Oxidative Stress
In Aging

From Model Systems
to Human Diseases

Edited by

Satomi Miwa, phD
Ken B. Beckman, php
Florian L. Muller, php




Oxidative Stress in Aging



AGING MEDICINE

Robert Pignolo, MD, PhD; Mary Ann Forciea, MD;
Jerry C. Johnson, MD, Series Editors

Oxidative Stress in Aging: From Model Systems to Human Diseases, edited by Satomi Miwa,
Kenneth B. Beckman, and Florian L. Muller, 2008

Age-Related Changes of the Human Eye, edited by Carlo A. Cavallotti and Luciano Cerulli,
2008

Classic Papers in Geriatric Medicine, edited by Robert Pignolo, Mary Anne Forciea, and
Monica Crane, 2008

Eldercare Technology for Clinical Practitioners, edited by Robin Felder and Majd Alwan,
2008

Handbook of Pain Relief in Older Adults: An Evidence Based Approach, edited by
Michael F. Gloth, 2004.



Oxidative Stress in Aging

From Model Systems to Human Diseases

Edited by

Satomi Miwa, PhD

Institute for Ageing and Health, Newcastle University,
Newcastle upon Tyne, United Kingdom

Kenneth B. Beckman, PhD

Functional Genomics Core,
Children’s Hospital Oakland Research Institute, Oakland, California

Florian L. Muller, PhD

Department of Cellular and Structural Biology,
University of Texas Health Science Center at San Antonio, San Antonio, Texas

M

3« Humana Press



Editors

Satomi Miwa, Ph.D. Kenneth B. Beckman, Ph.D.

Institute for Ageing and Health Functional Genomics Core

Newcastle University Children’s Hospital Oakland Research
Newcastle upon Tyne Institute

UK Oakland, CA

satomi.miwa@ncl.ac.uk USA

kbeckman @chori.org

Florian L. Muller, Ph.D.

Department of Cellular and Structural
Biology

University of Texas Health Science
Center at San Antonio

San Antonio, TX

USA

aettius@aol.com

Series Editors

Robert J. Pignolo Mary Ann Forciea

Division of Geriatric Medicine Division of Geriatric Medicine

University of Pennsylvania School University of Pennsylvania Health System
of Medicine Philadelphia, PA

Philadelphia, PA

Jerry C. Johnson

Division of Geriatric Medicine

University of Pennsylvania School
of Medicine

Philadelphia, PA

ISBN: 978-1-58829-991-8 e-ISBN: 978-1-59745-420-9
DOI: 10.1007/978-1-59745-420-9

Library of Congress Control Number: 2007942719

© 2008 Humana Press, a part of Springer Science +Business Media, LLC

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Humana Press, 999 Riverview Drive, Suite 208, Totowa, NJ 07512 USA),
except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with any
form of information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are
not identified as such, is not to be taken as an expression of opinion as to whether or not they are subject
to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of going to
press, neither the authors nor the editors nor the publisher can accept any legal responsibility for any
errors or omissions that may be made. The publisher makes no warranty, express or implied, with respect
to the material contained herein.

Cover illustration: Cover art provided by Conor Lawless
Printed on acid-free paper
987654321

springer.com



Preface

Aging remains one of the biggest unsolved problems in biology. More than
50 years ago, Denham Harman proposed the free radical theory of aging, arguing
that cumulative damage from oxygen free radicals was causal to the process of
aging. The fundamental idea is simple, yet scientifically plausible. Although at
first it received limited attention, a recent explosion of investigative interest and
endeavors has made the free radical theory the most extensively tested of all
aging theories. The body of literature is now so vast and encompasses so many
different techniques and model systems that an integrated evaluation of the evi-
dence is difficult to say the least. Our goal in writing Oxidative Stress in Aging:
From Model Systems to Human Diseases was to provide an easily accessible
assessment of the free radical theory. We believe that the reader will find our
“model system by model system” approach helpful, for it greatly simplifies a
sometimes contradictory body of evidence.

A further development for the free radical theory is the realization that oxidative
stress may contribute not only to aging per se, but also to the pathogenesis of a
variety of age-related diseases. No assessment of the free radical theory of aging
would be complete without an up-to-date account of major trends on the role of
oxygen free radicals in the pathology of age-related diseases.

We thank all the contributors for taking time to produce outstanding chapters
that not only summarize key data but also provide critical evaluation, discussion,
and interpretation. This book is only possible because of their efforts.

We are also grateful to Dr. Matthew Ford for help with proofreading, and to
Springer, particularly Richard Lansing, for exceptionally efficient help and advice
throughout, and for accepting our demanding requests, one after another.

Satomi Miwa
Kenneth Bruce Beckman
Florian L. Muller
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1
Introduction

Satomi Miwa, Florian L. Muller, and Kenneth B. Beckman

1 Living in the Presence of Oxygen

The earliest life—simple cells—appeared 4 billion years ago, and rocks 3.5 billion
years old contain microfossils of primitive one-celled organisms, the prokaryotes.
At that time, the atmosphere contained little oxygen, and all life was anaerobic.
About 3 billion years ago, photosynthetic blue-green algae (cyanobacteria)
appeared, which slowly and eventually (800 million years later) raised atmospheric
oxygen concentration [1, 2]. The rise in oxygen tension in the atmosphere coincides
with development of complex eukaryotic life [3-5], and the Cambrian explosion, a
profound diversification of animal life approximately 540 million years ago,
occurred when oxygen reached concentrations close to those of today (21%) [6, 7].
Indeed, molecular and genetic analyses suggest a correlation, during the past 2.3
billion years, between the development of aerobic metabolism and increased organ-
ism complexity [4]. Aerobic metabolism using oxygen (oxidative phosphorylation)
in mitochondria is highly efficient in generating energy from organic compounds,
and mathematical analysis has shown that the presence of molecular oxygen in
metabolic pathways allows far more complex reactions to occur than in those with-
out oxygen [8]. According to one hypothesis, eukaryotes emerged after the engulf-
ment of respiring bacteria (symbionts) by ancient anaerobic bacteria (hosts) — the
symbionts being the origin of mitochondria [9]. Thus, the ability to perform oxida-
tive metabolism is seen as a crucial factor in the emergence of complex multicellu-
lar life and evolution of animals. Oxidative metabolism remains the major form of
energy production in virtually all animals today. Another significance of the
appearance of oxygen in the atmosphere was the formation of the ozone layer,
which protected the land from lethal levels of UV radiation.

However, despite its many beneficial effects, the emergence of oxygen as a major
constituent of the atmosphere has presented all life forms living in its presence with
a fundamental problem: how to efficiently protect themselves from its toxicity. In
fact, many of the primitive anaerobic organisms are thought to have had died out
when atmospheric oxygen levels rose. The only survivors were those species that
evolved efficient mechanisms to detoxify oxygen, and those that colonized anaero-
bic or microaerobic environments [10, 11].

From: Aging Medicine: Oxidative Stress in Aging: From Model Systems to Human Diseases 3
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4 S. Miwa et al.

Indeed, it was the study of oxygen toxicity that first led Gerschman and her
co-workers to the realization that oxygen free radicals can exist in vivo, and that
these free radicals can be highly toxic [12]. The free radical theory of aging
ultimately arose from studies of the basic toxicity of oxygen.

1.1 History of Free Radical Theory from Lavoisier to Harman

Oxygen was discovered independently by the Swedish apothecary Karl W. Scheele,
in 1772, and by the English amateur chemist Joseph Priestley, in 1774. Oxygen was
originally described as a gas that promotes combustion, but Priestley (who called it
“dephlogisticated air”) also realized that it was produced by plants (i.e., photosyn-
thesis) and that it was essential for survival of animals (i.e., respiration).

Antoine Lavoisier, a chemist who corresponded with Priestley, repeated
Priestley’s experiments, and he further characterized the gas and gave it its current
name oxygen, from the Greek root meaning “acid producer,” because it was
wrongly thought that acid contained oxygen. Remarkably, Lavoisier is said to have
soon realized the harmful effects of oxygen inhalation [13]. Ever since, excessive
oxygen has been known to be harmful to a wide range of life forms.

About 100 years after Lavoisier, the toxicity of oxygen was experimentally estab-
lished by Paul Bert (1878) [14] and J. Lorain Smith (1899) [15] in the course of
studies on hyperbaric oxygen. The effects of oxygen on the central nervous system
are known as the Bert effect and on the lungs as the Lorain Smith effect or Smith effect,
which were named after these pioneers in each subject, respectively.

However, the mechanism of such toxic effects of oxygen remained unknown for
another 50 years until Rebecca Gerschman and colleagues postulated that it
involved oxygen radicals (1954) [12]. They noted that the effects of oxygen toxicity
share many common features with those of ionizing radiation, and found that radia-
tion and oxygen toxicity are synergistic. They further showed that many radiopro-
tectants also were protective against oxygen poisoning and that they were, in fact,
well-known antioxidants in lipid chemistry [12]. It was known that radiation
involved homolytic bond cleavage and free radical formation, but the idea that such
a process could occur in vivo was revolutionary, because free radicals are by their
very nature highly reactive and transient. Gershman’s work would have a pro-
found influence on the formulation of the free radical theory of aging.

About 50 years ago, Denham Harman took the ideas developed by Gershman
and co-workers one step further and argued, based on divergent strains of evidence,
not only that oxygen free radicals (specifically HOO® and OH") are formed in vivo,
but also that the cumulative damage caused by those free radicals is the ultimate
cause of aging (1956) [16]. So was born the free radical theory of aging. The theory
was extremely controversial, because many of its cornerstones were regarded as
unproven at best: the idea that free radicals could exist in a biological environment
had no experimental support. In subsequent years, electron paramagnetic resonance
work did show the in vivo existence of carbon-centered free radicals [17], but the
real spark of attention to the theory was prompted by the discovery by Joe McCord
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and Irwin Fridovich of superoxide dismutase [18]. The fact that nature has devel-
oped such highly abundant enzymes to eliminate specifically superoxide free radi-
cals strongly supports the existence of such free radicals in vivo. At about the same
time, it was demonstrated that hydrogen peroxide (H,0,) was generated by mito-
chondria as a by-product of aerobic respiration (i.e., oxidative phosphorylation) [19]
which originates from the dismutation of superoxide. It was a clear demonstration
of reactive oxygen species (ROS) production in a normal biological process.
Oxidative phosphorylation, as noted, is a very efficient, oxygen-dependent way to
produce metabolic energy, taking place in mitochondria. Because most oxygen
(85-90%) consumed by animals is used by mitochondria, it is now generally thought
that mitochondria are the major site of superoxide production during oxidative
metabolism in the aerobic cell. Thus, oxygen is a double-edged sword for aerobic
life: necessary for energy production, but inevitably “stealing” electrons, thus gen-
erating superoxide and other reactive oxygen species.

1.2 Development and Derivatives of Free Radical Theory

Over the years, the original free radical theory has been modified and refined.
The term free radical theory is somewhat of a misnomer, because many oxidants
such as H202 are not free radicals. Harman soon offered another insight, that
mitochondrial production of ROS (a collective term for superoxide, HZOZ, and other
highly reactive partially reduced species of oxygen) determines aging [20], which
was followed by a proposal of the more specific version of the free radical theory:
the mitochondrial theory. Mitochondrial theory posits that mitochondria are not only
the major producers of ROS, but also that they are the major targets, due to their
proximity to the ROS production sites. Damage to mitochondria and mitochondrial
DNA (which exists in the matrix) would result in accumulation of the mitochondria
that produce even more ROS, causing a vicious cycle [21].

The more general version of the free radical theory is the oxidative stress (or
oxidative damage) theory. The somewhat vague term oxidative stress has become
common in recent years, referring to the balance between production of ROS (and
their related products) and defense against ROS. Under conditions of oxidative
stress, accumulation of oxidative damage would accrue. It is now clear that there
are endogenous sources of ROS other than mitochondria. Thus, “oxidative stress
theory”—though it may inevitably be loosely defined—is flexible and less restricted
than the mitochondria-centered version of the theory.

Another major influence on Harman’s development of the free radical theory
was the rate-of-living theory of aging. Ancient philosophers believed that we were
born with a limited quantity of “vital substances” and that our life span was deter-
mined by how quickly we used it up. Priestley, the first person to observe respira-
tion, wondered “... as a candle burns out much faster in dephlogisticated (i.e.,
oxygen) than in common air, so we might, as may be said, live out too fast, and the
animal powers be too soon exhausted in this pure kind of air.” [22]. The rate-of-
living theory was established with empirical evidence in the early 1900s by Max
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Rubner [23], and subsequently by Raymond Pearl [24]; it is understood to be the
oldest scientific theory of aging. Rubner, whose interest included the correlation
between body size, surface area and basal metabolic rate, realized that life span
correlates inversely with body size in mammals, and reasoned that this was due to
basal metabolic rate [23, 25].

Pearl expanded the theory alongside studies in Drosophila, in which he exam-
ined the effects of elevated metabolic rate (culturing at a higher temperature) on life
span [24]. The rate-of-living theory states that life span is a function of metabolic
rate: the faster that rate, the shorter the life span. Although it is now recognized
that this simple relationship between metabolic rate and life span does not always
hold true [26-30], the free radical theory has been suggested to offer a molecular
mechanism for the rate-of-living theory, because an organism’s metabolic rate is
essentially proportional to oxygen consumption.

1.2.1 Aging

In biological terms, aging is defined fundamentally as an age-related increase in
susceptibility to diseases and death (see the definitions of Comfort (1960, p 8)
[31], Maynard Smith (1962, p 115) [32], Frolkis (1982, p 4) [33] [Box I.1]).
Aging is deleterious, progressive, intrinsic, and universal [34]. Aging is a multi-
factorial and heterogeneous phenomenon. As such, characteristics of aging have
the potential to differ vastly between species, and are nonuniform even between
individuals of the same species. Although death is a clear endpoint, aging is much
more difficult to describe.

There are many hypotheses to explain mechanisms of aging apart from the
oxidative stress theory (Table 1.1) (see [35] for detailed examinations of different
theories). Theories can be formulated at different levels of the biological hierarchy,
including the molecular, cellular, and systemic levels, and they are not neces-
sary mutually exclusive. There is often cross-talk between theories at different
levels: one theory at the molecular level may underlie aspects of another theory
at the systemic level, and so on. The oxidative stress theory fits well with other
molecular theories. For example, oxidative stress might be involved in the
“somatic mutation theory” because oxidative damage causes DNA mutagenesis,
or in the “error catastrophe theory” because oxidative damage could compromise
ribosome function, or in the “cross-linking/glycosylation theory” because oxidative
damage can generate reactive aldehydes.

2 Ogxidative Stress in Aging: Format of the Book

The oxidative stress theory remains one of the most popular explanations of aging
at the molecular level. The purpose of this book is to give an authoritative account
of the current status of the theory, 50 years after it was first proposed.
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Box 1.1 Historic definitions of aging

Comfort A (1960) [31] Aging is “an increased liability to die, or an increasing
loss of vigour, with increasing chronological age, or with the passage of life
cycle.”

Maynard Smith J (1962) [32] Aging processes are “‘those which render in-
dividuals more susceptible as they grow older to the various factors, intrinsic
or extrinsic, which may cause death.”

Frolkis VV (1982) [33] “Aging is a naturally developing biological process
which limits the adaptive possibilities of an organism, increases the likeli-
hood of death, reduces the life span and promotes age pathology.”

Table 1.1 Some theories of aging

Molecular and cellular level

Wear and tear: Wearing out of cells and tissues by accumulation of normal insults from daily
living.

Waste accumulation: Accumulation of waste products in the cell which perturb normal
cellular function.

Error catastrophe: Errors in transcriptional and translational processes.

Somatic mutation and DNA damage: Somatic mutations and damages to DNA alter genetic
information.

Telomeres and Hayflick limit: Possible number of cell division is limited (determined by the
length of telomere) and cells become senesced.

Cross-linking/glycosylation: Cross-linking of proteins with glucose alter their functions.
Dysdifferentiation: Impaired regulations of gene activation and repression mechanisms.

Free radical/oxidative stress: Accumulation of damage caused by free radicals that are
produced as metabolic by-products.

Systemic level

Metabolic (rate of living): Life span inversely correlates with metabolic rate.
Neuroendocrine: Failure in neuroendocrine control of physiological homeostasis.
Immune function: Decline in immune function that results in decreases in resistance to
infectious diseases and increases in incidence of autoimmunity.

Section 1. Introduction

In Chapter 2 we present the basics of oxidative biochemistry. It is intended to
familiarize the reader with the biochemistry of reactive oxygen species and of the
antioxidant system, since subsequent chapters will assume some knowledge of
this area.
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Section I1. Role of Oxidative Stress in Aging

The fundamental idea of the oxidative theory is straightforward and simple. It has
been tested in a wide range of “aging” model systems and in comparative studies.
It is probably the most extensively tested theory on aging and has been the subject
of a formidable body of literature.

Part II-A  Different Model Systems

As with many areas of biology, the use of model systems has proved invaluable to
the oxidative stress theory of aging. Because of their short life span, model organ-
isms make testing of specific interventions both logistically and temporally fea-
sible. The ease of genetic manipulation of specific model organisms (e.g., mice,
Drosophila species) has further increased their utility. The free radical theory of
aging has received extensive experimental testing in model organisms, with sometimes
contradictory results.

We have grouped the results by model organism, with each chapter (Chapters
3-8) being written by an expert evaluating the evidence for the free radical theory
in a specific model system. This approach greatly simplifies evaluation of the
evidence, considering the contradictory nature of the literature. Furthermore an
investigator typically focuses his or her career on one model organism; our format
enables evaluation of the evidence based on years of practical experience, great
depth of knowledge of the literature, and critical unpublished observations.
Naturally, the experimental results obtained in model systems can be complemen-
tary, but extrapolation and generalization of results between species must take
phylogeny and physiological differences into account.

Part II-B  Comparative Approach

The free radical theory has been extensively evaluated by comparative physiology
and biochemistry. The comparative method examines whether there are particular
physiological or biochemical traits that correlate with life span across different
species. Chapter 9 reviews the comparative biochemistry of oxidative damage,
mitochondrial ROS production, and higher vertebrate animal life span.

Section III. Oxidative Stress in Human Aging and Diseases

A critical outgrowth of the free radical theory of aging is the free radical theory of
disease, i.e., the realization that ROS may not only contribute to aging per se, but also
to the pathogenesis of a variety of age-related and non-age-related diseases.
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Human aging is characterized by increased susceptibility to age-related diseases.
One important trend is the emergent role of oxidative stress in specific age-related (as
well as non-age-related) diseases, rather than aging in general. Moreover, much more
evidence is available on the pathogenic role of ROS in specific diseases than in aging
generally. Thus, we devote an entire section to the role of oxidative stress in specific
diseases. In addition, Section III includes a chapter (Chapter 15) of epidemiological
reviews on effects of antioxidant supplementation on prevention of diseases; the evi-
dence from the clinical trials is weak, and the possible reasons are discussed.

Section IV, Future

A relatively recent development in the long history of the free radical theory is
the finding that ROS can act as signalling molecules, and not just as deleterious
metabolic by-products. Although ROS have long been known to be purposefully
produced by the immune system to kill invading pathogens, it is now recognized
that an entire family of enzymes, called Nox, purposefully generate ROS at cell
membranes, likely for cell signaling. Chapter 16 gives an overview of the current
knowledge on ROS as signaling molecules.

We end the book with our evaluation of the current status of the free radical
theory and where we believe it is headed in the future.
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2
The Basics of Oxidative Biochemistry

Satomi Miwa, Florian L. Muller, and Kenneth B. Beckman

1 Chemistry of Reactive Oxygen Species

Although a thorough knowledge of oxygen chemistry is necessary to understand
the biochemistry of reactive oxygen species, that topic is beyond the scope of this
book (see excellent works by Sawyer [1, 2] and the outstanding textbook of
Halliwell and Gutteridge [3], Chapter 1). A large number of different reactive
oxygen species (ROS) and reactive nitrogen species are now known to exist in
biological systems, the most relevant to the present book being superoxide (O,"/
HO,), hydrogen peroxide (H,0,), hydroxyl radical (OH’), organic (lipid, alkyl, or
short chain) hydroperoxides and hydroperoxide radicals (ROOH, ROO"), perox-
ynitrite and peroxynitrous acid (ONOO/ONOOH), carbonate radical (CO,™), and
reactive aldehydes of varying lengths. Various oxo-metal complexes, (such as
those formed from heme and H,0,), may also be relevant. We limit our discussion
to the chemical properties relevant to the biological toxicity of the best known
reactive species: superoxide, hydrogen peroxide, and the hydroxyl radical.
Although we focus on these three species, this is not to say that the many other
known ROS (and the downstream products thereof) are not relevant to oxidative
stress and aging.

1.1 Superoxide

A one-electron reduction of O, yields superoxide (HO,/0,; pK, = 4.83), with a
redox potential O,/O,~ of —160mV at pH 7.0 under physiological conditions [1, 2,
4, 5]. Thus, a low-potential, single electron carrier is the ideal catalyst of superoxide
formation (in biological systems, iron-sulfur clusters, semiquinones, and
cytochromes are low-potential, single electron carriers [6, 7]). Superoxide sponta-
neously dismutates to H,O,, with a pH-dependent second order rate of ~10° M~' s
(at pH 7.0 [4]). After the discovery of superoxide dismutase, many questioned
whether superoxide dismutase (SOD) could be physiologically relevant, because
superoxide is not particularly reactive [8], and it decays spontaneously at such a
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fast rate: this misconception (ultimately proven wrong by the drastic phenotypes
brought about by SOD knockouts, in diverse organisms [9—17]) arises from the
fact that superoxide dismutation by SOD is first order with regard to superoxide
concentration, whereas spontaneous dismutation is second order. Indeed, it is now
known that superoxide is extremely toxic (much more so than H,0,) and that
intracellular concentrations in the picomolar range are lethal. The pH-dependent
equilibrium constant for superoxide dismutation to H,O, is K~10'® at pH 7.0, so
the reaction can be considered irreversible except in circumstances of very high
levels of SOD and very low levels of superoxide [18]. Apart from dismutation,
superoxide can act both as a reductant (e.g., superoxide reduces high-potential
ferricytochromes to their ferrous states, with rate constants of 10° to 10° M~! s-!
[4]) and as an oxidant (especially in its protonated HO, form [4, 5]) via the oxida-
tion of low-potential iron sulfur clusters, thereby liberating redox-active iron. The
liberation of Fe?* from iron-sulfur clusters is believed by some investigators to be
the main pathway of biological superoxide toxicity [19, 20]: the availability of
redox active iron is thought to be the rate limiting step in OH" formation (see
Subsection 1.3) by Fenton chemistry. Superoxide, as HO," [21-23], can also initi-
ate lipid peroxidation. Other oxidations of potential biological relevance include
the reaction with catechols (~10* M~! s™") and thiols (from 10 to 10* M~ s7'), the
latter of which can proceed in a peroxidation-like chain reaction, consuming sev-
eral thiols per superoxide molecule [24]. A third fate of superoxide is of interest:
being a free radical, superoxide can react with other free radicals in annihilation
reactions, which can proceed at diffusion limited (very fast) rates, because there is
no activation energy barrier [25]. The best example of this type of reaction is that
of superoxide with NO*, forming peroxynitrite/peroxynitrous acid [26]. Although
beyond the scope of this review, peroxynitrite can undergo subsequent chemical
rearrangements, yielding very strong oxidants (NO,’, OH', CO,™ [27]). The pro-
duction of these strong oxidants, coupled with the great speed of peroxynitrite
formation, has led some to argue that peroxynitrite formation is the main pathway
of biological superoxide toxicity; however, this view remains controversial [28,
29]. Peroxynitrite formation is by no means the only biologically relevant radical
annihilation reaction. It is now recognized that many enzymes use stable carbon-
centered or delocalized free radicals as part of their normal catalytic mechanism
[30]. Superoxide could theoretically react very rapidly with such radicals, causing
irreversible enzymatic inactivation. One well-documented instance of such a case
is the reaction of superoxide with the tyrosyl radical of ribonucleotide reductase,
an enzyme absolutely essential for DNA synthesis, leading to tyrosine peroxide
formation and irreversible inactivation of this enzyme [31]. There are still other
pathways of superoxide toxicity. Superoxide can initiate the oxidation of short
chain sugars [32, 33], forming toxic o, B-dicarbonyls. Superoxide also can oxidize
low-potential heme proteins, such as hemoglobin and myoglobin, yielding the
oxygen-carrying incompetent met-forms [34]. Tyrosine peroxide formation may
be another pathway of superoxide toxicity [25], and we speculate that there are
others yet to be discovered.
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1.2 Hydrogen Peroxide

Dismutation and oxidation reactions of superoxide yield hydrogen peroxide.
Hydrogen peroxide, although more oxidizing than superoxide, is biologically less
toxic: picomolar intracellular levels of superoxide are lethal, whereas micromolar
levels of H,0O, can be tolerated. H,O, is a potent oxidizer (although not always a
fast oxidizer), and is much more diffusible than superoxide, because it is less reac-
tive and is membrane permeable: O, is generally considered membrane imperme-
able [35, 36], except in its HO, form, which is in low abundance at physiological
pH. H,O, is usually a slow two-electron oxidizer [24], and is rather stable.
However, in the presence of a metal catalyst or heme, it can act as a very rapid and
indiscriminate oxidant; some biological molecules are direct oxidation targets of
H,0,, specifically those with low-potential cysteines. H,O,-induced thiol oxida-
tion may be damaging as in the case of the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [37-39], but it also may be relevant in the
redox regulation of certain enzymes, a well-documented case being the PTP1B
phosphatase [40, 41].

1.3 Hydroxyl Radical

The full oxidizing strength of H,0O, can be harnessed if it is single-electron reduced
to OH', which is one of the most potent oxidizing agents known to chemistry, with
redox potential +2.40V [3]. This full strength can be achieved by Haber-Weiss
chemistry, i.e., superoxide can react with H,O,, but the rate constants for this reac-
tion are considered too low for biological significance [42]. Alternatively, H,O, can
react with reduced metal ions (most notably, Cu* and Fe*? [43, 44]) to generate OH"
in a reaction termed Fenton chemistry [20, 42, 44, 45]. OH' reacts at diffusion-
limited rates with almost everything found in the cell (p 58 in [3]): as such, its toxic-
ity is nonselective and its diffusion distance is very short. Because OH' reacts rapidly
and indiscriminately, there is little that antioxidants can do, unless present in prohibi-
tively high amounts. Thus, unlike the cases of H,O, and O,”, there is no enzyme that
specifically detoxifies HO", and it seems that biological systems tightly regulate the
availability of Fenton chemistry-capable metal ions to minimize OH" formation.

2 Antioxidant System

The eukaryotic antioxidant system has grown from the three classical enzymes—
SOD, catalase, and glutathione peroxidase—to include a diverse and still expanding,
enzymatic and nonenzymatic group of players. Furthermore, there are several
enzymes that mitigate the effect of ROS by repairing oxidative damage, especially
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with regard to DNA oxidative damage (see Chapter 12). Although it is beyond the
scope of this review to detail each of these enzymes, we provided a brief introduc-
tion to the O, and H,0, detoxifying branches of the antioxidant network, because
these enzymes are discussed extensively throughout this book, and most chapters
assume some familiarity with them. At the same time, we alert readers that the
understanding of the antioxidant network is still incomplete, with new members
still being discovered.

2.1 SOD Accelerates Dismutation of Superoxide Radical

The enzyme SOD has special significance for the free radical theory of aging. Its
discovery strongly suggested that superoxide (and by extension, oxygen free radi-
cals) was produced in vivo. SOD is the among the best known antioxidant enzymes,
and knockout studies in Escherichia coli, yeast, flies, and mice all testify to its importance
(for review, see [46, 47]). The discovery by Fridovich and McCord that erythrocu-
perin catalyzes the dismutation of the superoxide anion led to an explosion of interest
in oxygen free radicals from medical professionals and chemists alike. Indeed, SOD
may be one the most well-studied enzymes. In mammalian systems, there are three
different SOD isozymes encoded by three different genes [9, 48-51]. Sodl encodes
copper-zinc SOD, which is found both in the cytoplasm and in the mitochondrial
intermembrane space [52, 53]. Sod2 encodes manganese superoxide dismutase,
which is exclusively located in the mitochondrial matrix [50, 54]. Sod3 is a copper-
zinc SOD that is secreted and is extracellular in localization [49].

The general mechanism of superoxide dismutases can be summarized as follows,
where M stands for metal (Cu?* or Mn**), the superscripted minus sign (7) stands for
negative electric charge, and the dot represents an unpaired electron. The rate con-
stants do not vary in the pH range from 5.5 to 9.0.

0, + SOD-M — O, + SOD-M_ (k=10° M"' 5!)
0, + 2H* + SOD-M — H,0, + SOD-M (k=10° M"' 5!)

The spontaneous decomposition of superoxide is pH dependent, and it can be writ-
ten as follows (net reaction):

0,”+0,” + 2H* - H,0, + O, (k=10° M s at pH 7.0)

Thus, SOD accelerates the destruction of superoxide by increasing the rate
constant for spontaneous dismutation by >1,000-fold, and also by making the
rate of superoxide decay a first order rather than second order process with
respect to superoxide concentration. This means that SOD is more efficient at
accelerating the decomposition of superoxide, compared with spontaneous dis-
mutation, at low superoxide concentration. However, because an enzyme can-
not change the position of equilibrium, but only the rate at which it is achieved,
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there is a lower limit of superoxide concentration below which the enzyme
cannot reduce it.

In addition to catalyzing the (reversible) dismutation of O,~, SOD also can
undergo a variety of radical-producing side reactions [55-58], most notably gener-
ating highly oxidizing OH" and CO;’" in an H,O,-dependent manner termed peroxi-
dase reaction (best documented in CuZn-SOD [58]). In addition, it also can
decompose peroxynitrite to the highly reactive NO," radical [56]. SOD can cata-
lyze the CO, and H,0,-dependent oxidation of a variety of molecules, including the
dye 5-(and-6)-carboxy-2,7-dichlorodihydrofluorescein [55]. Finally, CuZn-SOD
can catalyze the oxygen-dependent oxidation of thiols, in cysteine and glutath-
ione [57]. These deleterious pro-oxidative side reactions may or may not be relevant
in a non-pathological state, but they cannot be ignored when SOD is overex-
pressed at high levels in transgenic mice or flies.

2.2 Peroxiredoxins are Major Scavengers of Endogenously
Produced H,0,

Although the superoxide-detoxifying system is compact with only three SOD
enzymes, and the relative contribution of each enzyme is more or less understood,
this is not the case for the cellular H,O, detoxification system. There are multiple
enzymes involved, including glutathione peroxidases, catalase, and peroxiredoxins.
Catalase acts as a H,O, “dismutase,” turning two H,O, molecules into O, and H,O.
Peroxidases perform two-electron reduction of H,O,, with its reducing equivalents
ultimately originating from NAPDH.

It is traditionally held that glutathione peroxidase and catalase are the main
scavengers of cellular H,O,. Based on genetic studies in yeast and mice, this view
is no longer tenable. In the absence of catalase, oxidative stress and deleterious
phenotypic consequences are minimal in yeast, mice, or even humans (patients
with acatalasemia have no major pathology [13, 59, 60]). Nonetheless, lack of cat-
alase does render cells susceptible to, and is the major kinetic sink for, exogenously
added H,O, [59, 60]. Although glutathione peroxidase 1 (Gpx1) is an abundant
enzyme, and it also reacts rapidly with H,O,, genetic ablation does not result in
oxidative stress or deleterious phenotypes in either yeast or mice [61-63]; it is
worth mentioning that Gpx1 is missing in Drosophila and even in certain mam-
mals, such as the naked mole rat [64]. Gpx1-lacking mice are highly sensitive to
bolus exogenous ROS generators such as paraquat and diquat [61-63], although
they exhibit little or no elevation in basal levels of oxidative damage, and do not
show any compensatory antioxidant up-regulations (Han, Muller, Perez, Van
Remmen, Richardson, unpublished data). No deleterious phenotypes are evident in
yeast lacking Gpx1 or catalase, even in environmental situations where excess
ROS production is expected to occur, such as hyperoxia or the postdiauxic phase
of yeast growth [13, 65]. It does not seem to be a question of redundancy either,
because yeast strains lacking all three Gpx homologs are viable and they do not
show any obvious phenotypic defects [66]. The reason why knocking out Cat or
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Gpx1 does not affect phenotype or increase endogenous oxidative stress is, in our
assessment, because endogenously produced H,O, is detoxified by another enzyme
system: the peroxiredoxins.

Peroxiredoxin was first discovered in yeast (a.k.a. thiol-specific antioxidant,
tsal [67, 68]), and homologs are found in all kingdoms of life [68, 69]. In contrast
to the lack of phenotype resulting from glutathione peroxidase or catalase yeast
knockouts, knocking out tsal has deleterious consequences: increased oxidative
damage, thermosensitivity, decreased growth under aerobic conditions, and reduced
viability during the stationary phase; most intriguingly however, the rate of muta-
genesis and genomic instability is dramatically (10- to 20-fold) increased [67,
70-74]. In contrast to the lack of phenotype in mice lacking catalase or Gpxl,
knocking out peroxiredoxin 1 in mice causes increased oxidative damage,
increased cancer incidence and shortened life span [75]. Knockout of peroxire-
doxin 1 or 2 results in hemolytic anemia [75, 76].

Although Gpx1, catalase, and peroxiredoxins all react with HZOZ, the chemical
basis of their relative importance is still not fully understood. Catalase is the most
economical way of removing H,O,, because no reducing equivalents are consumed.

As such, it is very efficient at removing large quantities of H,O,, but at low concen-

trations of H,O,, it exhibits a nonspecific peroxidase activity, i.e., it can catalyze the
H,0,-dependent oxidation of a variety of molecules [6]. Gpx1 consumes a two-
electron reducing equivalent- for every H,O, it reduces to water. What is unique
about peroxiredoxins is that they are inactivated by high levels of H,0,, because
their active site thiol is oxidized (“overoxidized”) to sulfinic acid [37, 68, 77]. As
such, peroxiredoxins are ineffective at removing high levels of H,O,. Conversely,
they seem to be the preferred target of low levels of H,O,, likely because of their
high abundance, low redox potential, and rapid rate constant of reaction with H,0,
[37, 68, 77, 78].

To summarize this section, genetic evidence and recent biochemical work
indicate that glutathione peroxidase, catalase, and peroxiredoxins play nonover-
lapping roles in scavenging H,0O,. High H,O, levels are handled by glutathione
peroxidase and catalase, whereas the lower levels of H,O, produced by normal
endogenous metabolism are scavenged by peroxiredoxins. This makes peroxire-

doxins of great interest to the free radical theory of aging.

2.3 How Many Unknown Antioxidant Genes are out There?

Keep in mind that although the major players have probably been identified, new
members of the antioxidant network are still being discovered. This is especially
important when considering the effect of antioxidant knockout and overexpression
on life span. Below, we highlight three relatively new antioxidant systems that we
believe to be of great physiological significance, and that will receive increased
attention in the near future.
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2.3.1 Biliverdin/Bilirubin and Biliverdin Reductase

Biliverdin is a degradation product of heme that is reduced by biliverdin reductase
to bilirubin. Ames’s group reported that bilirubin could act as a peroxidation chain-
breaking antioxidant in a defined chemical system [79, 80]. Snyder’s group reported
that biliverdin/bilirubin and biliverdin reductase form a network that catalytically
detoxifies H,O, [81], ablation of which results in apoptotic cell death. Although
more work needs to be done (e.g., what are the phenotypical consequences of
biliverdin reductase knockout?), it is probable that bilirubin will turn out to be a key
player in the antioxidant network.

2.3.2 Apolipoprotein D (ApoD)

During an overexpression screen of genes for resistance to hyperoxia (100% O,) in
Drosophila species, Walker et al. [82] identified Glial Lazarillo, homolog of ApoD.
Overexpression of ApoD thus conferred extended life span under hyperoxia. In
further support of this finding, an independent group of investigators has reported
that knocking out ApoD leads to a 20% reduction in median life span and increased
oxidative damage [83]. ApoD belongs to the lipocalin family, which bind and trans-
port small hydrophobic molecules [84]; although the exact biological function of
ApoD is unknown, it evidently plays an important role in protection from oxidative
stress, by yet unknown mechanisms.

2.3.3 Sulfiredoxin and Sestrin

Lower oxidation states of cysteine (disulfides) are readily reversible, while higher
oxidation states, such as sulfinic acid, were once considered irreversible, biologi-
cally speaking. This view changed with the discovery of sulfiredoxin, an enzyme
that can reduce sulfinic acid back to thiol, in an ATP-dependent manner [85].
Additional work suggests that it plays a role in resolving mixed disulfides bonds
[86]. Initially discovered in yeast, sulfiredoxin is conserved in all eukaryotes, includ-
ing mammals. In a perfect example of how multiple gene names can confuse the
field, sulfiredoxin (Srxnl) was already known as a gene of unknown function,
cloned by differential display of an in vitro model of tumorigenesis, and termed
neoplastic progression 3 (Npn3), although nothing about its actual function was
reported [87]. As a result, in most mouse microarray studies, sulfiredoxin is termed
neoplastic progression 3, and typically classified as “cancer related” or “other”
rather than as “antioxidant” [88, 89].

Npn3/Srxnl is up-regulated by an exceptionally large fold-magnitude in micro-
array studies of oxidative stress. Npn3/Srxnl is induced up to 32-fold by D3T
(liver [88]), 12-fold by CdCl, (liver [89]), 4~ to 10-fold by paracetamol (liver [90],



18 S. Miwa et al.

supplemental materials), and 3.3-fold by paraquat (heart [91], supplemental materials).
A survey of the Gene Expression Omnibus database also indicates that a large
induction of Npn3/Srxnl is observed in injury to the lung by hyperoxia (data set
GDS247, ID 102780_at) or phosgene (GDS1244, 1451680_at). Our own microar-
ray data indicate Npn3/Srxnl is also strongly up-regulated in the liver of CuZn-
SOD knockout mice (Han, Muller, Perez, Van Remmen, Richardson, unpublished
data). That Npn3 and Sxrnl are synonyms for the same gene has not been pointed
out in any of the 15 papers written on Srxn/ since its discovery. Furthermore, this
example highlights the problems associated with multiple names of genes and the
need for uniform gene nomenclature in the postgenomic age.

Because it was discovered so recently, the function of sulfiredoxin is not yet
fully known, and because no knockout of sulfiredoxin in mice is yet available, its
true physiological importance remains to be established.

A similar catalytic activity to sulfiredoxin (reducing sulfinic acid back to sulf-
hydryl) was recently ascribed for the p53 target gene P26/sestrinl and sestrin 2 [92].
This finding is intriguing, considering the increasing attention p53 is receiving as
a modulator of ROS in vivo [93]. Although no knockout of sestrin 1 or 2 is yet
available, knocking out p53 in mice results in increased oxidative damage, shortened
life span, and cancer, which can be significantly attenuated by feeding of the
antioxidant N-acetyl cysteine [93].

2.4 ROS Sources

Although it is now recognized that reactive oxygen species can be formed under
many different conditions and in many different cellular compartments, the number
of enzymes that have been documented to generate O, (either deleteriously or
purposefully) is relatively small. Superoxide can be produced by NADPH oxidases
[94] (first thought to be unique to phagocytes but now known to be located on the
plasma membrane of most cell types [95]), xanthine oxidase [96], aldehyde oxidase
[97], cytochromes P450 [98], and the mitochondrial electron transport chain [99,
100]. Many more enzyme systems (most oxygenases, €.g., monoamine oxidase) are
known to generate H,O,. A particularly active source of H,0O, includes enzymes
involved in the oxidation of fatty acids in the peroxisomes [6].

Despite the variety of ROS sources, most interest from a gerontological per-
spective has centered on the mitochondrial electron transport chain. Although it
was recognized early on, through in vitro biochemical work, that the mitochondrial
electron transport chain is an exceptionally strong source of superoxide, definitive
proof (and its underlying biological importance) came from the finding that mice
lacking mitochondrial matrix Mn-SOD (Sod2) die several days after birth [9, 10].
Mice knockouts for cytoplasmic (and intermembrane space) CuZn-SOD (Sodl)
and extracellular CuZn-SOD (Sod3), although certainly not normal [51,101-108],
do not exhibit as dramatic a phenotype as Sod2” mice, thus indicating that the
mitochondrial matrix is indeed the most important site of superoxide toxicity. This
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also seems to be true in Drosophila melanogaster; although the SodI7~ phenotype is
more severe in flies than in mice, only Sod27 results in true postnatal lethality
[16, 109, 110]. Removing xanthine oxidase worsens, rather than ameliorates, the
phenotype of Sodl knockout flies [111]. Thus, for the present review, the mito-
chondrial electron transport chain remains the focus for oxidative stress and
aging; however, no one would seriously argue that other nonmitochondrial sites
of superoxide generation are not relevant to aging (e.g., the plasma membrane
oxidoreductase [112]).

The mitochondrial electron transport chain is a series of one-electron shuttles of
progressively stronger oxidants, which couple the energy released during oxidation
to the pumping of protons across the inner mitochondrial membrane, and to the even-
tual generation of ATP [113]. There are several low-potential carriers in this system,
which can potentially donate electrons to superoxide (for review, see [7]).
Mitochondrial superoxide generation was first discovered as H,O, released from
mitochondria treated with the respiratory inhibitors antimycin A or rotenone [114,
115]. Not until Loschen et al. discovered that superoxide radicals are generated by
submitochondrial particles, under the same conditions as H202 formation, was it real-
ized that mitochondrial H,O, originates as a dismutation product of superoxide [99].
For convenience, mitochondrial superoxide production is still largely assayed indi-
rectly by measuring H,0, [115, 116]. Most investigators now believe that complex I
and complex III are the main sources of superoxide [7, 113] in mammalian mitochon-
dria; it is also known that mutations can turn complex II into a superoxide generator
[117, 118]. It has also been suggested that a-ketoglutarate dehydrogenase generates
superoxide and H,O, [119, 120]. Whereas it may very well produce H,O,, inhibition
of the respiratory chain with KCN, which would be predicted (based on dependence
on high NADH-to-NAD* ratio) to increase superoxide production dramatically, actu-
ally rescues rather than kills a Mn-SOD lacking yeast ([12] and see Chapter 5). In
mitochondria from D. melanogaster, glycerol 3-phosphate dehydrogenase is a very
potent source of superoxide [121]. Complex I releases superoxide exclusively toward
the mitochondrial matrix, whereas complex III and glycerol 3-phosphate dehydroge-
nase release superoxide toward both the matrix and the cytoplasm [121-123].
Considerable debate surrounds the importance of these sites, in terms of how much
superoxide mitochondria truly produce in vivo. In vitro, a very large rate of superox-
ide production is observed when mitochondria respire on succinate and undergo
reverse-electron transfer through complex I [124-126]. The often-quoted figure that
“1-2% of electrons going through the respiratory chain are diverted to superoxide”
comes from these studies. Although it is taken as self-evident by some investigators
[127], whether or not reverse-electron transfer occurs in vivo has not yet been estab-
lished. Under normal forward-electron transfer, by using the rate of H,0, release as
an indicator of superoxide production, that number is closer to 0.1% of electrons [47,
124]. Because oxygen tension is correlated with the rate of superoxide production
[127, 128], even the 0.1% figure may be an overestimate, because oxygen tension in
vivo is ~3% compared with 21% used in the above experiments. Some investigators
have thus claimed that no H,0, is released (and by extension, no superoxide is pro-
duced) from “normal” mitochondria in the absence of respiratory inhibitors [129, 130].
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This statement is difficult to take seriously, considering that mice and flies lacking
mitochondrial Sod?2 die shortly after birth [9, 16] amid massive oxidative stress. Thus,
although the rate of mitochondrial superoxide production is likely low in vivo (per-
haps as low as 1 electron in 40,000 diverted toward superoxide formation), this is still
high enough to be incompatible with life, in the absence of SOD.

One of the best ways to test the free radical theory of aging would be to modify
the rate of mitochondrial superoxide production [7, 131]. However, the molecular
details of this process are poorly understood. Studies with respiratory inhibitors
(e.g., antimycin A, rotenone) have shown that almost anything that interrupts the
“smooth” electron transfer through the respiratory chain results in a dramatic stimu-
lation of ROS production (for review, see [7, 124, 128, 132, 133]). One can specu-
late that the availability of both a reduced reactive intermediate (e.g., semiquinone,
iron-sulfur cluster) and Oz, and the ability of the latter to reach the former, should
determine the rate of O, production. Oxygen tension, as mentioned, has already
been demonstrated experimentally to modulate superoxide production [14, 127,
128, 134], and the absence of oxygen (anaerobiosis or anoxia) is the only condition
known to prevent superoxide formation. Not surprisingly, heat, which denatures
proteins and exposes reactive intermediates to O, also dramatically stimulates
superoxide formation [135] (in model organisms, anaerobiosis dramatically
increases theromotolerance [136, 137]). Thus, heat shock proteins may minimize
superoxide production by maintaining the electron transfer complexes in the prop-
erly folded state. Finally, it is known that the higher the mitochondrial membrane
potential (AW), the higher the rate of superoxide production [6, 128, 132, 138].
Superoxide production by succinate-driven reverse-electron transfer is essentially
eliminated by a drop of >10mV in AY [124, 139], which is so small that it is essen-
tially undetectable using routine A¥ probes such as safranin O [139]. Even forward-
electron transfer with glutamate/malate is inhibited by uncouplers (carbonyl
cyanide p-trifluoromethoxyphenylhydrazone), but the drop in membrane potential
required is substantially greater [140]. The dependence of superoxide production
on AY is generally explained by a higher A¥ causing accumulation of electrons on
reactive intermediates (such as semiquinones, flavosemiquinones, and low-potential
iron-sulfur clusters), which are required for proton pumping [132]. Thus, “mild”
uncoupling has been proposed as a method to reduce superoxide production thera-
peutically [132]. It seems that nature has espoused this strategy and that it has
devised special proteins, dubbed uncoupling proteins, to maintain the membrane
potential at safe low levels [141].

2.5 Measuring Oxidative Damage

Because ROS have short half-lives, and they are found at low concentrations in
vivo, they are exceedingly difficult to observe. The alternative that biochemists
have gravitated toward is measuring the end products of ROS, i.e., oxidative damage.
Measuring oxidative damage is almost as old as the free radical theory itself.
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It has a history of controversy, and many techniques used at one point in time
have subsequently proved inappropriate, usually due to artifactual oxidation of the
sample during preparation (see discussion on pp 388 and 407 in [3]). In this section,
we briefly discuss the main current techniques for the measurement of end product
oxidative damage. What makes a good marker of oxidative damage? A good
marker of oxidative damage must be increased when oxidative stress is present (i.e.,
when induced by known treatments or agents that cause oxidative damage, e.g.,
paraquat, diquat, ionizing radiation, hyperoxia), and it must remain unchanged
when oxidative stress is absent. The marker must measure a product that is endog-
enously present, not produced during the isolation procedure. This latter require-
ment is not trivial, and it affects several assays: even if a difference between a
treatment and a control is observed, if the majority of the signal is artifactually pro-
duced during isolation, it will be very difficult to conclude that the difference
between the samples did not arise during the preparation procedure (rather than
having been endogenously present).

2.5.1 Lipid Peroxidation

Lipid peroxidation is a chain reaction in which carbon-centered radicals at the
allylic position of polyunsaturated fatty acids (PUFA) react with molecular oxygen
(at near diffusion-limited rates), thereby forming a peroxyl radical (ROO"). ROO*
can then abstract the allylic H-atom from nearby PUFA (becoming a lipid peroxide
ROO-H), which creates another carbon-centered radical, thereby repeating the
process described above (for review, see p 291 in [3]). The initial proton abstraction
event (“the chain initiator”) is thought to be initiated mainly by superoxide (in its
protonated form, H02° [21, 22]). The higher the number of double bonds (unsatura-
tion) in a fatty acid, the greater its propensity to peroxidize. In subsequent reactions,
lipid peroxides can undergo a variety of reactions, yielding a myriad of end prod-
ucts, e.g., reactive aldehydes (malondialdehyde), alkanes, isoprostanes, and
isoketals. Vitamin E (o-tocopherol) plays a critical role in minimizing lipid per-
oxidation; in fact, dietary induction of vitamin E deficiency results in profound
oxidative stress, and if unchecked leads to death [142].

The oldest assay to measure lipid peroxidation is the thiobarbituric acid-reactive
substances assay (p 407 in [3]). This assay measures thiobarbituric acid-reactive sub-
stances: the reactive end product aldehydes formed during peroxidation of poly-
unsaturated fatty acids. It is now understood that, although suitable for in vitro
chemical systems, this assay is inappropriate to determine lipid peroxidation in vivo,
because >90% of the signal actually originates from artifactual oxidation during the
harsh isolation procedure.

In the last decade, many new assays to measure lipid peroxides in vivo have been
developed. The most popular marker for measuring lipid peroxidation is the gas
chromatography-mass spectrometry F,-isoprostane assay developed by Roberts and
Morrow [143, 144]. F,-isoprostanes are cyclooxygenase-independent oxidation
products of arachidonic acid, which are produced in every tissue where this fatty
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acid is present [145, 146]. Fz-isoprostanes are eliminated via the bloodstream,
enabling estimation of whole-organism lipid peroxidation by measuring plasma F,-
isoprostanes [147]. F,-isoprostanes have been reported to be elevated in a variety of
human pathologies [148]. Since isoprostanes are terminal end products, isolation
artifacts are minimized (though not eliminated, because F,-isoprostane levels
increase if tissues are stored below —80 °C). It is our opinion that plasma F -isopros-
tanes are currently the most robust marker for measurements of oxidative damage.
It has been reported that F -isoprostanes are dramatically increased in situations of
oxidative stress (e.g., diquat, CCl,), with the increases being much higher than that
with previously used markers (e.g., 8-0x0-7,8-dihydro-2’-deoxyguanosine [8-
oxo0-dG]). In addition, Jackson and Morrow have extended their initial findings
with isoprostanes, demonstrating that peroxidation products of docohexanoic acid,
F4 neuroprostanes [149], are also useful markers of lipid peroxidation, especially
in neuronal tissues.

2.5.2 DNA Oxidative Damage

Much work has gone into exploring the hypothesis that oxidative damage to DNA
causes mutations and cancer. At least 100 different types of oxidative DNA lesions
have been reported, including base modifications (e.g., 8-0x0-dG, thymidine glycol,
and 8-hydroxycytosine), single- and double-strand breaks and interstrand cross-
links [150, 151]. Measuring DNA oxidative damage has a tortuous history that is
still not fully settled [152]. Although DNA oxidation yields many products, only a
few have been rigorously quantified in vivo [153, 154]; of these, the most popular is
8-0x0-dG. The levels of 8-0xo-dG are measured by high-performance liquid chro-
matography (HPLC), typically using an electrochemical (EC) detector. The applica-
bility of this assay to estimating the [low] endogenous levels of DNA oxidative
damage in vivo has been questioned [155], because large artifactual increases occur
during DNA extraction. For example, the values of 8-oxo-dG for the same tissue
from the same species have ranged over 3 orders of magnitude [152]. This assay is
typically carried out on whole fresh tissue or frozen cells. The sample is first homog-
enized, and digested with proteinase K at 56 °C; DNA is extracted with phenol and
subsequently hydrolyzed into nucleotides (using nuclease P1), then converted to
nucleosides by using alkaline phosphatase. The nucleosides are then injected into
the HPLC, and 8-0x0-dG is detected electrochemically. Considering the harshness
of these treatments, the low redox potential of guanosine, and the large excess of
deoxyguanosine (dG) vs. 8-0xo0-dG (even a 0.01% artifactual oxidation of dG would
translate into a 10-fold artifactual increase of 8-oxo-dG [156]), it is easy to see how
artifactual oxidations could inflate the measured amount of 8-oxo-dG. Several
factors causing artifactual oxidation have been identified [157], including light from
fluorescent lamps [158]. The use of phenol during the DNA extraction procedure
also seems problematic [159]; this can be avoided by substituting Nal in the DNA
extraction protocol [157, 159]. Other strategies to minimize oxidation involve the
addition of desferrioximine (to prevent Fenton chemistry) or antioxidant enzymes
such as catalase [157, 160]. Using these optimizations, the level of 8-oxo-dG has
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been measured to be ~0.5 per 10° dG in human lymphocytes and ~2 per 10° dG in
rat liver DNA [157, 160]. Even if artifactual oxidation during DNA extraction were
reduced to zero, this would not address the possibility of artifactual DNA oxidation
during tissue homogenization: this is relevant because homolytic bond cleavage and
free radical formation have been demonstrated under those conditions. Experiments
with H,'®O under anaerobic conditions may resolve this issue, because any 8-oxo-
dG produced artifactually would have been distinguishable by mass spectroscopy
[160]. Significantly, even the lowest values obtained using the HPLC-EC method
are still an order of magnitude higher than those obtained with the formamidopyri-
midine-DNA glycosylase (Fgp-glycosylase) comet assay [152, 161]. The comet
assay does not require tissue homogenization and DNA hydrolysis, but can only be
used on cells, not whole tissues [162, 163]. It quantifies the number of strand breaks
after treatment with Fpg-glycosylase, which converts 8-0xo-dG into single-strand
breaks. The ~10-fold discrepancy between these two assays has not yet been
resolved, and it cannot be attributed to differences in endogenous endonuclease
activity, since the difference persists even in Oggl knockout mice, which lack base
excision repair [164, 165].

2.5.3 Protein Oxidation

Numerous oxidative modifications have been documented in proteins. Proteins vary
in their susceptibilities to different types of oxidants, and in the sites and degree of
oxidation. Such differences are generally influenced by types of accessible amino
acid residues in the proteins. The best-known types of protein oxidation are the
nitration of tyrosine, the sulfoxidation of methionine, and the carbonylation of most
amine-containing amino acid residues [166—169].

Peroxynitrite (ONOO"), which can be formed by the reaction of NO* with super-
oxide, NO* + O,” — ONOO" (k =7 x 10°M! s71), can convert tyrosine to nitroty-
rosine. The hydroxyl group of certain tyrosine residues is critical in some enzymes
and cell signalling molecules (e.g., tyrosine phosphorylation). It was shown that for
glutamine synthetase in E. coli, nitration of either one of two different tyrosine resi-
dues inhibited the enzymatic function [170]. There is also evidence indicating that
nitrotyrosilation of Mn-SOD decreases its activity [171, 172].

Sulfur-containing amino acids (methionine and cysteine) can be oxidized by
hydrogen peroxide, superoxide, peroxynitrite, and perhaps by molecular oxygen
itself. However, these are the only oxidative modifications of proteins that can be
repaired. ROS-mediated oxidation of methionine (Met) residues leads to methionine
sulfoxide (MetO), consisting of a mixture of the S- and R-epimers of MetO.
Methionine sulfoxide reductases (Msrs) catalyze the thioredoxin-dependent reduc-
tion of MetO back to Met. The S-epimer of MetO is reduced back to Met by MsrA,
and the R-epimer by MsrB. Importantly however, the oxidized form of thioredoxin
produced during the reduction of MetO can be converted back to reduced form by
the enzyme thioredoxin reductase, in an NADPH-dependent reaction. This cyclic
oxidation and reduction of methionine has been proposed to play an antioxidant
role [173]. Reversible oxidation of cysteine (thiol) residues in turn mediates the
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antioxidant function of glutathione, thioredoxin, metallothioneins, glutaredoxin, and
peroxiredoxins. Oxidation of thiols (sulthydryl) yields disulfides, and further oxida-
tion yields sulfinic and sulfenic acids, and eventually sulfones [174]. Certain
enzymes, such as GAPDH, have active site cysteines that can become irreversibly
oxidized [37-39, 175]. A newly discovered antioxidant gene, termed sulfiredoxin,
can reduce sulfinic acid back to sulfhydril (thiol) [85, 176]. The sulfones are still
considered irreversible.

Carbonylation of proteins can occur by several different oxidative pathways,
including metal-catalyzed oxidation of specific amino acid side chains (histidine,
arginine, proline, lysine, and threonine) and adduction of carbonyl-containing oxi-
dized lipids (e.g., 4-hydroxynonenal, malondialdehyde) and sugars [177]. Carbonyl
content of samples has been popularly used as a global indicator of protein oxidation
levels, perhaps due in part to the simplicity of the assay (carbonyl groups can be
detected spectrophotometrically after their reactions with 2,4-dinitrophenylhydra-
zine), although this assay is also not free from controversy [178]. Specific proteins,
such as adenine nucleotide translocase [179] and aconitase [180], seem be preferen-
tially carbonylated with age in flies. In mice, carbonic anhydrase 3 and CuZn-SOD
are preferentially carbonylated during aging [178, 181]. Oxidative modification of
bacterial glutamine synthetase results in its inactivation and degradation [182, 183].
Protein carbonylation also can be quantified by gas chromatography-mass spectrometry
[184, 185]. For example, glutamic and aminoadipic semialdehyde are the markers of
direct protein oxidation by ROS, and they are found to be the major constituent of
the total protein carbonyl value [184], whereas N*-(malondialdehyde)lysine and N*-
(carboxymethyl)lysine (CML) arise from lipid peroxidation products [186].
Ne-(carboxyethyl)lysine and CML also can be formed through glycoxidative damage
from sugars [186, 187].

2.6 How Does Oxidative Damage Kill or Compromise
the Function of the Cell?

In the preceeding sections, we outlined the chemistry of some of the best-described
ROS, and the most easily measureable types of damage that ROS can inflict on
macromolecules. Here, we summarize how these oxidative modifications can
compromise cellular function or lead to cell death.

2.6.1 Lipid Peroxidation

Lipid peroxidation of membranes has the immediate effect of decreasing membrane
fluidity and increasing ionic permeability [188]. High enough levels of lipid peroxi-
dation can directly lead to loss of membrane barrier function, cell lysis, and cell
death. Because ionic gradients play a critical role in several physiological processes,
including energy metabolism (mitochondrial inner membrane) and neuronal
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conductance (plasma membrane), even moderately increased lipid peroxidation has
the potential to be highly disruptive to overall tissue and organism function.
Deficiency of the chain-breaking antioxidant, vitamin E, results in many deleterious
phenotypes, including fertility loss, neurological phenotypes [189], myopathy [142],
lipofuscin accumulation [190], and erythrocyte lysis; if severe enough, vitamin E
deficiency results in death [142]. Absence of the lipid hydroperoxide-scavenging
enzyme glutathione peroxidase 4 results in early embryonic lethality in mice [191],
testifying to the great toxicity of lipid peroxidation.

2.6.2 DNA Oxidative Damage

Damage to DNA by reactive oxygen species falls into two main categories: damage
to nucleotide bases and strand breaks (which, biologically, predominantly result in
mutagenesis and genomic instability, respectively). Mutations, in turn, contribute to
carcinogenesis, whereas genomic instability contributes both to carcinogenesis and,
more critically, to cell death. There is an increasing body of evidence in model organ-
isms (e.g., yeast and E. coli) that oxidative stress is a strong contributor to both muta-
genesis and genomic instability. For example, genetic ablation of CuZn-SOD and
peroxiredoxin 1 (tsal) cause a 5- and 10-fold increase, respectively, in mutagenesis
in yeast, as measured by the canavanine method [15, 72, 192-194]. This increased
mutagenesis is entirely prevented by growth under anaerobic conditions [15, 73]
(complete absence of oxygen implies no formation of superoxide and H,0,). In fact,
spontaneous mutagenesis also is decreased ~3-fold by anaerobic conditions in wild-
type yeast, indicating that oxidative stress is an important driver of mutagenesis even
under antioxidant enzyme sufficient conditions [73]. Similar results also have been
obtained in E. coli [195]. Oxidative stress brought about by antioxidant enzyme abla-
tion also increases genomic instability in yeast. Knockout of peroxiredoxin 1 (tsal)
resulted in a 10-fold increase in gross chromosomal rearrangements [73, 74]. Again,
anaerobic conditions dramatically reduce the gross chromosomal rearrangement rate,
not only in the antioxidant knockouts, but also in wild-type control yeast [73].

Finally, although knockout of neither sodl nor tsal is lethal by itself in yeast
grown under optimal conditions (rich media), it was recently reported that combin-
ing sodl™ or tsal”~ with a wide assortment of knockouts of DNA repair genes
resulted in synthetic lethality [196]. For example, a double knockout of either sod]
or tsal with rad51 (involved in double-strand break recombination repair) was
synthetically lethal [73, 196]. In the case of zsal~”rad 517~ double knockout, the syn-
thetic lethality could be rescued by growth under anaerobic conditions [73].

These data in single-celled model systems complement basic chemical work,
and they establish that ROS are a significant cause of DNA damage in vivo, driv-
ing both mutagenesis and genomic instability. However, it is worth remembering
that yeast and E. coli grow at 21% O, (normal atmospheric oxygen tension),
whereas most mammalian cells are exposed to ~10 times less oxygen in situ; the
relative importance of DNA oxidative damage may therefore be less in higher
organisms.
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2.6.3 Oxidative Damage to Proteins

Oxidative damage to proteins can be physiologically detrimental by several pathways.
We briefly discuss two such pathways here: inactivation of enzymatic function and
stimulation of protein aggregation.

There are several well-described examples of direct, selective inactivation of
enzymatic function by different ROS: aconitase (superoxide [197], reversible),
ribonucleotide reductase (superoxide [31], irreversible), GAPDH (HZOZ, irreversible
[37-39, 175]), carbonic anhydrase [181], and glutamine synthetase [182]. In certain
cases, the ROS-dependent inactivation has clearly demonstrable phenotypical and
metabolic consequences, e.g., the lysine and methionine auxotrophies of sodl”-
yeast can directly be ascribed to the superoxide-dependent inactivation of iron sulfur-
containing enzymes [198-200].

It is increasingly appreciated that protein aggregation plays a critical role in
many (most prominently neurodegenerative) diseases [201]. The notion that ROS
can contribute to protein aggregation has been long known, especially considering
the role of ROS in formation of lipofuscin, the age pigment composed of aggre-
gated, oxidized proteins and lipids [202, 203]. Increasing evidence indicates that, at
least in vitro, oxidative modification increases thermodynamic instability and facili-
tates protein aggregation, e.g., oi-synuclein (Parkinson’s disease) [204] and CuZn-
SOD (amyotrophic lateral sclerosis). It has been suggested that this is a key pathway
by which oxidative damage contributes to aging [205].

3 Conclusions

Chemical studies indicate that ROS can damage a number of different cellular
macromolecules, and physiological studies in model organisms indicate that ROS
can compromise cell function and viability in many ways. However, an efficient
and complex network of enzymatic and nonenzymatic players does exist; how
much oxidative damage “escapes” the effects of this network under normal condi-
tions is still not fully resolved. Finally, it is important to recall that oxygen tension
in animals is typically 10 times lower than that to which the above-mentioned model
organisms are exposed.
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Retrograde Response, Oxidative Stress,
and Cellular Senescence

Joao F. Passos and Thomas von Zglinicki

Summary Mitochondria are major sources of reactive oxygen species (ROS) in cells,
and they have been proposed to have an important role in cellular ageing. Recent
evidence suggests that these organelles play a causal role in telomere-dependent
senescence of human cells in culture. However, the relation between mitochondrial
ROS production and replicative senescence might be more complicated than just
simple cause and effect, because mitochondrial dysfunction has been shown to
induce a variety of genes involved in nuclear-mitochondrial cross talk. Evidence
suggests that this retrograde response might have an important, yet still relatively
unexplored role in cell ageing, affecting mitochondrial function, ROS production,
and, consequently, the life span of cells.

Keywords Senescence, telomeres, mitochondria, retrograde signalling, oxidative
stress, fibroblasts.

1 Introduction

Growing evidence supports a role of oxidative stress in ageing. Because mitochon-
dria are the main cellular site of production of reactive oxygen species (ROS), it
was hypothesized >30 years ago that their dysfunction could be responsible for
ageing, due to progressive accumulation of oxidative damage [1].

Historically, the role of mitochondria in the model of replicative senescence has
been largely disregarded, possibly due to early studies that failed to observe
significant differences in mitochondria between early and late passage cultured
cells and a generalized notion that cellular division could dilute molecular damage.
Moreover, the discovery that telomeres, the ends of chromosomes, shorten with
cell division, suggested that senescence was the result of a counting mechanism, a
deterministic biological clock, and as such, incompatible with ROS-generated
random molecular damage.

Recently, the role of free radicals in the model of replicative senescence has
generated substantial interest. Various studies have proposed that mitochondria
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have a considerable impact on the replicative life span of cells. Moreover, it has
been proposed that ROS (mainly from nonmitochondrial sources) also could con-
tribute to the establishment and maintenance of the senescent phenotype, possibly
acting as a tumor suppressor mechanism. Here, we analyze evidence for the role of
ROS in the model of replicative senescence and the importance of mitochondria in
this process.

2 Role of Mitochondrial ROS in Telomere-Dependent
Senescence

Hayflick and Moorhead showed that embryo-derived fibroblasts can divide 50 +
10 times before reaching replicative senescence when cultured in vitro [2]. The
potential number of divisions became known as the “Hayflick limit.” It was soon
suggested that the shortening of telomeres counted the finite number of cell divi-
sions and triggered replicative senescence in normal diploid cells [3, 4]. Later, this
idea was confirmed experimentally [5] and supported by the observation that
ectopic expression of the catalytic subunit of telomerase, an enzyme able to elon-
gate telomeres, leads to immortalization of cells in culture [6]. The concept of a
defined molecular mechanism that could count cell divisions, like beads on an
abacus, led some enthusiasts to believe that this was evidence for an ageing clock.
But soon, it was found that environmental stress, in particular, the level of ROS in
a cell, also would affect the rate of telomere shortening [7, 8] and that individual
cells could reach senescence much earlier than the intended “Hayflick limit” with
surprisingly short telomeres [9]. Moreover, it was found that these early senescent
cells possessed damaged mitochondria, producing high levels of ROS and that this
affected telomeres directly [10].

Is there evidence supporting a causal role for mitochondria in replicative senes-
cence? Several studies showed that cell senescence was associated with high levels
of endogenous ROS [11, 12] and with accumulation of oxidation products, such as
protein carbonyls and lipofuscin [13, 14]. It also was shown that senescent fibrob-
lasts have impaired metabolism, with strong reduction of ATP and other nucleotide
triphosphates [15].

Recently, we showed that senescent cells display mitochondrial dysfunction,
characterized by lower mitochondrial membrane potential, mitochondrial DNA
(mtDNA) damage, and increased superoxide production [10]. Clearly, this evidence
is merely correlative and cannot indicate causality. However, several studies suggest
a causal role for mitochondrial ROS production in replicative senescence.

First, improvement of mitochondrial function by diverse interventions has been
shown to extend life span: Selective targeting of antioxidants directly to the mito-
chondria counteracted telomere shortening and increased life span in fibroblasts
under mild oxidative stress [16]. Continuous treatment with nicotinamide, which
changes mitochondrial function and reduces ROS generation, has been reported to
extend life span by decelerating telomere shortening [17]. Also, pharmacologic
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mild chronic uncoupling of mitochondria that reduced the production of superoxide
anion improved telomere maintenance and extended telomere-dependent life span
[10]. A similar effect of mild uncoupling has been observed in yeast Saccharomyces
cerevisiae [18].

Second, damage to the mitochondria has been shown to decrease the replicative
life span of cells. Mitochondrial dysfunction generated by severe mitochondrial
depolarization by using an uncoupling agent (carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone [FCCP]) led to an increased production of ROS, telomere attri-
tion, telomere loss, and chromosome fusion in mouse embryos [19]. Also, mild
oxidative stress by exposure to hyperoxia decreases the replicative life span of cells,
and it accelerates telomere shortening [8, 20]. There is evidence supporting that
oxidative stress generated by hyperoxia is dependent on use of oxygen by the mito-
chondria [21]. Moreover, it is known that mitochondrial function is severely
affected with replicative senescence.

Thus, from these data, mitochondrial ROS do play, at least partially, a causal role
in telomere-dependent replicative senescence. Nevertheless, it is still unclear what
the trigger is for mitochondrial ROS generation. According to the mitochondrial
theory of ageing, first proposed by Harman in 1972, damage to the mitochondrial
DNA would be the main cause for free radical production [1]. However, new evi-
dence suggests that this might not be as simple as initially formulated.

Recent work has shown that by creating homozygous knock-in mice that express
a proofreading-deficient version of the nucleus-encoded catalytic subunit of
mtDNA polymerase y (PolgA), an extremely high level of mtDNA mutations and
deletions could be attained. These knock-in mice showed a significant decrease in
life span, apparently supporting Harman’s theory [22]. However, the mechanism of
this phenomenon remains unknown, because no increased markers of oxidative
stress or defects in cellular proliferation were found in these animals [23, 24].
Importantly, mice that are heterozygous for PolgA function show no significant
reduction in life span despite an mtDNA mutation burden 30 times higher than in
old wild-type animals [25]. These studies suggest that mtDNA mutation load does
not limit life span of wild-type mice and that mtDNA mutations, even at very
high levels, do not necessarily lead to increased mitochondrial ROS generation.
Mitochondrial dysfunction and generation of ROS might be consequences of other
still unexplored factors occurring with cell ageing.

Other recent studies have begun to explore uncharted territories in the relation
between ageing and mitochondrial biology, way beyond the simple ROS-leading
to damage-leading to ROS cycle. Recently, research has been focused upon the
impact of nuclear genes and their effect on mitochondrial function with respect
to the ageing process. Caloric restriction, which is able to extend life span in vari-
ous species, has been related to increased mitochondrial biogenesis [26].
Resveratrol, a sirtuin activator, has been shown to lead to increased mitochondrial
biogenesis via activation of the nuclear transcription factor PGC-1o and to exten-
sion of life span [27]. It also has been shown that PGC-1o expression is required
for induction of antioxidant enzymes, such as that glutathione peroxidase 1
and superoxide dismutase 2 [28].
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Changes in mitochondrial function and biogenesis due to alterations in nuclear
gene expression have been first described in budding yeast and named retrograde
response. In Section 3, we review evidence relating retrograde response to replicative
senescence.

3 Is Retrograde Signaling Part of a Senescence Signature?
Does It Have a Causal Role?

Respiratory dysfunctional yeast cells compensate for mitochondrial dysfunction by
up-regulation of a defined set of nuclear genes through activation of the transcrip-
tion factors Rtglp—Rtg3p. Microarray studies have shown that these cells increase
transcription of genes coding for glycolytic enzymes, peroxisomal biogenesis genes,
glyoxylate pathway genes, and genes involved in anaplerotic pathways [29, 30].
Also, these pathways are activated as a consequence of mitochondrial dysfunction
in normal yeast replicative ageing [31].

In yeast respiratory deficient cells, the induction of the retrograde response
compensates for a nonfunctional tricarboxylic acid (TCA) cycle. Because succi-
nate cannot be oxidized to fumarate, the cell responds by inducing production of
oxaloacetate and acetyl-CoA by anaplerotic pathways, i.e., alternative pathways to
replenish TCA intermediates. In yeast, it has been suggested that the main purpose
of these metabolic rearrangements is the maintenance of glutamate supplies.

Mitochondrial retrograde signaling in mammalian cells was initially described
in C2C12 skeletal myoblasts [32] and in human lung carcinoma A549 cells [33].
The main trigger for this response in mammalian cells seems to be the decline of
mitochondrial membrane potential. Experimentally, retrograde response was
induced by either treatment of cells with ethidium bromide to deplete them of
mtDNA or by using mitochondria-specific ionophores, such as carbonyl cyanide
m-chlorophenylhydrazone. Because mitochondria also function as major calcium
stores, a drop in mitochondrial membrane potential leads to calcium release from
the mitochondria (and compromised calcium uptake), increasing cytosolic free
Ca*. Calcium seems to be the link between mitochondrial function and nuclear
gene expression, as several studies have shown.

In both C2C12 skeletal myoblasts and human lung carcinoma cells, mitochon-
drial dysfunction caused increased expression of a number of genes involved in
calcium homeostasis, such as ryanodine receptor I or II (RyR1 or RyR2),
calcineurin, calreticulin, and calsequestrin [32, 33]. Arnould et al. [34] have
shown that increase of cytosolic free Ca?* induced by mitochondrial dysfunction
was responsible for activation of Ca%**/calmodulin-dependent protein kinase type
IV, and consequent activation of cAMP response element-binding protein by
phosphorylation (Table 3.1).

There is uncertainty concerning the initial trigger of retrograde signaling. It is
known that production of superoxide anion in the inner mitochondrial membrane
can activate uncoupling proteins [35]. Moreover, cellular oxidative stress can
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Table 3.1 List of genes proteins, or both involved in metabolism, Ca**-dependent signaling,
mitochondrial function and assembly, and stress response and apoptosis, with changed expression
after mitochondrial stress induced by depletion of mtDNA genome [Rho(0)], metabolic inhibitors,
senescence, and hyperoxia (40% O,) in different mammalian cell lines. Names of genes are written
as found in respective reference

How mitochondrial
Function Gene Method  stress was induced ~ Cell type Reference

Metabolism  HK1 RT-PCR Rho (0) T143B, ARPEI19, [44]
and GMO6225

GLUTI1

PCK2

GCK

LDHA

LDHB

FBP1

GAPD

ENO1

PKM2

PC

CS

CKB

ACAT?2

ACACA

ACACB

PEX6

DIA1

Glut4 NB Rho (0) C2C12 rhabdomy- [42]
oblasts and A549
human lung carci-
noma cells

PEP carboxy
kinase
Hexokinase
ACSLS
PTE1 MA Senescence/hyperoxia MRC-5 fibroblasts ~ [10]
GLS
HSD17B12
GALNTI10
AK3
HK2
LOX
PDP2
RODH
OGDH
ALDHIAL1
PDK4
FABP4
ATP8BI1
GLS
GCLM

(continued)
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How mitochondrial

Function Gene Method stress was induced  Cell type Reference
HBG1
HSD17B2
CPT1A
ASK
SCD
GLUL
GRIA4
CYPIB1
FECH
TKT
Ca-dependent RYR-1 RT-PCR Rho (0) T143B, ARPEI19, [44]
signaling and GM06242
ikB WB Rho (0) + mitochon- Mouse C2C12 [32]
Cn A drial metabolic myocytes
RelA inhibitors
NFATc
ATF2
RyR-2
Cathepsin-L. ~ WB Rho (0) Human pulmonary [33]
carcinoma
A549 cells
TGFB1
Calreticulin
Calsequestrin
Calcineurin
Egr-1
ATF2
NFAT
Phospho-p44
mapk
Phospho-p42
mapk
ERK1
ERK2 WB FCCP Rat pheochromacy-  [49]
toma PC12 cells
CamkIV
CREB WB Rho (0) 143B human oste- [34]
osarcoma cell
line and MERRF
cybrid cell
line mutated
for tRNA(Lys)
(A8344G)
RyR1

(continued)
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Table 3.1 (continued)

Calsequestrin NB Rho (0) C2C12 rhabdomy- [42]
oblasts and A549
human lung carci-
noma cells

Calreticulin

Cathepsin

TGFB1

Epiregulin

ATP2C1

MAP2K3 MA Senescence MRC-5 fibroblasts [10]
PLCB4

CABYR

TGFB2

PLCB4
IGFBP3
CABYR
PRKCA
BAMBI
VAPNS2
CAP2
PRKCH
CLECSF2
CAV2
CREB3L1
TGFB2
CALM2
EREG
DCG2
GHR
CEBPE
GUCAIA
IGFBP3
SULF1
TGFBP2
PDE4DIP
ADCY3
TGIF2
GPSM2
CREB3L4
PDEIA
ARHGAPI1A
GUCY1B3
ITPKB
PDEIA
LTBP4
THBS2
NFAT5
MAP3K8

(continued)
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Table 3.1 (continued)

How mitochondrial
Function Gene Method  stress was induced ~ Cell type Reference

S100A4
ADCY3
NFYB
IQGAP3
RICS
PCBP2
ARHGAP19
CREBBP
PDEIA
THBS!
MAP3K I
AURKB
RIN3
IGF1
TGFBR3
IGF1

Mitochondrial MDH1 RT-PCR Rho (0) T143B, ARPE19, [44]
function and GM06225
and
assembly

MDH?2
SDHA
COXVB
ATP5B
ANT1
ANT?2
CKMT1

CKMT2
CYTC

COXVB WB Rho (0) + mitochon- Mouse C2C12 myo- [32]
drial metabolic cytes
inhibitors

VDAC NB Rho (0) C2C12 rhabdomy- [42]
oblasts and A549
human lung carci-
noma cells

6 MtDNA tran-
script

Tim44

Tom40

CPS1

NRF1 MA Senescence MRC-5 fibroblasts [10]
UAPILI

(continued)
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Table 3.1 (continued)
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MIPEP
MTSUSI1
MAOA
SLC5A3
ucp2
PHB

Stress
response
and
Apoptosis

SCARBI1

SCARB2
TXN
TXNRI1
TXNR2
SOD2
CAT
GPX3
HSF1
HSPD1
HSPE1
Bcl-2

RT-PCR

Rho (0) T143B, ARPEI9, [44]
and GM06225

Bid

Bax
Bcl-XL
Bcl2

WB

Human pulmonary [33]
carcinoma
A549 cells

Bid

Bax
P53
Bcl-2L1

NB

C2C12 rhabdomy- [42]
oblasts and A549
human lung carci-
noma cells

PAWR
SOD2
Bcl-2L11
CCARI1
SOD2

MA

Senescence MRC-5 fibroblasts [44]

Bcl-X

Survivin

WB

Rho (0) + mitochon- C2C12 skeletal [43]
drial metabolic myoblasts
inhibitors

WB, Western blot; NB, Northern blot; MA: microarrays; RT-PCR, reverse transcriptase-polymerase

chain reaction.
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transcriptionally induce expression of uncoupling protein (UCP)-2 and UCP-3 [10,
28], resulting in a decline in mitochondrial membrane potential [10]. Thus, it is
possible that the main trigger of retrograde response is ROS generation, leading to
expression and activation of UCPs, and decline of mitochondrial membrane potential
and calcium release.

Transcriptional activation of the expression of nuclear encoded mitochondrial
components as adaptation to perceived mitochondrial dysfunction seems to be a
major function of retrograde signalling. Partial depletion of mtDNA and treatment
with mitochondrial metabolic inhibitors has been shown to result in enhanced expres-
sion of various nuclear genes involved in control of mitochondrial inner membrane
components [32], and uncoupling of mitochondria from HeLa cells has been reported
to increase oxygen consumption and increase the protein levels of d-aminolevulinic
acid synthase, an early marker for mitochondrial biogenesis [36]. Nuclear respiratory
NRF-1, a transcription factor that has been linked to the transcriptional control of
many genes involved in mitochondrial function and biogenesis, has been shown to
be up-regulated in HeLa cells depleted of mtDNA [37]. Also, both NRF-1 and mito-
chondrial transcription factor A, mtDNA-binding protein essential for maintenance,
replication, and transcription of mtDNA, are up-regulated in response to mitochon-
drial lipopolysaccharide-induced damage [38].

Various lines of evidence suggest that retrograde signalling is also a feature of
replicative senescence.

First, senescent cells display clear mitochondrial dysfunction, i.e., increased
superoxide production despite low mitochondrial membrane potential, together
with mtDNA damage [10].

Second, it has been described that when cells reach the end of their replicative life
span, they suffer changes in calcium homeostasis. Senescent human skin and lung
fibroblasts have been shown to have higher cytosolic calcium concentrations and lower
capacity to store calcium than fibroblasts in early passage [10, 39]. This is consistent with
evidence showing that impaired mitochondrial metabolism [15] and lower mitochondrial
membrane potential due to expression of UCP-2 in senescent fibroblasts [10].

Third, increased glutamate production has been found in senescent fibroblasts
together with significant changes in glucose metabolism, including increased activity
of the glycolitic pathway [15]. These changes are highly reminiscent of what has
been shown in yeast retrograde response.

Fourth, senescent fibroblasts also show increased mitochondrial mass and
mtDNA copy number [10, 40], which could be interpreted as an adaptive response
to mitochondrial dysfunction.

Finally, apoptosis is another feature linking retrograde signaling and senescence.
Senescent fibroblasts have been shown to be resistant to apoptosis, and this has been
related to expression of antiapoptotic protein Bcl-2 [41]. mtDNA-depleted cells have
been shown to be significantly more resistant to etoposide-mediated apoptosis than
control cells, consistent with an increase in Bcl-2 expression [42, 43].

In conclusion, it seems likely that retrograde response is activated in senescent
cells. However, studies of retrograde senescence in mammalian cells have not yet
yielded an actual retrograde response signature in terms of gene expression pattern.



3 Oxidative Stress and Cellular Senescence 49

In mammalian cells, gene expression in response to depletion of mitochondrial DNA
or metabolic inhibitors is largely cell type specific, as several studies have demon-
strated [42, 44—46] (Table 3.1). Furthermore, the processes by which mitochondrial
dysfunction is induced also might modify gene expression patterns. In fact, a gene
expression profiling study of senescent fibroblasts did identify increased expression
of genes involved Ca?* binding and Ca*-mediated signaling, glycolysis, and Krebs
cycle enzymes; mitochondrial biogenesis and function; and stress response/apoptosis
that thus might be regarded as candidate signature genes for retrograde response in
fibroblast senescence [10], even if they show essentially no overlap with candidates
found in other systems at the single gene level (Table 3.1).

One question remains, What is the functional consequence of retrograde
response in replicative senescence? Does it extend the doubling potential of cells?
In the budding yeast S. cerevisiae, early activation of retrograde response led to
extension of replicative life span [47]. However, retrograde response also has been
observed to occur progressively with age in yeast, accompanied by a decline in
mitochondrial function. Therefore, it is possible that with age, the beneficial effects
of retrograde response are not able to counteract the progressive deterioration of
cells. There are other lines of evidence supporting this hypothesis in another model
organism. Directed RNA interference inactivation of components of the mitochon-
drial electron transport chain early in development have been shown to increase
longevity in Caenorhabditis elegans [48]. However, no effect is observed if mito-
chondrial dysfunction is induced in adult animals.

In mammalian systems, there are few available data concerning the effects
of retrograde response on longevity. Mitochondrial dysfunction induced by a
high dose of FCCP has been shown to decrease cell survival in mouse embryos
[19]. Mitochondrial dysfunction and retrograde response accompany replicative
senescence in human fibroblasts [10]. However, mild uncoupling by dinitroph-
enol (DNP) has been shown to extend replicative life span in human fibroblasts
[10]. Although this seems superficially similar to the situation in yeast, it needs
to be stressed that in this latter study, there is no evidence that mild uncoupling
led to activation of retrograde signaling. In fact, long-term exposure to DNP
resulted in a lower mitochondrial mass than controls when cells were approach-
ing the end of their replicative life span. Increased mitochondrial mass has been
described as a marker of induction of retrograde response in both yeast and
mammalian cells [31, 32].

4 Conclusions

Even though recent data have questioned whether mtDNA mutations do have
functional consequences in the ageing process, mitochondria do play an important role
in ageing, which surpasses the role of their genome-encoded components. The ability
to store calcium and its dependence on mitochondrial membrane potential, the role
of uncoupling proteins, and mitochondrial biogenesis are starting to be recognized
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as important players in both cellular and organismal ageing. In cellular senescence,
it is now evident that several processes involved in the response to mitochondrial
dysfunction and differential expression of several genes may impact on replicative
longevity, both in budding yeast and in human primary cells.

References

[N

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Harman D. The biologic clock: the mitochondria? J Am Geriatr Soc 1972;20(4):145-7.
. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell Res

1961;25:585-621.

. Olovnikov AM. Principle of marginotomy in template synthesis of polynucleotides. Dokl

Akad Nauk SSSR 1971;201(6):1496-9.

. Watson JD. Origin of concatemeric T7 DNA. Nat New Biol 1972;239(94):197-201.
. Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human fibroblasts.

Nature 1990;345(6274):458—-60.

. Bodnar AG, Ouellette M, Frolkis M, et al. Extension of life-span by introduction of telomerase

into normal human cells. Science 1998;279(5349):349-52.

. von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci 2002;27(7):339-44.
. von Zglinicki T, Saretzki G, Docke W, Lotze C. Mild hyperoxia shortens telomeres and inhibits

proliferation of fibroblasts: a model for senescence? Exp Cell Res 1995;220(1):186-93.

. Martin-Ruiz C, Saretzki G, Petrie J et al. Stochastic variation in telomere shortening rate causes

heterogeneity of human fibroblast replicative life span. J Biol Chem 2004;279(17):17826-33.
Passos JF, Saretzki G, Ahmed S, et al. Mitochondrial dysfunction accounts for the stochastic
heterogeneity in telomere-dependent senescence. PloS Biol 2007;5(5):e110.

Hutter E, Unterluggauer H, Uberall F, Schramek H, Jansen-Durr P. Replicative senescence of
human fibroblasts: the role of Ras-dependent signaling and oxidative stress. Exp Gerontol
2002;37(10-11):1165-74.

Allen RG, Tresini M, Keogh BP, Doggett DL, Cristofalo VJ. Differences in electron transport
potential, antioxidant defenses, and oxidant generation in young and senescent fetal lung
fibroblasts (WI-38). J Cell Physiol 1999;180(1):114-22.

Sitte N, Merker K, von Zglinicki T, Grune T. Protein oxidation and degradation during prolif-
erative senescence of human MRC-5 fibroblasts. Free Radic Biol Med 2000;28(5):701-8.
Sitte N, Merker K, Grune T, von Zglinicki T. Lipofuscin accumulation in proliferating fibrob-
lasts in vitro: an indicator of oxidative stress. Exp Gerontol 2001;36(3):475-86.

Zwerschke W, Mazurek S, Stockl P, Hutter E, Eigenbrodt E, Jansen-Durr P. Metabolic analysis
of senescent human fibroblasts reveals a role for AMP in cellular senescence. Biochem J
2003;376(Pt 2):403-11.

Saretzki G, Murphy MP, von Zglinicki T. MitoQ counteracts telomere shortening and elon-
gates lifespan of fibroblasts under mild oxidative stress. Aging Cell 2003;2(2):141-3.

Kang HT, Lee HI, Hwang ES. Nicotinamide extends replicative lifespan of human cells. Aging
Cell 2006;5(5):423-36.

Barros MH, Bandy B, Tahara EB, Kowaltowski AJ. Higher respiratory activity decreases
mitochondrial reactive oxygen release and increases life span in Saccharomyces cerevisiae.
J Biol Chem 2004;279(48):49883-8.

Liu L, Trimarchi JR, Smith PJ, Keefe DL. Mitochondrial dysfunction leads to telomere
attrition and genomic instability. Aging Cell 2002;1(1):40-6.

Balin AK, Goodman DB, Rasmussen H, Cristofalo VJ. The effect of oxygen and vitamin E on
the lifespan of human diploid cells in vitro. J Cell Biol 1977;74(1):58-67.

LiJ, Gao X, Qian M, Eaton JW. Mitochondrial metabolism underlies hyperoxic cell damage.
Free Radic Biol Med 2004;36(11):1460-70.



3 Oxidative Stress and Cellular Senescence 51

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Trifunovic A, Wredenberg A, Falkenberg M, et al. Premature ageing in mice expressing defec-
tive mitochondrial DNA polymerase. Nature 2004;429(6990):417-23.

Kujoth GC, Hiona A, Pugh TD et al. Mitochondrial DNA mutations, oxidative stress, and
apoptosis in mammalian aging. Science 2005;309(5733):481-4.

Trifunovic A, Hansson A, Wredenberg A et al. From the cover: somatic mtDNA mutations
cause aging phenotypes without affecting reactive oxygen species production. Proc Natl Acad
Sci U S A 2005;102(50):17993-8.

Vermulst M, Bielas JH, Kujoth GC, et al. Mitochondrial point mutations do not limit the natu-
ral lifespan of mice. Nat Genet 2007;39:540-3.

Loépez-Lluch G, Hunt N, Jones B, et al. Calorie restriction induces mitochondrial biogenesis
and bioenergetic efficiency. Proc Natl Acad Sci U S A 2006;103(6):1768-73.

Baur JA, Pearson KJ, Price NL, et al. Resveratrol improves health and survival of mice on a
high-calorie diet. Nature 2006;444(7117):337-42.

St-Pierre J, Drori S, Uldry M, et al. Suppression of Reactive oxygen species and
Neurodegeneration by the PGC-1 transcriptional coactivators. Cell 2006;127(2):397-408.
Epstein CB, Waddle JA, Hale W IV et al. Genome-wide responses to mitochondrial dysfunc-
tion. Mol Biol Cell 2001;12(2):297-308.

Traven A, Wong JMS, Xu D, Sopta M, Ingles CJ. Interorganellar Communication. Altered
nuclear gene expression in a yeast mtDNA mutant. J Biol Chem 2001;276(6):4020-7.

Lai C-Y, Jaruga E, Borghouts C, Jazwinski SM. A mutation in the ATP2 gene abrogates the
age asymmetry between mother and daughter cells of the yeast Saccharomyces cerevisiae.
Genetics 2002;162(1):73-87.

Biswas G, Adebanjo OA, Freedman BD, et al. Retrograde Ca2+ signaling in C2C12 skeletal
myocytes in response to mitochondrial genetic and metabolic stress: a novel mode of inter-
organelle crosstalk. EMBO J 1999;18(3):522-33.

Amuthan G, Biswas G, Ananadatheerthavarada HK, Vijayasarathy C, Shephard HM, Avadhani
NG. Mitochondrial stress-induced calcium signaling, phenotypic changes and invasive behav-
ior in human lung carcinoma A549 cells. Oncogene 2002;21(51):7839-49.

Arnould T, Vankoningsloo S, Renard P, et al. CREB activation induced by mitochondrial dys-
function is a new signaling pathway that impairs cell proliferation. EMBO J 2002;21:53-63.
Echtay KS, Roussel D, St-Pierre J et al. Superoxide activates mitochondrial uncoupling pro-
teins. Nature 2002;415(6867):96-9.

Li B, Holloszy JO, Semenkovich CF. Respiratory uncoupling induces delta-aminolevulinate
synthase expression through a nuclear respiratory factor-1-dependent mechanism in HeLa
cells. J Biol Chem 1999;274(25):17534-40.

Miranda S, Foncea R, Guerrero J, Leighton F. Oxidative stress and upregulation of mitochon-
drial biogenesis genes in mitochondrial DNA-depleted HeLa cells. Biochemical and
Biophysical Research Communications 1999;258(1):44-9.

Suliman HB, Carraway MS, Welty-Wolf KE, Whorton AR, Piantadosi CA. Lipopolysaccharide
Stimulates mitochondrial biogenesis via activation of nuclear respiratory factor-1. J Biol Chem
2003;278(42):41510-8.

Papazafiri P, Kletsas D. Developmental and age-related alterations of calcium homeostasis in
human fibroblasts. Exp Gerontol 2003;38(3):307-11.

Lee HC, Yin PH, Chi CW, Wei YH. Increase in mitochondrial mass in human fibroblasts under
oxidative stress and during replicative cell senescence. J Biomed Sci 2002;9(6 Pt 1):517-26.
Wang E. Senescent human fibroblasts resist programmed cell death, and failure to suppress
bel 2 is involved. Cancer Res 1995;55(11):2284-92.

Biswas G, Guha M, Avadhani NG. Mitochondria-to-nucleus stress signaling in mammalian
cells: nature of nuclear gene targets, transcription regulation, and induced resistance to apop-
tosis. Gene 2005;354:132-9.

Biswas G, Anandatheerthavarada HK, Avadhani NG. Mechanism of mitochondrial stress-
induced resistance to apoptosis in mitochondrial DNA-depleted C2C12 myocytes. Cell Death
Differ 2005;12(3):266-78.



52

44,

45.

46.

47.

48.

49.

J.F. Passos and T. von Zglinicki

Miceli MV, Jazwinski SM. Common and cell type-specific responses of human cells to mito-
chondrial dysfunction. Exp Cell Res 2005;302(2):270-80.

Miceli MV, Jazwinski SM. Nuclear gene expression changes due to mitochondrial dysfunction
in ARPE-19 cells: implications for age-related macular degeneration. Invest Ophthalmol Vis
Sci 2005;46(5):1765-73.

Wang H, Morais R. Up-regulation of nuclear genes in response to inhibition of mitochondrial
DNA expression in chicken cells. Biochim Biophys Acta 1997;1352(3):325-34.

Kirchman PA, Kim S, Lai C-Y, Jazwinski SM. Interorganelle Signaling is a determinant of
longevity in Saccharomyces cerevisiae. Genetics 1999;152(1):179-90.

Dillin A, Hsu A-L, Arantes-Oliveira N, et al. Rates of behavior and aging specified by mito-
chondrial function during development. Science 2002;298(5602):2398—401.

Luo Y, Bond JD, Ingram VM. Compromised mitochondrial function leads to increased
cytosolic calcium and to activation of MAP kinases. Proc Natl Acad Sci U S A 1997;
94:9705-9710.



4
Reactive Oxygen Species in Molecular
Pathways Controlling Aging in the Filamentous
Fungus Podospora anserina

Heinz D. Osiewacz and Christian Q. Scheckhuber

Summary To generate ATP via different types of respiration, the impact of reactive
oxygen species (ROS) as by-products generated at the inner mitochondrial membrane
is well analyzed and documented. Moreover, other pathways of ROS generation seem
to be of relevance, but they are currently less explored. It now seems that ROS not
only play a key role in the age-related damaging of biomolecules that are essential
for proper cellular function but also in age-related signaling pathways. In particular,
pathways related to apoptosis that finally bring life of senescent P. anserina cultures
to an end are currently emerging to play a crucial role. Moreover, cellular defense
and maintenance functions were demonstrated to effectively modulate life span.
Among these functions, ROS scavenging, the tight control of cellular copper levels,
retrograde responses, and mechanisms maintaining a population of functional mito-
chondria are of crucial importance. The elucidation of additional candidate pathways
is a challenge for future research to reveal the mechanisms governing aging and life
span control in a holistic view.

Keywords Reactive oxygen species (ROS), mitochondria, respiration, retrograde
response, apoptosis, copper homeostasis.

1 Introduction: Senescence in Podospora anserina

Podospora anserina is a filamentous fungus extensively studied as an aging
model at the organismic level [1-4]. In contrast to many other fungi that seem to
be immortal, the life span of P. anserina is limited. A given strain is characterized
by a specific time in which the filamentous cells of a culture, the hyphae, grow at
their tips and form a culture termed a “mycelium,” which represents a macro-
scopically visible individium. During aging, the morphology of the mycelium
changes (Fig. 4.1), the growth rate slows down, and finally growth ceases and the
colony dies at the tips [5, 6]. Mean life span of defined strains is also dependent

on environmental factors. For example, when the wild-type strain “s”, a strain
most thoroughly investigated by different research groups, is grown on rich
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Fig. 4.1 Propagation and senescence of the filamentous ascomycete P. anserina. (Left) Fruiting
bodies, termed perithecia, contain the products of sexual reproduction, the ascospores. After
germination of an ascospore (middle) a mycelium is formed. Juvenile mycelia are characterized
by aerial hyphae and regular growth. In the senescent stage, pigmentation increases and formation
of aerial hyphae is strongly reduced. Mycelial tips swell and burst. Eventually, the mycelium stops
growth completely and dies (right)

medium (e.g., cornmeal medium), the mean life span is 25 days, whereas on
PASM, a specific synthetic medium, it is much shorter (14 days). Life spans of
different wild-type isolates differ from each other, demonstrating that there is a
genetic basis of aging, which is further demonstrated by a modification of the
strain-specific life span of a given wild-type strain by mutations. Both mutations
resulting in a life span reduction and an extension are known. In fact, when
compared with animal models such Caenorhabditis elegans or Drosophila mela-
nogaster in which life span extension is mainly rather moderate, some mutants of
P. anserina were demonstrated to display a spectacular life span extension of several
100% to several 1,000% compared with the wild-type. Some mutants even seem
to have acquired immortality (Table. 4.1). The characterization of such long-lived
mutants proved to be very helpful to elucidate the molecular network governing
aging and life span in this experimentally tractable aging model, and it provided
data that can be translated, although not “one-to-one,” to higher systems, including
humans. Such analyses can efficiently be performed, because the fungus is easy
to cultivate under laboratory conditions, and it is well accessible to genetic and
molecular techniques. In the past several years, the availability of the complete
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Table 4.1 Identified longevity genes and extrachromosomal mutants of the filamentous ascomycete
P. anserina. “mat” denotes the mating type of homokaryotic isolates. BMM is a complex medium,
whereas M2 and PASM are synthetic media. The mean life span of wild-type isolates on the
corresponding type of medium was set to 100%

Longevity genes

Nuclear Mean life
gene Condition Pathway span Medium  Reference
PaAmidl  Knockout Apoptosis +59% BMM [49]
PaCox5 Knockout PaCOX assembly > +3,000% M2 [30]
PaCox17 Knockout PaCOX assembly > +1,180% BMM [29]
PaCycl Mutation Respiratory chain > +2200% M2 [50]
PaDnml  Knockout Mitochondrial +900% BMM [41]
division
PaeEFIA  Mutation Translation +218 % M2 [51]
[mat +]
PaGrisea Mutation Copper +60% BMM [52]
homeostasis
PaMcal  Knockout Apoptosis +148% BMM [49]
PaMca2  Knockout Apoptosis +78% BMM [49]
PaMthl Overexpression Unknown +115% PASM [53]
PaTom70 Mutation Protein import into > +2,700% M2 [54]
mitochondria [mat —]
Extrachromosomal mutants
Mutant
AL2-1 Insertion of pAL2-1 Respiratory chain ~ +1,360% BMM [55]
into mtDNA
exl PaCoxI deletion Respiratory chain ~ Immortal M2 [18]
(complete)
ex2 PaCoxI deletion Respiratory chain ~ Immortal M2 [31]
(complete)
mex1 Deletion in PaCoxl Respiratory chain ~ Immortal M2 [32]
(first exon-
intron transition)
mex5 Deletion in PaCoxl Respiratory chain ~ Immortal M2 [32]
(first exon-
intron transition)
mex7 Deletion in PaCoxl Respiratory chain ~ Immortal M2 [32]
(first exon-
intron transition)
mex 16 Deletion in PaCoxl Respiratory chain ~ Immortal M2 [33]
(first exon-
intron transition)
mid26 PaCoxI deletion Respiratory chain ~ +100% M2 [56]
(pl-Intron)
Wa32-LL Impairment of PaNd2 Respiratory chain > +750% M2 [57]
and PaNd3
expression

genomic sequence and the establishment of effective techniques to construct
transgenic and “knockout” strains in a reasonable time [7] provided important

prerequisites for an efficient experimental use of the system.
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Here, we summarize data related to several aspects of aging in P. anserina that
are specifically linked to a role of reactive oxygen species (ROS). We provide a
view that is emerging from recent investigations. There are several reviews [1-4,
8—11] that provide a summary of earlier investigations about this experimental
aging model.

2 Mitochondrial DNA Instabilities

One of the first important molecular pathways affecting the life span of P. anserina
was reported in the late 1970s and subsequently studied in more detail in the early
1980s. At that time, it was found that aging of all cultures isolated from the wild
from different locations in Europe was characterized by instabilities of the standard
mitochondrial DNA (mtDNA). One of the early hallmarks in aging cultures was
found to be the accumulation of a circular DNA molecule, which, due to its physical
characteristics was termed “plasmid-like” DNA (pIDNA) [12] and due to the accu-
mulation in senescent cultures as ocssenDNA [13]. This autonomous DNA element
was demonstrated to be derived from the first intron (pl-intron or intron o) of the
gene coding for cytochrome ¢ oxidase subunit I (COXI) [14]. In juvenile cultures,
this piece of DNA is predominantly integrated into the Cox/ gene. During aging, it
becomes liberated and amplified [12, 15, 16]. It was shown that pIDNA causes
mtDNA instabilities due to its ability to reintegrate into the mtDNA. This leads to
pIDNA duplications, allowing efficient DNA recombination and rearrangement
[17]. In senescent cultures, the standard mtDNA is almost quantitatively rearranged
[16, 18]. As a consequence, the expression of mtDNA-encoded genes, needed for
turnover of gene products is progressively impaired. Although for a long time it was
believed that aging of P. anserina is caused by the age-related liberation and ampli-
fication of pIDNA, later data demonstrated that this process, at least in laboratory
strains, is not the case. This conclusion can be drawn from different mutants that
were reported not to contain amplified pIDNA in the senescent stage but still stop
growth and die [19, 20]. However, because these mutants are strongly affected in
vital functions (e.g., growth rate, fertility), it seems that they are unable to survive
in nature, and aging in nature most likely is in fact caused by mtDNA instability.
Regardless of this unsolved issue, the described mtDNA rearrangements are a hall-
mark of wild-type strain aging, and they do represent a useful biomarker of aging.
Moreover, pIDNA amplification clearly acts as a modulator accelerating the pace
of aging because stabilization of the mtDNA is a predictable interference to extend
life span in P. anserina. In nature, mtDNA instability leads to a strong pressure to
efficiently reproduce within a very short time.

As mentioned, in the absence of pathways leading to mtDNA reorganization,
life span of some P. anserina strains is still limited, indicating that other basic
pathways with an impact on life span and aging must exist. In the past decades of
research, a large body of data accumulated pointing to the impact of oxygenic
energy transduction pathways and the generation of ROS.
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3 Okcxidative Stress

3.1 ROS Generation

The role of ROS in damaging biomolecules, and by doing so, impairing cellular function
that leads to the aging of biological systems has been first put forward in the 1950s
by D. Harman [21]. Since this time, numerous data have been collected that support
the “free radical theory of aging” leading to a refined theory that stresses that the
major source of oxidative stress are mitochondria [22]. However, even today the theory
is not finally proven, and research is still aimed at challenging this theory.

An important source of ROS is the respiratory chain in the inner membrane of
mitochondria, the powerhouse of every eukaryotic cell. During the oxygenic trans-
duction of energy stored in biomolecules, such as lipids or carbon hydrates and the
generation of ATP, electrons are transported from reduction equivalents originating
from the dissimilation of reduced organic substrates (e.g., NADH + H*) to oxygen
as terminal electron acceptor, resulting in the production of water. This process
takes place at the inner mitochondrial membrane, and it requires a group of proteins
assembled into macromolecular complexes, termed complexes I-IV. During
this process, protons are transferred across the inner membrane at three of the
complexes, leading to the energization of the membrane. The resulting proton
motive force finally leads to the generation of ATP at another supramolecular
complex in the inner membrane, complex V or ATP synthase. During transport,
electrons can escape the electron transport chain, and they are transferred as single
electrons to oxygen, giving rise to the “free radical” superoxide anion. This process
occurs at two sides of the respiratory chain, complex I and IIT [23-25].

The impact of the described processes on life span and aging has been exten-
sively studied in P. anserina beca