSMC hyperpolarization ↓VSMC 
[Ca2+]I

[6,7,22–24]

Electrical conductance 
through junctional 
proteins

Connexins mediate electrical conduction of 
hyperpolarization along EC and VSMC 
leading to ↓VSMC [Ca2+]I

[25–28]

Small molecule 
movement through 
myoendothelial gap 
junctions

IP3 or Ca2+ movement through myoendothelial 
gap junctions, increase in EC [Ca2+]I, activation 
of eNOS and/or IKCa channels, subsequent 
activation of pathways described here

[29]

Arachidonic acid 
(CYP450 metabolism)

Production of EETs: ↑EC [Ca2+]i through 
TRP receptors, activation of endothelial Kca 
channels, and/or EET diffusion to VSMC 
activating unidentified receptors. ↑VSMC 
hyperpolarization and ↓VSMC [Ca2+]I

[30–34]

Arachidonic acid 
(lipoxygenase 
metabolism)

Formation of THETAs, HEETAs, and 
hydroxyeicosatetraenoic acids, ↑VSMC 
hyperpolarization through K+ efflux

[35–38]

H2S Formation of sulfide anion, nitrogen hybrid 
groups, enhanced •NO activity, oxidation of 
PKG1α, ↑VSMC hyperpolarization, and 
↓VSMC [Ca2+]I

[39–42]

Bradykinin Activation of B1 and B2 receptors, ↑EC 
[Ca2+]i, EC hyperpolarization, formation of 
EETs, activation of BKCa channels

[43,44]

Abbreviations: AC, adenylate cyclase; BKca, big conductance calcium-activated potassium channel; cAMP, 
cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; EC, endothelial cell; eNOS, endo-
thelium derived nitric oxide synthase; EETs, epoxyeicosatrienoic acids; HEETAs, hydroxyepoxyeicosatrienoic 
acids; H2S, hydrogen sulfide; IP3, inositol 1,4,5-triphosphate; IKca, intermediate conductance calcium-activated 
potassium channel; Kir, inward rectifying potassium channel; NO, nitric oxide; PKA, protein kinase A; PKG, 
protein kinase G; Na+/K+ ATPase, sodium potassium exchanger; sGC, soluble guanylyl cyclase; TRP, transient 
receptor potential channel; THETAs, trihydroxyeicosatrienoic acids; VSMC, vascular smooth muscle cell.
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ArteriAl relAxAtion in response to exogenous H2o2

Needleman et al. [45] were the first to report an arterial relaxant response to exog-
enously added H2O2. They observed H2O2 to cause relaxation of rabbit aortic strips 
with an EC50 of 600 μM. Since then, H2O2 added exogenously at micromolar to mil-
limolar concentrations has been shown to cause relaxation of conduit and resistance 
canine coronary arteries [46], bovine pulmonary [47], rat cerebral [48], rat thoracic 
aorta [49], mouse mesenteric [50], porcine coronary [51], human submucosal intes-
tinal [52], and human coronary arteries [53,54]. In general, H2O2 is more potent in 
relaxing resistance than conduit arteries [55]. The initial report of Needleman et al. 
[9] predates the discovery of the importance of the endothelium in the regulation of 
arterial tone and therefore the role of the endothelium was not tested in that work. 
Many subsequent reports have demonstrated however that the responses to H2O2 are 
largely endothelium independent. Nevertheless, removal of the endothelium reduces 
the potency of H2O2 responses in canine coronary [46] and basilar artery [56], canine 
and human submucosal arteries [52], and rabbit aorta [57].

stimuli tHAt induce H2o2 FormAtion And ArteriAl relAxAtion

A range of stimuli is thought to induce the formation of H2O2 that then acts as an 
EDH/EDHF. Importantly, however, for H2O2 to be considered an EDH/EDHF, relax-
ation must fulfill two criteria: H2O2-induced relaxation must be shown to be indepen-
dent of •NO and prostaglandin synthesis, and H2O2 must be shown to hyperpolarize 
and relax the arterial smooth muscle. This situation is distinct from H2O2 causing 
arterial relaxation via the release of •NO and/or prostaglandins (discussed in section 
“Targets of H2O2 in the Modulation of Arterial Tone”).

Early studies invoking a role for endogenous H2O2 in arterial relaxation showed 
that bradykinin and sodium arachidonate caused dilation of cat pial arterioles in a 
catalase-sensitive manner [58]. As catalase does not enter cells [59], these findings 
suggested that bradykinin and sodium arachidonate elicited a release of H2O2 to 
the extra-cellular space, and that such released H2O2 then diffused and crossed cell 
membranes to reach the smooth muscle cells. Subsequent studies, using patch clamp 
techniques, showed that H2O2 activates vascular smooth muscle ion channels, caus-
ing increased open probability of key channels involved in EDH/EDHF responses 
[60,61]. In the first comprehensive study posing H2O2 as an EDH/EDHF, Matoba 
et al. [50] reported acetylcholine-induced relaxation and smooth muscle cell hyper-
polarization in mouse mesenteric arteries to be almost completely inhibited by cata-
lase. This inhibitory effect of catalase was abrogated completely by aminotriazole, 
implying that catalytic removal of H2O2 was required for catalase to prevent arterial 
relaxation and smooth muscle cell hyperpolarization. Matoba et al. [50] also showed 
similar membrane potential profiles for acetylcholine (ACh) and H2O2. Specifically, 
ACh induced changes in membrane potential of around −7 and −2 mV in the absence 
and presence of catalase, respectively. Similarly, exogenous H2O2 caused hyperpo-
larization of −5 mV. Using similar techniques, H2O2 was proposed as an EDH/EDHF 
in bradykinin-stimulated human mesenteric arteries [62] and porcine coronary arte-
rioles [51].
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Using isolated porcine coronary arteries stimulated with bradykinin, Matoba and 
colleagues [51] provided indirect evidence for the release of H2O2 from the endothe-
lium. The H2O2 in the medium was determined by electron paramagnetic resonance 
(EPR) spectroscopy. The assay is based on the formation of para-acetamidophenoxyl 
radical by compound I derived from a reaction of H2O2 with horseradish peroxidase 
(HRP), and the resulting phenoxyl radical then being trapped by a nitroxide spin trap 
(1-hydroxy-2,2,5,5,-tetramethyl-3-imidazoline-3-oxide) resulting in an EPR-active 
nitroxide radical species [63]. These experiments showed bradykinin to evoke an 
increase in EPR signal that was abolished almost completely when catalase was pres-
ent at the time of bradykinin addition, or when the endothelium was removed from 
the arteries prior to bradykinin addition [51]. Catalase also inhibited flow-induced 
dilation of cannulated human coronary resistance arteries isolated from patients with 
coronary artery disease [64]. Under these experimental conditions, H2O2 release 
from the arteries was suggested, based on EPR studies using 5-tert-butoxycarbonyl 
5-methyl-1-pyrroline N-oxide (BMPO) as a spin trap [65]. Specifically, flow induced 
the appearance of a BMPO-OH signal in the collected arterial perfusate, whereas there 
was no detectable EPR signal under static conditions. In addition to BMPO-OH, flow 
was also associated with the appearance of ubisemiquinone radical, and both EPR 
signals were attenuated partially in the presence of superoxide dismutase (SOD), 
catalase, or rotenone [65]. The authors concluded that the flow-mediated BMPO-OH 
signal was in part due to H2O2 derived from superoxide radical anion (O2

•−) formed 
from the autoxidation of mitochondrial ubisemiquinone radical [65]. This interpreta-
tion is problematic, as it is unclear why the appearance of the ubisemiquinone radical 
in the perfusate required the addition of BMPO, and how mitochondria containing 
the ubisemiquinone radical can arise in the perfusate of the cannulated arteries in the 
reported absence of flow-mediated endothelial denudation [65]. The role of flow-
induced production of H2O2 and subsequent dilation has been investigated further 
using a bioassay in which an upstream artery (endothelium intact arteriole) acting 
as effluent donor was connected to an effluent detector (endothelium denuded arte-
riole) via luminal perfusion [53]. In this assay, dilation of the “detector artery” via 
flow from the “donor artery” was inhibited by catalase or insertion of a catalase- 
containing column between the donor and effector artery.

While there is a strong argument to be made for the role of H2O2 as an arterial 
relaxant and for stimulus-induced H2O2 as an EDH/EDHF, there are some concerns 
that deserve consideration in the interpretation of present results. First, much of the 
evidence supporting the role of H2O2 in stimulus-induced relaxation relies on the 
use of catalase or PEG-catalase. A potential pitfall with this approach is that at least 
some commercial catalase preparations contain impurities that have been reported to 
also inhibit arterial relaxation mediated by epoxyeicosatrienoic acids (EETs) [66]. 
Therefore, adequate controls for relaxant pathways in addition to that induced by 
H2O2 are required to ensure specificity of the catalase effect. Second, by removing 
extracellular H2O2, exogenously added catalase is assumed to` create a H2O2 concen-
tration gradient, thereby decreasing intracellular H2O2 [67]. In this case, however, 
catalase might also be expected to affect constrictor responses to contractile agents 
if H2O2 plays a prominent role in the regulation of basal tone. To date, however, such 
an effect of catalase has not been reported. Third, much of the evidence implicating 
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H2O2 as an EDHF relies on the use of indirect, EPR-based methods (see Reference [29]) 
or fluorescence readouts using probes such as 2′,7′-dichlorodihydrofluorescein 
diacetate or hydroethidine that are not specific and may lead to erroneous conclu-
sions (for review see [68,69]). Therefore, while current evidence suggests that, upon 
stimulation of arterial segments, H2O2 is formed/released to induce relaxation, more 
specific and accurate quantification of H2O2 remains elusive. However, such specific 
and accurate methods to quantify H2O2 are required to conclusively show, or refute, 
H2O2 as an endogenous arterial signaling molecule.

SOURCES OF H2O2 IN THE VASCULATURE

The main source of H2O2 in the vasculature is thought to be O2
•− that dismutates 

spontaneously or is catalyzed by SOD to H2O2. Superoxide can be formed by various 
enzymes in endothelial and smooth muscle cells, as well as adventitial fibroblasts. 
These enzymatic sources of O2

•− include different isoforms of NAPDH oxidases 
(NOX), uncoupled endothelial nitric oxide synthase (eNOS), xanthine oxidoreduc-
tase, and mitochondrial respiration complexes. In addition, enzymes involved in the 
metabolism of arachidonic acid, that is, lipoxygenases, cyclooxygenases, and cyto-
chrome P450, have also been described to generate O2

•−. Most studies addressing the 
source of O2

•− and H2O2 in the vasculature are based on in vitro studies using isolated 
cells, with very few studies using intact arterial segments to determine the precise 
location and nature of these enzymatic systems involved.

nAdpH oxidAses

NADPH oxidases are the only enzymes whose primary function is to produce O2
•−/

H2O2. They constitute a family of seven transmembrane proteins that catalyze the 
transfer of electrons from NADPH across membranes to molecular oxygen resulting 
in formation of O2

•− [70]. They have varied tissue distribution, with only NOX 1, 2, 
4, and 5 found in the vasculature. The subcellular localization of the NOX isoforms 
is distinctive, suggesting varied functions dependent on the cell type. For example, 
NOX1 localizes to the caveolae on the cell surface of rat and human smooth muscle 
cells, while NOX4 is located primarily in the focal adhesions of such cells [71]. 
In endothelial cells, NOX4 predominately localizes to the endoplasmic reticulum, 
while NOX2 associates with membrane ruffles and the cytoskeleton [72], perinu-
clear/nuclear membranes, and the endoplasmic reticulum [73,74]. Based on mRNA 
expression, NOX4 is the most abundant isoform in endothelial cells, with mark-
edly higher levels of its mRNA compared with NOX2 (20 to 5000-fold) and NOX1 
(>300-fold) [75–77].

While most NOX enzymes form O2
•−, NOX4 has been reported to primarily form 

H2O2, based on peroxidase-dependent assays such as Amplex® Red and luminol/
HRP to detect H2O2 [78]. However, a recent study using HPLC with fluorescence 
detection of 2-hydroxyethidium as a specific assay for O2

•−, reported NOX4 in 
endothelial cells to generate O2

•−, especially under shear stress conditions [79], 
where it may be involved in the activation of eNOS and hence control of vascular 
tone. In bovine pulmonary arteries, where H2O2 is proposed to regulate basal tone, 
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siRNA silencing of NOX4, but not NOX2, has been shown to enhance basal and 
constrictor tone [80]. In human coronary arteries, apocynin and the NOX peptide 
inhibitor gp91ds-tat have been reported to inhibit bradykinin-induced stimulation 
of H2O2 and subsequent relaxation [81]. These studies suggest a role for NOX-
derived O2

•−/H2O2 in arterial relaxation, although it is important to point out that 
apocynin interferes with peroxidase-dependent assays for O2

•−/H2O2 rather than 
being a NOX inhibitor.

All components of NOX2, also known as the phagocytic NADPH oxidase, are 
found in endothelial cells [82]. However, unlike the phagocytic form that is stimu-
lated to assemble on the plasma membrane and produce bursts of large quantities of 
O2

•−, the components of vascular NOX2 are constitutively expressed intracellularly 
[74], resulting in constant generation of O2

•− [82]. This characteristic of endothelial 
NOX2 has been proposed to be crucial for compartmentalized redox signaling, by 
physically separating formation of O2

•− from that of •NO near the plasma and Golgi 
membranes, thereby maintaining •NO bioavailability [83].

Compared with the ubiquitous expression of NOX2 and 4 in the vasculature, 
reports of NOX1 and 5 in vascular cells suggest that they are present at relatively 
lower amounts. While present in smooth muscle cells [71,84], the occurrence of low 
levels of NOX1 has been reported in cultured human [76] and rat aortic endothelial 
cells. NOX5, a Ca2+-dependent enzyme, has been detected in human endothelial 
[85] and smooth muscle cells [86], predominantly on the plasma membrane and in 
the ER.

uncoupled enos

Endothelial nitric oxide synthase (eNOS) is a heme- and flavin-containing enzyme 
that reduces oxygen and incorporates it into l-arginine to form l-citrulline and •NO. 
In its active form, the enzyme is present as a homodimer and utilizes tetrahydrobi-
opterin (BH4) as a cofactor. However, under certain conditions, including lack of 
BH4 [87] or the substrate l-arginine, as well during pathological conditions such as 
vascular disease and associated oxidative stress [88], the eNOS dimer dissociates 
to monomers. Such “uncoupled” eNOS forms O2

•− instead of •NO. Formation of 
O2

•− by eNOS has also been suggested to occur under physiological conditions in the 
context of host defense as treatment of allografts with the BH4 precursor sepiapterin 
decreased O2

•− (assessed by lucigenin-enhanced chemiluminescence) and increased 
•NO in allografts [89]. Interestingly, pharmacological inhibition of eNOS using l-NG-
nitroarginine methyl ester (L-NAME) has also been shown to uncouple the enzyme 
leading to the formation of H2O2 as measured by the H2O2-specific molecular probe 
HyPer [90].

xAntHine oxidoreductAse

Another potential source of O2
•− and H2O2 in the vasculature is xanthine oxidoreduc-

tase that contains flavins, iron-sulfur clusters, and molybdenum. The enzyme cata-
lyzes the last steps of purine metabolism, converting xanthine or hypoxanthine to 
uric acid and forming O2

•− and H2O2 as by-products [91]. Xanthine oxidoreductase is 



430 Hydrogen Peroxide Metabolism in Health and Disease

derived from xanthine dehydrogenase by thiol oxidation and/or proteolytic cleavage, 
usually under pathological situations such as vascular disease including atheroscle-
rosis [92]. In fact, xanthine oxidase activity is increased in diseased human coro-
nary arteries [93]. Xanthine oxidase avidly binds to the endothelium via interaction 
with sulfated glycosaminoglycans, suggesting that vascular wall xanthine oxidase is 
derived from circulating enzyme [93,94].

mitocHondriA

Mitochondria are a well-known source of cellular O2
•− that is formed at multiple sites 

in the mitochondrial electron transport chain, including the ubiquinone-binding sites 
in complexes I and III, glycerol 3-phosphate dehydrogenase, flavin in complex I, the 
flavoprotein Q oxidoreductase involved in fatty acid β-oxidation, and pyruvate and 
2-oxoglutarate dehydrogenases [95]. These sites utilize electrons from NADH or 
reduced flavin to generate predominantly O2

•− into the mitochondrial matrix, where 
MnSOD converts it to H2O2. Some sites, such as complex III, are also able to release 
O2

•− into both the mitochondrial matrix and intermembrane space [95]. While mito-
chondria generate O2

•− at a steady rate under normal physiological conditions, there 
is also evidence for enhanced generation of O2

•− following exposure to certain stimuli 
or altered cellular states. For example, in coronary arteries from patients with coro-
nary artery disease, inhibitors of mitochondrial complex I (rotenone) and III (myxo-
thiazol) have been implicated in H2O2 inducing arterial dilation [65]. It has also been 
shown that angiotensin II increases mitochondrial H2O2 in aortic endothelial cells 
[96]. Similarly, CD40 treatment of human endothelial cells has been reported to 
increase cellular O2

•−, suggested to be of mitochondrial origin [97].

TARGETS OF H2O2 IN THE MODULATION OF ARTERIAL TONE

endotHeliAl cell •no

Relaxation in response to exogenously applied H2O2 has been reported to be partly 
dependent on the endothelium and •NO in the rabbit aorta [57,98,99], canine basilar 
artery [56], rat aorta [56,100], and rat gracilis [101]. These studies suggest •NO to 
be a potential mediator of H2O2-induced arterial relaxation. Indeed, several in vitro 
studies using endothelial cells derived from conduit arteries support an interaction 
between H2O2 and the proteins involved in •NO formation either directly (NOS) or 
indirectly (via signaling). For example, acute exposure to ~100 μM H2O2 increases 
eNOS activity via phosphorylation/dephosphorylation mediated by Akt and phos-
phoinositide 3-kinase (PI3K) [102] and MEK/ERK1/2 [103]. Hydrogen peroxide 
also increases eNOS expression through calmodulin kinase II and JAK2 signaling 
[103,104], and increases the concentrations of the eNOS cofactor BH4 through JAK/
STAT signaling [105,106]. The initiation of such H2O2 signaling remains unclear. For 
instance, kinases such as Akt, PI3K, MEK and JAK2 have been proposed to be under 
direct control of H2O2 (reviewed in [107]), whereas [108] observed H2O2-mediated 
activation of the JNK pathway involves both Src family kinases and transactivation 
of the epidermal growth factor receptor.
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Another potential unifying feature is that several of these findings are dependent 
on Ca2+ [102–104]. Indeed, endothelial •NO production and •NO-mediated arterial 
relaxation in response to H2O2 are decreased by removal of extracellular and intracel-
lular Ca2+ [56]. Additionally, H2O2 (0.1–10 mM) was shown to increase endothelial 
Ca2+ in a manner that was sensitive to intracellular store depletion [109], inhibition 
of transient receptor potential (TRP) channel [110], and inhibition of phospholipase 
C and inositol triphosphate receptor (IP3R) [111]. However, the mechanisms under-
lying these effects remain unclear. Interestingly, H2O2 (100 μM) also increases IP3R 
sensitivity to IP3-induced Ca2+ release and Ca2+-induced Ca2+ release via glutathio-
nylation of IP3R1 [112]. Indeed, oxidation of certain cysteine residues of all IP3R 
subtypes has been shown to increase receptor sensitivity [113]. Taken together, these 
studies suggest that H2O2 is able to stimulate and facilitate •NO signaling in isolated 
endothelial cells, possibly via redox modulation of protein kinases and alteration in 
intracellular Ca2+. Importantly, however, the relevance of these cellular studies for 
arterial relaxation remains questionable. Thus, the relaxation of mouse aorta and 
mesenteric arteries by H2O2 was reported to be endothelium independent and hence 
unlikely to involve eNOS/•NO [114]. Similarly, pre-exposure of conduit arteries to 
H2O2 limits rather than enhances ACh-induced •NO release and relaxation [99].

endotHeliAl edH/edHF

In nearly all resistance vessels, arterial relaxation in response to H2O2 appears to 
be independent of the endothelium, with the possible exception of human submu-
cosal intestinal arterioles [52]. Despite this, however, endogenously formed H2O2 
could conceivably interact with endothelial cell proteins in a manner that potentially 
enhances EDH/EDHF type responses (see Figure 19.1).

In rabbit aortic valve endothelial cells, H2O2 (10 μM) enhanced Ca2+ release from 
the endoplasmic reticulum induced by cyclopiazonic acid, an inhibitor of the sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase [115]. This enhanced Ca2+ release was 
suppressed by cell-permeable glutathione monoethylester, suggesting redox modifica-
tion of IP3R via glutathionylation (see Endothelial Cell •NO section). Irrespective of 
the precise mechanisms, an enhancement of Ca2+ release by H2O2 could conceivably 
enhance EDH/EDHF responses. Work from the same group also showed that pre-expo-
sure to H2O2 (10 μM) enhanced endothelium-dependent arterial relaxation in response 
to a range of agents, including cyclopiazonic acid. In this situation, activation of SKca 
and IKca channels, and connexin 43-mediated gap junction communication partially 
explained arterial relaxation [115,116]. Similarly, in isolated endothelial tubes, H2O2 
(200 μM) induced hyperpolarization in a manner that was inhibited by pharmacologi-
cal inhibitors of SKca and IKca channels [117]. The same group later proposed SKca 
and IKca activation to be mediated by an increase in cellular Ca2+ via redox regulation 
of TRP channels [118]. Despite both studies showing H2O2 to propagate endothelial 
hyperpolarization, the underlying redox reactions remain to be firmly established, just 
as it remains to be determined whether the hyperpolarization observed extends to vas-
cular smooth muscle. Hydrogen peroxide has been shown to increase IP3R-mediated 
Ca2+ release [112] and TRP channels have been shown to be redox active [119–121]. 
A further possibility is that the “open probability” of gap junctions increases upon 
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redox modification, such as S-nitrosylation [122]. The H2O2-induced opening of gap 
junctions may then aid in potentiating hyperpolarization by allowing passage of IP3 
or Ca2+ from the smooth muscle to the endothelium to stimulate endoplasmic reticu-
lum or Ca2+-activated potassium channels, ultimately potentiating EDH/EDHF type 
responses [123]. However, such spread of hyperpolarization would be expected to be 
slower than the rates of conduction via “electrotonic spread.”

Additional roles for H2O2 in the endothelium may involve epoxyeicosatri-
enoic acids (EETs). Hydrogen peroxide and EETs (also proposed as EDHFs, see 
Table 19.1) share a complex relationship. Two separate studies from the Gutterman 
laboratory showed flow-mediated dilation to be attenuated by catalase and inhibitors 
of cytochrome P450 [53,124]. This observation is unlikely explained by H2O2 stimu-
lating EET production, as H2O2 decreases cytochrome P450-mediated metabolism 
of arachidonic acid to EETs [125]. Rather it was speculated that flow/shear stress-
mediated EET production precedes formation of H2O2 [126]. Accordingly, shear 
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stress increases phospholipase A2 activity, with the arachidonic acid released being 
metabolized to EETs by cytochrome P450. EETs then stimulate Ca2+ influx through 
TRP channels that in turn enhances mitochondrial production of reactive species, such 
as O2

•−, which is readily converted to H2O2 (reviewed [127]). Indeed, flow-induced 
relaxation of cannulated coronary resistance arteries isolated from patients with 
coronary artery disease is attenuated by pharmacological inhibition of mitochondrial 
complex I and III [65]. Similarly, using endothelium intact “donor” and endothelium-
denuded “detector” human coronary arteries from coronary artery disease patients, 
bradykinin induced relaxation that is attenuated by inhibitors of CYP450 and the EET 
receptor only if catalase was present in the donor artery chamber [125]. Follow-up 
studies from the same group confirmed a role for H2O2 suppression of arachidonic 
acid metabolism to EETs [81].

soluble guAnylyl cyclAse in smootH muscle cells

As indicated, arterial relaxation in response to exogenous H2O2 has been shown to 
be independent of the endothelium in the range of vascular beds including bovine 
pulmonary and coronary arteries [47], human coronary arteries [54], mouse mes-
enteric arteries [50], and human mesenteric arteries [62]. Early mechanistic studies 
focused on the role of soluble guanylyl cyclase (sGC), as H2O2 was a candidate 
endogenous activator of sGC prior to the discovery of •NO [128]. A substantive body 
of works by Wolin and coworkers showed that H2O2-mediated relaxation of pulmo-
nary arteries was inhibited by methylene blue, a nonspecific inhibitor of sGC used 
at that time [47]. Using sGC isolated from bovine lung homogenates, bolus H2O2 or 
H2O2 formed continuously by glucose/glucose oxidase, increased cGMP formation 
[47,129]. Surprisingly, catalase enhanced this increase in cGMP and this effect was 
inhibited by aminotriazole, suggesting that catalase compound I was responsible for 
sGC activation [47,129]. Furthermore, short-term pretreatment of pulmonary arteries 
with the sGC inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one) inhib-
ited •NO donor-mediated relaxation, but had no effect on relaxation induced by H2O2 
[130,131]. By contrast, decreasing sGC protein (via prolonged exposure to ODQ 
or siRNA directed against sGC β1 subunit) attenuated H2O2-mediated relaxation. 
These observations have been interpreted as H2O2 continuously regulating arterial 
tone so that conditions associated with decreased H2O2 lead to arterial constriction 
[129–131] (see Figure 19.2).

protein KinAse g1α in smootH muscle cells

H2O2-induced arterial relaxation has also been proposed to occur via oxidative activa-
tion of protein kinase G1α (PKG1α), independent of the endothelium, sGC and cGMP 
[132]. Oxidative activation of PKG1α results in the formation of an interprotein disul-
fide bond and homodimer, involving cysteine residue 42 in the leucine zipper domain 
[132]. In isolated murine hearts, 100 μM H2O2 was shown to dimerize PKG1α with a 
half maximal time (t1/2) of 1 min, without reversal at 4 min [132]. Interestingly, kinetic 
studies with purified protein revealed that H2O2-oxidized PKG1α had lower Km and 
Vmax-values for substrate compared with cGMP-activated PKG1α [132].
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Support for a physiological role of H2O2-induced oxidative activation of PKG1α 
was obtained using a genetically modified, “redox dead” mouse in which cysteine 42 
within the leucine zipper domain of PKG1α was mutated to serine [55]. Experiments 
with arteries isolated from redox dead versus wild type mice showed PKG1α cys-
teine 42 to be required for H2O2-induced relaxation of resistance and conduit ves-
sels, ACh-induced relaxation of mesenteric arteries, and hyperpolarizing responses 
to H2O2 [55]. Using this mouse model, oxidative activation of PKG1α was shown 
to contribute to the regulation of physiological blood pressure [55], decreased myo-
genic tone in mouse mesenteric arteries [133], and contributed to hypotension in 
mouse models of sepsis [134]. A role for H2O2-induced oxidative PKG1α activation 
has also been implicated in mediating flow-induced dilation of human coronary arter-
ies from patients with coronary artery disease [54], the regulation of tonic contractile 
tone in bovine pulmonary arteries, and hypoxia-induced arterial relaxation of bovine 
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FIGURE 19.2 Mechanisms by which H2O2 is proposed to induce relaxation of vascular 
smooth muscle. H2O2-induced arterial relaxation via oxidative activation of PKG1α (left 
section). H2O2 formed in the endothelium diffuses to the smooth muscle via an unidentified 
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zipper region of PKG1α. The subsequent signaling of PKG1α is as yet unidentified; how-
ever, initial reports suggest interaction with the large conductance Ca2+-activated K+ channel 
(BKca) either directly or through Ca2+ sparks. Oxidized PKG1α may also activate a range of 
as yet undetermined K+ channels. H2O2-induced arterial relaxation via compound I formation 
and activation of sGC (right section). H2O2 is proposed to form compound I upon reaction 
with catalase. Once formed, compound I stimulates sGC leading to activation of PKG1α via 
increased cGMP, which can then signal through BKca channels. Activation of BKca channels 
in both cases would then induce hyperpolarization and subsequent closure of voltage-gated 
Ca2+-channel.
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coronary arteries [131]. At present, the best indicator of oxidative activation PKG1α 
is formation of PKG1α homodimer [135], although known pharmacological inhibi-
tors of cGMP-activated PKG (e.g., Rp-8-Br-PET-cGMP, DT-2) also inhibit H2O2-
oxidized PKG1α [54,55,132,133,136], and are therefore potentially useful tools to 
assess the roles of “oxidatively” activated PKG1α.

Oxidative activation of PKG1α may also help explain the activation of several 
channels by H2O2. Thus, numerous studies have reported pharmacological inhibi-
tion of channels to block H2O2-mediated arterial relaxation and/or hyperpolariza-
tion that is otherwise attenuated in the “redox-dead PKG1α knock-in mouse.” For 
example, there is convincing pharmacological and electrophysiological evidence 
for oxidized PKG1α causing hyperpolarization and arterial relaxation via activa-
tion of big conductance calcium-activated K+ channels (BKca) [54,55,131,133,136]. 
Other K+ channels have been implicated in H2O2-induced hyperpolarization of vas-
cular smooth muscle [50,51,60,62,64,137]. These additional K+ channels include 
Kv, KATP, and the sodium potassium exchanger, as assessed by pharmacological 
studies employing specific inhibitors [137–140]. While an involvement of oxidized 
PKG1α in the H2O2-induced activation of these channels is yet to be shown, patch 
clamp experiments employing either intact cells or cell membrane excisions indi-
cate that H2O2 mediates channel activation indirectly via intracellular signaling 
[54,60,61,141–147] (see Figure 19.2).

REGULATION OF VASCULAR H2O2 CONCENTRATIONS 
AND H2O2-MEDIATED ARTERIAL RELAXATION

In principal, there are three ways to regulate arterial wall concentrations of H2O2 
and thus its ability to regulate vascular tone. The first involves inhibition of H2O2 
formation, by suppressing the sources of O2

•−/H2O2 (discussed in section “Sources 
of H2O2 in the Vasculature”) including SOD. Such inhibition may occur at the level 
of “activators” of these enzymes. For example, an abundance of substrate (argi-
nine) and cofactor (BH4) will help maintain eNOS in the coupled, dimeric state, 
and thereby facilitate formation of •NO instead of O2

•−. Inhibiting the dismutation 
of O2

•− to H2O2 can decrease endothelium-dependent hyperpolarization, as EDHF-
mediated relaxation of mesenteric arteries is decreased but not eliminated in Cu,Zn-
SOD−/− compared with wild type mice, and catalase has no further effect on the 
attenuated relaxation or hyperpolarization in these Cu,Zn-SOD−/− mice [148]. These 
results suggest that cytosolic O2

•− in arterial cells is partially responsible for cat-
alase-accessible and hence extracellular H2O2, which then causes relaxation and 
hyperpolarization.

The second mechanism decreasing H2O2-mediated relaxation relates to the scaveng-
ing/detoxification of arterial H2O2. The major H2O2-detoxification enzymes are perox-
iredoxins, glutathione peroxidases, and catalase, all of which react rapidly with H2O2.

peroxiredoxins

The major cellular detoxifiers of H2O2 are the cysteine peroxidases, peroxiredox-
ins (Prx). These enzymes show high reactivity for H2O2 with a rate constant in 
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the 107–108 M−1 s−1 range, similar to catalase and glutathione peroxidases [149]. 
However, Prx are more abundant than glutathione peroxidases and catalase, and they 
are present in different cell compartments [150]. There are six different Prx iso-
forms in mammals with many found in vascular cells in mice [151], rats [152], and 
humans [153]. Peroxiredoxins obtain their reducing equivalents from the NADPH/
thioredoxin reductase/thioredoxin system that regenerates the catalytically active 
cysteine residue in Prx [154]. The importance of this redox system in H2O2-mediated 
relaxation has been highlighted in a recent study, which showed mesenteric arteries 
from thioredoxin transgenic mice to have increased Prx activity and higher EDH 
relaxation compared with arteries from control mice [155].

The fact that increased Prx activity resulting from the thioredoxin transgene 
increases rather than decreases EDH relaxation [155] suggests that Prx may not 
always act as an “H2O2 detoxifier.” Indeed, it is increasingly recognized that Prx 
are critical for H2O2 to act as a cellular signaling molecule, including in the vas-
culature where Prx2 has been shown to be involved in platelet-derived growth 
factor signaling [156] and VEGF receptor oxidation [157]. This is because Prx 
can interact with a number of different proteins [158], thereby providing the basis 
for potential “redox relays” that transduce the H2O2 “message” through sequential 
thiol oxidation [159]. This is highlighted by a recent report demonstrating Prx2 
with oxidized catalytic cysteine residue to transfer oxidative equivalents to the 
redox-controlled transcription factor STAT3 [160], generating disulfide-linked 
STAT3 oligomers with attenuated transcriptional activity. The finding of [155], 
described here, suggests that Prx also participates in redox relays in the arterial 
wall in the context of H2O2 acting as an EDH, an area of research worth future 
considerations.

glutAtHione peroxidAses (gpx)

GPxs are selenocysteine-containing proteins that act as antioxidants by using glu-
tathione as a cofactor to reduce H2O2 and a wide range of organic hydroperox-
ides to water and alcohols, respectively. There are eight isozymes in humans, with 
GPx1 being the most abundant. The importance of these enzymes in detoxifying 
H2O2 in vivo has been shown in animals, as GPx1 gene knockout mice exhibit 
increased susceptibility to oxidative stress-inducing agents including H2O2 [161]. 
Conversely, induction of GPx1 in human endothelial cells affords protection against 
H2O2-induced damage [162]. Evidence supporting a role for GPx in regulating 
H2O2-mediated signaling comes from data showing that abolition of GPx1 in mice 
enhances oxidative inactivation of phosphatase and tensin homolog, and thereby 
increases PI3K/Akt signaling [163], while overexpression of GPx1 in mice dimin-
ishes growth factor or Akt signaling [164]. Therefore, one would expect that in the 
vasculature too, a decrease in GPx would enhance H2O2-mediated relaxation while 
overexpression of GPx would be expected to have the opposite effect. Contrary to 
this expectation, however,  mesenteric arterioles from GPx1−/− mice contracted in 
response to bradykinin [165], while transgenic GPx1 expression improved vascular 
reactivity as assessed by in vivo videomicroscopy [166]. The reasons for this appar-
ent discrepancy are currently not known.
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cAtAlAse

Unlike Prx or Gpx that rely on a reactive cysteine or seleno-cysteine, respectively, 
catalase is a heme-containing enzyme that converts H2O2 to water and oxygen. 
Catalase is predominantly found in peroxisomes where it detoxifies H2O2 formed as 
a by-product of the catabolism of fatty acids and d-amino acids [167].

Global overexpression of catalase in mice does not have a profound effect on 
arterial H2O2 concentration or blood pressure [168]. However, targeting catalase 
expression to vascular tissues in healthy mice strongly reduced steady-state con-
centration of vascular H2O2 and surprisingly caused hypotension, independent of 
the endothelial •NO bioavailability and completely reversible by treatment with the 
catalase inhibitor aminotriazole [169]. Overall, these findings appear to argue against 
endogenous H2O2 acting as an EDH/EDHF in healthy mice and suggest that it might 
act as a vasoconstrictor rather than relaxant, since scavenging of H2O2 by catalase 
would be expected to increase blood pressure.

disrupting H2o2 signAling downstreAm oF H2o2

The final mechanism of modulation of H2O2-mediated arterial relaxation entails 
the disruption of its signaling and downstream pathways that lead to hyperpolariza-
tion of the smooth muscle and thus relaxation. One such inhibitor is •NO, which 
is known to negatively affect EDH/EDHF. Nearly 20 years ago, •NO donors were 
shown to attenuate EDH-mediated responses in isolated rabbit carotid and porcine 
coronary arteries [170] and in the canine coronary microvasculature [171]. While the 
mechanism of this is not fully understood, one possible pathway is cGMP-dependent 
activation of PKG1α outcompeting H2O2-mediated oxidative activation of PKG1α 
[49,132]. Indeed, cGMP-dependent activation of PKG1α has been shown to desen-
sitize vascular smooth muscle cells to H2O2-mediated relaxation [172]. Conversely, 
pharmacological inhibition of sGC sensitizes conduit vessels to H2O2-mediated 
relaxation [172]. While these studies are contrary to research suggesting that H2O2 
increases endothelial •NO (see section “Targets of H2O2 in the Modulation of Arterial 
Tone”), they highlight the issue of species and vascular bed differences. Nonetheless, 
the findings from the Eaton group (Burgoyne et al. [132], Prysyazhna et al. [55], 
Burgoyne et al. [172]) suggest that at least in the mouse excessive endothelium-
derived •NO inhibits the actions of H2O2 as an EDHF.

CONCLUSIONS AND PERSPECTIVES

Overall, existing literature strongly supports a role for exogenously added H2O2 to 
act as an arterial relaxant through hyperpolarization of arterial smooth muscle. There 
is also substantial evidence for endogenous H2O2 to act in a similar way, although this 
evidence relied on indirect methods for the detection of the H2O2 putatively involved. 
The major underlying problem with this is the inherent difficulty in the unambiguous 
determination of H2O2 in complex biological systems. Additional indirect evidence 
for a role of H2O2 as EDH/EDHF comes from studies reporting oxidative modifica-
tions of downstream targets of H2O2, such as PKG1α. The potential problem with this 
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interpretation is, however, that oxidative modification of these targets is not specific 
to H2O2, and that H2O2 itself has only a limited capacity to directly oxidize protein 
thiols [150]. Future studies should focus on the role of endogenous H2O2 in arterial 
relaxation, with the challenge being the direct detection of this oxidant that in vivo is 
rapidly metabolized by numerous systems and hence likely present at only low con-
centrations. Consideration may also be given to the possibility that the role of H2O2 
as an arterial relaxant might differ between healthy and diseased states.
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