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1 Summary

The leading hypothesis of why organisms age is the “Free Radical Theory of Aging”, which states
that the accumulation of reactive oxygen species (ROS), such as superoxide (O, ™) and hydrogen
peroxide (H,O,), causes protein, lipid and DNA damage and leads to the observed age-related
decline of cells and tissues. A major obstacle in analyzing the role of oxidative stress in aging
organisms is the inability to precisely localize and quantify the oxidants, to identify proteins and
pathways that might be affected, and ultimately, to correlate changes in oxidant levels with the
lifespan of the organism. To directly monitor the onset and extent of oxidative stress during the
lifespan of Caenorhabditis elegans, we utilized the fluorescent HyO, sensor protein HyPer, which
enabled us to quantify endogenous peroxide levels in different tissues of living animals in real time.
We made the surprising observation that wildtype C. elegans is exposed to very high peroxide lev-
els during development. Peroxide levels drop rapidly as the animals mature, and low peroxide
levels then prevail throughout the reproductive age, after which an age-accompanying increase of
peroxide level is observed. These results were in excellent agreement with findings obtained by
using the highly quantitative redox proteomic technique OXICAT, which monitors the oxidation sta-
tus of redox-sensitive proteins as read-out for onset, localization, and protein targets of oxidative
stress (Knoefler er al., 2012a). By using OxICAT, we detected increased protein thiol oxidation
during the development of C. elegans and in aging animals (Knoefler et al., 2012a). Many pro-
cesses in C. elegans might potentially contribute to the elevated peroxide levels observed during
development, including cuticle formation, apoptosis, proliferation, gametogenesis, or ROS signal-
ing. The finding that all investigated C. elegans mutants regardless of their lifespan are exposed to
high developmental peroxide levels argues for ROS accumulation to be a universal and necessary
event. Yet, recovery from the early oxidative boost might determine the subsequent adult lifespan,
as we found that long-lived daf-2 mutants transition faster to reducing conditions than short-lived
daf-16 mutants, which retain higher peroxide levels throughout their mature life. These results
suggest that changes in the cellular oxidant homeostasis, encountered at a very early stage in life,
might determine subsequent redox levels and potentially the lifespan of organisms. Manipulation
of developmental oxidant levels using glucose restriction or a short bolus of superoxide caused a

disruption in developmental growth, a delay in reproduction, and a shortened lifespan. These re-
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sults suggest that developmental oxidant levels are fine-tuned and optimized. Future experiments
are aimed to investigate the sources of developmental hydrogen peroxide, and to elucidate whether
active down-regulation of antioxidant enzymes during the larval period might foster peroxide ac-
cumulation. Preliminary results indicate that this might indeed be the case for peroxiredoxin 2,
whose expression was significantly lower during development than at later stages in life. Finally,
we investigated whether the observed variances in the developmental peroxide levels of individual
worms within a synchronized wildtype population might be responsible for the observed significant
variances in lifespan, and hence could serve as a predictor for adult lifespan. Preliminary results
revealed that neither too low nor too high peroxide levels during development are beneficial for the
lifespan of wildtype worms, suggesting that ROS level during development might be optimized for
maximized lifespan. Future experiments aim to reveal the processes that are affected by ROS and

which might influence the individual’s lifespan early in life.

1.1 Zusammenfassung

Die fithrende Hypothese, um zu erkldren warum Organismen altern, ist die “Free Radical Theory of
Aging”. Sie postuliert, dass sich reaktive Sauerstoffspezies (Reactive Oxygen Species, ROS), wie
beispielsweise Hyperoxid-Anion (O, ~) und Wasserstoffperoxid (H,O,), iiber die Zeit anhdufen und
Schiden an Proteinen, Lipiden und DNA verursachen, die zu der beobachteten altersbedingten De-
generation von Zellen und Geweben fiihrt. Die Analyse der Rolle von oxidativem Stress in alternden
Organismen wird behindert durch 1) die Unfihigkeit, die Sauerstoffspezies genau zu lokalisieren
und zu quantifizieren, 2) Proteine und Signalwege, die betroffen sein kdnnen, zu identifizieren und
3) Fluktuationen von oxidativen Stress mit der Lebensdauer von Organismen zu korrelieren. Um
den Beginn und den Umfang des oxidativen Stresses iiber die Lebensspanne von Caenorhabditis
elegans zu studieren, wurde das fluoreszierende Sensorprotein HyPer verwendet, welches endo-
gene H,0,-Spiegel in spezifischen Geweben nachweist. Zu unserer Uberraschung fanden wir, dass
Wildtyp Nematoden schon wihrend ihrer Entwicklung sehr hohen Peroxidspiegeln ausgesetzt sind,
die sehr schnell sinken, sobald die Wiirmer ihr fruchtbares Alter erreichen. Eine erneute Erh6hung
von Peroxidspiegeln wurde beobachtet, sobald die Tiere Alterungserscheinungen zeigten. Diese
Ergebnisse passten hervorragend zu den Erkenntnissen, die wir mit Hilfe von OxICAT, einer quan-

titativen Redox-Proteomik-Technik, gewonnen haben. OXICAT bestimmt den Oxidationsstatus von
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vielen redox-sensitiven Cysteinen, und erlaubt dadurch Riickschliisse auf die Sauerstoffspezies, das
betroffene Protein sowie den Zeitpunkt des Einsetzens der Oxidation (Knoefler et al., 2012a). Wir
fanden, dass C. elegans wihrend der Entwicklung und im Alter eine erhohte Oxidation der Protein-
Thiol-Gruppen aufwies (Knoefler er al., 2012a).

Viele physiologische Prozesse in C. elegans, wie zum Beispiel die Bildung der Kutikula, Apop-
tose, Gametogenese, Proliferation, oder ROS-regulierte Signalwege, tragen moglicherweise zur
Erhohung der Peroxidspiegel wihrend der Entwicklung bei. Dass alle untersuchten C. elegans-
Mutanten unabhiingig von ihrer Lebensdauer hohe Peroxidspiegel wihrend ihrer Entwicklung
zeigten, spricht dafiir, dass die Akkumulation von ROS universell und notwendig sein konnte. Die
Fihigkeit zur Erholung von diesem frithen oxidativen Stress konnte dagegen noch auf die spéitere
Lebenserwartung von erwachsenen Nematoden Einfluss haben. Wir fanden beispielsweise, dass die
langlebigen daf-2-Mutanten Peroxidspiegel schneller reduzieren als kurzlebige daf-16-Mutanten,
welche hohere Peroxidspiegel in der (noch) verbleibenden Lebenszeit aufwiesen. Diese Ergebnisse
deuten darauf hin, dass sich Anderungen in der zelluliren Redox-Homoostase, welche sich in einem
frithen Entwicklungsstadium abspielen, auf die Redox-Spiegel im Erwachsenenalter auswirken und
damit womoglich die Lebensdauer der Organismen beeinflussen konnen. Die Manipulation von
Peroxidspiegeln, beispielweise durch Restriktion der Glukosezufuhr oder kurzzeitigem superox-
idativen Stress, fithrte zu negativen Effekten in der Entwicklung, Fortpflanzung und Lebensdauer.
Diese Ergebnisse deuten darauf hin, dass die Redox-Homdostase im Larvenstadium genau reguliert
und optimiert ist. Zukiinftige Experimente sollen den Ursprung der Wasserstoffperoxidbildung in
der Entwicklung untersuchen und aufzeigen, ob beispielsweise die Aktivitdt und/ oder die Expres-
sion antioxidativer Enzyme im Larvenstadium verindert sein konnte. Vorldufige Ergebnisse deuten
darauf hin, dass dies fiir die Peroxidase Peroxiredoxin 2 tatsidchlich zutreffen konnte. Die Expres-
sion von Peroxiredoxin 2 ist wihrend der Entwicklung wesentlich niedriger als in spateren Entwick-
lungsstufen.

SchlieBlich untersuchten wir, ob die beobachteten Fluktuationen in den Peroxidspiegeln indi-
vidueller Wiirmer wihrend des Larvenstadiums moglicherweise mit der Lebensdauer der Nema-
toden zusammenhingen konnte. Erste Ergebnisse weisen darauf hin, dass weder erniedrigte noch
erhohte Peroxidspiegel wihrend der Entwicklung die Lebensdauer der Wiirmer positiv beeinflussen.

Dies konnte bedeuten, dass eine optimierte Dosierung von Sauerstoffspezies im Larvenstadium zu
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einer Maximierung der Lebenserwartung beitréigt. Zukiinftige Experimente sollen zeigen, welche

Prozesse von ROS beeinflusst werden, und ob die individuelle Lebensdauer eines Organismus

moglicherweise schon sehr frith im Leben festgelegt wird.
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2 Introduction !

2.1 Why we age — The inception of the Free Radical Theory of Aging

The question of why we age has given rise to many different theories over the last decades. One of
the most popular and long-lasting hypothesis is the “Free Radical Theory of Aging”. Max Rubner
was one of the first to suggest that aging might be connected to energy metabolism after he observed
that organisms with different lifespans expend the same amount of energy over their lifespan (Rub-
ner, 1908). The idea that organisms have a fixed amount of “vital substances”, which, when utilized
faster, would shorten lifespan formed the basis of the “rate-of-living” theory proposed by Raymond
Pearl in 1921 (Pearl, 1921).

Although this theory was never proven to be valid, it drew attention to the concept that oxygen
metabolism and lifespan might be connected. When Denham Harman realized that ionizing radi-
ation, which induces the formation of oxygen radicals, causes biological effects (e.g. mutations,
cancer) that are very similar to the physiological changes that occur during aging, he postulated the
“Free Radical Theory of Aging” (FRTA) (Harman, 1956). This hypothesis suggested that free rad-
icals, which are generated by cells themselves, accumulate over time, leading to increased cell and
tissue damage and eventually causing physiological decline and death. The suggestion that harmful
reactive oxygen species (ROS) are endogenously produced was initially received with skepticism
but gained acceptance with the discovery of superoxide dismutase (SOD), an enzyme whose sole
function is the specific removal of superoxide from cells and organisms (McCord and Fridovich,
1969). The FRTA was later modified to the “Mitochondrial Free Radical Theory of Aging” to take
into account the fact that mitochondria are the major source and also the major target of ROS. To
acknowledge the involvement of other non-radical oxygen species, like hydrogen peroxide, Har-
man’s theory underwent a final re-definition and is now often referred to as the “Oxidative Stress
Hypothesis of Aging’ (Yu and Yang, 1996).

Since the inception of the “Free Radical Theory of Aging”, numerous studies have been con-
ducted providing convincing evidence that cells constantly produce ROS, not only during mito-

chondrial respiration but also during host defense, cell signaling and many other physiological and

I"The main part of the introduction is going to be published as the book chapter “Role of Oxidative Stress in Aging” in:
“Oxidative Stress and Redox Regulation”(Editors: Ursula Jakob & Dana Reichmann), see Knoefler e al. (2012b)
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pathological events (Trachootham et al., 2008; Droge, 2002). To counteract free oxygen radicals,
aerobic organisms have evolved a number of highly efficient antioxidant defense systems, which
include ROS detoxifying enzymes, small molecule ROS scavengers and oxidoreductases. These
systems appear to work together to maintain a crucial balance of pro-oxidants and antioxidants
within cells and sub-cellular compartments, a process commonly referred to as redox homeostasis
(Finkel and Holbrook, 2000). Shifting the equilibrium towards more oxidizing conditions (i.e., 0x-
idative stress) either by increasing the levels of pro-oxidants or by decreasing the cell’s anti-oxidant
capacity, leads to the toxic accumulation of ROS, which damages cellular macromolecules, includ-
ing nucleic acids, lipids and proteins (Figure 2.1). Oxidative stress conditions have been associated
with aging as well as many age-related conditions, including cancer, diabetes, artherosclerosis, car-
diovascular diseases and a variety of neurodegenerative diseases (Barnham ef al., 2004; Ceriello
and Motz, 2004; Victor et al., 2009; Reuter et al., 2010).

Yet, despite the wealth of studies that have been conducted to test the “Free Radical Theory of
Aging”, the jury is still out on whether radical formation is the primary cause of aging or represents
a secondary effect of aging and age-related diseases. This is in part due to the recent realization that
ROS are not toxic per se. In fact, it is now clear that cells need to maintain certain levels of oxidants
to be able to differentiate, develop and to overall function properly (Finkel and Holbrook, 2000).
Many physiological processes, including cell signaling (Finkel, 2011b; D’ Autréaux and Toledano,
2007; Ghezzi et al., 2005), protein folding (Kakihana ef al., 2011; Margittai and Banhegyi, 2010),
development (Hernandez-Garcia et al., 2010), and immune response require the presence of certain
levels of oxidants (Finkel, 2011a). These oxidants are typically sensed by redox-regulated proteins,
which use the redox status of one or more highly oxidation-sensitive cysteine thiols to directly or
indirectly control their own cellular function and hence the function of the pathway that they are part
of. Redox sensitive proteins are found to play roles in the majority of cellular functions, ranging
from signal transduction (e.g., phosphatases and kinases), gene expression (e.g., p53) to metabolism
(e.g., GapDH) and proteostasis (e.g., cdc-48), constantly fine-tuning these pathways according to
the cellular redox status (Brandes et al., 2009; Kumsta ef al., 2011). These findings imply that
while shifting the redox balance towards pro-oxidants is clearly toxic to the cell, shifting the redox
balance towards antioxidants might possible not be beneficial either, as it will interfere with the

physiological role that low ROS levels play in cells and organisms (Figure 2.1).
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Figure 2.1. Redox Homeostasis. Maintaining the proper redox balance between oxidants, such as
hydrogen peroxide (H,O3), superoxide (O, ), hydroxyl radicals (OH ™), hypochlorous acid (HOCI),
and antioxidants, like catalase (CAT), peroxiredoxin (PRX), glutathione peroxidase (GPX), super-
oxide dismutase (SOD), thioredoxin (TRX), glutathione (GSH), is essential for correct physiologi-
cal processes. A shift towards more oxidizing conditions (i.e., oxidative stress) as well as an increase
in the antioxidant capacity of the organism will result in pathophysiological conditions.

2.2 Sources of Reactive Oxygen Species
2.2.1 ROS generation in the mitochondrial electron transport chain

The fusion of a prokaryotic and a eukaryotic cell millions of years ago marked the beginning of a
powerful symbiosis as the bacteria-turned-organelle enabled the eukaryotic cell to efficiently gen-
erate energy. The caveat, however, is that the electron transport chain (ETC) in the mitochondria is

generally considered to be the major source for reactive oxygen species in eukaryotic cells (Cadenas
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and Davies, 2000). Mitochondria produce the energy to oxidatively phosphorylate ADP, utilizing
an electrochemical proton gradient, which is generated by a series of redox reactions located in
the inner membrane. In a stepwise reaction catalyzed by four enzyme complexes (I-1V), electrons
are passed from NADH to the more electronegative electron acceptor oxygen. Three of the com-
plexes (I, III, and IV) also function as proton pumps, which utilize the energy released from the
electron transport chain to transfer protons from the matrix into the intermembrane space. The pro-
ton gradient is subsequently utilized by complex V (ATP synthase) to drive ATP production. To
maintain ATP production, it is necessary to pass all four electrons from complex IV onto the more
electronegative molecular oxygen, a process estimated to require over 95% of the inhaled oxygen
(Cadenas and Davies, 2000). Although very efficient and tightly regulated, the electron transport
chain can lead to mono- or bivalent reduction of oxygen under physiological conditions, giving rise
to superoxide anions and hydrogen peroxide, respectively (Cadenas and Davies, 2000; Klotz and
Sies, 2009) (Figure 2.2). It is estimated that up to 2% of the molecular oxygen used in mitochondria
escapes in form of superoxide anion radicals (Chance and Williams, 1956), with complex I and III

considered to be the main superoxide producers (references within (Turrens, 1997)).

2.2.2 Oxidant generation by NADPH oxidases and dual oxidases

NADPH oxidases (NOX) and dual oxidases (DUOX), which are universally distributed in cells and
organisms, generate ROS upon exposure to a variety of stimuli, including growth factors, cytokines
or bacterial invasion (Lambeth, 2004). During the innate immune response, invading microorgan-
isms are engulfed by phagocytes, and NADPH oxidases located in the inner membrane of the cells
are quickly activated to produce large quantities of superoxide anions by transferring electrons from
NADPH to oxygen (i.e. respiratory burst). Superoxide radicals are then converted to hydrogen
peroxide, which is either directly released into the phagosome of phagocytes or used by myeloper-
oxidases in neutrophils (a subgroup of phagocytes) to form the potent antimicrobial hypochlorous
acid (the active ingredient of household bleach) (Figure 2.2). Dysfunction of phagocytic NADPH
oxidases has been implicated in a number of inheritable immunodeficiencies, such as chronic gran-
ulomatous disease (Bedard and Krause, 2007), which is characterized by the inability of the in-
nate immune system to kill invading pathogens due to a failure to produce sufficient amounts of

ROS (Lambeth, 2004). An increased susceptibility towards infections has also been observed in
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Figure 2.2. Sources of ROS and their removal by antioxidants. ROS are produced by the electron
transport chain (ETC), located in the inner membrane of the mitochondria, and by transmembrane
NADPH oxidases (NOX), located in plasma and peroxisomal membranes. Electrons, which con-
stantly leak during the ETC, react with molecular oxygen to form superoxide (O, ) or hydrogen
peroxide (H,O»). NADPH oxidases utilize cytosolic NADPH to generate O, either in peroxi-
somes or the extracellular matrix (ECM). Superoxide is rapidly dismutated to the slow-acting H,O,
in a process that is catalyzed by superoxide dismutase (SOD). H,O, can react with chloride ions
to generate the very potent oxidant hypochlorous acid (HOCI), in a process that is catalyzed by
myeloperoxidases (MPO) within phagocytes. In the presence of Fenton metals (i.e., iron, copper),
peroxide rapidly forms highly reactive hydroxyl radicals (OH™), which react with and potentially
destroy all cellular macromolecules in their vicinity. To detoxify H,O,, cells utilize a combina-
tion of enzymatic clearance systems, consisting of catalase (CAT), peroxiredoxin (PRX), and glu-
tathione peroxidase (GPX), as well as non-enzymatic small molecule scavengers. One of these
scavengers is the small tripeptide glutathione (GSH), which becomes oxidized to GSSG in the pro-
cess. Regeneration of GSH is achieved by glutathione reductase (GSR). Other peroxide scavengers
are surface thiols in proteins, which undergo sulfenic acids (SOH) formation (Hansen et al., 2009;
Murphy, 2011). Sulfenates are either directly reduced by the thioredoxin (TRX) system or undergo
S-glutathionylation, which is reversed by the glutaredoxin (GRX) system.

.4
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C. elegans upon reducing the levels of dual oxidase in the nematodes (Chavez et al., 2009).

In addition to NADPH oxidases in phagocytic cells, isoforms of NADPH oxidases are involved
in a host of other physiological processes. Growth factors, such as angiotensin II, platelet-derived
growth factor (PDGF), or vascular endothelial growth factor (VEGF) utilize NOX-mediated ROS
signaling to regulate angiogenesis and blood pressure, among other processes (Lambeth, 2004;
Ushio-Fukai and Nakamura, 2008). Superoxide anions, generated by NADPH oxidases, can rapidly
react with the anti-hypertensive nitric oxide (NO) thus depleting the NO pool and increasing blood
pressure (Lassegue and Griendling, 2004). Thyroidal NADPH dual oxidases, in contrast, provide
hydrogen peroxide for thyroid hormone synthesis (Nauseef, 2008; Dupuy et al., 1991). Typically
membrane-bound, NADPH oxidases utilize cytosolic NADPH to generate superoxide either in the
extracellular matrix or the lumen of intracellular organelles (Figure 2.2). While superoxide itself
is not membrane permeable, it is either transported to other cell compartments by ion channels or
converted into the highly diffusible hydrogen peroxide. Many NADPH oxidases are ubiquitously
expressed and are thought of being capable of generating higher ROS levels in a regulated man-
ner than those continuously produced during respiration (Krause, 2007). It is thus not surprising
that increased expression and/or activity of several NOX family members has been implicated to
play a key role in a number of age-related diseases, including cancer, cardiovascular diseases and

neurodegenerative disorders (Bedard and Krause, 2007; Krause, 2007).

2.2.3 Oxidants as by-products of biochemical reactions

In addition to reactions catalyzed by proteins of the ETC and by NADPH oxidases, many other
cellular reactions have been shown to produce ROS. In peroxisomes, for example, electrons gen-
erated during the f-oxidation of long fatty acids are transferred onto molecular oxygen instead of
components of the ETC, thereby producing hydrogen peroxide. Oxidative deamination of aromatic
(dietary) amines and monoamine neurotransmitters, such as serotonin and dopamine, is catalyzed
by monoamine oxidases (MAO) in a process that leads to the production of potentially neurotoxic
by-products, including ammonia and hydrogen peroxide (Bortolato et al., 2008). Other major en-
dogenous ROS producers belong to the heme-containing cytochrome P450 protein superfamily.
Members of this family are involved in oxidizing endogenous substrates as well as a broad range of

exogenous compounds, including drugs, carcinogens and other xenobiotics. Since the monoxygena-
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tion of these substrates is inefficiently coupled to the electron transfer from NADPH to cytochrome
P450, it causes a continuous leakage of electrons, resulting in ROS formation even in the absence of
substrates (Zangar et al., 2004). Some xenobiotic compounds such as alcohol or drugs can further
increase the P450-uncoupling reaction, thereby increasing ROS generation even more. The need to
maintain low intracellular ROS level has apparently resulted in the development of feedback mech-
anisms as the presence of high ROS levels was recently found to decrease cytochrome P450 levels

(Zangar et al., 2004).

2.3 Antioxidants - Maintaining the balance
2.3.1 Detoxification systems and ROS scavengers

The aerobic lifestyle goes along with an inevitable generation of oxygen species. If oxidants are
not properly removed, their high reactivity can cause oxidative damage to cellular macromolecules.
While strictly anaerobic microorganisms have been shown to not possess superoxide dismutase or
catalase activity, the oxygen-metabolizing species tested contain superoxide dismutase activity (Mc-
Cord et al., 1971). Superoxide anions are known to spontaneously dismutate to hydrogen peroxide
at a slow rate. In vivo, this process is massively accelerated by the presence of superoxide dismu-
tases (SODs) (Fridovich, 1972) (Figure 2.2), which are located in the cytosol, the mitochondrial
intermembrane space and matrix, as well as in the extracellular space (Zelko et al., 2002).

While H,O; is less reactive and more stable than other ROS (Giorgio et al., 2007), it reacts
rapidly with free ferrous (Fe>t) iron in the Fenton reaction, which generates hydroxyl radicals,
one of the most reactive oxygen species known. Hence, removal of peroxide is of utmost impor-
tance to avoid widespread oxidative damage. Enzymatic clearance of hydrogen peroxide is per-
formed by catalases, glutathione (GSH) peroxidases, and peroxiredoxins (Figure 2.2). Catalases
are mainly found in the cytosol and peroxisomes, as well as in the mitochondrial matrix of some
highly metabolically active tissues, such as heart and liver (Radi er al., 1991; Salvi et al., 2007).
They catalyze the decomposition of two hydrogen peroxide molecules to oxygen and two water
molecules, using one of the fastest turnover rates known for any enzyme (Nicholls et al., 2000).
While catalases contribute to hydrogen peroxide decomposition at high hydrogen peroxide concen-

trations, selenocysteine-containing GSH peroxidases work efficiently at low peroxide levels (Cohen
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and Hochstein, 1963; Makino et al., 1994), suggesting that they serve as the predominant perox-
ide scavengers under physiological H,O, concentrations (Makino et al., 1994). GSH peroxidases
catalyze the reduction of hydrogen peroxide to water by utilizing reduced glutathione (GSH) as
electron donor. GSH, a highly abundant tripeptide is oxidized in this process to disulfide-bonded
GSSG, and subsequently regenerated by GSH reductase, a NADPH-dependent oxidoreductase. The
third group of peroxide-detoxifying enzymes is constituted by peroxiredoxins, which compensate
for their slow reaction rates with extremely high cellular concentrations, making them one of the
most abundant enzymes in many organisms (Wood et al., 2003).

In addition to the various antioxidant enzymes that clear reactive oxygen species, organisms
have also evolved various small molecules such as glutathione, metallothioneins and vitamins,
which are capable of scavenging oxygen radicals. While the non-protein thiol y-L-glutamyl-L-
cysteinyl-glycine (glutathione) can act as reductant for peroxide (Figure 2.2) and free radicals (Or-
renius and Moldéus, 1984), metallothioneins, which are low molecular weight metal-containing
proteins, are capable of scavenging hydroxyl radicals and superoxide (Thornalley and Vasak, 1985).
The water-soluble ascorbate (vitamin C) scavenges oxygen radicals in aqueous solution while ¢-

tocopherol (vitamin E) protects membranes from radical formation (Niki, 1987).

2.3.2 Maintaining and restoring the redox homeostasis

The “Free Radical Theory of Aging” postulates that accumulating reactive oxygen species can cause
oxidative damage to cellular macromolecules such as DNA, lipids, and proteins. While oxidative
damage to DNA and lipids ultimately can have dire consequences for the cell, oxidative inactiva-
tion of proteins probably has the most immediate effect on the fitness of an organism since one
of the most ROS-sensitive and reactive cellular target is the sulfur-containing amino acid cysteine.
Many cysteine thiols in proteins have been shown to rapidly react with peroxide, HOCI and/or NO,
thereby forming a variety of different oxidative modifications, including sulfenic acid and disulfide
bond formation, mixed disulfides with glutathione (S-glutathionylation) or S-nitrosylation (Winter-
bourn and Hampton, 2008). Because of their high sensitivity towards oxidation, cysteine thiols are
also the amino acids of choice for those proteins, whose function is regulated by the redox condi-
tions of the environment. Redox sensitive proteins are found to play roles in a majority of cellular

functions, ranging from signal transduction (e.g., phosphatases and kinases) and gene expression
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(e.g., p53) to metabolism (e.g., GapDH) and proteostasis (e.g., Cdc-48) (Brandes et al., 2009; Kum-
sta et al., 2011). Oxidative modification of redox sensitive cysteines leads to the transient activation
(e.g., OxyR, Hsp33, Nrf2) or inactivation (e.g., phosphatases) of a protein’s function, making thiol-
modifications uniquely able to fine-tune cellular pathways and response systems to the cellular redox
environment.

Two highly conserved enzymatic systems, the thioredoxin system and the glutaredoxin system
are responsible for maintaining redox homeostasis and reducing most forms of oxidative thiol mod-
ifications in proteins. The thioredoxin system consists of the small oxidoreductase thioredoxin,
which uses direct thiol-disulfide exchange reactions to reduce sulfenic acids, disulfide bonds or S-
nitrosylated cysteines in proteins (Collet and Messens, 2010). Thioredoxins are then reduced by
thioredoxin reductase, a selenocysteine-containing enzyme in eukaryotes, which utilizes NADPH
as the ultimate electron donor (Figure 2.2). The second redox system consists of the small redox
enzymes glutaredoxins, which directly interact with oxidized protein thiols. In contrast to thiore-
doxins, which are reduced by thioredoxin reductase, glutaredoxins are non-enzymatically reduced
by reduced glutathione. Oxidized glutathione is subsequently regenerated by glutathione reductase,
which, like thioredoxin reductase, uses NADPH as an electron donor (Holmgren et al., 2005).

As outlined above, both thioredoxin and glutaredoxin systems depend on reduced NADPH as
an electron source, making both systems and hence the cellular redox status ultimately dependent
on the cellular NADPH/NADP+ ratio (Schafer er al., 2001). The major source of NADPH within
the cell is the pentose phosphate pathway, which generates two molecules of NADPH for every oxi-
dized glucose-6-phosphate molecule. The strict dependence of the cellular redox status on NADPH
explains the need for efficient re-routing of glucose from glycolysis to the pentose phosphate path-
way under conditions of oxidative stress (Godon et al., 1998; Grant, 2008). Oxidative modification
and inactivation of key enzymes of glycolysis seem to contribute to these changes in glucose flux, il-
lustrating how redox-sensitive metabolic enzymes play an active part in the oxidative stress defense
of organisms (Brandes ef al., 2011). Deficiency in glucose-6-phosphate dehydrogenase, which cat-
alyzes the first step of the pentose phosphate pathway, results in lower intracellular NADPH/NADP+
ratios and increased oxidative stress and has been associated with premature cell senescence and a

number of different disease conditions (Ho er al., 2007).
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2.4 Levels of oxidants and antioxidants during the lifespan

Age-accompanying oxidative damage can either be caused by increased ROS production, decreased
detoxification, or a combination thereof. To assess ROS levels over the lifetime of an organism,
assays have been developed that directly measure the concentration of ROS, such as superoxide
or peroxide. The obtained results were not always consistent with the “Free Radical Theory of
Aging” as it was shown, for instance, that the concentration of hydrogen peroxide in Drosophila
homogenates increases during the first trimester of their life but remains stable during the remain-
der of the lifespan (Sohal et al., 1990). In contrast, mitochondrial matrix hydrogen peroxide was
observed to increase during aging in Drosophila (Cochemé et al., 2011). Peroxide levels also in-
creased in aging C. elegans population as was recently demonstrated by using chromosomally en-
coded peroxide-specific sensor proteins (Back er al., 2011) whereas microsomal superoxide anion
production actually declined from reproductive to senescent age, with long-lived mutant animals
(i.e., age-1) exhibiting higher superoxide anion levels than the age-matched control animals (Van-
fleteren, 1993). In mice, both mitochondrial superoxide and hydrogen peroxide release from heart,
brain and kidney tissues increased with the age of the animals (Sohal et al., 1994).

Many studies have been conducted to assess the activity of ROS-detoxifying enzymes in young
and old organisms, with the goal to either confirm or rule out the model that older animals have
lower levels of ROS-detoxifying activity than young animals, hence the accumulation of oxidative
damage. As exemplified below, while such correlation does seem to exist for certain antioxidant
systems in some tissues and model systems, it does not generally apply to all ROS or model systems,

making a more differentiated discussion necessary.
Superoxide dismutases

Comparative analysis of superoxide dismutase activity in kidney, brain and heart tissue of young
and old mice did not reveal any significant alteration in total SOD activity (Sohal ez al., 1994). Sim-
ilarly, activity of Cu/ZnSOD in liver homogenates of mice between 4, 12, or 18 months of age
appeared unchanged while analysis of MnSOD activity revealed even an increase of SOD activity
with age (Andziak er al., 2005). These results suggested that SOD activity levels in mice do not
change with age. Cu/ZnSOD activity in brain tissues of aging rats, however, showed a gradual de-

cline in activity, which appeared to be caused by a decrease in SOD expression levels (Semsei et al.,
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1991). Studies in other model systems were consistent with the results obtained in mice and showed
that SOD activity levels either remained unaltered during the lifespan (i.e., C. elegans) or linearly
increased with age (i.e., Drosophila lysates) (Vanfleteren, 1993; Sohal et al., 1990). Expression
levels of Cu/ZnSOD, as determined by mRNA and steady state SOD protein analysis, remained
relatively constant in aged flies (Radyuk e al., 2004). These results ruled out the possibility that a
significant decrease in SOD activity and/or level was directly responsible for the oxidative damage

observed in aging organisms.
Catalases, Glutathione peroxidases and Peroxidases

Studies assessing the activity of peroxide-detoxifying enzymes during the lifespan revealed a
relatively consistent trend, indicating that the peroxide detoxifying capacity of organisms does in-
deed decrease with age. Analysis of the catalase activity in liver samples of mice, for example,
showed a decline with the age of the animals (Perichon and Bourre, 1995). A significantly de-
creased level of catalase and glutathione peroxidase activity was also observed in liver homogenates
of 18 months old mice in comparison to 12 months old animals (Andziak et al., 2005), a finding that
was independently confirmed for catalase in heart tissue and for glutathione peroxidase in kidney
(Sohal et al., 1994).

Also brain samples of rats have been reported to exhibit a gradual decline of catalase activ-
ity coinciding with a decrease in catalase mRNA (Semsei ef al., 1991), although brain tissue of
aged mice apparently exhibited increased catalase and glutathione peroxidase activity (Sohal et al.,
1994). Analysis of non-rodent model systems were overall also more consistent, revealing kinetics
of catalase activity in Drosophila that seem to follow a bell-shaped curve with higher levels of cata-
lase in young animals as compared to older animals (Sohal et al., 1990; Durusoy et al., 1995). In
a subsequent more thorough analysis, catalase expression was shown to be both time- and tissue-
specific, coinciding with pulses of ecdysteroid synthesis during development followed by a small
decline as flies aged (Klichko ef al., 2004). Studies in young C. elegans adults revealed a similar ini-
tial increase in the catalase activity and a decline as the worms aged (Vanfleteren, 1993). Dramatic
changes in expression level were also observed for peroxiredoxin 5 in Drosophila, which showed
the highest expression level during embryogenesis, followed by a decline during aging (Radyuk

et al., 2009). These results are largely consistent with the idea that the activity levels of peroxide-
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detoxifying enzymes decrease as animals age, potentially leading to the accumulation of peroxide

in aging tissue.
Glutaredoxin, Thioredoxin and NADPH

Expression analyses were conducted to monitor the activity of the thioredoxin and glutaredoxin
system to assess whether changes in the activity of the cellular redox systems contribute to the
oxidative damage observed in aging organisms. An early study focusing on the thioredoxin system
in rat kidneys reported decreasing levels of both thioredoxin and thioredoxin reductase with the age
of the animals (Cho et al., 2003). The same study also found decreased levels of reduced glutathione
and glutathione reductase activity in older rat kidneys as compared to young animals. These results
were independently confirmed in aged rat muscles, where expression levels of both mitochondrial
thioredoxin reductase and cytosolic thioredoxin were significantly reduced (Rohrbach et al., 2006).
In contrast, however, levels of mitochondrial thioredoxin appeared to increase with age (Rohrbach
et al., 2006). Moreover, comparative analysis of the glutathione and thioredoxin system in the heart
muscle of young and old rats did not reveal any significant changes but did reveal an increase in
oxidized GSSG levels, indicative of a pro-oxidant shift in the glutathione reduction potential (Jacob
et al., 2010). A pro-oxidant shift in the glutathione pool has also been reported to occur in multiple
other tissues of aging mice and rats, generally caused by an increase in oxidized glutathione and
sometimes accompanied by a decrease in reduced glutathione. These changes tend to be most
significant in liver tissues (Rebrin and Sohal, 2008). Given that both glutaredoxin and thioredoxin
systems rely heavily on reduced NADPH to maintain redox homeostasis, this shift in redox potential
might be partially explained by a decrease in cellular NADPH levels, which has been observed to
occur in the neurons of aging rats (Parihar er al., 2008). Studies in invertebrates confirmed some
of the results obtained in rodents. It was shown, for instance, that the reduced glutathione pool
sharply declines in older flies (Sohal ef al., 1990). Moreover, caloric restriction, one of the few
near-universal life prolonging measures has been shown to partially reverse the detected changes in
redox potential (Someya et al., 2010; Cho et al., 2003; Rohrbach et al., 2006). In summary, these
studies provide convincing evidence that a combined decline in the cellular anti-oxidant capacity

occurs with the age of the animal, which likely contributes to the accumulation of oxidative damage.
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2.5 Manipulation of the antioxidant capacity and the effect on lifespan

After years of correlative studies, big hopes were spawned with the development of methods that
enable genetic manipulations of model organisms, as they should allow direct and unambiguous test-
ing of the validity of the “Free Radical Theory of Aging”. If correct, modulating endogenous ROS
levels either by deleting or overexpressing specific antioxidant systems should have clear effects on
lifespan. An overview of the published studies conducted in mice, Drosophila and C. elegans can
be found in Table 2.1 and 2.2. The many conflicting results obtained with genetic manipulations of
antioxidant enzymes in a variety of different organisms over the last few years clearly illustrate the
complexity of redox homeostasis and its role in lifespan. In general, deletion of antioxidant enzymes
appears to have one of two outcomes. One being so serious that the organism is severely affected -
thus decreased lifespan may not be a direct result of premature aging. The other one having little to
no effect at all, suggesting either significant redundancy with other antioxidant enzymes or imply-
ing that their function is so highly specialized as to not affect longevity under ‘“normal” conditions.
Hence, it is probably unwise to draw significant conclusions from deletion studies. Overexpression
studies could be viewed as a more direct approach to analyze the influence of antioxidant systems
on aging. However, confusion arose from studies where the same genetic manipulations revealed
different effects in different labs. This suggests that specific growth conditions, the design of exper-
iment, and/or differences in the strain background might be additional factors that influence lifespan

and need to be carefully controlled and monitored.
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Antioxidant system Species | Stress resistance \ Lifespan \ Ref
Cu/Zn Superoxide dismutase

Asodl Mm 4 1,2
Asodl Dm 1 i\ 3
Asodl Ce 1 R 4-7
Asodl + Asod2; Asod3; Asod4; Asod5 Ce 1 R 6,7
AECsod Mm 1 > 8,9
Mn Superoxide dismutase

Asod?2 et b Mm 1 > 10, 11
Asod?2 Dm J et 30 12
Asod?2 Ce R T 4,6,7
Asod2 + Asodl; Asod3; Asod4; Asod5 Ce 1 T 6,7
Asodl Asod2 Asod3 Asod4 Asod5 Ce 1 ¢ 13
Catalase

Acat Mm > > d 14
Acat Dm 1 1 15,16
Actll Ce > 17
Actl2 Ce 4 17
Peroxiredoxin

Aprdxl Mm 4 18
Aprdx2 © Dm 1 i\ 19
Aprdx2 Ce J + 2021
Aprdx5 Dm 1 If 22
Glutathione peroxidase

Agpxl Mm e > 23-25
Agpx4 Het & Mm T 26
Thioredoxin

Atrxl Ce 1 ) 27,28
Atrx2 Het g Mm ~ 2
Atrx2 Dm 1 i\ 29, 30

Table 2.1. Effects of deletion of antioxidant genes on stress resistance and lifespan.

1, (Elchuri et al., 2004); 2, (Pérez et al., 2009a); 3, (Phillips et al., 1989); 4, (Yen et al., 2009); 5, (Yanase
et al., 2009); 6, (Doonan et al., 2008); 7, (Van Raamsdonk and Hekimi, 2009); 8 (Carlsson et al., 1995); 9,
(Sentman et al., 2006); 10, (Van Remmen et al., 2003); 11, (Van Remmen et al., 2004); 12, (Duttaroy et al.,
2003); 13, (Van Raamsdonk and Hekimi, 2012); 14, (Ho et al., 2004); 15, (Mackay and Bewley, 1989); 16,
(Griswold et al., 1993); 17, (Petriv and Rachubinski, 2004); 18, (Neumann et al., 2003); 19, (Lee et al.,
2009a); 20, (Kumsta et al., 2011); 21, (Oldhova et al., 2008); 22, (Radyuk et al., 2009); 23, (Ho et al., 1997);
24 (Fu et al., 1999); 25, (Zhang et al., 2009); 26, (Ran et al., 2007); 27, (Miranda-Vizuete et al., 2006);
28, (Jee et al., 2005); 29, (Tsuda et al., 2010); 30, (Svensson and Larsson, 2007); Abbreviations: Mm, M.
musculus;, Dm, D. melanogaster, Ce, C. elegans; Het peterozygous; ® sodl deletion reduces hypothermia-induced
lifespan extension, ® Homozygous deletion has severe health effects ; © Maximum lifespan extended; ¢ Observation up
to one year of age; © Null mutation or RNAi knockdown, stress resistance assessed in RNAi knock-down; f Accelerated
death during development, maximum lifespan normal; & Homozygous deletion embryonic lethal.
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Antioxidant system Species Stress resistance \ Lifespan \ Ref
Cu/Zn SOD overexpression
sodl +/- sod2 Mm e 1-3
sodl (motorneurons) Dm 0 0 4
sodl (ubiquitous) Dm 0 0 5
sodl +/- sod?2 Dm ~ 1 6-8
sodl Ce 4 T 9,10
Mn SOD overexpression
sod2 +/- cat Dm T T4] be 7,11-14
sod2 Ce T 10
Catalase overexpression
cat (mitochondria) Mm T 15
cat (peroxisomes) Mm <> 2,15
cat Dm 0 e d 6,11,16
ctll + ctl2 + ctl3 Ce e 9
Peroxiredoxin overexpression
prx2 (neurons) Dm T T 17
prx5 Dm T T 18
Thioredoxin overexpression
trxl Mm 0 T f 19, 20
trxI(neurons) Ce 0 21
trx2 Dm 0 0 22,23

Table 2.2. Effects of overexpression of antioxidant genes on stress resistance and lifespan.

1, (Huang et al., 2000); 2, (Pérez et al., 2009b); 3, (Rando et al., 1998); 4, (Parkes et al., 1998); 5, (Reveillaud
et al., 1991); 6, (Sun and Tower, 1999); 7, (Sun et al., 2004); 8, (Seto et al., 1990); 9, (Doonan et al., 2008);
10, (Cabreiro et al., 2011); 11, (Mockett et al., 2010); 12, (Mockett et al., 1999); 13, (Bayne et al., 2005);
14, (Sun et al., 2002); 15, (Schriner et al., 2005); 16, (Griswold et al., 1993); 17, (Lee et al., 2009a); 18,
(Radyuk et al., 2009); 19, (Mitsui et al., 2002); 20, (Pérez et al., 2011); 21, (Miranda-Vizuete et al., 2006);
22, (Svensson and Larsson, 2007); 23, (Seong et al., 2001); # Simultaneous overexpression of sodl and sod?2
increased the lifespan additively; ® MnSOD has slightly decreased lifespan (4-5%); © Simultaneous overexpression of
sod2 and catalase in mitochondria decreased lifespan by 43%; ¢ Two car+ strains were tested; while one strain did not
show a change in lifespan, the other strain had a significantly decreased lifespan; € Deaths by internal hatching; T While
overexpression of trx/ in male mice significantly extended earlier part of life (maximum lifespan was unaffected), female
mice showed no significant change in lifespan.

2.6 A model organism for aging studies: Caenorhabditis elegans

In addition to vertebrate model organisms such as mice, established invertebrate model systems
for aging research include the fruit fly Drosophila melanogaster and the nematode Caenorhabditis
elegans. The nematodes exhibit age-accompanying physiological changes such as slowed motility
or the accumulation of the pigment lipofuscin, which are found in other organisms as well (Olsen
et al., 2006; Wood, 1988). C. elegans, introduced by Sydney Brenner as model system (Brenner,
1974), can be easily cultivated on agar plates with bacteria as food source and has a life cycle

of about three days (Wood, 1988). The development of C. elegans is characterized by four con-
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secutive larval molts, after which the worms become fertile adults (Wood, 1988). Self-fertilizing
hermaphrodites constitute the vast majority of animals within a wildtype population, which allows
for the maintenance of an isogenic population (Wood, 1988). C. elegans is a multicellular organ-
ism and hence possesses distinguishable tissues and organs, such as nervous system, muscle tissue,
intestine and reproductive system (White, 1988). The animals have a transparent cuticle, enabling
the study of tissues and organs, and the use of genetically expressed fluorescent sensor proteins
(Wood, 1988). Many genetic pathways or interventions that affect aging in C. elegans, such as
the Insulin/ IGF-1 signaling pathway or caloric restriction are evolutionary conserved and confer

lifespan extension in D. melanogaster and mice as well (Kenyon, 2010).

2.7 Lifespan-extending interventions in C. elegans
2.7.1 Manipulation of the Insulin/IGF-1 signaling pathway

Genetic manipulation of the Insulin/IGF-1 signaling (IIS) pathway has been shown to reproducibly
modulate lifespan in D. melanogaster, C. elegans and mice (Longo and Finch, 2003). Insulin/IGF-
1 signaling is a highly conserved pathway, which has been implicated in a multitude of physiolog-
ical processes, including stress response, diapause, reproduction, metabolism, growth, and aging
(Tatar et al., 2003). Signaling through the Insulin/IGF-1 receptor occurs via a phosphorylation
cascade, which ultimately causes phosphorylation of the forkhead transcription factor FOXO, and
prevents FOXO from its translocation into the nucleus. Conversely, lack of the IGF-1 receptor
or disruption of the kinase cascade promotes FOXQO’s translocation into the nucleus and allows
the transcriptional regulator to induce the expression of a variety of stress-related genes (Kenyon,
2005). FOXO-controlled genes encode for heat shock proteins, for proteins involved in pathogen
resistance, metabolism (e.g. fB-oxidation of fatty acids and gluconeogenesis), transcriptional re-
pression and protein degradation as well as for antioxidant enzymes, such as superoxide dismutase,
catalase and glutathione S-transferases (Murphy, 2006) (Figure 2.3). These findings suggested that
the lifespan extension observed in mutants with compromised insulin signaling might be, at least
in part, due to increased oxidative stress protection. Studies in C. elegans also revealed that mu-
tants lacking the insulin/IGF-1 receptor daf-2 or the phosphoinositide kinase PIsK (age-1) show

increased level of SOD and catalase activity, significantly increased oxidative stress resistance and
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Figure 2.3. Lifespan-extending interventions in C. elegans. Reduction of components of the
electron transport chain (ETC), a decrease in the caloric intake, or reduced Insulin/IGF-1 signaling
extends lifespan in C. elegans. One factor that might contribute to the observed lifespan extension is
an increased stress resistance. The role that oxidants play in these lifespan-extending interventions
is not fully elucidated yet. However, it has been demonstrated that antioxidants typically interfere
with the observed lifespan extensions. Note: Some ETC mutants can also be short-lived.

exhibit very extended lifespans (Honda and Honda, 1999; Johnson, 1990; Kenyon et al., 1993; Brys
et al., 2007). The lifespan-extending features were found to strictly depend on the presence of the
FOXO transcription factor DAF-16 as C. elegans mutants lacking DAF-16 show increased sensitiv-
ity towards paraquat-mediated oxidative stress and are severely short-lived (Yanase et al., 2002; Lin
et al., 2001). Daf-16 mutant worms also show significantly increased protein damage as measured
by protein carbonylation, providing further confirmation that these animals experience increased
levels of oxidative stress (Yanase ef al., 2002). At this point it is still unclear which of the many
FOXO- regulated genes are ultimately responsible for the observed lifespan extension in worms
and other organisms, and what exact role(s) ROS plays in the IIS-mediated lifespan regulation.
A RNAi-mediated knock-down of FOXO-target genes, including glutathione transferase, cytosolic
ctl-1, peroxisomal ctl-2, or mitochondrial superoxide dismutase sod-3 was found to individually

reduce the long lifespan of daf-2 mutants while deletion of the cytosolic superoxide dismutase sod-
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1 had no effect on the lifespan of daf-2 mutants. Moreover, loss of the extracellular superoxide
dismutase sod-4 further extended daf-2-mediated lifespan (Murphy et al., 2003; Ayyadevara et al.,
2005; Doonan et al., 2008). That lifespan-extension by compromised Insulin/IGF-1-signaling is
not solely due to a reduction of oxidants and decreased oxidative damage became obvious when
long-lived daf-2 mutants were found to have higher respiratory rates, and exhibit increased levels
of mitochondrial ROS level (Houthoofd er al., 2005; Zarse et al., 2012). When Insulin/ IGF-1 sig-
naling was reduced during adulthood of worms, elevated respiration was observed that caused a
transient increase in ROS, which eventually led to increased activity of catalase and SOD (Zarse
et al.,2012). The observed lifespan extension of IIS reduction was diminished upon treatment with
antioxidants (Zarse et al., 2012; Yang and Hekimi, 2010; Brys er al., 2007). The observation that
treatment of worms with the superoxide generator juglone caused nuclear translocation (i.e., activa-
tion) of DAF-16 while exposure to hydrogen peroxide lead to phosphorylation (i.e., inactivation) of
DAF-16 (Weinkove et al., 2006; Nemoto and Finkel, 2002) suggested that the type of oxidant and
possibly its sub-cellular accumulation might affect signaling processes, oxidative stress resistance

and ultimately the lifespan of organisms.

2.7.2 Caloric restriction

Reduction of the daily caloric intake by 30% (dietary or caloric restriction) routinely extends life-
span up to 50% in a variety of different model organisms, including yeast, flies, C. elegans, mice and
primates (McCay et al., 1935; Fontana et al., 2010). Whereas earlier findings seemed to indicate
that caloric restriction resulted in a lowered metabolic rate, more recent studies that were corrected
for body mass suggested quite the opposite (Houthoofd e al., 2002). In fact, caloric restriction
appears to enhance mitochondria biogenesis (Lopez-Lluch ef al., 2006) and to increase the rate of
respiration (Lin ef al., 2002; Nisoli et al., 2005) (Figure 2.3). These results, although initially coun-
terintuitive, are fully consistent with recent studies in C. elegans, which showed that 2-deoxyglucose
(DOG)-mediated glucose restriction during adulthood increased mitochondrial respiration and ROS
production, and significantly extended the lifespan (Schulz et al., 2007) Interestingly pre-treatment
of these animals with antioxidants, such as N-acetylcysteine (NAC) or vitamin E abolished the ben-
eficial effect of glucose restriction on lifespan (Schulz et al., 2007). These findings led to the model

of mitohormesis, in which generation of slightly elevated levels of oxidants through increased res-
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piration during a defined time in life enhances expression of antioxidant genes and with that, the
capacity of organisms to detoxify ROS. Contrary to glucose-restriction, glucose-supplementation of
C. elegans’ diet prevented longevity of daf-2 worms, and shortened the lifespan of wildtype animals
by inhibiting the transcription factor DAF-16 (Lee e al., 2009b; Schlotterer ef al., 2009). Interest-
ingly, increased ROS generation was found at day 15 in worms fed on high-glucose-diet, suggesting
that the duration of increased ROS level (or the magnitude) might make a difference in lifespan

determination (Schlotterer et al., 2009).

2.7.3 Impairment of the Electron Transport Chain

Screens for longevity genes mediated by RNAi found a ten-fold overrepresentation of genes in-
volved in mitochondrial function (Lee et al., 2002). The knock-down of those mitochondrial genes
improved the H>O, tolerance of worms (although paraquat tolerance was reduced) and extended
their lifespan (Lee ef al., 2002). Selective targeting of individual components of the electron trans-
port chain (ETC), including proteins of complex I, III, IV and V caused a significant extension of
the lifespan of C. elegans (Dillin et al., 2002b). It is of note that reducing ETC function had to
be initiated during C. elegans development to achieve lifespan extension whereas reduction of ETC
components during adulthood of C. elegans resulted in lowered ATP level but no changes in lifespan
(Dillin et al., 2002b) (Figure 2.4). These results imply that the rate of mitochondrial respiration dur-
ing development is at least partly responsible for adjusting C. elegans’ growth rate, development,
and adult lifespan. The developmental window during which the intervention seems to be successful
ends by the third or early fourth larval stage of C. elegans, indicating that an event occurring during
larval development might set the clock for lifespan (Rea ez al., 2007). One mechanism, which seems
to play a role in the lifespan extension mediated by ETC reduction is the mitochondria-specific un-
folded protein response (UPR), which can be induced in a cell-non-autonomous way, meaning that
signals from one tissue can trigger or control processes in other tissues (Durieux et al., 2011) (Fig-
ure 2.3).

Another mechanism might be ROS-mediated signaling since many long-lived strains with mu-
tations in the ETC, such as nuo-6, isp-1 and clk-1, showed elevated ROS level (Yang and Hekimi,
2010; Lee et al., 2010). In fact, treatment of nuo-6 and isp-1 mutants with the antioxidant NAC abol-

ished the observed lifespan extension, suggesting that (transient) accumulation of oxidants might ac-
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tually be required for the lifespan-prolonging phenotype of those mutants (Yang and Hekimi, 2010),
and speaking against the idea that accumulation of ROS is toxic per se. Observations in C. elegans
suggested that compromised respiration could be involved in the ROS-mediated activation of HIF-1,
which is indeed responsible for the lifespan extension observed in C. elegans clk-1 and isp-1 mu-
tants (Lee et al., 2010). Similarly, the treatment with low concentrations of the superoxide generator
paraquat caused a transient increase in superoxide, which might result in a ROS-induced activation
of HIF-1, and significantly increased the lifespan of C. elegans despite an apparent increase in ox-
idative protein damage (Yang and Hekimi, 2010; Lee et al., 2010).

Taken together, these studies suggest that lifespan extension achieved by reducing mitochon-
drial respiration is not simply caused by minimizing the output of harmful reactive oxygen species
and decreasing oxidative damage. It rather seems to involve the activation of complex pathways,
including the unfolded protein response (UPR) (Durieux et al., 2011), cell-cycle checkpoint control
(Rea et al., 2007), changes in HIF-1-mediated gene expression (Lee et al., 2010) and possibly a
switch in energy metabolism (Rea and Johnson, 2003) (Figure 2.3). That respiratory mutants do not
mediate their longevity by one unifying feature was suggested by the finding that reduction of HIF-1
(either by mutation or RNAI) significantly reduced the extended lifespan of isp-/ and clk-I mutants
but only partially affected the long-lived phenotype of other mitochondrial mutants, such as cyc-1/
or cco-1 (subunits of complex III and IV) (Lee er al., 2010). This finding might also explain the
apparently controversial results concerning the role of ROS in lifespan extension of mitochondrial
mutants. While antioxidant treatment was found to not affect lifespan extension of some mitochon-
drial RNAi mutants (Durieux et al., 2011), other studies reported that superoxide is in fact required

to mediate lifespan extension (Yang and Hekimi, 2010).

2.8 Theoretical background

Redox proteomic analysis conducted over the lifespan of wildtype C. elegans revealed that protein
thiol oxidation increases with the age of the worms (Knoefler ef al., 2012a). In addition, the unex-
pected finding was made that C. elegans also exhibits increased levels of oxidized proteins during
larval development. Proteins were then rapidly re-reduced upon animals entering their reproductive
period (Knoefler ef al., 2012a). Many of the proteins, which showed reversible oxidation during

development have been previously shown to contain peroxide-sensitive cysteines (Kumsta ef al.,
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Figure 2.4. Timing requirements for lifespan extension in C. elegans. While a reduction of
the electron transport chain (ETC) during development extends lifespan, the impairment of the
Insulin/IGF-1 signaling (ILS) only during development does not have any effect on lifespan. In
contrast, reduction of ILS during adulthood extends lifespan in C. elegans, while ETC reduction in
adulthood has no effect on lifespan. Dietary restriction during adulthood extends lifespan in worms,
while food limitation during development results in dauer formation of C. elegans larvae (Cassada
et al., 1975).

2011; Joe et al., 2008; Maeda et al., 2004), suggesting that the increased protein oxidation might be
peroxide-mediated. The goal of this work was to determine to what extent levels of endogenous hy-
drogen peroxide fluctuate over the lifespan of C. elegans, and to assess whether changes in peroxide
levels correlate with protein thiol oxidation and ultimately lifespan. To determine peroxide levels
on an individual worm basis, probes needed to be established that could specifically detect in vivo

peroxide level in a temporal and spatial resolution.

2.8.1 Measurement of intracellular reactive oxygen species

2.8.1.1 Fluorescent dyes

A common method for the measurement of intracellular reactive oxygen species utilizes the flu-
orescent properties of lipophilic molecules, such as dihydrodichlorofluorescein diacetate (HyDCF-
DA) (Keston and Brandt, 1965). Once the membrane-permeable dyes enter the cells, intracellular
esterases cleave the acetate moiety, thus retaining HyDCF inside the cell (Bass et al., 1983). Intra-

cellular reactive oxygen species then oxidize the non-fluorescent HyDCF yielding the fluorescent
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dichlorofluorescein. Although commonly used in measuring H>O; or other reactive oxygen species,
its specificity has been recently called into question (Karlsson ez al., 2010). Karlsson and co-worker
suggested that induction of DCF-fluorescence depends less on peroxide but on cytosolic Fenton-type
reactions involving iron and enzymatic oxidation by cytochrome c. DCF fluorescence thus does not
necessarily indicate oxidative stress conditions but could result from lysosomal or mitochondrial
membrane permeabilization as this leads to the release of lysosomal metals and cytochrome c into
the cytosol (Karlsson et al., 2010).

Another assay for the measurement of hydrogen peroxide is based on the reaction of per-
oxide with Amplex®Red (Molecular probes), a fluorogenic substrate of horseradish peroxidase.
Amplex®Red becomes fluorescent specifically upon exposure to peroxide with a 1:1 stoichiom-
etry (Zhou et al., 1997). The excitation and emission spectra are in the far-red spectrum, thus
avoiding interference with autofluorescence (Zhou ef al., 1997). An improved version of this flu-
orescent dye is Amplex®UltraRed (Molecular probes), as its fluorescence remains stable over a
broader pH range, making the measurement of hydrogen peroxide in theory independent of the pH—
value of the solution. Using the Amplex® UltraRed assay, the release of hydrogen peroxide into
the surrounding media and the subsequent conversion from Amplex®UltraRed to the fluorescent
Amplox®UltraRed can be measured. A disadvantage of this assay is that it cannot detect peroxide

level in a tissue-specific manner.

2.8.1.2 Genetically encoded fluorescent sensor proteins

In recent years many genetically encoded redox-probes have been developed that allow specific
detection of dynamic changes of the in vivo redox environment (Meyer and Dick, 2010). For the
specific detection of peroxide levels, the HyPer (Hydrogen Peroxide) sensor can be utilized. HyPer
is a fusion protein, consisting of a circularly permuted yellow fluorescent protein (cpYFP) and the
regulatory domain of the E. coli hydrogen peroxide sensor OxyR (Belousov et al., 2006). Cysteine
199 of OxyR, the redox center of the transcription factor, forms a sulfenic acid intermediate upon
reaction with HyO, (Kullik ef al., 1995). A disulfide bond then forms between cysteine 199 and
the nearby cysteine 208 (Zheng et al., 1998). This disulfide bond formation changes the structural
conformation of OxyR (Choi et al., 2001), resulting in alterations in the fluorescent properties of

the HyPer sensor. In its reduced state, the HyPer protein has two excitation maxima at 420 nm and
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Figure 2.5. Fluorescence emission spectra of the HyPer sensor. HyPer fluorescence spectra
(HyPer expressed in E. coli MG1655) of untreated bacteria (black line) and upon oxidation (20 mM
diamide, red line) are displayed. Upon oxidation the emission after excitation with ~ 500 nm in-
creases, while the emission upon excitation with ~ 420 nm decreases. The fluorescence spectra was
measured with the Cary Eclipse Fluorescence Spectrophotometer (Varian) at an emission of 530 nm
(slit: 10 nm) and excitation wavelengths 400 nm to 530 nm (slit: 2.5). Diamide has been shown to
activate OxyR (Zheng et al., 1998).

500 nm, with one single emission maximum at 530 nm. Upon exposure to peroxide, the emission
upon excitation with 420 nm decreases while the emission after excitation with 500 nm increases
proportionally (Figure 2.5). Thus, HyPer provides a ratiometric read-out of endogenous peroxide

levels (Belousov et al., 20006).
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3 Objective of the thesis

The goal of my thesis was the establishment of peroxide-specific probes and their utilization as
read-outs of endogenous H,O, level over the lifespan of Caenorhabditis elegans. A variety of
independent techniques are utilized, such as the redox status of C. elegans peroxiredoxin as sensor
of intracellular hydrogen peroxide, or the fluorescence-based AmplexUltra®Red assay to measure
the release rate of H,O, from the animals.

The focus of my thesis was the hydrogen peroxide sensor HyPer, and the main aims were 1)
the generation of transgenic C. elegans expressing the hydrogen peroxide sensor HyPer under a
tissue-specific promoter, 2) the establishment of the HyPer detection method in worms, and 3) the
determination of the HyPer ratio (i.e, peroxide level) over the lifespan of wildtype C. elegans.

Additionally, the effect of lifespan-modulating interventions, such as manipulation of the In-
sulin/ IGF-1 signaling, glucose restriction, or the influence of cultivation temperature on peroxide
level and lifespan, was to be assessed to investigate the role reactive oxygen species could play in

physiology and lifespan of C. elegans.
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4 Results

4.1 C. elegans produce high concentrations of hydrogen peroxide during develop-

ment 2
4.1.1 Redox state of peroxiredoxin 2 as read-out for endogenous peroxide level

Peroxiredoxins are enzymes responsible for the detoxification of intracellular peroxide. C. elegans
peroxiredoxins 2 (PRDX-2) belong to the class of typical 2-cysteine peroxiredoxins, which con-
tain two reactive cysteines: one peroxidatic and one resolving cysteine residue. Peroxide reacts
with the peroxidatic cysteine residue of one peroxiredoxin molecule causing the formation of a
sulfenic acid intermediate. The sulfenic acid then reacts with the resolving cysteine residue of
another peroxiredoxin monomer, thereby forming a peroxiredoxin dimer connected by an inter-
molecular disulfide bond (Cox et al., 2010). Oxidation of peroxiredoxin is fully reversible. The
disulfide-bonded peroxiredoxin dimer is rapidly reduced by thioredoxin, which, in turn, is reduced
by the NADPH-dependent thioredoxin reductase (Holmgren, 1985). The sulfenic acid intermedi-
ate of PRDX-2, however, can also get overoxidized by an excess amount of hydrogen peroxide.
Overoxidation leads to the formation of sulfinic acid, which is unable to form a disulfide bond
with another PRDX-2 molecule, thus remaining monomeric (Figure 4.1). C. elegans peroxiredoxin
2 has been shown to form a second disulfide upon exposure to H,O,, which is distinguishable from
the other PRDX-2 disulfides (Oldhova er al., 2008) (Figure 4.2 A). The fraction of peroxiredoxin
dimers (i.e., PRDX-2 disulfide and peroxide-induced PRDX-2 disulfide) can be separated from the
fraction of reduced or overoxidized peroxiredoxin monomer on a non-reducing SDS-PAGE. The
oxidation state of peroxiredoxin can thus be determined as a function of endogenous peroxide level
(Cox et al., 2010). C. elegans peroxiredoxin 2 is expressed in a wide range of tissues, including
pharynx, intestine, specific neurons and reproductive system 3, thus providing a ubiquitous read-out

of endogenous peroxide level.

2Majority of these results are going to be published in Knoefler e al. (2012a)
3http://www.wormbase.orqg/species/c_elegans/gene/WBGene000064342query=PRDX-24#
04-9e$_{1}1$-10


http://www.wormbase.org/species/c_elegans/gene/WBGene00006434?query=PRDX-2#04-9e$_{1}$-10
http://www.wormbase.org/species/c_elegans/gene/WBGene00006434?query=PRDX-2#04-9e$_{1}$-10
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Figure 4.1. Redox cycle of 2-cysteine peroxiredoxins. In the presence of peroxide, the reduced
peroxidatic cysteine (SpH) of a peroxiredoxin monomer becomes oxidized to a sulfenic acid in-
termediate (SpOH), which can react with the resolving cysteine (SgH) of a second peroxiredoxin
monomer, thus forming a peroxiredoxin disulfide-bonded dimer (Sp-Sg). Thioredoxin is able to
reduce the dimeric peroxiredoxin. When peroxide is in excess, the peroxidatic cysteine can get
overoxidized to a sulfinic acid (SpO,H), which is unable to form a dimer with another peroxiredoxin
monomer. Figure modified from (Cox et al., 2010).

4.1.1.1 Peroxide-induced peroxiredoxin 2 dimers increase upon peroxide treatment

The formation of peroxide-induced disulfide bonds in PRDX-2 was tested by treating a synchro-
nized population of wildtype worms at L4 stage with a sublethal dose of H;O, (1 mM) for 30 min-
utes. This concentration of peroxide has been previously shown not to kill the worms but to induce
significant behavioral and physiological changes, which are fully reversible (Kumsta ez al., 2011).
After trapping PRDX-2’s redox state with alkylating agents, such as N-ethylmaleimide (NEM) or
4-acetoamido-4’-maleimidylstilbene-2,2’ -disulfonic acid (AMS), peroxiredoxin 2 monomers and
dimers were separated on a non-reducing SDS-PAGE. The quantification of the bands showed that
the fraction of peroxide-induced PRDX-2 disulfides increased upon H, O, exposure, confirming the

hydrogen peroxide-sensitivity of PRDX-2 (Figure 4.2).

4.1.1.2 Peroxide-induced peroxiredoxin 2 dimers are increased during development

The redox state of peroxiredoxin 2 was used as a read-out for endogenous peroxide level dur-
ing development and adulthood of wildtype C. elegans. A population of worms was synchronized
and raised at 15°C and aliquots of worms for trapping of the PRDX-2 redox state were taken dur-
ing development (i.e., L3 and L4 larval stage) and adulthood (i.e., 2-day-old adults). Monomeric
(i.e., reduced, overoxidized) and dimeric PRDX-2 were separated on non-reducing SDS-PAGE and
subsequently quantified. The fraction of peroxide-induced peroxiredoxin 2 disulfides over the total

PRDX-2 amount was determined. As shown in Figure 4.3, we found that the fraction of peroxide-
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Figure 4.2. Redox status of C. elegans PRDX-2 as a read-out for H,O; levels. (A) PRDX-
2 monomers, PRDX-2 dimers and peroxide-induced PRDX-2 dimers can be trapped in their redox
state, separated on non-reducing SDS PAGE and visualized by immunoblotting. The treatment of
living C. elegans with 1 mM H,O, for 30 minutes (+) resulted in increased levels of the peroxide-
induced PRDX-2 disulfide fraction compared to the untreated worms (-). (B) Quantification of
the PRDX-2 redox state was performed using the Kodac Gel Logic 2200 Imaging System and the
Carestream Molecular Imaging Software (v.5.0.2.30).

induced peroxiredoxin 2 was significantly (p < 0.05) higher in developing worms in comparison to

two-day-old adult worms.

4.1.1.3 Levels of overoxidized peroxiredoxin 2 are higher in early development

The lysis of worms in the absence of alkylating agents causes disulfide bond formation in all
those cysteines in peroxiredoxin that are still reduced at the time of lysis (Cox et al., 2010). In
contrast, the overoxidized fraction of peroxiredoxin remains monomeric. Thus, quantification of
the monomeric fraction in non-thiol trapped preparations can be used as a read-out for the level
of overoxidized peroxiredoxin (Cox et al., 2010). The fraction of overoxidized peroxiredoxin 2 of
synchronized wildtype C. elegans was determined during development (L2, L3, L4 larval stage)
and adulthood (1-day-old adults), and was found to be higher at L2 larval stage than in L4 and in
one-day-old adults, although differences were not significant due to the small sample size (Figure
4.4). Although these results need to be reproduced, they do suggest the presence of increased levels

of hydrogen peroxide during early development.
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Figure 4.3. Utilization of the PRDX-2 redox state as read-out for endogenous peroxide lev-
els in C. elegans. A synchronized wildtype population was cultured at 15°C, and worm aliquots
were taken during early (L1-L2 larvae) and late development (L.3-L4 larvae) and in adulthood (2-
day-old adults). The average fraction of peroxide-induced PRDX-2 disulfides over total PRDX-
2 amount and the SEM (n= 3-5) are depicted. The fraction of peroxide-induced PRDX-2 disulfides
is increased during development than during adulthood. One-way ANOVA and Tukey’s multiple
comparison test were performed; means which are not significantly different share the same letter
(p>0.05).
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Figure 4.4. Overoxidized PRDX-2 as read-out for endogenous peroxide level. The average
fraction of overoxidized PRDX-2 at different time points during development (L2, L3 and L4) and
adulthood (day 1) and the SEM (n= 2) are presented. Especially in early larval development (L2)
higher amounts of overoxidized PRDX-2 are detected. Experiments were performed at 20°C. One-
way ANOVA followed by Tukey’s multiple comparison test was performed; means which are not
significantly different share the same letter (p > 0.05).
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Figure 4.5. Determination of H,O; release rates. The release of hydrogen peroxide from develop-
ing (L3 and L4) and two-day-old adult wildtype worms was measured using the AmplexUltra®Red
reagent. The average H,O; release and the SEM (n = 7) are displayed. L3 larvae exhibit signifi-
cantly higher release rates than L4 larvae and young adults. One-way ANOVA followed by Tukey’s
multiple comparison test was performed on data derived from seven independent experiments.

4.1.2 Measurement of hydrogen peroxide release from live worms

Since hydrogen peroxide has a low reactivity and diffuses rapidly (Giorgio et al., 2007), its genera-
tion and subsequent secretion by living worms can be detected using the non-fluorescent compound
AmplexUltra®Red (Molecular Probes), which turns into the fluorescent AmplexUltrox®Red in the
presence of hydrogen peroxide (Manual AmplexUltra®Red, Molecular Probes). To measure the
H,0; release rates from wildtype C. elegans during their development and adulthood, wildtype
worms were synchronized and arrested at L1. Development was resumed in a timed manner, so
that developing animals (i.e., L3 and L4 larval stage) and two-day-old worms of the same popula-
tion could be measured simultaneously. A H,O, standard curve was used to calculate the hydrogen
peroxide release rate, which was normalized to the total protein amount. The H,O; release from
developing animals was significantly higher than the release rate from young adult worms (p < 0.05)

as shown in Figure 4.5.
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Figure 4.6. Fluorescence of C. elegans expressing myo-2::GFP and unc-54::HyPer. (A) Fluo-
rescence of myo-2::GFP co-injection marker (pharynx), (B) fluorescence of unc-54::HyPer (body
wall muscle), (C) and Differential Interference Contrast (DIC) image.

4.1.3 Determination of tissue-specific hydrogen peroxide level over the lifespan of C. elegans
4.1.3.1 The H,0; sensor HyPer

The reversibly oxidized proteins that were identified in our OxICAT analysis and initiated these
studies were found to be expressed in various tissues and sub-cellular locations of C. elegans. We
thus set out to study hydrogen peroxide levels on a tissue and cell type-specific basis, which was
achieved by using the genetically encoded H,O, sensor HyPer (Belousov et al., 2006) (see also
section 2.8.1.2). The H>O; sensor protein was cloned under the control of the C. elegans unc-54
(heavy myosin chain) promoter 4, which leads to its expression in the body wall muscle cells of
C. elegans. The DNA was injected into wildtype N2 animals forming extrachromosomal arrays
(Mello et al., 1991), and the identification and selection of transgenic progeny was facilitated using
the co-injection marker myo-2::GFP, which results in the strong expression of a green fluorescent
protein in the pharynx as shown in Figure 4.6 A.

A stable transmitting line of worms carrying the HyPer gene (and the co-injection marker) as
an extra-chromosomal array was exposed to y-radiation, which causes chromosomal breaks and the

random integration of transgenes into the genome of C. elegans. After a homozygous integrated line

#Cloning was performed by Caroline Kumsta (University of Michigan).
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Figure 4.7. Lifespans of transgenic and wildtype C. elegans. The median survival of wildtype
N2 (black line; n = 69 animals) and the transgenic N2 [unc-54::HyPer] (green line; n = 65 animals)
is not significantly different (18 days); p = 0.1956 (Log-rank Mantel-Cox test) and p = 0.4882
(Gehan-Breslow-Wilcoxon test). Worms that crawled of the plates were censored. The lifespan was
assessed at 15°C.

was identified, we backcrossed the line three times with the wildtype strain to minimize background
mutations. The presence of the transgenes did not affect development or lifespan of C. elegans
(Figure 4.7).

The ratiometric nature of the HyPer sensor makes the read-out of the HyPer ratio in principle
independent of HyPer protein expression (Belousov er al., 2006). To verify that this was indeed
the case, we excited synchronized HyPer transgenic animals with 510 nm and sorted them by their
emission strength into three groups using a COPAS SELECT worm sorter. The subsequent determi-
nation of the emission intensity after excitation with the 488 nm laser using a confocal microscope
confirmed that the sorted groups had indeed different emission intensities (Figure 4.8 A). This find-
ing showed that even in a synchronized isogenic worm population, expression levels of proteins
differ significantly between individuals. Hence, a biosensor, whose read-out is unaffected by the
amount of protein expressed is a necessity for lifespan studies in C. elegans. Next, we determined
the HyPer ratios of the different groups (Figure 4.8 B). These studies revealed that all groups had
indeed a very similar HyPer ratios, regardless of the HyPer expression level. This confirmation was
crucial for our subsequent analyses, in which the HyPer sensor was utilized to determine endoge-

nous hydrogen peroxide level throughout development and adulthood of live C. elegans.
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Figure 4.8. The HyPer ratio is independent of HyPer fluorescence (i.e., HyPer protein expres-
sion). (A) Using the COPAS SELECT worm sorter synchronized L.2-L.3 larval N2 [unc-54::HyPer]
worms were sorted according to the emission intensities upon excitation with a 510/10 nm band
pass filter into three different groups: strong, weak and very weak. The following day the worms
were imaged with a confocal microscope and the sorting for HyPer fluorescence was confirmed
using the 488 nm confocal microscope laser (Emission 505 nm to 530 nm). (B) The determination
of the HyPer ratio showed that the ratio is independent of HyPer fluorescence.

4.1.3.2 Determination of endogenous H,O; level in living wildtype worms

The HyPer sensor was used to determine endogenous hydrogen peroxide level in wildtype
C. elegans, which express the HyPer sensor in the body wall muscle cells. Worms were syn-
chronized and grown at 15°C, and aliquots of living worms were taken during development (i.e.
L2, L3 and L4 larval stage) and during the adult lifespan (day 2, 8. 15 and 20) to determine the
HyPer ratio (i.e. level of H,O») of individual worms. Representative images of a larval worm and
an adult worm are shown in Figure 4.9. The comparison of the emission intensities, represented
on a LUT scale, showed that in developing worms, the emission intensity upon 488 nm excitation
(i.e., oxidized HyPer) is higher than the emission after excitation at 405 nm (i.e., reduced HyPer),
suggestive of increased hydrogen peroxide level in developing worms. In contrast, in two-days-old
adults the emission intensity after excitation with 405 nm was found to be higher than the emission
upon excitation with 488 nm, suggesting lower amounts of peroxide in young adults.

Image quantification’ revealed that developing worms (L2, L3 and L4 larvae) had on average

SMartin Koniczek (University of Michigan) conceived and implemented the analysis script “wormsuite” for the image
quantification and analysis of the HyPer ratio in C. elegans
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Figure 4.9. HyPer fluorescence in the body wall muscle cells of larval and adult wildtype
C. elegans. Fluorescence (left and center column) and DIC (right column) images of N2 [unc-
54::HyPer] larvae (L4, upper row) and young adults (Day 2, bottom row) are shown. The fluores-
cence emissions (505 nm to 530 nm) upon excitation with 405 nm laser (A, D) and with 488 nm
laser (B, E) are displayed on a LUT scale. High emission intensities are shown in blue (oversatu-
rated) and white; whereas low intensities are represented in shades of red (see scale in image A).
DIC images are shown in C and F. (A, B) In L4 larvae the emission intensity at 488 nm is higher
than the emission intensity at 405 nm, (D, E) whereas young adults show higher emission intensity
at 405 nm than at 488 nm. The same microscope settings were used. The fluorescence in the phar-
ynx (cyan outline) is the co-injection marker myo-2::GFP and was excluded from the HyPer ratio
determination.
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Figure 4.10. Hydrogen peroxide level in the body wall muscle cells of HyPer transgenic
C. elegans. Aliquots of synchronized wildtype N2 [unc-54::HyPer] were imaged and the individual
HyPer ratios (rthombus symbol) and the average HyPer ratios (bar) at specific time points during de-
velopment and adulthood are displayed. Developing N2 [unc-54::HyPer] animals have significantly
higher HyPer ratios than young adults, which drop to a minimum when worms mature. One-way
ANOVA followed by Tukey’s multiple comparison test were performed on the log-transformed
HyPer ratios, and means that are not significantly different from each other (p > 0.05) share the
same letter. Experiments were performed at 15°C and repeated at least three times. A representative
graph is shown. Insert: The drop in HyPer ratio occurs rapidly when worms transition from L4
larval stage to young adults. The mean HyPer ratios of L4 larvae and pre-fertile young adults are
significantly different (p = 0.0005, unpaired t-test). Experiment was performed at 20°C.

higher HyPer ratios than adult worms, suggesting that the body wall muscle cells (where the HyPer
sensor is expressed) of wildtype C. elegans are exposed to higher levels of hydrogen peroxide.
When worms matured to young adults, the HyPer ratio was found to drop to a minimum, suggesting
that reducing redox conditions are restored and less peroxide is present (Figure 4.10). That the
drop in the HyPer ratio seems to occur rapidly upon transition from development to adulthood was
suggested by the finding that the average HyPer ratio of worms that had just passed the L4-adult
molt (prefertile young adults) was significantly lower (p = 0.0005) than that of L4 larvae (Figure
4.10, Inset).

To generate a synchronized C. elegans population a potent bleach (hypochlorite) solution is

used, which lyses the adult worms and releases the eggs. This oxidative stress could theoreti-
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Figure 4.11. HyPer ratios of unbleached developing and adult animals. Endogenous hydro-
gen peroxide level were determined using the H;O, sensor HyPer. Wildtype N2 [unc-54::HyPer]
worms, which were synchronized without bleaching procedure, exhibit higher HyPer ratios during
development than adulthood indicating that elevated HyPer ratios occur independent of the syn-
chronization procedure. One-way ANOVA followed by Tukey’s multiple comparison test were
performed on the log-transformed HyPer ratios, and means that are not significantly different from
each other (p > 0.05) share the same letter.

cally contribute to the increased HyPer ratios observed during development. To test whether this
might be the case, we synchronized a population of HyPer transgenic worms without the use of the
hypochlorite/sodium hydroxide based lysis solution, and subsequently compared the HyPer ratios
of developing worms and adult worms (Figure 4.11). As shown before, the average HyPer ratio of
larval worms was higher than that of young adults, indicating that it is unlikely that the high HyPer
ratio observed during development in our previous experiments are caused by the synchronization
procedure.

The experiments using worms expressing the HyPer ratio in the body wall muscle cells had
shown that developing worms encounter increased levels of hydrogen peroxide in at least one dis-
tinct tissue. To determine the HyPer ratio in other tissues as well, we utilized worms expressing the
HyPer sensor ubiquitously under the control of the ribosomal promoter rpl-17 6. Determination of
the HyPer ratio in the head region of wildtype worms (i.e., pharynx and neurons) revealed that also
these tissues of C. elegans encounter high levels of peroxide during development (Figure 4.12). As

before, the peroxide levels were found to drop to a minimum when animals matured and reached

SN2 (jrIs1[Prpl-17::HyPer]) animals were kindly provided by Patricia Back (University of Ghent).
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Figure 4.12. Endogenous hydrogen peroxide level in the head region of HyPer transgenic
wildtype C. elegans. Aliquots of synchronized wildtype N2 jrIs1[Prpl-17::HyPer] were imaged
and the individual HyPer ratios (rhombus symbol) and the average HyPer ratios (bar) at specific
time points during development and adulthood are displayed. The HyPer ratio in the head region
(neurons, pharynx) of developing worms is significantly higher than that of young adults, while
an age-accompanying increase in HyPer ratio is observed as well. One-way ANOVA followed by
Tukey’s multiple comparison test were performed on the log-transformed HyPer ratios, and means
that are not significantly different from each other (p > 0.05) share the same letter. Experiments
were performed at 15°C, and repeated at least three times. A representative graph is shown.

their reproductive period.

We also observed an age-accompanying increase of the HyPer ratio suggesting that a second
surge of peroxide is produced as worms age 7. A significant increase of the HyPer ratio in aged
worms was not detected in worms expressing the HyPer sensor in the body wall muscle cells. This
might be due to tissue-specific differences in hydrogen peroxide kinetics over the lifespan. Another,
more likely reason, however, is that the decrease in HyPer protein expression observed in the body
wall muscle cells of older worms excludes many worms from image quantification due to an in-
sufficient signal. This might have biased the average HyPer ratio of an aged population towards
healthier, mobile worms. For this possibility also argues the finding that a mutant strain, which ex-
presses higher levels of HyPer in the body wall muscle cells, also exhibited an increase in peroxide

upon aging (see Figure 4.15).

7Experiments were mainly performed by Nicholas Niemuth (University of Michigan).
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Figure 4.13. Peroxiredoxin 2 protein level during development and adulthood. The protein ex-
pression level of peroxiredoxin 2 was determined using quantitative western blot. PRDX-2 expres-
sion levels were normalized with the Coomassie-stained proteins on the membrane. Experiments
were performed at 20°C, and the average PRDX-2 protein level and the SEM (n = 1-3) are depicted.

4.1.3.3 The H,0; detoxifying system seemed to be lowered during development

The previous experiments indicated that endogenous peroxide levels are increased during
C. elegans development as compared to early adulthood. This boost of HyO, could either be due
to increased generation of peroxide or to decreased antioxidant capacity or a combination thereof.
C. elegans does not possess glutathione peroxidases, leaving peroxiredoxins and catalases as the
major enzymes for the detoxification of hydrogen peroxide. Aliquots of a synchronized population
of wildtype worms were taken at different stages during development (L2, L.2-L.3, L3, L3-L4 and
L4) and at day 1 of adulthood. As shown in Figure 4.13, we found that the protein expression levels
of PRDX-2, which represents the most highly expressed peroxiredoxin homologue in C. elegans,
was lower during early development in comparison to late development (L4) and adulthood. This
decrease in PRDX-2 level likely contributes to the increased peroxide level observed during devel-
opment. Levels of catalase could not be determined because all tested antibodies directed against
catalase failed to detect the C. elegans isoforms. Future experiments will focus on quantitative
RT-PCR to determine expression level of detoxifying enzymes such as peroxiredoxin, catalase, and

superoxide dismutases during C. elegans development and adulthood.
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Figure 4.14. Mutants of the IIS pathway differ in lifespan. Daf-16 [unc-54::HyPer] worms (red)
have a shortened lifespan compared to wildtype N2 [unc-54::HyPer] (green) and the long-lived daf-
2 [unc-54::HyPer] (blue). Comparison of the survival curves was performed using the Log-rank test
and the Grehan-Breslow-Wilcoxon Test (p < 0.0001).

4.2 Hydrogen peroxide as signaling molecule in C. elegans development and lifespan
4.2.1 H,0; level in mutants of the Insulin/ IGF-1 signaling pathway

The Insulin/ IGF-1 signaling (IIS) pathway is conserved, and has been shown to be involved in a
variety of different processes, including stress response, dauer formation, reproduction, and lifespan
(Longo and Finch, 2003; Tatar et al., 2003). Signaling through DAF-2, the C. elegans homolog of
the Insulin/IGF-1 receptor results in the phosphorylation of the FOXO transcription factor DAF-16.
Phosphorylation prevents FOXO’s translocation into the nucleus and thus the induction of DAF-
16 responsive genes. In daf-2 deletion animals, DAF-16 is constitutively in the nucleus and induces
gene expression. These animals have a significantly longer lifespan than wildtype worms. Daf-
16 deletion worms, in contrast, are severely short-lived (Figure 4.14).

Since important DAF-16 responsive genes include antioxidant enzymes such as catalase and
superoxide dismutase, we wanted to investigate whether differences in endogenous peroxide level
are present in mutants of the IIS. We found significantly higher levels of peroxide release in wildtype
and short lived daf-16 mutants as compared to daf-2 mutant, which were particularly pronounced
during late development (Figure 4.15 A). These results indicated that peroxide level differ in mutants
of the IIS pathway, presumably because antioxidant enzymes such as catalase are up-regulated by

DAF-16. It also suggested that differences in endogenous peroxide level in late development and
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early adulthood could correlate to the lifespan of these mutants (Figure 4.14).

To test more accurately the level of endogenous peroxide load in the IIS mutant animals, we
mated wildtype N2 [unc-54::HyPer] males with daf-2 or daf-16 hermaphrodites to generate mutant
strains expressing the H,O, sensor HyPer in the body wall muscle cells®. As before, aliquots of
a synchronized population of wildtype, daf-2 and daf-16 expressing HyPer were imaged at differ-
ent time points during development (L2, L3, and L4 larval stage) and adulthood (Day 2, 8, 15 and
20), and the average HyPer ratio of each individual animal was determined over its lifespan (Figure
4.15 B). For all three genotypes, we observed higher HyPer ratios during development in compar-
ison to young adults, suggesting that 1) increased peroxide levels might be required during devel-
opment, and that 2) the Insulin/IGF-1 signaling pathway does not affect formation and/or clearance
of endogenous peroxide level during early development. In fact, while reproducible differences be-
came apparent as early as late development (L4 larval stage), no consistent differences in the HyPer
ratio were detectable between mutants of the IIS and wildtype during early development (L2 and L3
larval stage, see also L3 in Figure 4.15 A). Starting at L4 larval stage, however, the long-lived daf-
2 mutant showed much lower HyPer ratios than either wildtype or the daf-16 mutant strain. These
low levels were maintained at least until day 20 of adulthood. In contrast, the short-lived daf-16 mu-
tant showed significantly higher HyPer ratios than wildtype and daf-2 mutants throughout its adult
life. These findings indicate that differences in endogenous peroxide levels are present in short-
and long-lived mutants of the IIS pathway, which become apparent as early as in late development.
Note, that an age-accompanying increase in HyPer ratio was detected in daf-16 [unc-54::HyPer]
worms indicative that age-induced increases in the peroxide levels are also observed in body wall

muscle cells and not only in neurons and pharynx (Figure 4.12).

4.2.2 Developmental cultivation temperature influences H,O; level and lifespan

The nematode C. elegans is a poikilothermal organism, and its development and lifespan is influ-
enced by the environmental temperature (Klass, 1977) (see Table 4.1). Worms raised at 15°C have

a significantly longer lifespan than cohorts grown at 20°C or 25°C, as shown in Figure 4.16.

8Generation and genotyping of the daf-16 [unc-54::HyPer] animals was performed by Ann-Kristin Diederich (University
of Michigan).
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Figure 4.15. Mutants of the IIS pathway differ in endogenous peroxide level. (A) The H,O,
release of daf-16 mutant worms (red bar) is higher than that of wildtype (green) and daf-2 mutants
(blue) in late development (L4) and early adulthood (day 2), while in earlier stages (L3) no clear
correlation was detected. The average peroxide release and the SEM (n=2) are displayed. (B) En-
dogenous peroxide level of transgenic [unc-54::HyPer] IIS mutants did reveal a correlation between
lifespan and HyPer ratio starting as early as late development (L4 larvae), while no clear correlation
was detected in early development (L2 and L3). One-way ANOVA followed by Tukey’s Multiple
Comparison test were performed on the log-transformed HyPer ratios; **: p < 0.01; ***: p<0.001.
The experiment was repeated at least three times, and a representative graph is shown.
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Temperature Larval molts (hours after hatch)
(L1)-L2 | L2-L3 | L3-L4 | L4-adult
16°C 24 39 54.5 74.5
20°C 15 24 34 46
25°C 11.5 18.5 26 35.5

Table 4.1. Larval development is influenced by the cultivation temperature. The transition
between larval molts is dependend on the growth temperature (modified from “Caenorhabditis
elegans: Modern Biological Analysis of an Organism” (p.9).

Percent survival

Figure 4.16. The lifespan of wildtype C. elegans depends on the cultivation temperature.
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4.2.2.1 Elevated temperatures result in low HyPer ratios in early development

To evaluate the role of cultivation temperature on the peroxide levels of wildtype C. elegans,
populations of wildtype worms expressing HyPer in the body wall muscle cells were maintained
at low (i.e., 15°C) or high (i.e., 25°C) temperature, synchronized and arrested at L1 larval stage at
the respective temperature. Since the rate of development depends on the temperature (Table 4.1),
L1 larvae were allowed to resume development in a time-controlled manner so that the same stages
could be imaged at the same day, regardless of cultivation temperature. Aliquots of L1, L2, L3/L4
and L4 larvae were used to determine the developmental HyPer ratio of worms raised at different
temperatures. During early development (i.e., L1 larvae and L2 larvae), the HyPer ratio of worms
raised at 15°C was found to be higher than that of worms grown at 25°C (p < 0.05), indicative of
higher peroxide levels in worms raised at lower temperatures (Figure 4.17). This was surprising
as lower cultivation temperatures are thought to decrease metabolism and hence should decrease
ROS production in the electron transport chain. In later stages of development (i.e., L3/L4 and L4
larvae), no statistically significant difference in the HyPer ratio was found between worms grown at
15°C and worms cultivated at 25°C, suggesting that in older larvae the temperature might not effect

endogenous peroxide level.

4.2.2.2 Developmental growth temperature influences adult lifespan

Fluctuations in peroxide level occur during development and adulthood, and seem to be influ-
enced by the cultivation temperature. To investigate whether the temperature experienced during
development affects adult lifespan, synchronized wildtype populations were grown at 15°C and
25°C until day 1 of adulthood, after which worms were shifted to the other temperatures. Worms
raised at 15°C were switched to 25°C, and animals grown at 25°C were transferred to 15°C. Their
subsequent lifespan was compared to control groups, which were continuously maintained at either
15°C or 25°C. Animals, which had been raised at the lower temperature during their development
and were switched to higher temperatures at day 1 of adulthood, had a significantly longer life-
span than the control group, which had been maintained at elevated temperatures throughout their
development and adult life (Figure 4.18 A). Accordingly, worms that were exposed to elevated

temperature only during development did not have the same long lifespan as worms continuously
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Figure 4.17. Peroxide level in development are influenced by the growth temperature. The
average HyPer ratios of N2 [unc-54::HyPer] animals grown at 15°C (open bar) or 25°C (filled bar)
were determined at larval stages L1, L2, L3/L.4 and L4. The average HyPer ratios and the SEM (n =
17 — 48 worms from different experiments combined) are depicted. In early development (L1 and L2
larvae), the HyPer ratios of worms raised at lower temperature are higher than that of worms grown
at high temperature (unpaired t-test, L1: p=0.0107; L2: p=0.0220). In later stages of development,
no significant difference in the HyPer ratios of worms raised at different temperatures was detected
(L3/L4: p=0.4179; L4: p=0.4458).

maintained at lower temperatures (Figure 4.18 B). These results were intriguing because they sug-
gested that exposure to high or low temperatures during development influences the lengths of adult
life, even though the developmental window is very short in comparison to the whole lifespan. They
also indicated that events during adulthood contribute to the observed lifespan since the lifespan of
worms that experienced low temperatures in development was not the same as the lifespan of worms

that were maintained at lower temperature throughout their whole life.

4.2.3 Glucose restriction and its effect on H, O, level and lifespan

4.2.3.1 Glucose restriction during adulthood extends lifespan

Young adult wildtype C. elegans grown on 2-Deoxy-D-glucose (DOG), an inhibitor of gly-
colysis, show an extended mean lifespan, which has been proposed to be mediated by a process
termed mitohormesis (Ingram et al., 2006; Schulz et al., 2007) (see also section 2.7.2). Schulz et al.
suggested that DOG-mediated glucose restriction results in increased respiration, which causes a
transient increase of mitochondria-derived reactive oxygen species. This in turn, increases the anti-

oxidant capacity of C. elegans and contributes to the extended lifespan of DOG-treated worms
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Figure 4.18. Developmental growth temperature affects adult lifespan of wildtype C. elegans.
(A) Synchronized wildtype worms, which were raised at 15°C and shifted to 25°C at Day 1 of
adulthood, had a significantly longer adult lifespan than animals continuously grown at 25°C (p =
0.0003). (B) Animals reared at 25°C and shifted to 15°C at Day 1 of adulthood had a much shorter
adult lifespan than the group continuously grown at 15°C (p=0.0009).

(Schulz et al., 2007). To determine whether glucose restriction indeed increases endogenous hy-
drogen peroxide levels, synchronized N2 [unc-54::HyPer] animals were transferred as young adults
onto NGM plates containing 5 mM DOG. After 30 and 96 hours on DOG, the HyPer ratio was
determined as a read-out for in vivo H,O; levels. After 30 hours, the DOG-treated worms exhibited
elevated HyPer ratios (Figure 4.19 A), suggesting increased levels of peroxide upon glucose restric-
tion. After 96 hours on DOG, no difference in HyPer ratio was detected between the DOG-treated
worms and the control group. Animals which experienced glucose restriction during adulthood had
an extended lifespan as shown is Figure 4.19 B), which was in agreement with results published by

Schulz et al.

4.2.3.2 Developmental Glucose restriction seems to be harmful

DOG-mediated glucose restriction has been shown to induce ROS formation and extend lifespan
when administered during early adulthood (Schulz ef al., 2007) as shown in Figure 4.19. Next, we
wanted to investigate whether a potential imbalance of glucose metabolism and increased respiration
present during development, a period which has been found to have already increased peroxide
level (Figures 4.10 and 4.12), had effects on physiology and lifespan of C. elegans. We, therefore,
grew synchronized populations of N2 [unc-54::HyPer] on regular NGM plates or on NGM plates

supplemented with 5 mM DOG either only during development or during development and adult
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Figure 4.19. DOG exposure of adult wildtype worms transiently increases HyPer ratio and
extends lifespan. (A) A synchronized adult population of N2 [unc-54::HyPer] animals was cultured
on 5 mM DOG and the HyPer ratio was determined after 30 and 96 hours. DOG-exposed animals
(filled symbols) exhibited an increased HyPer ratio after 30 hours compared to untreated animals
(open symbols). After 96 hours on DOG no difference in HyPer ratio was detected. One-way
ANOVA and Tukey’s Multiple Comparison test were performed on the log-transformed data; **:
p < 0.01. (B) Worms maintained on DOG during their adulthood exhibited an extended lifespan.
Survival curves were compared using Log-rank test (p<0.0001) and Gehan-Breslow-Wilcoxon test
(p<0.0001).

lifespan. Following exposure to DOG, we observed a delay in the progression between larval molts
compared to the untreated animal (Figure 4.20), suggesting that glucose restriction might induce
the dauer stage, which is known to occur in C. elegans at times of food starvation (i.e., dietary
restriction), crowded population, or otherwise adverse environmental factors (Riddle er al., 1981).
The fact that the DOG-treated worms eventually progressed to adults even when continuously grown
on DOG, however, argues against dauer formation but instead suggests a delay in development
potentially caused by glucose restriction.

The comparison of the HyPer ratio of stage-matched DOG-treated and control N2 [unc-
54::HyPer] worms revealed that the HyPer ratios of DOG-treated worms were not significantly
different from untreated animals in early development (L2/1.3 larval stage). At later stages (LL3/L4),
however, the HyPer ratio of worms grown on DOG was significantly lower (Figure 4.21 A), sug-
gesting that those animals either produced less peroxide or increased the activity of detoxifying
systems. Surprisingly, worms which were exposed to DOG during development had a significantly
shortened lifespan (Figure 4.21 B), which was in contrast to the lifespan extension observed when
worms were treated with DOG during early adulthood (Figure 4.19). Continuous exposure to DOG

during adulthood was unable to rescue the mortality caused by developmental DOG treatment, sug-
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Figure 4.20. Developmental DOG exposure retards development of wildtype worms. (A) DOG
exposure of larvae N2 [unc-54::HyPer] animals caused a delay in developmental molts, and (B) a
reduced body size. The average body size (plus SD) of DOG-treated animals (filled bar) are smaller
in comparison to untreated worms (open bar).
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Figure 4.21. Developmental DOG exposure reduces HyPer ratios during development and
shortens lifespan. (A) In early development (L2/L3) the HyPer ratio of DOG-treated animals
(filled symbols) seems to be slightly increased compared to untreated worms (open symbols). In
late development (L3/L4) the HyPer ratio of DOG-treated animals was significantly reduced. One-
way ANOVA followed by Tukey’s Multiple Comparison test were performed on the log-transformed
HyPer ratio. (B) The lifespan of worms raised on DOG during development was shorter than the
lifespan of the control group. Log-rank test and Gehan-Breslow-Wilcoxon test (p < 0.0001) were
performed. (C) The subsequent incubation on DOG during adulthood could not rescue the mortality
caused by developmental DOG exposure.

gesting that any beneficial effect caused by DOG exposure during adulthood was diminished when
worms were already exposed to DOG during their development (Figure 4.21 C). These results in-
dicate that a disruption of glucose metabolism and/or peroxide homeostasis during development
might have adverse outcomes while similar changes during early adulthood might be beneficial in

terms of lifespan.
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Figure 4.22. Catalase 2 deletion animals have lower HyPer ratios during adulthood. Aliquots of
synchronized wildtype N2 [unc-54::HyPer] (open symbols) and ctl2; him-8 [unc-54::HyPer] (filled
symbols) were imaged during development (L3) and adulthood (Day 1 and Day 5), and the HyPer
ratios were determined. A One-way ANOVA and a Tukey’s Multiple Comparison test were per-
formed on the log-transformed HyPer ratios. The experiments were performed at a minimum three
times (at 15°C and at 20°C), and a representative graph is shown.

4.3 Manipulation of the oxidant homeostasis in C. elegans
4.3.1 Manipulation of antioxidant capacity through catalase 2 deletion

4.3.1.1 Lower HyPer ratios and shorter lifespans in catalase 2 deletion worms

The major catalase isoform in C. elegans is catalase 2 (CTL-2), which is expressed in the per-
oxisomes. Deletion of ct/-2 has been shown to reduce overall catalase activity by 80% and shortens
the lifespan of C. elegans by 16% (Petriv and Rachubinski, 2004). Transgenic ctl-2 mutant worms
expressing the HyPer sensor in the body wall muscle cells were generated by crossing ctl-2; him-
8 males (him-8 results in a higher frequency of males in the hermaphrodite population) with HyPer-
expressing wildtype N2 [unc-54::HyPer] hermaphrodites °. Synchronized populations of catalase
2 and wildtype worms were imaged during development and adulthood. The HyPer ratio of wild-
type and ctl-2; him-8 animals did not differ significantly at L3 larval stage, while the HyPer ratio of
ctl-2; him-8 [unc-54::HyPer] was found to be reduced during adulthood (day 1 and day 5) as shown
in Figure 4.22.

These results were surprising considering that catalase 2 deletion worms have only 20% of

9Generation and genotyping of ctl-2, him-8 [unc-54::HyPer] animals were performed by Sebastian Brandhorst (University
of Michigan).
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Figure 4.23. Peroxiredoin 2 protein level of catalase 2 deletion animals. The average peroxi-
redoxin 2 protein level seemed to be slightly lower in ctl-2; him-8 [unc-54::HyPer] worms (filled
bars) than of N2 [unc-54::HyPer] (open bars). Peroxiredoxin 2 expression was determined using
quantitative western blot, and the average PRDX-2 protein level and the SEM (n = 1-3) are displayed
(experiment performed at 20°C).

wildtype’s catalase activity (Petriv and Rachubinski, 2004). Consistent with our HyPer results,
however, Petric et al. also observed that ctl-2 deletion strains exhibit reduced levels of oxidative
damage compared to wildtype, as assessed by protein carbonylation. To determine whether peroxi-
redoxin 2 might compensate for the loss of catalase 2, we tested the steady state levels of PRDX-
2 by westernblot in wildtype and c#/-2 mutant strains. As shown in Figure 4.23, if at all, ctl-
2 deletion strains might in fact have lower levels of PRDX-2 than the wildtype strain. It remains
to be determined whether other systems involved in cellular redox homeostasis might compensate
for ctl-2 deletion. The HyPer ratio (which is the level of reversible oxidation of peroxide-sensitive
cysteines within HyPer) depends on the reducing capacity (i.e., thioredoxin) of the organism (Meyer
and Dick, 2010). Lower HyPer ratios are hence either due to lower peroxide levels, or higher levels
of reduced thioredoxins. It is therefore an intriguing question how expression and activity levels of
thioredoxin compares in c#/-2 deletion strains versus the wildtype and how this might be connected
to changes in lifespan.

It is of note that we found the lifespan of ct/-2; him-8 [unc-54::HyPer] to be only slightly shorter
than the lifespan of the corresponding N2 [unc-54::HyPer] strain (Figure 4.24). It might be that
the N2 wildtype strains used in the Petriv ef al. study and in our lab are not 100% identical, as

mutations are known to accumulate over many generations. Furthermore, environmental parameters
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Figure 4.24. Lifespan of catalase 2 deletion and wildtype animals. The mean lifespan of ct/-
2; him-8 [unc-54::HyPer] worms is only slightly shorter than the lifespan of N2 [unc-54::HyPer]
animals at 15°C; p = 0.1061 (Log-rank Mantel Cox) and p = 0.0468 (Gehan-Breslow-Wilcoxon
Test).

(synchronization, maintenance, lifespan assay) might influence the outcomes. The crossing to our
N2 [unc-54::HyPer] strain might have removed or introduced background mutations, that could
have affected the lifespan as well. Also, the n-numbers used by Petriv et al. are much higher than
the ones used in our experiments (wildtype n=717; ctl-2 n=365), which might have been required

to detect a significant reduction in lifespan of 17%.

4.3.2 Induction of developmental oxidative stress

4.3.2.1 Wildtype C. elegans can tolerate a short bolus of paraquat

In contrast to the deletion of c#/-2, which reduces the organism’s antioxidant activity by ge-
netic manipulation, treatment of worms with exogenous paraquat increases the oxidant load. The
effects of a sublethal dosis of H,O; on C. elegans have been previously studied in our lab (Kumsta
et al., 2011). To induce oxidative stress in C. elegans the superoxide generator paraquat was used.
Paraquat is a redox cycler, in which the paraquat di-cation is being reduced to the paraquat radi-
cal, which then reacts with oxygen generating superoxide. In mammals the paraquat di-cation gets
reduced by the mitochondrial complex I, and superoxide generation takes place in the mitochon-
drial matrix (Cochemé and Murphy, 2008). To investigate the effects of the superoxide generator
paraquat on wildtype C. elegans, we first had to determine the minimal dose of paraquat that affects

behavior or physiology without killing the worms. Therefore, we treated a synchronized population
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Figure 4.25. Survival of paraquat-stressed wildtype C. elegans. Animals were incubated with
different concentrations of the superoxide-generator paraquat in a 96-well plate. The surviving
worms were counted after two and 17 hours, respectively. The apparently improved survival of
worms at 50 mM paraquat most probably represents a technical outlier, caused by the intrinsic error
of the experiment in distinguishing live (moving) worms from dead (not moving) worms.

of wildtype worms with paraquat concentrations ranging from 2.3 mM to 100 mM for 2 hours, after
which the number of surviving worms was assessed. Worms survived a two hour treatment with all
tested paraquat concentrations. A longer treatment of 17 hours, however, killed worms at paraquat
concentrations higher than 20 mM as shown in Figure 4.25.

Surprisingly, even a 2-hour exposure to 100 mM paraquat did not affect the motility of the
worms (Figure 4.26) while 20 min treatment with 5 mM peroxide was sufficient to immobilize over
50% of worms (Kumsta ef al., 2011). For our subsequent studies, paraquat concentrations ranging

betweenl10 mM and 50 mM and an incubation time of two hours were used.

4.3.2.2 Paraquat treatment induces oxidative stress

To assess whether an exogenous administration of the superoxide generator paraquat increases
endogenous hydrogen peroxide levels, synchronized wildtype L4 worms expressing the HyPer sen-
sor in the body wall muscle cells were treated for 90 minutes with 30 mM paraquat. The HyPer
ratio of the paraquat-treated animals was slightly elevated compared to the control group (Figure

4.27), indicating that exposure to paraquat could cause increase endogenous peroxide level.
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Figure 4.26. Motility upon paraquat exposure of wildtype animals. Synchronized wildtype
worms were spotted in the middle of a motility plate after incubation for 2 hours with either M9
buffer (top row, left image) or 100 mM paraquat (top row, right image). After 1 %hours, the untreated
worms (bottom row, left image) as well as the animals treated with 100 mM paraquat (bottom
row, right image) had crawled to the outer OP50 ring, indicating that motility was not affected by
paraquat stress.
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Figure 4.27. HyPer ratio of paraquat-stressed animals. Wildtype C. elegans expressing the
HyPer sensor in the body wall muscle cells were treated for 90 minutes with 30 mM of the super-
oxide generator paraquat. The average HyPer ratio of untreated (open symbols) and treated (filled
symbols) worms is represented by the bar.

4.3.2.3 Paraquat treatment of L4 larvae shortens lifespan

Treatment of wildtype worms with a sublethal dosis of H;O, decreased the worms’ motility,
pharyngeal pumping, and brood size but did not affect the lifespan of C. elegans (Kumsta et al.,
2011). To assess the physiological consequence of paraquat treatment, we synchronized wildtype
worms and treated L4 larvae with 10 mM, 30 mM or 50 mM paraquat for two hours. Then, the
PQ was removed and worms were cultivated at 20°C. As before, we did not observe any immedi-
ate motility defect. The lifespan of paraquat-treated worms, however, was significantly shortened
compared to untreated animals (Figure 4.28 A, B). The reduction in lifespan was accompanied by
an accelerated age-mediated decline in fast-movement-ability as shown in Figure 4.28 C. Neither a
shortened lifespan nor an accelerated decline in fast-movement was observed in worms treated with
hydrogen peroxide (Kumsta er al., 2011), suggesting that intracellular targets of superoxide and
peroxide might differ due to differences in the reactivity of the oxidants or the site of action. Worms
treated with the superoxide generator paraquat showed reduced progeny production following the
oxidative assault (Figure 4.28 D), which was also observed upon peroxide exposure (Kumsta et al.,

2011).
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Figure 4.28. Paraquat stress at 1.4 stage effects physiology and lifespan. (A) Synchronized N2
L4 larvae were treated for two hours with 10 mM, 30 mM or 50 mM paraquat at 20°C. Survival
upon paraquat treatment was reduced. The Log-rank test and the Gehan-Breslow-Wilcoxon test
were performed: Untreated vs. 10 mM: p =0.0305 / p = 0.0106; Untreated vs. 30 mM: p = 0.0467 /
p=0.0127; Untreated vs. 50 mM: p < 0.0001 /p <0.0001. (B) The mean lifespan (SEM is diplayed)
of untreated and paraquat-treated worms are different. A One-way ANOVA and a Tukey’s Multiple
Comparison test were performed; *: p < 0.05; ***: p < 0.001; #: difference not significant. (C)
Worms treated with paraquat exhibited an accelerated decline in fast movement ability (D) and a
reduction in progeny number upon paraquat exposure. Brood size was assessed at 25°C.
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Lifespan assays upon short-term administration of paraquat revealed that the effect on lifespan
was dependent on the temperature (Figure 4.29). The treatment with 30 mM paraquat, which has
only a modest effect on lifespan at 20°C resulted in a high mortality rate at 25°C in the very first
days after paraquat exposure (Figure 4.29 B vs. C). Similarly, a paraquat concentration (15 mM)
that shortened the lifespan at 25° had no effect on lifespan when worms were treated and grown at

15°C (Figure 4.29 C vs. A).

4.3.3 Induction of oxidative stress during adulthood

Superoxide exposure during development reduced the lifespan of C. elegans, suggesting that oxidant
homeostasis during development might be fine-tuned and balanced. We also observed that glucose
restriction resulted in opposing effects depending on the time point it was initiated. Thus we were
wondering whether oxidant treatment during adulthood might result in a different outcome. There-
fore, three-days-old adults (young fertile adult animals) were treated with 15 mM paraquat and the
subsequent adult lifespan was assessed. A small beneficial effect upon paraquat treatment was ob-
served although the maximum lifespan was not affected (Figure 4.30). This suggests that the effect
of a short bolus of superoxide on mortality rate might be dependent on dosis, cultivation temperature
and developmental stage of the worms. Further experiments are required to confirm those findings,
and to narrow the potentially windows where oxidant exposure results in detrimental or beneficial

outcomes, respectively.

4.4 Can developmental hydrogen peroxide level predict subsequent lifespan?

Our previous experiments have demonstrated that endogenous peroxide levels are elevated during
development. The levels of oxidant seemed to be balanced as perturbations during development us-
ing oxidant exposure or glycolysis inhibitors resulted in a shortened lifespan. In our studies we also
noticed variances in the HyPer ratio of individual worms. It has been previously shown that individ-
uals of a synchronized isogenic worm population have different lifespans despite being maintained
under the same environmental conditions. We were hence investigating whether the differences in
the individual HyPer ratios in the early stages of life could correlate with the individual’s lifespan.

Synchronized wildtype worms expressing the HyPer sensor in the body wall muscle cells were re-
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Figure 4.29. Paraquat-mediated effect on lifespan is temperature-dependent. Synchronized
wildtype N2 worms grown at different temperatures were treated at L4 larval stage with paraquat
and the lifespan was observed at (A) 15°C, (B) 20°C or (C) 25°C. The Log-rank (Mantel-Cox) test
and the Gehan-Breslow-Wilcoxon test were performed. At 15°C there was no difference in lifespan
observed between control and paraquat-treated group (p = 0.2425 / p = 0.9434), and the treatment
with 30 mM paraquat did not affect lifespan at 20°C (p = 0.3596 / p = 0.2973). At 25°C, however,
exposure to 15 mM paraquat (p=0.0165/p=10.0191) and 30 mM (p < 0.0001 / p < 0.0001) shortened
the lifespan of wildtype C. elegans.
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Figure 4.30. Lifespan of young adults upon exposure to paraquat. Three-days-old adults were
treated for two hours with 15 mM paraquat and the subsequent lifespan was observed at 15°C. A
log-rank (Mantel-Cox) test (p = 0.3502) and a Gehan-Breslow-Wilcoxon test (p = 0.0694) were
performed.

versibly mounted on an agarose pad, imaged to determine their individual HyPer ratio, recovered
from the objective slide, and transferred onto a single plate to assess their lifespan. The recovery
rate was about 55% and deaths within the first days post recovery were excluded as mortality related
to the mounting and recovery process. The histograms of the HyPer ratios of the remaining worms
are displayed in Figure 4.31.

The worms were subdivided according to their HyPer ratio into fractions with very low HyPer
ratios (the lower 15%), very high HyPer ratios (the upper 15%) and worms having intermediate
HyPer ratios. Then, we determined their survival and their mortality rate (i.e. Gompertz curves).
While the survival curve plots the surviving fraction of worms per day, the Gompertz curve displays

the mortality rate on a logarithmic scale.

y(t) = ae’” (Eq. 1)

With y(t) being the mortality rate at time t, a describing the initial mortality rate, e being the
Euler’s number and b repesenting the rate of mortality increase with age. The intercept with the
y-axis represents the initial mortality while the slope of the Gompertz fit shows the rate of mortality.
Comparison of the survival curves of the three groups showed that the trends seem to depend on the
exact stage at which the worms were imaged. While we always aimed for the L4 stage, exact stage

matching was very difficult to achieve. Hence, in some experiments worms were already in late L4
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stage and reached young adulthood in the course of the imaging and recovery process (which took
usually a complete day). Since the HyPer ratios of L4 larvae and young adults differ significantly
(see Figure 4.10), these worms were analyzed separately. The initial mortality of L4 larvae with
lower HyPer ratios seemed to be elevated, suggesting that certain levels of peroxide might be re-
quired for a physiological function in late development and/or early adulthood (Figure 4.32 A). Yet,
their increase of mortality rate was slightly lower. In contrast, worms that had high HyPer ratios
at L4 stage showed a lower initial mortality rate (Figure 4.32 A), indicative of a beneficial effect
of elevated peroxide level as larval worms. These results are intriguing since they suggest that el-
evated peroxide level are necessary and required for normal physiological function and subsequent
adult lifespan of larval worms. These experiments, however, need to be confirmed aiming for higher
n-numbers to allow adequate statistical analysis.

Late L4 larval worms, which had HyPer ratios that were either very low or very high, showed
a higher initial mortality rate compared to the rest of the population (as shown in the Gompertz
curves) as well as a shortened lifespan (see survival curves), suggesting that a fine tuned peroxide
level is necessary for optimal survival (4.32 B). In young adults, no correlation between HyPer
levels and lifespan were observed (4.32 C), suggesting that at this point in life the clock is already

set. Additional experiments, however, are planned to confirm these exciting findings.
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Figure 4.32. Mortality and lifespan of C. elegans sub-populations which differ in their HyPer
ratios. The HyPer ratios in the body wall muscle cells of individual N2 [unc-54::HyPer] worm
and their subsequent lifespans were determined. The survival curves are displayed on the left-hand
side, while Gompertz curves are shown on the right side. The survival or mortality of worms that
had HyPer ratios belonging to the 15% highest (red) or lowest (blue) distribution are compared to
survival of worms that had intermediate HyPer ratios (black). The survival curves are not signifi-
cantly different, but for (B) late L4 15% High vs. Intermediate population: p = 0.0051 (Log-rank
(Mantel-Cox) test) and p= 0.0032 (Gehan-Breslow-Wilcoxon test). Similar trends for late L4 larvae
were observed in two independent experiments (with lower n-numbers).
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5 Discussion !V

In this study, we used three independent techniques, including the AmplexUltra®Red assay, the
H,0, sensor HyPer, and the peroxiredoxin redox state to determine in vivo peroxide level in
C. elegans. We reproducibly found that wildtype animals encounter high amounts of peroxide
during their development. Peroxide levels decrease when the animals mature and reach their repro-
ductive age, after which an age-accompanying increase of peroxide sets in. Those findings were
in excellent agreement with other studies from our lab which revealed that protein thiol oxidation
was high during C. elegans development, decreased when animals matured and increased again
as worms aged (Knoefler et al., 2012a). Many of the peptides found to be reversibly oxidized
during larval stages had previously been identified to be sensitive to peroxide-mediated oxidation.
These results strongly suggested that elevated peroxide levels are present during the development of
C. elegans. Furthermore, every mutant strain of C. elegans that we tested also showed transiently in-
creased peroxide levels during development, suggesting that high ROS levels play an important part
of larval development regardless of the lifespan of the animals. These findings were intriguing and
argued for an important and crucial role of oxidants during development. They might also explain
why increasing the organism’s antioxidant capacity by either overexpressing antioxidant enzymes
or administrating mimetics in C. elegans did not result in beneficial outcomes, and in some cases,

even had harmful effects on the organism (Doonan et al., 2008; Keaney and Gems, 2003).

5.1 Peroxide generation during cuticle formation

The boost of oxidants during development most probably has various sources. One process that
likely contributes to the elevated peroxide levels observed in C. elegans larvae is peroxide gener-
ated by the dual oxidase Ce-DUOX-1. This enzyme is expressed in the hypodermis peripheral to
muscle cells and its peroxide production is critical for correct cuticle formation during larval molts
(Edens ef al., 2001). Peroxide derived from Ce-DUOX-1 is used to cross-link tyrosines, which sta-
bilizes collagens and other proteins in the extracellular matrix. Interestingly, immunostaining for
Ce-DUOX-1 revealed higher levels of the enzyme in development than in adulthood (Edens et al.,

2001). From the localization of DUQX, it is conceivable that H,O, generation during larval molts is

10parts of this discussion are going to be published in Knoefler ez al. (2012a).
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responsible for the high peroxide release rates measured with the AmplexUltra®Red reagent during
development compared to adulthood (Figure 4.5). Many of the proteins found to be more oxidized
during development, however, are expressed in tissues that are localized far away from the hypoder-
mis, such as the intestine or neurons. This and the data derived from our HyPer measurements in
neurons and pharynx argue against the idea that peroxide generated during larval molt constitutes

the sole source of developmental ROS production.

5.2 Oxidant generation in metabolic processes

Another source of oxidants might be metabolic changes that occur in different stages of C. elegans’
lifespan, such as elevated metabolic rates during development (Wadsworth and Riddle, 1989). The
metabolic rate has been demonstrated to decrease from the L2 larval stage to young adult stage
(De Cuyper and Vanfleteren, 1982), which correlates with the observed drop in peroxide level.
After worms have consumed their lipid resources during embryogenesis, metabolism in worms
shifts from the glyoxylate cycle towards the tricarboxylic acid (TCA) cycle in L2, L3 and L4 larval
stages. This shift increases the metabolic rate and is accompanied by an increase in ATP levels in the
last three larval stages (Wadsworth and Riddle, 1989). One of the proteins that we found to become
more oxidized during L2 and L4 larval stages, is the bifunctional glyoxylate cycle protein isocitrate
lyase/malate synthase (Knoefler ef al., 2012a), whose activity has been shown in an independent
study to decrease during the L1 and L2 stages (Wadsworth and Riddle, 1989). It is tempting to
speculate that ROS-mediated oxidation of this enzyme might constitute a feedback mechanism to

reduce the flux of acetyl-CoA through the glyoxylate cycle.

5.3 Peroxide as mediator in ROS sgnaling

Another source of oxidants might come from developmental ROS signaling. Hydrogen peroxide,
in particular, possesses unique features, which qualify the oxidant to act as a second messenger. In
comparison to other reactive oxygen species, peroxide has a longer half-life, a lower reactivity and

a higher intracellular concentration (Giorgio et al., 2007).
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5.3.1 Apoptosis

Studies in HeLa cells suggested that apoptosis is one process that involves increased hydrogen per-
oxide generation and/or peroxide signaling (Belousov ef al., 2006). It is of note that C. elegans goes
through tightly regulated steps of programmed cell death, which results in the loss of about 10% of
somatic cells during embryogenesis (Sulston ef al., 1983) and the L2 larval stage (Lettre and Hen-
gartner, 2006). Neurons are the main types of cells that undergo apoptosis during early development
in C. elegans, but muscle, hypodermal and pharyngeal cells are affected as well (Lettre and Hen-
gartner, 2006). Another wave of apoptosis affects the germline in adult hermaphrodites (Gumienny
etal., 1999). Pre-apoptotic cells are characterized by a reduction of the mitochondrial membrane po-
tential and increased ROS production due to increased uncoupling of mitochondria, which precedes
nuclear fragmentation, DNA degradation and cell shrinkage (Zamzami et al., 1995). Suppression
of mitochondrial ROS production or administration of antioxidants prevents the shrinkage of apop-
totic cells, (Zamzami et al., 1995). Moreover, antioxidant enzymes appear to be down-regulated
in regions where high ROS levels and apoptotic cells are present (Schnabel et al., 2006). These
results indicate that oxidants might play a role as mediators of programmed cell death (Zamzami
et al., 1995). Further studies are now needed to test whether the increased peroxide levels observed
in early development in C. elegans take part in the initiation and/or mediation of programmed cell
death, and whether the elevated thiol oxidation observed at the L2 larval stage might be a side-effect
of pre-apoptotic ROS increase or might represent the selective oxidation of effector molecules in-

volved in apoptosis.

5.3.2 Proliferation

In addition to programmed cell death, hydrogen peroxide also acts as a signaling molecule in other
developmental processes, such as cell proliferation. In HeLa cells, proliferation is stimulated by
the exogenous administration of low levels of hydrogen peroxide, while the addition of catalase
and superoxide dismutase reduces cell growth (Burdon and Gill, 1993). In a similar way, hydrogen
peroxide is required for platelet-derived growth factor (PDGF)-signaling, which can be inhibited
by increased catalase activity (Sundaresan er al., 1995). Peroxiredoxin 2 (PRDX-2) appears to

work as a negative modulator of PDFF-signaling in mammals as absence of PRDX-2 was shown to
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cause increased cell proliferation (Choi ef al., 2005). In our studies, we found protein expression
levels of peroxiredoxin 2 to be lower during the development of C. elegans, suggesting that the
antioxidant system might be reduced to enable redox signaling and cell proliferation. Future studies
are necessary to determine whether other oxidant clearance systems, such as catalases or superoxide

dismutases, are down-regulated as well.

5.4 [Evidence for developmental ROS signaling

An intriguing question is whether redox signaling occurs preferentially during development. Recent
studies suggested that the development constitutes a period of active ‘programming’ as the reduction
of components of the mitochondrial electron transport chain had to be initiated during development
to promote lifespan extension (see also section 2.7.3). Dillin and co-workers showed that RNAi
targeted against mitochondrial components of the ETC during the development of C. elegans led to
a reduction of ATP level by 40 — 80 %, decreased body size and growth rate, and affected behav-
ioral processes such as pharyngeal pumping and defecation. Most importantly, the mean lifespan
of these worms was increased by an average of 60% (Dillin ez al., 2002b). Even when mitochon-
drial respiration was restored to normal levels during adulthood, reduced ATP levels and increased
lifespan of the worms remained. In contrast, reducing mitochondrial components during adulthood
did not alter the lifespan despite a decrease in ATP levels (see Figure 2.4). Another study narrowed
down the window to the L3/ early L4 stage, in which respiratory RNAi needed to be applied to
extend lifespan (Rea et al., 2007). These findings strongly suggest that developmental events have

the ability to influence subsequent behavioral processes and lifespan in adults.

5.4.1 Effect of cultivation temperature on endogenous peroxide level

Cultivation temperature is known to influence developmental growth and the length of C. elegans’
lifespan (Klass, 1977; Hosono et al., 1982). The higher the temperature is, the faster worms progress
through the four different larval molts, and the shorter their lifespan. The reduced lifespan at ele-
vated temperatures was originally thought to be caused by an increased ‘rate of living’, which means
that the rate of chemical reactions are higher at elevated temperatures and hence the lifespan is

shorter (Klass, 1977). Recent studies, however, presented evidence indicating that the temperature-
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mediated lifespan of C. elegans is under active regulation (Lee and Kenyon, 2009). Lee et al.
suggested that thermosensory neurons are involved in the regulation of lifespan at different growth
temperatures. Genetic or laser ablation of specific neurons resulted in an even shorter lifespan at an
elevated temperature (25°C) while the lifespan at lower temperatures was not affected. The authors
proposed that the lifespan at higher temperatures might be actively regulated to be longer as it would
be at this temperature. Interestingly, other temperature-dependent processes, such as feeding and
reproductive timing, were not affected, indicating that thermosensory cues specifically address the
rate of aging. In our studies we found that the HyPer ratios of developing worms reared at elevated
temperatures were lower than that of worms grown at colder temperatures, indicating that worms
produce less peroxide when raised at higher temperature. This finding is also inconsistent with the
“rate of living” theory of aging as higher metabolic rates would predict higher peroxide level. But
in light of the recent findings that the lifespan at higher temperatures is actively modulated, it is now
tempting to speculate that increasing the levels of antioxidants enable animals to cope with these
elevated temperatures. It has also been suggested that growth temperature is not only perceived but
also memorized and that it can subsequently influence behavioral rates such as thermotaxis (Mori
and Ohshima, 1995). That memory functions for past growth temperatures might exist that affect
lifespan as well, concurs with our temperature-switch experiments. Animals which were grown at a
low temperature during development and were transferred to a higher temperature as young adults
had a significantly longer lifespan than worms that experienced elevated temperatures throughout
their entire live. In the same way, worms accustomed to high temperatures during development and
switched to low temperatures as young adults had shorter lifespans than worms constantly grown
at the low temperature. These findings strongly suggest that the experience of high temperatures
at early stages in life has an impact on lifespan. These results are in agreement with recent studies
by Wu and co-workers, who showed that the initial mortality of C. elegans was influenced by past
cultivation condition (i.e., temperature) while the present and future mortality was modulated by
current environmental cues (Wu et al., 2009). In contrast to our experiments, however, Wu et al.
did not modulate developmental cultivation temperature but shifted temperatures exclusively during
adult lifespan. Previous studies modulated the temperature either during growth (development), re-
production, or post-reproduction (Klass, 1977; Hosono et al., 1982) and observed potential changes

in the subsequent lifespan. While one study found that although a change in temperature always had
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an effect on lifespan, in agreement with (Wu er al., 2009), low cultivation temperature only signifi-
cantly extended lifespan when applied during the reproductive period (Klass, 1977). Another study
suggested that low temperature could increase lifespan only after maturation (Hosono et al., 1982).
In our experiments, animals were switched to different temperatures as mature, fertile young adults.
Future experiments are needed to clarify whether the very short period of the transition of develop-
ment to young adult could really be sufficient to influence the subsequent lifespan, or whether the

developmental culture conditions contributed to the lifespan effect as well.

5.4.2 Fluctuations in peroxide as modulator of reproduction

Gametogenesis in C. elegans might constitute another process that requires a fine-tuned redox bal-
ance, and might explain why the drop in peroxide level seems to appear within hours upon the L4
to young adult transition. In worms, spermatogenesis takes place by the late L4 larval stage and
oogenesis begins shortly after the L4-adult-molt. Maximum brood size depends on the number of
sperms produced before the hermaphrodites change from spermatogenesis to oogenesis (Shibata
et al., 2003; Gems et al., 1998). Both oogenesis and spermatogenesis are delayed in the C. elegans
clk-1 (clock abnormality) mutants, apparently due to a disturbed redox signaling (Shibata et al.,
2003). In bovine oocytes, the expression of PRDX-6 has been found to be increased while overall
transcription decreases and glutathione levels have been shown to be elevated during maturation
(Leyens et al., 2004; Tomek et al., 2002; de Matos et al., 1997). Right now, it can only be specu-
lated whether a reduction in oxidant levels is necessary to allow oocycte maturation, and whether
the drop in peroxide level observed in young fertile adults is crucial for a functional germline devel-
opment. Interestingly, disruption of the Insulin/ IGF-1 signaling during development through RNAi
targeted against the IIS receptor DAF-2 caused a delay in reproduction (Dillin et al., 2002a). These
results suggest that reproduction is regulated during development, and that an imbalance in the IIS
might interfere with reproduction as brood sizes of daf-2 (e1370) have been found to be reduced by
an average of 30 - 70 % (Gems et al., 1998; Houthoofd et al., 2005). It is now tempting to specu-
late that the reduced peroxide levels observed at L4 stage in daf-2 [unc-54::HyPer] animals (Figure
4.15 B) could be an indication for reduced redox signaling, which might affect spermatogenesis in

the germline and thus results in a reduced brood size.
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5.4.3 Manipulation of the redox homeostasis

To assess whether perturbations in the peroxide homeostasis might affect physiology and lifespan
in C. elegans, we tested a catalase 2 (CTL-2) deletion strain which lacks the peroxisomal catalase
and exerts only 20 % of wildtype catalase activity (Petriv and Rachubinski, 2004). In addition, the
ctl-2 deletion animals exhibit a delay in egg-laying and a reduction in lifespan by 16 %, which is not
observed in cytosolic catalase ct/-1 deletion worms (Petriv and Rachubinski, 2004). We crossed the
ctl-2 deletion strain with our HyPer-expressing wildtype strain and expected higher HyPer ratios as
compared to wildtype C. elegans. Surprisingly, however, we observed much lower HyPer ratios in
adult ctl-2 deletion worms in comparison to wildtype, suggesting that the deletion strain has actually
lower peroxide levels. It is of note that Petriv ef al. detected the upregulation of additional proteins
with catalase activity and also noted lower levels of oxidative stress-mediated protein carbonylation
in aged ctl-2 worms, suggesting a compensatory up-regulation of other antioxidants with catalase
activity in these worms (Petriv and Rachubinski, 2004). We compared the PRDX-2 expression level
in ctl-2 deletion worms and wildtype and did not find any significant differences in the expression
levels between the two strains. It now remains to be tested which other enzyme systems are up-
regulated in the ctl-2 deletion strain that could account for the lower HyPer ratio. The use of the
AmplexUltra®Red assay will serve as an additional probe to determine whether endogenous per-
oxide levels are indeed reduced in the ctl-2 deletion strain. Alternatively, a lower HyPer ratio might
reflect an increase in reduced HyPer protein (see 5.6), which would argue for a shift towards a more

reducing capacity of the organism.

5.5 Can events early in life affect the lifespan of C. elegans?

Our findings that animals are exposed to elevated levels of endogenous peroxide during develop-
ment from which they apparently recover when they reach the fertile period, and that differences
in the recovery time exist between mutants of the Insulin/ IGF-1 signaling (IIS) pathway suggest
that events early in life might influence adult lifespan in C. elegans. These results agree with pre-
vious reports by Morimoto and coworkers, who reported that the capacity to maintain a functional
C. elegans proteome (i.e., proteostasis) decreases with age. Intriguingly, the onset of the proteosta-

sis collapse becomes apparent as early as day 2 or 3 of adulthood and is particularly obvious in
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muscle cells and neurons (Ben-Zvi er al., 2009). The overexpression of stress transcription factors
such as HSF-1 or DAF-16 delayed the collapse and in turn increased lifespan, whereas deletion of
either of these factors accelerated the collapse and decreased lifespan. Proteins are one of the main
cellular targets of reactive oxygen species and once oxidized, tend to form high molecular weight
aggregates that require removal by the proteasome (Bader and Grune, 2006). If the removal of the
protein aggregates fails, they can accumulate in the cell, interfere with basic cellular functions, and
ultimately cause the death of the cell (Davies, 2001). Based on our results that high oxidative stress
levels are generally present during development, it is now tempting to speculate that the observed
failure of daf-16 deletion mutants to restore low peroxide level and low protein thiol oxidation states
(Knoefler ef al., 2012a) might contribute to the accelerated collapse of proteostasis and the shorter
lifespan. Conversely, rapidly restoring the redox conditions and keeping peroxide levels low as ob-
served in the daf-2 mutants will reduce the load of oxidatively modified proteins and might delay
the collapse of proteostasis thus extending the lifespan. A potential tradeoff, however, might exist

in the reduced brood size (as discussed in 5.4.2).

5.5.1 Developmental glucose restriction

That early interventions could affect lifespan was suggested by recent studies with mice, in which
caloric restriction (CR), when applied during the first three weeks of pre-weaning, was found to ex-
tend lifespan by a significant 18% (Sun et al., 2009). Caloric restriction was achieved by increasing
the litter size, thus reducing the food availability per pup. Although the molecular mechanism by
which caloric restriction extends lifespan is not understood in detail, a correlation between CR and
increased stress resistance has been proposed (Yu and Chung, 2001). Since caloric restriction was
able to extend the lifespan in mice even when applied only during the first weeks of life, we were
wondering if that might be true for C. elegans as well. We used a protocol of glucose restriction,
which had been previously used in adult C. elegans (Schulz et al., 2007). Schulz and co-workers
have shown that 2-Deoxy-D-glucose (DOG), which is an inhibitor of glycolysis, caused an increase
in respiration and an elevation of reactive oxygen species when given to adult worms. Interestingly,
this transient increase in ROS levels appeared to be sufficient to extend the lifespan of these animals.
The authors suggested that ROS, derived from respiration, induced a hormesis response, which leads

to the up-regulation of the antioxidant response and with that to an increased stress resistance. That
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reactive oxygen species were indeed involved in this process was demonstrated by the administra-
tion of antioxidants, which abolished the positive effects of caloric restriction on lifespan (Schulz
et al., 2007). These were interesting findings since they argued that ROS are important mediators
in the lifespan-extending mechanism of glucose restriction. We tested HyPer-expressing wildtype
C. elegans and applied DOG during the adulthood of the worms. We were able to confirm the results
from Schulz ef al.and found an increased HyPer ratio and an extended lifespan in DOG-treated adult
worms. When DOG was applied during development of C. elegans, a decrease of the HyPer ratio
was observed during the L.3/L4 stage, indicative of reduced peroxide level. Furthermore, we found
that the developmental growth rate was delayed, and that the subsequent adult lifespan was reduced
irrespective of the remaining DOG-treatment. These results indicate that glucose-restriction during
development has detrimental outcomes on growth rate and lifespan, which is in contrast to the ben-
eficial effects observed when DOG was added during adulthood. One explanation might be that,
while adult worms use their body fat to metabolically switch from glycolysis (which is inhibited by
DOG) to B-oxidation (Schulz et al., 2007), C. elegans larvae might not be able to change to lipid
metabolism as lipids are used up during embryogenesis (see section 5.2). It can be speculated that
this failure in switching to -oxidation might account for the rapid dying. Another possibility might
be that the reduced HyPer ratio observed in late development might be indicative of a hormetic up-
regulation of antioxidant enzymes, which have been shown in adult animals (Schulz et al., 2007).
It is conceivable that increased level of catalase then interfere with early ROS signaling, necessary
for development and lifespan. Future experiments have to be performed to distinguish between
detrimental effects caused by developmental malnutrition and/or deregulated ROS signaling. It is
tempting to speculate that the type(s) and expression level(s) of specific antioxidant enzymes (and
thus the level of oxidants) are optimized for the needs of certain processes. It is interesting that an
increased antioxidant capacity, which occurs in DOG-treated adults (Schulz et al., 2007), can have
beneficial effects in adulthood but has adverse outcomes in other stages of life. What should be kept
in mind is that most antioxidant enzymes work very efficiently. In the case of catalase, very low
levels of enzyme decompose high amounts of hydrogen peroxide (Nicholls ef al., 2000), suggesting
that even a small deregulation in expression and/or activity of these enyzmes might have major ef-
fects on peroxide level. Future experiments will determine whether catalase is indeed up-regulated

upon glucose-restriction in development, and if that might be one explanation for the observed
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shortened lifespan.

5.5.2 Developmental oxidant exposure

That the oxidant levels are indeed finely balanced during development was also suggested by our
experiments using the superoxide generator paraquat. Wildtype L4 larvae were treated with a short
bolus of sublethal paraquat concentrations, which significantly delayed reproduction confirming
that reproduction is a sensitive process that can be easily perturbed. Furthermore, we found that the
age-mediated loss in motility was accelerated in paraquat-treated worms and that the lifespan was
significantly shortened upon paraquat exposure. These results were intriguing as two-hour incuba-
tion in paraquat as L4 larvae seemed insufficient to cause immediate changes but exerted effects
as late as mid-adulthood (movement, mortality). These results further agreed with our previous
conclusions that disruption of oxidant homeostasis during development results in the deregulation
of physiological processes including reproduction and lifespan. A study using the ROS generator
juglone found increased translocation of DAF-16 into the nucleus upon exposure to low concen-
trations of juglone (Heidler ef al., 2010), raising the question whether an increased activity of the
FOXO transcription factor could have caused the delay in egg-laying (see also section 5.4.2).

In contrast to our studies, which showed that a short developmental oxidant bolus shortens the
lifespan of the worms, Heidler et al. observed a lifespan extension when young adults were continu-
ously treated with very low concentrations (40 uM) of juglone (Heidler et al., 2010). The observed
differences in the effect on lifespan could be due to different types or doses of ROS generators, or to
variations in the stage in life at which treatment was initiated. That the dose effect plays a role was
suggested by studies that found that higher concentrations of juglone (250 uM) had adverse (life-
span shortening) effects, which were partly prevented by ascorbic acid supplementation (Hartwig
et al., 2009). Another study conducted by Lee et al. observed that while worms treated with low
concentrations of paraquat (0.125 mM — 1 mM) from L4 to day 3 of adulthood showed an extended
lifespan, treatment with concentrations between 4 mM — 64 mM shortened lifespan, arguing for a
dose effect as well (Lee ef al., 2010). It is of note that worms treated with 4 mM paraquat from
the time of hatching arrested as larvae. Our studies agreed with these results and showed that con-
centrations of paraquat as well as the cultivation temperature affected the outcome on lifespan. The

mortality rates were found to increase with higher concentrations of paraquat. We also observed
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more severe effects when the paraquat treatment and the subsequent lifespan were performed at
elevated temperatures. We can only speculate why elevated temperatures would increase mortality,
but we think it might be an increased redox-cycling of paraquat within the mitochondria, or the tem-
perature itself which might affect redox balance (as discussed in section 5.4.1). That the stage of
treatment could also influence the effect of paraquat on lifespan was suggested in a preliminary life-
span experiment, where 3-day-old adults were treated with 15 mM paraquat, and slightly extended
lifespan was observed upon oxidant exposure. This result suggests that an (transient) increase in
oxidants in stages with low peroxide levels might have a beneficial effect, which would agree with
the hormesis effect observed upon DOG treatment in adulthood. In the same way, increasing oxi-
dant level during development might interfere with developmental and reproductive processes and

might have adverse outcome on lifespan.

5.5.3 Could developmental variations in peroxide level affect lifespan?

Our studies strongly suggest that the oxidant levels during development are optimized for the need
of the organism, and that either a drastic increase or a decrease in ROS level has detrimental effects.
Yet, it is of note that synchronized wildtype worms exhibit highly variable HyPer ratios at any given
time point during development. These results suggest that individual differences in peroxide (oxi-
dant) levels exist. We were wondering whether these variances might account for the differences in
individual lifespans observed in an isogenic C. elegans population. Recently a clear correlation was
found between the expression level of a heat-inducible promoter driving GFP in 1-day old adults
of a synchronized isogenic population and their lifespan (Rea et al., 2005). These results suggest
that intrinsic differences exist within young adults of an isogenic population raised under the same
environmental conditions which affect lifespan. This study also agreed with recent findings that the
aging process in not only influenced by genetic factors but also by stochastic events as well (Hern-
don et al., 2002). We were curious whether the variances in HyPer ratio observed in an isogenic
wildtype population could be used as an even earlier biomarker of aging. We thus analyzed the
ROS levels in individual HyPer-expressing worms (L4 stage) of a synchronized C. elegans popu-
lation and recovered the worms after the imaging process for subsequent lifespan analysis. Thus,
the HyPer ratio and lifespan for each worm were determined. Our preliminary experiments suggest

that low HyPer ratios during L4 stage substantially increased the initial mortality while high HyPer



90 DISCUSSION

ratios seemed to decrease the mortality in the first days. These results argue for the requirement for
certain oxidant levels in early stages of life. These results need to be reproduced, however, as they
were hampered by the low number of surviving worms, which made statistical analysis impossible.
It is conceivable that the observed early deaths might have been caused by vulva malformation and
internal hatching of the progeny. A recent study overexpressing all three catalases in C. elegans
observed an increased mortality due to internal hatching, which could be suppressed by the simulta-
neous overexpression of superoxide dismutase 1 (Doonan et al., 2008). These results, which might
explain the increased initial mortality observed in worms with lower HyPer ratios, suggest that cer-
tain peroxide levels are required for reproductive processes in C. elegans. Late L4 larvae, which
exhibited very low or very high HyPer ratios exhibited an increased initial mortality compared to
worms with intermediate peroxide levels, suggestive of an “optimized” ROS level for “maximized”

survival. Again, further experiments are required to reproduce these findings.

5.6 Conclusions

The “Free Radical Theory of Aging” proposes that an accumulation of reactive oxygen species
causes damage to cells and macromolecules and ultimately leads to aging, disease and death. In
an attempt to test this popular theory, a multitude of studies have been performed over the years,
utilizing the deletion and/or overexpression of specific antioxidant systems in different model or-
ganisms. The results of these studies failed to ultimately show whether the FRTA is valid or not.
In our opinion, however, the first step in evaluating this theory has not been taken. We need to first
know whether oxidants are indeed accumulating, when their concentration increase, and what their
roles are for development, growth and aging. With HyPer, we now have a tool to specifically detect
hydrogen peroxide level in select tissues in living animals, and can thus evaluate and assess the
effects of ROS on all these processes. The HyPer sensor has some drawbacks that need to be con-
sidered. First, a strong promoter is required to allow reliable fluorescence quantification throughout
all stages during the lifespan. Second, the HyPer ratio has been shown to be affected by changes in
pH (Belousov et al., 2006). To exclude potential artifacts caused by pH alterations, alternative pH-
insensitive yet hydrogen peroxide-specific probes such as the AmplexUltra®Red assay are needed
to verify that a drop in peroxide level occurs indeed during the larval-adult transition. Third, al-

though it has been demonstrated that the E. coli OxyR and the HyPer protein specifically react with
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hydrogen peroxide in vitro (Zheng et al., 1998) (Belousov et al., 2006), the fluorescence read-out
of HyPer does not respond to peroxide directly but depends on the formation of the disulfide bond
within OxyR. It can thus also be affected by the reducing capacity of an organism (Meyer and Dick,
2010). It is noteworthy that other fluorescent H,O; sensors have been recently constructed including
HyPer2, which has twice the dynamic range of HyPer (Markvicheva et al., 2011). Another sensor,
which could be used to detect in vivo hydrogen peroxide, consists of a redox-sensitive GFP fused
to the peroxidase Orpl, which exhibited similar response and sensitivity as HyPer upon exposure
to hydrogen peroxide (Gutscher ef al., 2009). In summary, HyPer and other redox sensor are the
tools of the future to critically evaluate in vivo oxidant level and determine their effects on health

and lifespan of organisms.






6 Materials & Methods

6.1 Cultivation of C. elegans

Nematode growth media (NGM) plates seeded with E. coli OP50 (uracil auxotroph) were used as
food source for the cultivation of C. elegans (Brenner, 1974). A culture of OP50 bacteria was grown
overnight in LB medium, adjusted to 10'° cells per ml, and seeded on NGM plates. The bacteria
were dried overnight at room temperature forming an OP50 lawn. The transfer of multiple worms
onto fresh plates was achieved either by taking a chunk from a populated plate and place it face
down onto a fresh plate, or by washing worms off their plates using M9 minimal media and plating
the worm pellet after centrifugation onto fresh plates. Individual worms can be transferred using a

worm pick, which is made of a platinum wire attached to a glass Pasteur pipette.

Nematode Growth Media (NGM) agar:

NaCl

Bacto-Peptone

Bacto Agar

Add 1 L ddH,0

Autoclave and add sterile:
Cholesterol (5 mg/ml in Ethanol)
1M CaCl,

1M MgSOy4

KH,POy4, pH 6.0

LB medium (Lysogeny broth):

Tryptone

NaCl

Yeast Extract

Fill up to 1 L with ddH,O

Autoclave

3g
25¢g
19¢g

1 ml
1 ml
1 ml

25 ml

10g
5g
5g
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M9 Minimal Medium:
Na,HPOg4 58¢g
KH,PO4 3g
NaCl 05¢g
NH4Cl lg

Fill up to 1 L with ddH,O

Autoclave

6.2 Synchronization of a worm population
6.2.1 Hypochlorite-NaOH Lysis

Gravid worms were washed off the plates with M9 buffer and pelleted in a centrifuge at 3 000xg.
After removal of the supernatant, an equal volume of freshly prepared lysis solution was added. The
lysis process, supported by frequent vortexing steps, was routinely checked under the microscope.
When the worms started to break open and to release the eggs, the worms were quickly spun down
at 3000xg, and the lysis solution was removed. After the eggs were washed three times with M9
buffer, they were either put directly onto OP50-seeded NGM plates, where they would hatch and
develop, or were incubated in M9 media under mild shaking, which allowed the eggs to hatch and
arrested the worms at the L1 larval stage. To resume their development L1 larvae were transferred

onto OP50-seeded NGM plates (Hope, 1999).
Lysis solution:

Clorox® Regular Bleach: 2 ml
10N NaOH: 0.25 ml
Fill up to 5 ml with ddH,O
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6.2.2 Synchronization without hypochlorite treatment

Synchronization of a C. elegans population can also be achieved by carefully washing off adult and
larval worms from an NGM plate, hence allowing the embryos to remain on the agar. A chunk
of NGM harboring the eggs can then be transferred onto a fresh OP50-seeded NGM plate, where

embryos proceed with their development.

6.3 Assessment of physiological processes and lifespan

Animals were cultivated for several generations at the same temperature at which the experiment
was going to be performed. Synchronization of the C. elegans population was maintained by
transferring L4 larvae worms onto NGM plates, containing the chemical 5’-fluoro-2’-deoxyuridine
(FUdR, 20 mg/l, Sigma-Aldrich) before the start of the fertile period. FUdR, an inhibitor of DNA
synthesis, prevents the development of the progeny. For the lifespan analysis, the L4 molt stage was
considered as time point zero and the survival was assessed every other day. Animals, which did
not move, did not react to tapping of the plate, or did not respond to gentle prodding with the worm
pick, were considered dead while animals that crawled off the plate were censored at the time of the
event for the statistical analysis.

Motility was assessed by pipetting the worms in the center of a 6 cm NGM plate, which con-
tained a ring of OP50 bacteria close to the outer edge of the plate. Motility of the worms towards
the food source (i.e., OP50) was assessed every 15 minutes.

Movement was assessed over the lifespan of worms by judging the ability of the worms to move
around the plate. While young animals usually exhibit a sinusoidal, coordinated and fast movement
(A-Movement), aged worms did only move after prodded gently with the worm pick and have less
coordinated movement ability (B-Movement). Very old worms do not move even after prodding
and are just capable of moving their head or tail (C-Movement) (Herndon et al., 2002).

Brood size was determined by maintaining the animals on NGM plates without FUdR, thereby
allowing the eggs to hatch and develop. To distinguish the parents from the progeny generation,

parent worms were transferred every other day onto a fresh plate using a worm pick, while the
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remaining progeny (eggs and/or hatched larvae) on the other plate were counted.

6.4 Oxidative stress treatment
6.4.1 Treatment of worms with the superoxide generator paraquat

Synchronized L4 larvae were washed off their plates and pelleted at 3000xg. Aliquots (100 —
400 ul) of the worm solution were distributed into Eppendorf tubes and an equal volume of a 2-fold
concentrated, (from a 500 mM frozen stock) freshly prepared paraquat solution was added to the
worm solution. The worms were incubated in the presence of paraquat for two hours shaking at the
same temperature at which the subsequent lifespan assay was performed. After the stress treatment,
the worms were washed three times with M9 medium. The animals were pipetted onto an OP50-
seeded NGM plates and individually transferred onto seeded 6 cm NGM plates for lifespan analysis

(1-15 worms/plate).

6.4.2 Treatment with sublethal concentrations of hydrogen peroxide

A synchronized population of C. elegans was washed off NGM plates and pelleted by centrifugation
asin 6.4.1. To expose the animals to exogenous peroxide stress, the animals were incubated shaking
for 30 minutes with sublethal concentrations of hydrogen peroxide (1 mM), after which the H,O,
was either removed by washing with M9 bufter or treated worms were directly used for a subsequent

experiment (Kumsta et al., 2011).

6.5 Manipulation of C. elegans gene expression

Gene expression in C. elegans can be manipulated by expressing transgenes from extrachromosomal
arrays or upon chromsomal integration, or by silencing gene expression using RNA interference

(RNAI).

6.5.1 Generation of transgenic animals

The tissue specific expression of the hydrogen peroxide sensor HyPer in the body wall muscle
cells of C. elegans was achieved by cloning the HyPer gene (Belousov et al., 2006) into the plas-

mid pPD30.38 (Addgene plasmid 1443) using the restriction sites Nhel and Ncol, generating the
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Strain Genotype Description Source
N2 C. elegans wild isolate CGC
LB90 ctl-2(ua90) II; P artly deletion outcrossed 6 times | CGC
him-8(e1489) IV him-8: increased frequency
of males
CF1041 | daf-2(e1370) Base substitution: G—A Strain CF326 Allen
Missense mutation: P1465S | outcrossed 7 times | Hsu
GR1307 | daf-16(mgDf50) I deficiency eliminates daf-16 | outcrossed 3 times | CGC
coding region

Table 6.1. Overview of mutant C. elegans strains used in this thesis.

plasmid pPD30.38::HyPer [unc54::HyPer]. C. elegans wildtype animals were transformed by go-
nad microinjection (Mello er al., 1991), which generates transgenic animals carrying multiple ex-
trachromosomal arrays of the injected DNA. The plasmid pPD30.38::HyPer [unc-54::HyPer] was
co-injected with the plasmid pPD118.33 [myo-2::gfp] (Addgene plasmid 1596) into N2 wildtype
animals at a concentration of 100 ng/ul for each plasmid using an injection scope. The progeny
of the injected worms were monitored for myo-2::GFP-derived fluorescence in the pharynx using
a fluorescent microscope (Olympus SZX16, GFP filter: EX460-480HQ; EM495-540HQ). A stable
transmitting line was used to generate integrated chromosomal arrays by irradiating animals car-
rying the extrachromosomal arrays with 3000 rad of a Cs137 source. The homozygous transgenic
strain was outcrossed three times with the wildtype strain N2 to minimize the mutations in the chro-
mosome background. The integrated outcrossed wildtype strain [unc-54::HyPer; myo-2::GFP] is

referred to as N2 [unc-54::HyPer].

6.5.2 Generation of transgenic mutant animals

6.5.2.1 Generating and maintaining a male C. elegans stock

Mutant animals expressing the hydrogen peroxide sensor HyPer in the body wall muscle
cells were generated by crossing male transgenic N2 wildtype worms with mutant C. elegans
hermaphrodites. Male nematodes occur at a frequency of 0.1 % in a population (Ward and Carrel,

1979), caused by the spontaneous non-disjunction of the X-chromosome during meiosis giving rise
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P, Jr MUT — / MUT — X 4wt HyPer | WT HyPer
F1 WT HyPer/ MUT —

Gametes WT HyPer MUT — MUT HyPer WT —

F2 MUT HyPer /| MUT HyPer

Figure 6.1. Schematic overview of the cross between wildtype and mutant animals. Mating
of wildtype worms carrying the HyPer transgene (WT HyPer) and a mutant animal (MUT), which
does not have the HyPer gene (-). Recombination of the F1 genotype leads to a F2 generation,
where some members are both homozygous for the mutant allele and the HyPer gene.

to nullo-X gametes. The abundance of male progeny can be enhanced by incubating L4 animals at
30°C for five to six hours (Hodgkin, 1983), after which the male stock is maintained by continuously

setting up matings between males and hermaphrodites.

6.5.2.2 Crosses and selection of transgenic mutants

Male N2 [unc-54::HyPer; myo-2::GFP] were crossed to GR1307 [daf-16(mgDf50) I], CF1041
[daf-2(e1370)] or LBIO [ctl-2 (ua90) II; him-8(e1489) IV] hermaphrodites. This strategy was cho-
sen to facilitate the selection of progeny derived from mating, because fluorescent progeny (myo-
2::GFP) must be heterozygous by definition (Figure 6.1). Mating plates were typically set up with
five males and three hermaphrodites on each plate. Hermaphrodites of the F1 generation, which are
heterozygous for the transgene and the mutation, gave rise to an F2 generation, which includes a

homozygous recombination of both transgene and mutation (Figure 6.1).

6.5.2.3 Genotyping

Individual progeny were transferred with a worm pick into 10 ul of PCR worm lysis solution
containing proteinase K, spun down shortly, and frozen at -80°C to promote lysis. After 15 minutes,

the sample was transferred to 60°C and lysis was continued for 60 minutes. Then, proteinase K
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was inactivated by a 15 minute incubation at 95°C. The lysed worms were then ready to use for

genotyping.

PCR worm lysis solution:

5X GoTaq Buffer: 2 ul
Proteinase K (10 pg/ ul) : 1 ul
Fill up to 10 ul with ddH,O

The chromosomal region of the mutant alleles of the GR1307 [daf-16(mgDf50) I], the LB90
[ctl-2 (ua90) II; him-8(e1489) IV] or the CF1041 [daf-2(e1370)] mutation was amplified by PCR.
The mutant alleles of the GR1307 [daf-16(mgDf50) I] and LB90 [ctl-2 (ua90) II; him-8(e1489)
IV] strains harbor gene deletions, which can be distinguished from the wildtype allele on a 1%
agarose gel (Figure 6.2). The mutant allele of the CF1041 [daf-2(e1370)] strain contains a point
mutation, which cannot be distinguished on an agarose gel. Therefore the amplified DNA was sent
for sequencing, which enabled the differentiation between homozygous wildtype, as well as worms
hetozygous or homozygous for the mutant daf-2 allele (Figure 6.3). The presence of the HyPer
gene was verified using the fluorescence of the co-injection marker myo-2::GFP since co-injection
marker and gene of interest are theoretically transmitted jointly. Nevertheless, the HyPer DNA was

amplified by PCR and visualized by DNA electrophoresis.
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Primer:

ctl-2 fwd: aagtagcgacgctctggetgtg

ctl-2 rev: gttgaccggcecttctccacgg

daf-2 PCR fwd: agatgaacgagctggaggaa

daf-2 PCR rev: cgtatgatgcctgttcgatg

daf-2 Sequencing: tccagcacattttcatcacc

smd-1 daf-16 fwd:
smd-1 daf-16 rev:

HyPer PCR fwd:

HyPer PCR rev:

PCR reaction:

GoTaq® DNA Polymerase (Promega)
5X Green GoTaq®Reaction Buffer
Primer fwd

Primer rev

dNTP (Invitrogen)

50X TAE buffer:

Tris

Glacial Acetic Acid

0.5M EDTA, pH 7.5

Fill up to 1 L with ddH,O

ttceectttctctcgtctaatte

catcatcatcatacagtcgcaaa

caactggacagcggcaaactc

ctgaacttgttgcegtttacg

1.25U0
1X

0.5 uM
0.5 uM
0.2 uM

242 ¢
57 ml
100 ml
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Genotyping ctl-2 daf-2 daf-16 HyPer
Denaturation: 2 min @ 95°C

30 sec @ 95°C
Annealing: 30 sec @ 65°C 30sec @ 55°C 30sec @ 60°C 30 sec @ 62.7°C
Elongation: 2min @ 72°C 35sec @ 72°C 75sec @ 72°C 40 sec @ 72°C
Cycle numbers: 26 35 35 26
Final 5-10 min @ 72°C
elongation:
Expected PCR N2: 1.9 kb; 0.3kb N2: 0.9 kb; 0.6 kb
fragments: ctl-2: 0.9 kb daf-16: no

amplification

Table 6.2. PCR programs for the genotyping of mutant alleles and transgenes.

F2 N2 ctl-2

Figure 6.2. Agarose gel electrophoresis after PCR genotyping of ctl-2 deletion worms. The
deletion of catalase 2 results in a PCR fragment with the size of ~ 1kb (c#l-2, two right lanes), while
the wildtype (N2, middle lane) has a PCR fragment of ~ 2kb. The F2 generations of a mating of
ctl-2, him-8 and N2 [unc-54::HyPer] was genotyped (F2, two left lanes). Both tested samples are

homozygous for the catalase 2 deletion. 1% agarose gel in 1X TAE.
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Figure 6.3. Genotyping of daf-2(e1370) using DNA sequencing. The genomic region of the
daf-2(e1370) mutation was sequenced after PCR amplification. Sequencing spectra of wildtype,
heterozygous daf-2(e1370) and homozygous daf-2(e1370) are shown and the mutated base is high-
lighted with the box. The daf-2(e1370) strain contains a G—A point mutation.

6.6 Imaging of HyPer fluorescence

The hydrogen peroxide sensor HyPer posseses two excitation maxima, at ~420 nm and ~500 nm,

and a single emission maxima at 516 nm.

6.6.1 Confocal Microscopy

Worms were mounted on 2% agarose pads using a worm pick and immobilized with 2 mM lev-
amisole hydrochloride. A Leica SP5 Confocal imaging system on a DM 6000B upright microscope
body (Wetzlar, Germany) was used for image acquisition. Animals expressing the fluorescent sen-
sor protein HyPer were excited sequentially with a 405 nm diode and a 488 nm argon laser, which
are close to the published excitation maxima (Belousov et al., 2006). Emission was measured at
505 — 530 nm using the same photo multiplier tube (PMT), set to zero offset and adequate gain. The
RSP 500 dichroic beam splitter in conjunction with a 20x objective (NA 0.7 HC PL APO CS) was
used. The resulting “405 image” and “488 image” had 1024 x 1024 pixels at 16-bit resolution. Ad-
ditionally, a differential interference contrast (DIC) and a 405 nm excitation / 530-550 nm emission
image were acquired to assist with image quantification. The laser and microscope settings were
kept constant from day-to-day within one experiment. To account for fluctuations in laser power, a
fluorescent reference slide (Ted Pella, Redding, California) was imaged before and after each group,

and was used for normalization purposes in the image quantification.
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Figure 6.4. ImageJ display of “wormsuite” image analysis. Image] output of the automated
calculations (e.g., background region, HyPer pixel selection) and the manual modifications (e.g.,
worm spine, body wall trace) using the Matlab script “wormsuite”. After a final check of the HyPer
pixel selection, the HyPer ratio can now be calculated by the script.

6.6.2 Image quantification

A MATLAB (The MathWorks) script “wormsuite” '! was used in conjunction with ImageJ (Ras-
band, 1997-2012) to perform the automated image quantification (a descriptive image is shown in

Figure 6.4).

6.6.2.1 Tracing worm spine and body wall to define worm and background region

Initially, each worm was identified by tracing its center in the DIC image. This track is referred
to as the worm spine. In a similar manner, the body wall was marked as the body wall trace.

The automated image analysis then dilated the worm spine to define a binary mask, called the
worm region. The number of dilation iterations was set in a way that all worms lay completely
within this worm region including a decent margin of about 100 pixels. The inverse of that worm
region is referred to as the background region. Regions with very high signal in any channel (e.g.,

fluorescent particles or the pharyngeal co-injection marker myo-2::GFP) were identified by applying

"mplemented by Martin Koniczek (University of Michigan).
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an over-saturation threshold, and were excluded from both the worm region and the background

region (see Figure 6.4).

6.6.2.2 Defining the HyPer regions and obtaining the HyPer ratio

To correct for the channel backgrounds, the average signals of the background region in the
405 image and 488 image (i.e., background or offset) were subtracted from the value of each pixel
in the worm region of the corresponding image. For each set of microscope and laser settings
an appropriate minimum HyPer signal threshold was chosen for the 405 nm and 488 nm channel.
Contiguous blocks of pixels above that threshold within the worm region and in proximity to the
body wall trace defined preliminary HyPer regions. The result of this automated selection was then
displayed in ImageJ] and a manual check was performed. If necessary, corrections were applied
(e.g., exclusion of obviously incorrectly identified preliminary HyPer regions) (Figure 6.4). The
mean pixel intensities of the final HyPer selection in the background-corrected 405 and 488 images

were then divided by each other to obtain the final HyPer ratio:

. Background-corrected mean emission upon 488 nm excitation
HyPer Ratio =

Eq. 2
Background-corrected mean emission upon 405 nm excitation (Ea. 2)

6.6.2.3 Reference ratios for normalization

In parallel, the fluorescent reference slide was used to calculate a reference ratio with back-
grounds defined as zero and the whole image treated as HyPer selection. This is acceptable since
the fluorescent slide signal is very uniform and more than a magnitude higher than the (almost con-
stant) dark signal of the imaging chain. Whenever comparisons between days were performed, the
daily average of these reference ratios was used to normalize the actual HyPer ratios for each worm

of that day (through dividing by the reference ratio).

6.6.3 Fluorescence microscopy

For the non-confocal fluorescence image acquisition, an Olympus BX61 (Olympus America Inc.)

upright microscope was used, equipped with a Photometrics Coolsnap HQ2 cooled CCD (Charged-
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coupled device) camera. Images of HyPer -transgenic C. elegans were taken with a UPlan S-Apo
20x objective (NA 0.75). For excitation, an external filter wheel was used with 420/40x and 500/20x
excitation filters, a dual band pass dichroic T5S15LPXR and a 535/30x emission filter. For DAPI flu-
orescence, a quad filter set (DAPI/ FITC/ TRITC/CY-5) was utilized. A closed feedback-loop was
enabled to keep the illumination of the X-Cite® exacte mercury lamp consistent within one exper-
iment. The resulting “420 image” and “500 image” have 1344 x 1024 pixels at 14-bit resolution.
Quantification of the HyPer ratio from these images was accomplished using the MATLAB script
“wormsuite” and ImageJ as described in 6.6.2, limiting the worm spine and subsequent worm region

to the head of each worm.

6.6.4 Recovery of C. elegans after image acquisition

Worms were mounted reversibly as described in Fang-Yen et al. (2009). Briefly, worms were
transferred into 0.4 ul of 0.1 um diameter polystyrene microspheres (Polysciences) on a 10% w/v
agarose (in M9) pad. For the image acquisition, an Olympus BX61 (Olympus America Inc.) upright
microscope was used as described in 6.6.3. After image acquisition, the animals were recovered
from the objective slide and transferred onto NGM plates. The duration on the slide and the image
acquisition were kept as short as possible (< 5 min). The animals were scored daily for their move-
ment quality and survival, and animals were considered dead when they did not move or did not

respond to prodding.

6.7 Determination of hydrogen peroxide release

The Amplex®UltraRed reagent (Molecular Probes, Invitrogen) was used to determine the re-
lease of hydrogen peroxide from living worms. The assay utilizes a nonfluorescent compound,
Amplex®UltraRed, which in the presence of hydrogen peroxide and horseradish peroxidase is con-
verted to the fluorescent Amplex®UltroxRed in a 1:1 stoichiometric ratio. The Amplex® UltraRed
fluorescence is stable at pH values ranging from about 5 to 10 (manufacturer’s manual). Stock and

working solutions were prepared based on the manufacture’s instruction.



106 MATERIALS & METHODS

Amplex®UltraRed 5X reaction buffer:

250 mM NaH,POy, pH 7.4

6.7.1 Amplex®UltraRed assay

Synchronized worm were washed off NGM plates with M9 with as little as OP50 bacteria as pos-
sible, and spun down at 200xg. The worm pellet was washed with M9 buffer, followed by a wash
with 1X Reaction Buffer (Molecular probes, Invitrogen) supplemented with 0.05% Triton X-100,
which decreased the adherence of worms to plastic (Davis et al., 2010). The worms were finally
resuspended in 1X Reaction Buffer/ 0.05% Triton X-100 in a final volume of 20 ul in 390 ul.
50 ul of the worm solution were pipetted in triplicates into a 96-well solid black microtiter plate
with transparent bottom, while 50 ul were frozen at -80°C for subsequent determination of the
protein concentration 6.7.2. For calculating the amount of hydrogen peroxide released, a HyO»
standard curve was measured in parallel. For initiating the enzymatic reaction, 50 ul of a working
solution of Amplex®UltraRed and horseradish peroxidase was added to the wells containing either
worms or the H>O, dilutions, and the fluorescence emission of Amplex®UltroxRed was measured
at 590 nm in a BMG FLUOstar Omega Microplate Reader after excitation with 544 nm. The av-
erage Amplex®UltroxRed fluorescence of each sample was normalized with the respective protein

concentration, which was determined using the DC protein assay (see 6.7.2).

6.7.2 Measurement of the protein concentration

The frozen worm aliquots were allowed to thaw on ice. Then, samples were boiled for five minutes
at 95°C to promote the lysis of the worms. After spinning down the worm debris for 10 minutes
(13000xg), the supernatant was used to determine the protein concentration using the Bio-Rad
DC™ Protein Assay according to the manufacturer’s instructions. Shortly, the absorbance of a BSA
standard curve was utilized as reference to determine the protein concentrations of the samples. The
assay was prepared in a 96-well microplate, using 5 ul of the protein sample in triplicates. 25 ul
of a working Reagent A’ (Reagent A plus Reagent S) was added to each worm sample or the BSA

standard curve, after which 200 ul of solution B was added to initiate the reaction. After 15 minutes
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incubation at room temperature, the absorbance was measured at 750 nm in a BMG FLUOstar

Omega Microplate Reader.

6.8 Determination of Peroxiredoxin 2 redox state

The redox state of peroxiredoxins was used as read-out of endogenous peroxide level (Cox et al.,
2010). Upon reaction with HyO,, the peroxidatic cysteine residue of C. elegans peroxiredoxin
2 forms a sulfenic acid intermediate, which reacts with the resolving cysteine residue of another
peroxiredoxin monomer leading to the formation of disulfide bonded peroxiredoxin dimer. Higher
amounts of H>O, can cause the overoxidation of the sulfenic acid intermediate to sulfinic acid,
which prevents disulfide bond formation (Cox er al., 2010). Presence of low levels of peroxides
therefore leads to disulfide-linked dimers while reduced or overoxidized peroxiredoxins will mi-
grate as monomers on non-reducing SDS-PAGE. Thiol trapping of the reduced cysteine residues
followed by the subsequent separation of the protein fraction on non-reducing SDS-PAGE thus en-
ables the differentiation between reduced and oxidized peroxiredoxin as well as the identification of
the peroxide-induced peroxiredoxin 2 disulfides (Oldhov4 er al., 2008) (Figure 6.5). When worms
are lysed in the absence of alkylating agents the reduced monomeric peroxiredoxin dimerizes, while

the overoxidized fraction of peroxiredoxin remains to run at the monomer size (Cox et al., 2010).

6.8.1 Lysis of worms and protein precipitation

Synchronized worm populations were washed off NGM plates and pelleted by centrifugation. 50 ul
of the worm solution was then transferred into 2 ml Eppendorf tubes. The thiol-trapping steps were
carried out on ice and cooled solutions and centrifuges were used. Chilled TCA was added to a final
concentration of 10% (500 1 final volume) to prevent thiol-disulfide exchange reactions (Leichert
and Jakob, 2004). Worms were lysed using the homogenizer Powergen 125 (Fisher Scientific) for
2 minutes (power level 6). Protein precipitation was carried out on ice for 30 minutes followed by
a 30 minutes spin at 13 000xg in a pre-cooled tabletop centrifuge. The supernatant was carefully

removed and the protein pellet was washed with ice-cold acetone to remove residual TCA.
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Figure 6.5. Quantification of the redox state of PRDX-2. The redox cycle of 2-cysteine peroxi-
redoxins is displayed. In the presence of peroxide, the reduced peroxidatic cysteine (SpH) of a
peroxiredoxin monomer becomes oxidized to a sulfenic acid intermediate (SpOH), which can react
with the resolving cysteine (SR H) of a second peroxiredoxin monomer thus forming a peroxiredoxin
disulfide-bonded dimer (Sp-Sg). Oxidized dimers can be reduced by thioredoxin (Trx). When
peroxide is in excess the peroxidatic cyteine can get overoxidized to a sulfinic acid (SpO,H), which
is unable to form a dimer with another peroxiredoxin monomer. The redox state of peroxiredoxin
can be trapped by alkylating agents such as NEM or AMS, thus keeping reduced peroxiredoxin in
its monomeric state. The dimer and monomer fraction can be distinguished on a non-reducing SDS-
PAGE. Lysis of worms in the absence of alkylating agents results in the conformation of reduced
monomers to disulfide-bonded dimers while overoxidized peroxiredoxin still runs as a monomer
thereby allowing the determination of the overoxidized fraction. Figure modified from (Cox et al.,
2010).
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6.8.2 Labeling of protein thiols

Reduced protein thiols were labeled with either 25 mM AMS (pH 7) or 100 mM (pH 8) in DAB
buffer. N-Ethylmaleimide (NEM) and 4-acetoamido-4’-maleimidylstilbene-2,2’-disulfonic acid
(AMS) are thiol-reactive reagents with AMS adding approximately 500 Da to every thiol group
of a protein. The resuspended protein solution should have the optimal pH for the respective alky-
lating reagent, and was - if necessary - adjusted using 1 M Tris (pH not adjusted). The labeling was
performed for one hour at 25°C shaking (1200 rpm), after which the debris was spun down and the

soluble proteins were stored at -80°C until further use.

Denaturing Alkylation Buffer (DAB):

Urea 1.8 ¢g
1 M Tris-HCI, pH 7 1 ml

500 mM EDTA 100 u
10% (w/v) SDS 250 u

Fill up to 5 ml with ddH,O

6.8.3 Determination of the protein concentration

The protein samples were diluted ten times in ddH,O to avoid interference of the DAB buffer with

the Bio-Rad DC' Protein Assay, and the protein amount was measured as described in 6.7.2.

6.8.4 SDS-PAGE and Western Blot

The protein samples were adjusted to the same concentration, and supplemented with 1X non-
reducing SDS-loading buffer. To separate the monomeric, reduced fraction of peroxiredoxin-2 from
the disulfide bonded, dimeric fraction of PRDX-2 12% Mini-PROTEAN® TGX " Gels (BioRad)
were used. The separated proteins were transferred onto a methanol-activated Polyvinylidene flu-
oride (PVDF) membrane (Millipore), using a semi-wet blotting system. Rapid immunodetection
was performed according to Millipore’s protocol. Briefly, after the blotting process the membrane

was dehydrated by soaking the membrane for 10 seconds in 100% methanol. After the methanol
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evaporated the membrane was incubated with the primary anti-peroxiredoxin-2 antibody for one
hour. The blots were washed two times with 1X PBS for 10 seconds, after which the membrane
was incubated with the secondary anti-rabbit antibody for 30 minutes. The secondary antibody was
conjugated to horseradish peroxidase, and the Enhanced Chemilumiescent Substrate (SuperSignal
West Pico Chemiluminescent Substrate, Thermo scientific) was added after washing the blot twice
with 1X PBS (10 seconds). Chemoluminescence was detected and imaged with the Kodac Gel

Logic 2200 Imaging System and the Carestream Molecular Imaging Software (v.5.0.2.30).

SDS-Running Buffer:

Glycine 288 g
SDS 20g
Tris 58¢g
Fill up to 20 L with ddH,O

5X Non-Reducing Loading Buffer:

SDS 5¢
Glycerol 305¢
IM Tris, pH 7.0 15 ml
Bromophenol Blue 0.025 ¢

Fill up to 50 ml with ddH,O

Western Blot Buffer:
Tris 58¢g
SDS 037¢g
Methanol 200 ml
Glycine 293 ¢

Fill up to 1 L with ddH,O
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20X TBS:
NaCl 160 g
KCl1 4¢
Tris 60 g
Adjust to pH 7.4 with HCI

Fill up to 1 L with ddH,O

10 X PBS:
NaCl 80 g
KCl1 2g
Na,HPO,*7H,0 2g
KH,PO, 2g

Adjust to pH 7.2 with liquid NaOH
Fill up to 1 L with ddH,O

Antibodies:

Rabbit a-peroxiredoxin 2 1:1000 in 1X TBS + 1% milkpowder

(Alpha Diagnostics International)

Goat ¢-rabbit IgG HRP conjugated  1:10000 in 1X TBS + 1% milkpowder

(Thermo scientific)

6.8.5 Quantification and Analysis

Mean intensities of the bands corresponding to the peroxide-induced PRDX-2 dimer, the PRDX-
2 dimer and the reduced/overoxidized PRDX-2 monomer were quantified using the Carestream
Molecular Imaging Software (v.5.0.2.30). The monomeric band and the two dimeric bands were
manually enclosed in a region of interest (ROI), with separate ROI’s defining membrane regions

used for background correction. The average mean intensity of the background regions were sub-
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tracted from the mean intensities derived from ROI’s corresponding to the momomeric or dimeric
fractions. The background-subtracted values were then used to calculate the fraction of peroxide-

induced PRDX-2 disulfide over total amount of PRDX-2 (sum of all bands).

6.9 Isolation of RNA and proteins from C. elegans
6.9.1 Sample preparation and lysis

Animals of a synchronized C. elegans population were washed off their NGM plates using 600 ul
ice-cold M9 buffer and transferred into a 1.5 ml Eppendorf tube. Then, an equal volume of ice-cold
60% sucrose was added. The worm — sucrose solution was centrifuged in a tabletop centrifuge at
100xg for 5 min. Then, the speed was increased to 1 000xg for another five minutes to separate
worms from bacteria and agar debris. The floating worms were transferred into fresh 1.5 ml Eppen-
dorf tubes and washed three times with M9 buffer. For isolating protein and RNA from the worm
samples, 400 ul Trizol® reagent was added to each 100 ul worm solution. The mixture was vor-
texed for two minutes at room temperature, followed by three freeze-and-thaw-cycles (-80°C and

37°C) to promote lysis of the worms 2.

6.9.2 Preparation of RNA using the TRIzol® Reagent and the RNeasy Kit

To separate RNA from DNA and proteins, the TRIzol®Reagent (Life technologies), a monophasic
phenol and guanidine isothiocyanate solution, was used. The reagent, which inhibits RNases dur-
ing sample homogenization and supports the isolation of RNA, is an improved version of the acid
guanidinium thiocyanate-phenol-chloroform extraction by Chomczynski and Sacchi (Chomczynski
and Sacchi, 1987). 200 ul TRIzol®Reagent was added to each of the lysed samples and samples
were incubated for five minutes at room temperature. After adding 140 ul chloroform, the samples
were vigorously shaken for 15 seconds, and then incubated for two minutes at room temperature.
Then, samples were spun down at 12 000xg for 15 minutes (4°C) to separate the top aqueous solu-
tion containing RNA from DNA and proteins. The RNA-containing aqueous phase was transferred
into fresh 1.5 ml Eppendorf tubes, supplemented with an equal volume of 70% ethanol, and trans-

ferred into a Qiagen RNeasy spin column. The RNA isolation was carried out according to the

1ZModified from the protocol from the Lamitina Lab, and the manuals from the TRIzol®Reagent (Life technologies) and
the RNeasy® Mini Kit (Qiagen)
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manufacturer’s instructions of the RNeasy® Mini Kit (Qiagen), and the RNA was eluted in 50 ul

RNAase-free water and stored at -80°C.

6.9.3 Isolation and precipitation of protein

To separate proteins from DNA, 180 ul 100% ethanol was added to the interphase and the bottom
phenol-chloroform layer. Mixing was achieved by inverting the sample several times. After incubat-
ing the samples for two to three minutes at room temperature they were centrifuged for five minutes
at 2000xg at 4°C to pellet the DNA. The phenol-ethanol supernatant, which contained the proteins,
was transferred into a fresh 2 ml Eppendorf tube, and 900 ul isopropanol was added to precipitate
the proteins. After an incubation of ten minutes at room temperature the samples were centrifuged
for ten minutes at 12 000xg at 4°C. The supernatant was discarded and the protein pellet was washed
with 1.2 ml of 0.3 M guanidine hydrochloride in 95% ethanol for 20 minutes at room temperature,
after which the pellet was spun down again at 7 500xg for 5 min at 4°C. The wash procedure with
0.3 M guanidine hydrochloride was repeated twice, then once with 2 ml 100% ethanol, vortexed
and incubated at room temperature for 20 minutes. After a final centrifugation at 7 500xg for 5 min
the ethanol wash was removed and the protein pellet was dried at room temperature for about 5 to
10 minutes, after which it was resuspended in 200 ul of 1% SDS. To assist the complete dissolving
of the protein pellet the samples could be incubated at 50°C. Insoluble material was sedimented by

spinning the samples at 10 000xg for 10 min at 4°C, and the samples were stored at -20°C.

6.10 Analysis of protein expression level

Protein concentrations were measured using the Bio-Rad DC" Protein Assay, as described in 6.7.2.
The samples were adjusted to the same protein concentration and the proteins were separated under
reducing conditions on 12% Mini-PROTEAN® TGX ' (Bio-Rad). The separated proteins were
transferred onto PVDF membranes and immunodetection and quantification were performed as de-
scribed in 6.8.4 and 6.8.5. After the immunodetection the PVDF membrane was washed twice
with 1X TBS-T, stained with 0.1% Coomassie R-350 and destained. After the blot was washed
with water and air dried (Welinder and Ekblad, 2011), the density of the stained proteins of one

gel lane were visualized and quantified using the Kodac Gel Logic 2200 Imaging System and the
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Carestream Molecular Imaging Software (v.5.0.2.30). The peroxiredoxin 2 protein level were nor-
malized by dividing the mean intensity of the peroxiredoxin 2 protein bands by the mean intensity

of the corresponding coomassie-stained gel lane.

5X Reducing Loading Buffer:

SDS S5g
Glycerol 305¢
IM Tris, pH 7.0 15 ml
Bromophenol Blue 0.025 ¢
2-Mercaptoethanol 2.5 ml

Fill up to 50 ml with ddH,O

20X TBS-T:
Tween® 20 20 ml
NaCl 160 g
KCl 4g
Tris 60 g
Adjust to pH 7.4 with HCI1

Fill up to 1 L with ddH,O

Coomassie staining:

0.1% Coomassie R-350 (GE healthcare) in methanol/ H,O (1:1)

Coomassie destaining:

Acetic acid/ ethanol/ H,O (1:5:4)
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6.10.1 Statistical Analysis

For statistical analysis the software GraphPad Prism 5 (Version 5.01) was used. Lifespan data were
analyzed using the Log-rank test (Mantel Cox) or the Gehan-Breslow-Wilcoxon test. The p-value
of 0.05 was used as significance level. While the log-rank test is more powerful when the ratio of
hazard functions (deaths per time) does not change, the Gehan-Breslow-Wilcoxon test gives more
weight to early deaths (GraphPad PISM Version 5.0 Statistics Guide).

Experimental data were analyzed either with the One-Way ANOVA followed by Tukey’s mul-
tiple comparison test, or with the Student’s t-test. The HyPer ratio values were log-transformed for

the statistical analysis.
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8 List of Abbreviations

ADP

AGE-1

AMS

ATP

BSA

CAT

CCO-1

CGC

CLK-1

cpYFP

Cs137

CTL

CYC-1

DAB

DAF-16

DAF-2

DIC

DNA

dNTP

Adenosine diphosphate

C. elegans ortholog of the phosphoinositide 3-kinase

4-acetoamido-4’-maleimidylstilbene-2,2’ -disulfonic acid

Adenosine-5’-triphosphate

Bovine serum albumin

Catalase

C. elegans ortholog of the cytochrome c oxidase-1 subunit

Caenorhabditis Genetics Center

C. elegans ortholog of demethoxyubiquinone hydroxylase

circularly permuted yellow fluorescent protein

Caesium-137

Catalase

Component of complex III cytochrome ¢ reductase

Denaturing Alkylation Buffer

C. elegans FOXO homologue, transcription factor

C. elegans insulin/IGF receptor ortholog, receptor tyrosine kinase

Differential Interference Contrast

Deoxyribonucleic acid

Deoxyribonucleoside triphosphate
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DOG 2-Deoxy-D-glucose

DUOX Dual oxidase

ECM Extracellular matrix

ETC Electron Transport Chain

FOXO Forkhead box O, transcription factor
FRTA Free Radical Theory of Aging

FUdR 5’-fluoro-2’-deoxyuridine

fwd forward

GFP Green fluorescent protein

GPX Glutathione peroxidase

GRX Glutaredoxin

GSH Glutathione, reduced

GSR Glutathione reductase

GSSG Glutathione, oxidized

H,DCF-DA Dihydrodichlorofluorescein diacetate
H,02 Hydrogen peroxide

HIF-1 ortholog of the mammalian hypoxia-induced factor HIF-1
HOC1 Hypochlorous acid

HRP Horseraddish peroxidase

IgG Immunglobulin G

IIS Insulin/IGF-1 signaling
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ISP-1 Rieske iron sulphur protein, subunit of the mitochondrial complex III
LB Lysogeny broth

LUT Look-up-table

MAO Monoamine oxidase

MPO Myeloperoxidase

mRNA messenger RNA

NAC N-acetylcysteine

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NEM N-ethylmaleimide

NGM Nematode growth media

NO Nitric oxide

NOX NADPH oxidase

NUO-6 C. elegans ortholog of the subunit of the mitochondrial NADH dehydrogenase

(ubiquinone) complex I

Oy~ Superoxide anion

OH™ Hydroxyl radical

PCR Polymerase Chain Reaction
PDGF Platelet-derived growth factor
PRDX Peroxiredoxin

PRX Peroxiredoxin

PVDF Polyvinylidene fluoride
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rev

ROS

SD

SDS

SDS-PAGE

SEM

SO;H

SOD

SOH

TCA

TRX

U

UPR

VEGF

C. elegans

D. melanogaster

E. coli

Ireverse

Reactive Oxygen Species

Standard deviation

Sodium dodecyl sulfate

SDS-Polyacrylamide gel electrophoresis

Standard error of the mean

Sulfinic acid

Superoxide dismutase

Sulfenic acid

Trichloroacetic acid

Thioredoxin

Unit

Unfolded protein response

Vascular endothelial growth factor

Caenorhabditis elegans

Drosophila melanogaster

Escherichia coli
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