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4 Abstract

Abstract

Biological ageing, i.e. the loss of physiological functioning leading to increased
frailty and mortality risk with advancing age, is influenced both by genotype and
environmental factors as well as their interactions. The leading evolutionary
hypothesis is that the resource allocation from self-maintenance and repair to
growth and reproduction is the cause for this detrimental process. In this thesis I
studied redox metabolism and telomere attrition, which have been suggested to
be molecular mechanisms of biological ageing across species. Redox status is a
dynamic state composed of reactive species (RS) induced oxidative damage and
antioxidant (AO) defense. In healthy tissues most of the RS are produced by
normal metabolism, however, several stressors can enhance RS production.
Telomeres are protective DNA sequences at the end of chromosomes, which
shorten with each cell division and advancing age. Telomeres are vulnerable to RS
and short telomere length (TL) is linked with increased mortality and age-related
disease risk.

In the first two studies, the main interest was to elucidate the impacts of different
stressors on TL and redox status in free-living vertebrates. In the first study, the
effects of heavy metal pollution on TL and on redox status were investigated in
adult and nestling great tits and pied flycatchers. The results varied remarkably
among the species and age groups. Both of these passerine species showed
pollution induced redox status alterations, but great tits, especially at an early age
were more vulnerable to pollution induced oxidative stress and telomere
attrition. In addition to pollution, within-brood competition induced growth
stress was also found to cause TL attrition and alterations in AO-defense in great
tit nestlings. In the second study, the potential roles of TL and AO defense in
pathogen resistance and disease severity were investigated in Tetracapsuloides
bryosalmonae-parasite infected brown trout. Parasite load was not directly
associated with either AOs or with TL, but some AO-activities were lower in fish
with severe disease symptoms than in fish with modest symptoms. It seems that
TL may reflect individuals’ ability to tolerate infection, as the fish which were less
sensitive to parasite-induced impaired growth had longer TLs and lower levels of
certain AOs than the more sensitive fish.

In the last two studies, experimentally produced selection lines of wild house mice
with divergent TLs were used to obtain better understanding of the relationship
between redox status and TLs in constant laboratory conditions. In the third
study, the age and sex-depended alterations in AOs in relation to TL were
examined with a longitudinal approach. Most of the measured AOs increased from
the age of 8 weeks to 6 months, and females had, in general, higher AO-levels than
males. TL was also found to correlate positively with some of the AOs. In addition,
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there was a delayed negative effect of sibling competition on females’ AO defense
in later life. In the last study, the differences in metabolism and redox status were
examined in relation to experimentally selected divergent TLs. Half of the
experimental mice were exposed to short-term exercise in order to magnify the
possible among TL selection group differences. Males in the long TL group had
considerably lowered AO-defense although their cell respiration was relatively
high and comparable to control TL males. Short TL group males showed drastic
reduction in cell respiration, and yet high AO defense activity.

Overall, the results indicate that a variety of environmental stressors can
accelerate biological ageing via oxidative stress and telomere attrition.
Furthermore, unfavorable early life experiences, like growth stress can have long-
lasting negative consequences for individuals’ future fitness and survival. Taken
together the results highlight that changes in redox status and telomeres are
highly dependent on the species, sex, the phase of life and the experienced stress.
The very same factors determine which parts of the AO defense system are used
for self-maintenance.
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Tiivistelma

Biologinen ikddntyminen, eli ikddntymisen myota tapahtuva fysiologisten
toimintojen heikkeneminen ja kuolleisuusriskin kasvu, maarittyy perimdn ja
ympdristotekijoiden, sekd ndiden yhdysvaikutusten seurauksena. Biologisen
ikddntymisen evolutiivisena syynd pidetddn resurssien allokaatiota elimiston
ylldpidosta ja korjausmekanismeista kasvuun ja lisddntymiseen. Tassa vaitos-
kirjassa tutkin redox-tasapainoa ja telomeerejd, joiden oletetaan toimivan
biologisen ikdantymisen molekyylitason mekanismina. Redox-, eli hapetus-
pelkistys-tasapaino on dynaaminen tila, joka koostuu vapaiden radikaalien (engl.
reactive species, RS) aiheuttamista oksidatiivisista vaurioista ja antioksidantti-
puolustuksesta (engl. antioxidant, AO). Terveissa kudoksissa RS syntyvat paa-
asiassa normaalin aineenvaihdunnan sivutuotteena, mutta useat eri stressitekijat
voivat lisdata RS tuotantoa. Telomeerit ovat suojaavia alueita kromosomien pdaiss4,
jotka lyhenevit jokaisen solunjakautumisen ja ikddntymisen myota. Telomeerit
ovat alttiita oksidatiivisille vaurioille ja lyhyiden telomeerien on havaittu olevan
yhteydessd lisddntyneeseen Kkuolleisuusriskiin ja kasvaneeseen alttiuteen
sairastua ikdantymiseen liittyviin sairauksiin.

Kahdessa ensimmadisessd osatyossd kiinnostuksen kohteena olivat erilaisten
stressitekijoiden vaikutus telomeerien pituuteen ja redox-tasapainoon luonnon-
varaisilla selkdrankaisilla. Ensimmaisessd osatyodssa tutkin talitiais- ja Kirjo-
siepponaarailla sekd poikasilla raskasmetallien vaikutuksia telomeerien pituuteen
ja redox-tasapainoon. Tuloksissa ilmeni merkittdvia lajien ja ikdryhmien vélisid
eroja. Saasteet aiheuttivat molemmilla varpuslinnuilla muutoksia redox-
tasapainossa, mutta talitiaiset olivat, erityisesti poikasina, herkempia saasteiden
aiheuttamalle oksidatiiviselle stressille sekd telomeerien lyhenemiselle. Saaste-
vaikutusten lisdksi havaitsin, ettd poikueen sisdisesta kilpailusta johtuva kasvu-
stressi aiheutti talitiaispoikasilla telomeerien lyhenemistd ja muutoksia AO-
puolustuksessa. Toisessa osaty0ssa selvitin taimenilla telomeerien pituuden ja
antioksidanttipuolustuksen mahdollista yhteyttd Tetracapsuloides bryosalmonae
loisinfektioon ja infektio-oireiden ilmenemisen vakavuuteen. Loisen maaira ei
vaikuttanut suoraan AO:eihin, eikd telomeerien pituuteen, mutta erdat AO-
aktiivisuudet olivat matalampia kaloilla, joilla oli vakavia infektio-oireita verrat-
tuna Kkaloihin, joilla oli lievempid oireita. Telomeerien pituus saattaa heijastaa
yksilon kykya selviytya loisinfektiosta huolimatta, silla kaloilla joiden kasvu ei
hidastunut loisista huolimatta oli my6s pidemmaét telomeerit ja vihemman
tiettyja AO:eja verrattuna loisinfektiolle herkempiin kaloihin.

Ymmartadkseni paremmin redox-tasapainon ja telomeerien vélistd yhteytta
kaytin kahdessa viimeisessa osatyossani villeista kotihiirista telomeerin pituuteen
kohdistuneen valinnan avulla tuotettuja hiiria kontrolloidussa laboratorio-
ympadristossa. Kolmannessa osatyOssd selvitin idstd ja sukupuolesta riippuvia
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telomeerien pituuden vaikutuksia redox-tilaan yksildiden sisdlla tehdyissa AO-
toistomittauksissa. Useimmat mitatut AO:it lisdantyivat 8-viikon iistd 6-
kuukauden ikaan. Lisdksi naaraiden AO-tasot olivat korkeampia kuin urosten.
Havaitsin myo0s ettd telomeerien pituus korreloi positiivisesti osan AO:ien kanssa.
Tama osaty0 osoitti myos poikueen sisdisen sisaruskilpailun aiheuttavan naarailla
myohemmalld idlla ilmenevid negatiivisia vaikutuksia AO-puolustukseen. Viimei-
sessd osatyOssd tutkin telomeerien pituudesta riippuvia muutoksia hiirien
aineenvaihdunnassa ja redox tasapainossa tarkastelemalla eroja keinotekoisen
valinnan avulla tuotettujen toisistaan telomeerien pituudeltaan eroavien hiirien
valilld. Toteutin lyhytkestoisen rasituskokeen puolella koehiiristd voimistaakseni
mahdollisia telomeeri-valintaryhmien valisia eroja metaboliassa ja AO-tasoissa.
Pitka telomeeri-ryhméan uroshiirilld oli huomattavasti madaltunut AO-puolustus,
huolimatta siitd ettd niiden aineenvaihdunta oli suhteellisen korkea ja samalla
tasolla kuin kontrolli-uroksilla. Lyhyt telomeeri-ryhmén uroksilla oli huomat-
tavasti alentunut aineenvaihdunta, mutta siitd huolimatta korkea AO-aktiivisuus.
Toisin kuin uroksilla, naaraiden telomeerivalintaryhmien vélilld ei ollut eroja
metaboliassa tai AO-aktiivisuudessa.

Kokonaisuudessaan vaitoskirjan tulokset tukevat Kkasitystd, ettd erilaiset ympa-
riston stressitekijait voivat kiihdyttda biologista ikdantymistd oksidatiivisen
stressin ja telomeerien lyhenemisen seurauksena. Lisdksi, varhaisidan epaedulliset
kokemukset, kuten kasvustressi, voivat aiheuttaa muutoksia, jotka voivat
pidemmalla aikavalilla heikentda yksiloiden jaljelld olevan elinajan kelpoisuutta ja
elossasiilyvyytta. Kaiken kaikkiaan tdman vaitoskirjan tulokset korostavat, ettad
muutokset redox-tasapainossa ja telomeereissa ovat lajikohtaisia ja vaihtelevat
lisdksi sukupuolesta, elinkierron vaiheesta sekd koetusta stressistd riippuen.
Samat tekijat vaikuttavat myods siihen, mitkd eri AO-puolustuksen osat ovat
kaytossa elimiston yllapidossa.
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1 Introduction

1.1 Biological ageing

Biological ageing (i.e. senescence) is inevitable, age-dependent somatic
deterioration and loss of physiological functioning, leading to decline of fertility and
increase of mortality risk at older age. Ageing has received increasing attention
among researchers over the centuries producing a plethora of theories explaining
the age-dependent physiological deterioration of organisms. Evolutionary, ultimate
hypotheses try to explain why we age, whereas mechanistic, proximate hypotheses
try to solve the molecular mechanisms underlying the ageing process. Based on the
current knowledge, organismal senescence is due to accumulated damage in
somatic cells as a consequence of resource allocation from self-maintenance and
repair to growth and reproduction (Kirkwood, 2002; Kirkwood and Rose, 1991). To
date, current studies suggest that stress resistance, oxidative damage, telomere
shortening, and particular signaling pathways e.g. insulin/IGF-1, sirtuin, and mTOR
pathways are prominent mechanisms that are involved in biological ageing (Gems
and Partridge, 2013; Monaghan and Haussmann, 2006; Monaghan et al., 2009).
Although the proximate mechanisms of biological ageing still remain rather unclear,
there is a general consensus that ageing is a result of multifactorial and complex
processes, which interact with each other leading to considerable variation in the
rate of ageing and expected lifespan among species and individuals (e.g. Kirkwood,
2011; Lopez-Otin et al,, 2013; Ricklefs, 2010).

1.1.1 The Evolutionary hypotheses of ageing at the organism level

Ageing is a result of evolution due to natural selection. In addition to intrinsic
mortality factors (i.e. biological ageing), the organismal life-span is limited due to
extrinsic mortality factors e.g. predators, infectious diseases and accidents. Due to
these extrinsic mortality factors only a few individuals survive to very old age in
nature, and therefore alleles that act late in life have a low chance of ever being
expressed. Because of this “selection shadow”, the force of natural selection declines
with advancing age. Based on this fundamental concept of declining force of natural
selection Medawar (1952) reasoned that alleles that are neutral (i.e. have no effect)
in early life, but detrimental in late life are not efficiently eliminated by natural
selection, and thus accumulate in populations over time and contribute to the
evolution of biological ageing. Medawar’s Mutation Accumulation theory was
developed further and complemented by Williams (1957) in the Antagonistic
Pleiotropy theory by realizing that the alleles that are beneficial in early life, but
detrimental in late life are not eliminated, but in fact, favored by natural selection,
and consequently accumulate in populations and contribute to the evolution of
ageing. Thus, under Williams' hypothesis, the evolution of ageing can be seen as a
maladaptive byproduct of selection favoring high and early fecundity at the expense
of survival at old age (Fabian and Flatt, 2011). Williams (1957) also brought out the
idea of the allocation dilemma between maintenance and reproduction.
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According to the life-history theory, there are trade-offs between investment in
competing traits in the context of resource allocation (Stearns, 1992). In other
words, beneficial adaptations in one trait are balanced by costs in another trait.
Natural selection favors individuals that allocate limited resources with an optimal
balance between costs and benefits, thereby maximizing lifetime reproductive
success. Optimal allocation depends on a variety of interacting organismal (e.g.
behavioral, physiological and morphological traits) and environmental variables
(e.g. food resources and temperature) (Figure 1). The disposal soma theory of
ageing suggests that resources allocated to growth and reproduction deplete
resources available for self-maintenance and repair (Kirkwood, 1977; Kirkwood
and Holliday, 1979). Size and growth has played a major but controversial role in
theories of ageing. Large species tend to live longer than smaller ones, but within
the species it seems to be the opposite (de Magalhaes and Faragher, 2008; Metcalfe
and Monaghan, 2003; Rollo, 2002). Fast growth is linked to reduced longevity
(Hector and Nakagawa, 2012; Metcalfe and Monaghan, 2003; Monaghan and
Ozanne, 2018) and growth is expected to be optimized via a number of life-history
trade-offs (e.g. Arendt and Wilson, 1997; Metcalfe and Monaghan, 2001). Since costs
in self-maintenance and repair are the cause for organismal senescence,
mechanistic theories have tried to solve how this damage accumulation in somatic
cells develops at the cellular level.

ﬂNVIRONMENTAL FACTORS, \
spatiotemporal variation

/ *Photoperiod \

«Solar radiation (UV) GRGANISMAL CHARACTERS, temporal, sex dependent ne@

U EE T *Behavior (activity)
*Partial pressure of oxygen . . .
A T Early-life experiences

Salinity *Dietary differences

1

TR *Importance of endogenous vs. exogenous antioxidants
*Resource availability

(shelter, nest) *Background dietary antioxidants

\ *Pollution / *Importance of different tissues

*Deployment of antioxidants

\ (e.g. sexual coloration instead oxidative defense) /

*Resource availability (food )

*Predators

*Pathogens

\ *Social environment (competition) /

Figure 1. Variation in biological ageing, among and within species, depends on organismal
characters (red background) and prevailing abiotic (blue background) and biotic (green
background) environmental factors (purple background). Individual temporal needs, based on
physiological stage depending on sex, phase of life and earlier experiences are in interaction with
spatiotemporal variation in environmental factors resulting in different life-histories and lifespans.
Furthermore, each of the organismal and environmental factors might have additive, antagonistic or
synergistic effects with each other.
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1.1.2 The Mechanistic hypotheses of ageing at the cellular level

Physiological pathways and molecular mechanisms that regulate energy production
and expenditure, immune responses and hormones mediate trade-offs at the
organismal level and thus are relevant in every aspect of life-histories and
longevity. The importance of energy production and expenditure in ageing was
initially presented in the rate of living theory, which was based on the observation
that the maximum lifespan of species is dependent on a mass-specific rate of
metabolism i.e. bigger animals have lower metabolic rate and live longer (Pearl,
1928). Metabolism is the main source of reactive species (RS) that cause oxidative
damage in macromolecules. The free radical theory of ageing suggest that the
accumulation of oxidative damage due to RS production drives cells to senescence
and finally to degradation of tissues and disturbed body functions, leading to
biological ageing (Beckman and Ames, 1998; Harman, 1956). RS are known to be
harmful and cause oxidative stress, decrease fitness and accelerate biological ageing
(Finkel and Holbrook, 2000). However, it has been shown that neither the amount
of RS nor oxidative damage are directly proportional to metabolic rate, and in
addition, increase in metabolism does not always reduce lifespan (Hulbert et al.,
2007; Speakman, 2005). The current oxidative-stress theory of ageing has
complemented the free radical theory, suggesting that several mechanisms, e.g.
antioxidant defense, fatty-acid profiles and uncoupling proteins affect resistance to
RS induced oxidative stress and ageing (Brand, 2000; Hulbert, 2005; Pamplona et
al,, 2002; Speakman et al., 2004). Despite their destructive activity, RS function as
well-described secondary messengers in a variety of cell signaling pathways (Droge,
2002; Thannickal and Fanburg, 2000). Whether RS act as damaging or beneficial
signaling molecules depends on the equilibrium between the production and
scavenging of RS. It has been shown that mild stress can have a positive effect
through hormetic mechanisms and even extend lifespan (Costantini et al., 2012;
Lagisz et al,, 2013; Yang and Hekimi, 2010). Response to mild mitochondrial stress
appears to induce a wide-ranging cytoprotective state resulting in long-lasting
metabolic and biochemical changes in the cells. Rather than being deleterious, these
changes may hinder cellular ageing and reduce susceptibility to disease (Yun and
Finkel, 2014).

The cell senescence telomere hypothesis of ageing (Weinert and Timiras, 2003) is
based on the limited replicative capacity of cells (Hayflick, 1965), which is driven by
gradual telomere shortening in each replication event (Harley et al, 1990).
Eventually, telomeres reach a critical length which leads to cell senescence
(Haussmann and Marchetto, 2010; Hornsby, 2003). It might be that only a few
telomeres in the cell must reach this critical length to induce the senescence process
(Campisi and di Fagagna, 2007). Telomere dysfunctions have been found to be
associated with accelerated ageing and increased risk of ageing related diseases
(Blackburn et al, 2006). However, the rate of telomere shortening is highly
dependent on the phase of life and stress (Epel et al,, 2004; Heidinger et al., 2012).
The cell senescence telomere hypothesis is compatible with the oxidative stress
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theory of ageing, as oxidative stress has been shown to accelerate telomere attrition
both in vitro and in vivo (Reichert and Stier, 2017; von Zglinicki, 2002). Overall, it
seems that all of the suggested hypotheses of ageing are linked with each other,
producing a dynamic network of multiple molecular mechanisms (Figure 2).The
relative role of these mechanisms for biological ageing vary depending on multiple
factors such as the tissue type, species, life history stage and environmental
conditions (Kirkwood, 2011; Lopez-Otin et al, 2013). Although the role of redox
status in ageing is not completely understood, it represents a prominent
physiological mechanism linking environmental stressors, susceptibility to diseases
and the rate of ageing.

ENVIRONMENT

(e.g.pollution, pathogens, social environment)

|

RESOURCE ALLOCATION

(growth & reproduction vs. self-maintenance & repair)

RSAAO
| 1

OXIDATIVESTRESS —> telomerase

/
, A
hormetic effects <=~ \\ TELOMEREATTRITION

BIOLOGICALAGEING

Figure 2. The mechanism of ageing is a multidimensional network of several molecular processes,
regulated by environment induced resource allocation between life-history traits. RS predominance
over antioxidant activity leads to oxidative stress and damage in macromolecules including
telomeres and their repair mechanisms (e.g. telomerase). Accumulation of damage is a proximate
mechanism of biological ageing. However, mild stress can have hormetic effects and extend lifespan.
RS=reactive species, AO=antioxidant.

1.2 Redox status: the balance between reactive species and
antioxidants

Cells of aerobic organisms are exposed to RS as part of normal metabolism, which
affects redox balance. Unfavorable environmental conditions and exposure to
various life-stresses can increase RS production. Cells maintain redox balance
through elimination of RS and oxidative damage with antioxidant (AO) defense
mechanisms. Oxidative stress can be defined as the imbalance between RS
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production and AO capability. Therefore, insufficient AO defense in relation to RS
production leads to oxidative stress and damage in different macromolecules like
lipids, proteins and DNA (von Zglinicki, 2002). Several molecules and signaling
pathways affect the redox balance, and organisms have a variety of behavioral and
physiological adaptations to maintain the balance (Costantini, 2014). Therefore,
different species and even populations have differences in susceptibility to
oxidative damage and in the relative importance of specific endogenous and
exogenous AOs. Resistance to oxidative stress, i.e. the ability to maintain redox
balance, promotes longevity (reviewed in Balaban et al., 2005; Barja, 2004; Reichert
and Stier, 2017). Long-lived endothermic vertebrates have lower RS production and
higher level of AOs, or molecules that are resistant to oxidative damage (Hulbert et
al,, 2007; Lambert et al., 2007; Lopez-Torres et al,, 1993; Pamplona and Costantini,
2011; Perez-Campo et al., 1994; Sasaki et al., 2008). However, determination of the
oxidative stress or redox balance of the body is somewhat challenging due to its
continuously changing multivariate nature. Firstly, the low AO levels might be a
result of high chronic stress (worn out defense) or low stress (low defense is
enough). Secondly, the variation in the magnitude and duration of stress exposures
at different phases of life change the responses (Beaulieu and Costantini, 2014;
Costantini et al,, 2014).

1.2.1 Sources of reactive species

Reactive species (RS), also called free radicals or pro-oxidants, are derivates of
reactive oxygen species (ROS) or other elements such as nitrogen. RS contain one
or more unpaired electrons and are thus highly reactive with biological molecules.
The biologically most relevant RS are superoxide, hydroxyl radical and nitric
oxide, which can trigger chain reactions and pass reactivity on to other
compounds (Finkel and Holbrook, 2000). The primary source of RS in healthy
tissues is aerobic metabolism by the electron transport chain (ETC) in
mitochondria (Beckman and Ames, 1998; Halliwell and Gutteridge, 2007).
Electrons leaked at complexes can reduce oxygen and give rise to superoxide
anions. ETC complexes | and IIl are considered to be the main sites of RS
production, and any structural modification of complex I or III may alter the RS
production process (Aledo, 2014). Therefore, RS production is highly affected by
the metabolic rate and e.g. fast growth has been found to be associated with high
oxidative stress both in laboratory and field studies (Smith et al., 2016). The other
endogenous and external sources of RS are the peroxisomal fatty acid oxidation,
the activity of phagocytic cells (oxidative burst), the metabolism of xenobiotics
(cytochrome reactions, redox active metals), and the exposure to UV-light or
ionizing radiation (Balaban et al.,, 2005; Beckman and Ames, 1998; Finkel and
Holbrook, 2000; Meunier et al., 2004).
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1.2.2 Antioxidant defense

AOs are any substances, mechanisms or structures, which delay, prevent or remove
oxidative damage of its target molecule. AOs can be endogenous or dietary e.g.
vitamin E, carotenoids, and polyphenols. There is a large variety of AO molecules
and pathways, and many of them are highly conserved across species (Pamplona
and Costantini, 2011). AO machinery maturates postnatally (Costantini et al., 2006)
and therefore the effectiveness of AO defenses increases with age (Blount et al,
2003; Robles et al,, 2001). AOs can prevent oxidative damage directly or indirectly
by interacting synergistically with other AOs. This provides high plasticity in stress
responses as the defense is not solely dependent on a single molecule or
mechanism. The AO defense is also closely associated with other physiological
mechanisms. For example, short-term increases in glucocorticoids, i.e. stress
hormones, enhance AO-activity, whereas prolonged exposure to glucocorticoids
results in reduced AO defense (Birnie-Gauvin et al., 2017; Costantini et al., 2011). In
addition, redox inactive metals can deplete major AOs (Ercal et al., 2001) and the
AO defense is altered due to immune response and RS-production of macrophages
(Fialkow et al., 2007).

AOs are divided into enzymatic and non-enzymatic molecules. The various AOs
measured for this thesis and their associations are presented in Figure 3.
Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GP),
glutathione reductase (GR), glutathione S-transferase (GST), and glucose 6-
phosphate dehydrogenase (G6PDH) are enzymatic sources of AOs. Glutathione
(GSH) is one of the most important non-enzymatic AOs and the most abundant non-
protein thiol in cells. In cells GSH is mainly in the reduced form. GSH can be oxidized
with GR or GST, while protecting the other molecules from oxidation. The oxidation
of GSH leads to the formation of glutathione disulfide (GSSG). Therefore, the ratio
between GSH and GSSG (GSH/GSSG) is an indicator of the overall state of a cell and
it is often used to measure oxidative stress in general (Halliwell and Gutteridge,
2007; Valko et al., 2005). GR can recycle GSSG back to the reduced form GSH with 3-
Nicotinamide adenine dinucleotide phosphate (NADPH) as a substrate (Halliwell
and Gutteridge, 2007). NADPH is generated by the pentose phosphate pathway,
where G6PDH has a major role (Halliwell and Gutteridge, 2007). GST participates in
biotransformation processes transforming xenobiotics into less harmful forms
(Jancova et al, 2010) and is also important in host immune responses during
parasitic infection (Skalova et al, 2007). Besides glutathione metabolism and
recycling, SOD and CAT are two important AO-enzymes. SOD catalyzes the
dismutation of the superoxide radical anions into hydrogen peroxide (H202) and
oxygen, and CAT catalyzes the decomposition of H;O, to water and oxygen
(Halliwell and Gutteridge, 2007). In addition, GP also has a role in H;0; elimination,
but whereas CAT has low affinity and is effective when H20,-concentrations are
high, GP has high affinity and is significant with low H»02-concentrations (Hulbert
etal.,, 2007).
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Figure 3. A variety of AO molecules (blue boxes) and pathways interact with RS (black boxes)
production and define the redox status. Glutathione recycling (red background) and metabolism are
essential parts of AO defense and directly related to the pentose phosphate pathway (purple
background). The pentose phosphate pathway also has a role in immune defense. In addition, redox
status is sensitive to toxicological responses, since biotransformation (green background) is linked
to glutathione recycling.

1.2.3 Oxidative stress-mediated damage to macromolecules

The rate and severity of oxidative damage to macromolecules varies, because the
sensitivity to oxidation, and the irreversibility or function of the repair mechanisms
are highly dependent on the molecules (Hulbert et al., 2007). RS induced oxidative
damage can appear in proteins (protein carbonylation), lipids (hydroperoxides,
malondiaaldehyde, 4-hydroxy-2-nonenal and isoprostanes) or in DNA (8-
hydroxyguanosine, 8-hydroxy-2’-deoxyguanosine and telomere damage) (von
Zglinicki et al.,, 2001).

The biologically and functionally relevant type and level of oxidative damage
leading to cell deterioration, senescence and increased risk of disease and mortality,
is not clear. In any case, long-living species have developed many different
strategies to avoid oxidative damage. For example, certain polyunsaturated fatty
acids which are more vulnerable to oxidation are less abundant in long-living
species (Hulbert et al., 2007; Pamplona, 2008). In addition, some long-living species
e.g. naked mole rats (Perez et al., 2009) and bats (Salmon et al., 2009) have proteins
that are resistant to oxidative damage. In general, cysteine and methionine are the
most sensitive amino acids to oxidative damage (Stadtman et al., 2003) and long-
lived species have less of these amino acids in mitochondrial respiratory chain
complexes than short-lived species (Carlos Aledo et al.,, 2011; Moosmann and Behl,
2008). The vulnerability of DNA to oxidative damage is also related to its structure.
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Guanine is the most easily oxidized nucleotide (Bjelland and Seeberg, 2003; Kovacic
and Wakelin, 2001). On the other hand, DNA sequences with high AT-content are
susceptible to mutations because of high free energy between strands, exposing
them to spontaneous opening of the double strands of DNA (Samuels, 2005).

1.3 Telomeres

Telomeres are tandem repeats of short non-coding DNA sequences (TTAGGG) at the
ends of chromosomes (Blackburn and Gall, 1978). Telomere length (TL) declines
with advancing age, and both short TL and high telomere attrition rate have been
linked to increased mortality and age-related disease risk (Armanios and
Blackburn, 2012; Aubert and Lansdorp, 2008; Sanders and Newman, 2013; Tricola
et al, 2018; Wilbourn et al,, 2018). Eventually TL reaches a critical point leading to
cell senescence and apoptosis, which cause problems in tissue renewal and
organismal function (Monaghan and Haussmann, 2006; van Deursen, 2014). TL is
heritable and genetically determined, but also shaped by environmental factors
(Houben et al., 2008). TL is highly species specific, and it varies within species and
among individuals at the same age (Dugdale and Richardson, 2018). This
intraspecific variation in TL within the same age class is associated with
environmental factors and fitness related traits. Therefore, TL has been suggested
to be a potential biomarker for individual viability, which might reflect the
environmental challenge that an individual faces, or has faced, but also the capacity
to deal with it (Bateson, 2016; Epel et al, 2004; Monaghan, 2010; Pauliny et al,,
2006).

1.3.1 Telomere shortening and maintenance

The telomere system of chromosome protection and the mechanisms contributing
to telomere shortening are highly conserved across eukaryotes (Gomes et al., 2010).
Telomeres protect genome integrity during cell division by protecting
chromosomes from end-to-end fusion and degradation (Blackburn, 2005).
Telomeres shorten with each cell division (replicative senescence), due to the
incomplete replication of the 3’ ends of DNA strands (end-replication problem)
(Blackburn, 2005; Hayflick, 1965). In addition, high stacked content of guanine
bases in the telomere sequences makes them highly vulnerable to oxidative damage
(Ludlow et al, 2014; Petersen et al, 1998; Sarkar and Liu, 2016; von Zglinicki,
2002). Reduced RS production in mitochondria, as well as AOs, reduces telomere
shortening (Glade and Meguid, 2015; Houben et al,, 2008; von Zglinicki, 2002).
Telomerase enzyme activity is the most important telomere repair and
maintenance mechanism in all vertebrates (Monaghan and Haussmann, 2006).
Oxidative stress can also influence TL indirectly by interfering with telomerase
activity (Beery et al.,, 2012; Borras et al., 2004; Haendeler et al., 2004; Kurz et al.,
2004). The vulnerability of telomeres and their repair mechanisms to oxidative
damage could explain why telomere attrition can be accelerated due to metabolic
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dysfunctions, stress hormones, inflammation, and environmental stressors
(Angelier et al,, 2018; Glade and Meguid, 2015; llmonen et al., 2008; Kotrschal et al.,
2007; Metcalfe and Monaghan, 2013; Monaghan, 2014; Price et al,, 2013; Reichert
and Stier, 2017; Zhang et al,, 2016).

Telomerase is a reverse transcriptase enzyme, an RNA-dependent DNA polymerase
synthesizing telomere DNA sequences (Taylor and Delany, 2000). Different
telomerase activities are documented among species and cell types. In most somatic
cells of endotherms (birds and mammals) telomere restoration is limited, because
telomerase is suppressed (Gomes et al., 2010). On the contrary, many ectotherms
(e.g. fish) show somatic telomerase activity throughout life (Gomes et al., 2010;
Olsson et al,, 2018). These notable differences in telomerase-activity are possibly
based on different growth strategies and differences in tissue regeneration
potential (Gomes et al., 2010). Most ectotherms are indeterminate growers, which
continue to grow throughout life, whereas endotherms (e.g. birds and mammals)
prefer a determinate growth strategy with early-life growth to sexual maturity and
final size (Sebens, 1987). In addition, telomerase suppression in the somatic cells of
endotherms has been suggested to prevent cancer (Wright and Shay, 2000).
Therefore telomere shortening has been proposed to be an important sentinel
system for removal of damaged cells, preventing the accumulation of damage in
tissues (Gomes et al., 2010; von Zglinicki, 2002).

Both telomere shortening rate and telomerase activity varies depending on phase of
life (Beery et al, 2012; Hatakeyama et al., 2016). Adverse early-life experiences
induce telomere loss, which in turn can reduce future fitness and survival
(Boonekamp et al., 2014; Fairlie et al.,, 2016; Watson et al,, 2015). In addition, the
rate of telomere loss is greatest during early life, when growth is fast leading to high
cell proliferation and energy expenditure (Allsopp et al., 1995; Bhattacharyya and
Lustig, 2006; Foote et al, 2011; Heidinger et al, 2012; Salomons et al.,, 2009). In
general, the relationship between growth and TL is negative, however, it still
remains unclear how exactly size, energy allocation and metabolism are associated
with telomere dynamics and longevity (Monaghan and Ozanne, 2018).
Furthermore, there is an ongoing debate on whether the TL or rate of telomere
attrition matter the most.
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2 Aims of the Thesis

The aim of this thesis is to investigate associations between redox status and TL in
different vertebrates. One of the main interests was to elucidate the impacts of
different stressors (heavy metal pollution, parasite infection and sibling
competition) on alterations in redox status and TL depending on life stage or sex. As
metabolism is one of the main sources of RS, one goal was to find out how TL, redox
status and metabolic rate are connected with each other. As explained above,
oxidative stress and telomere dynamics are thought to be involved in biological
ageing and the evolution of life-histories. Therefore, the purpose of this thesis in the
wider scope is to understand the complex network of biological ageing.

The specific objectives of the different studies are:

I.  Does exposure to heavy metal pollution influence redox status and TL in
two free-living passerine species? Are there any among-species or age-
dependent differences in responses to heavy metals?

Do subdominant nestlings show TL attrition and oxidative stress as a
result of within-brood competition induced growth stress?

II. ~ What are the potential roles of AO defense and TL in pathogen resistance
and tolerance in T. bryosalmonae-infected fish?

III. How do different AO activities or the amount of glutathione change
between the ages of 8 weeks and 6 months in house mice? More
specifically, does sex, within-litter competition, or TL at 8 weeks of age
have any impact on the AO levels, or on the age-dependent changes in AOs.

IV. Are there differences in metabolism or redox status between mouse lines
that have been experimentally selected for divergent TLs?
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3 Material and Methods

3.1 Study species and experimental designs

The role of oxidative stress in longevity has been widely studied among different
species (Hulbert et al., 2007). The basic system of telomere dynamics and redox
status are highly conservative across eukaryotes, and there are commonalities in
senescence in a variety of species (Ricklefs, 2010). However, the details vary
between and within species and among tissues, and are highly affected by the
environment and its interaction with life stage (Reichert and Stier, 2017). In order
to understand factors that cause biological ageing, and interactions between these
factors, it is of great interest to study the relationships of molecular level
mechanisms of ageing under different environmental conditions in a wide range of
taxa. Wild animals provide genetically diverse and more reliable models in the
context of normal ageing compared to many laboratory animal models, which are
highly inbred and kept in unrealistically favorable conditions over dozens or even
hundreds of generations (Ricklefs, 2010). Laboratory strains of mice have also
extraordinary long, hypervariable TLs when compared to wild mice (Hemann and
Greider, 2000; Manning et al,, 2002), which raises concerns about the generality of
the results for their wild counterparts, humans and other vertebrates. For the
aforementioned reasons, free-living birds and fish in their natural environments (I
&II) and wild mice under controlled laboratory conditions were used (III & 1V) as
study species in this thesis.

3.1.1 Passerine birds: Great tit (Parus major) and Pied flycatcher (Ficedula
hypoleuca) (1)

The great tit and the pied flycatcher were used for the pollution effect study (I).
Birds have a higher size related life span expectancy than other vertebrates
(Hulbert et al,, 2007), which makes them interesting targets of ageing research.
Both great tits and pied flycatchers are abundant small insectivorous hole-breeding
passerines, which live in forests, woodlands and towns (Hoyo et al., 2007; Lundberg
et al., 1992). Despite many similarities, these two species differ in some life-history
traits, providing a valuable opportunity to evaluate the conservativeness of the
mechanisms of ageing. The great tit is a mostly resident, territorial species, which
migrates only due to extremely harsh conditions, whereas the pied flycatcher is a
migratory bird that overwinters in Africa (Hoyo et al, 2007; Lundberg et al., 1992).
Mainly due to their differences in migratory behavior, these two species also have
differences in their diets. Insects are available year-round for pied flycatchers
(Bibby and Green, 1980), whereas great tits have been adapted to use a wider range
of food sources in winter, including mainly seeds and to some extent even small
mammals and birds (Estok et al., 2010). In addition, there are also some differences
in their diets during the breeding season. Great tits prefer caterpillars and
gastropods, and use gleaning feeding-strategy, whereas pied flycatchers feed mostly
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on flying insects (Hoyo et al, 2007; Lundberg et al., 1992). Because of their
migratory behavior, pied flycatchers also have a shorter breeding season (June to
August) compared to great tits (March to September) (Hoyo et al,, 2007; Lundberg
et al., 1992). Therefore it is common that great tits can have two broods (clutch size
6-12) (Perrins and McCleery, 1989) and pied flycatchers only one (clutch size 4-8)
per season (Lundberg et al., 1992). These two species also have differences in their
mating strategies. Great tits are monogamous (Krebs, 1984), whereas pied
flycatchers have a mixed mating system of monogamy and bigamy (Lundberg et al,,
1992). The survival of small passerines in nature is relatively low and only a small
proportion of fledglings survive to breed in the next breeding season. In general
great tits live 3-4 years and pied flycatchers 2 years (Robinson, 2018). However,
according to ringing data, pied flycatchers can reach even 9 years and great tits
almost 14 years in age (Robinson, 2018).

To study pollution effects on TLs and redox status, great tits and pied flycatchers
were caught from five nest box sites near a pollution source (within 2 km), a Ni/Cu-
smelter (61°20° N, 22°10’ E, Harjavalta, Finland), and five nest box sites further away
(>9 km) in a non-polluted control-zone. This area has been studied for decades,
providing broad ecological background information on the pollution effects on the
ecosystems around Harjavalta (e.g. Eeva et al,, 2012; Eeva et al, 2006; Eeva et al,,
1997; Koivula et al, 2011). In this study, the adult females were caught while
incubating (great tits n=23 and pied flycatchers n=22). In addition, one randomly
selected nestling per brood (great tits n=21 and pied flycatchers n=24) was sampled
(pied flycatchers: 8-11 days old and great tits: 8-15 days old). Morphological
measurements (weight and wing length) were taken and after the birds were
sacrificed, liver samples were excised and placed immediately into liquid nitrogen.
Later on the samples were stored at -80 °C. The study was done under the license of
the Regional Environmental Centre (LOS-2008-L-224-254). A variety of redox
variables and TL were measured from the livers. In addition, the individual data of
liver heavy metal concentrations and metallothioneins (MT), a biomarker for metal
exposure (Koivula and Eeva, 2010), were available for this study. Heavy metal (As, Pb,
Cd, Cu, Ni) and calcium (Ca) concentrations (mg/kg, dry mass) were measured with
ICP-MS [Elan 6100 DCR+ from PerkinElmer-Sciex, for the details, see Berglund et al.
(2011)]. The amount of MTs was measured spectrophotometrically (412 nm) using
Ellman’s reaction and a calibration curve of reduced glutathione (GSH) was utilized to
quantify the MT content (Viarengo et al., 1997).

3.1.2 Brown trout (Salmo trutta) (11)

Salmonid species are relatively widely studied due to their commercial importance
as a food source, and some recent studies have also focused on biological ageing
and telomere dynamics (McLennan et al,, 2016; McLennan et al,, 2018; Naslund et
al,, 2015). As fish are indeterminate growing ectotherms, using the brown trout as
study species (II) in addition to birds and mammals, extends the understanding of
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biological ageing and the mechanisms of senescence. Brown trout is an
opportunistic carnivore living in cold streams, rivers and lakes and feeding on
different invertebrates and small fish depending on life stage and season
(Klemetsen et al, 2003). Usually, a part of the brown trout population is
anadromous and another part stays as residents (Klemetsen et al., 2003). In the
spring or summer, depending on the latitude, the eggs hatch and the smolts from
the previous generations start to migrate to the sea for the first time (Elliott, 1994).
After at least a year and a half at sea, anadromous fish migrate back to rivers to
reproduce in the late autumn (Elliott, 1994).

Juvenile brown trout were used to study the TL and AO dynamics in a native host-
parasite system. Myxozoan Tetracapsuloides bryosalmonae infection is relatively
well documented in the chosen brown trout population (Dash and Vasemagi, 2014).
T. bryosalmonae infection causes proliferative kidney disease (PKD), which causes
high mortality highly relevant for both farmed and natural brown trout populations
(Burkhardt-Holm et al,, 2005) and also other salmonids (Hedrick et al.,, 1993). A
subset (n=52) of samples of juvenile, young-of-the-year fish caught from Vainupea
river (Estonia) for earlier study (Bruneaux et al., 2017) were used for AO and TL
measurements. The experiment was performed according to the animal
experimentation permit no. 53 issued by the Estonian Ministry of Agriculture
(issued on 17.11.2010, valid 17.11.2010-31.12.2014). Fish were caught at the end
of September, and due to contemporary hatching (Elliott, 1984), they were
simultaneously exposed to T.bryosalmonae infection. After euthanasia the fork
length, from snout to the end of the middle caudal fin was measured and tissues
were collected for further analysis. The relative parasite load i.e. the amount of T.
bryosalmonae in the kidneys were quantified with qPCR, and PKD related traits;
kidney hyperplasia, hematocrit and leucocyte formula were assessed as described
in detail in (Bruneaux et al., 2017). The amount of different blood cells is highly
dependent on hematocrit, and thus thrombocytes per 10000 RBCs (red blood cells),
and relative proportions of each leucocyte category were used in statistical analysis.

Recent host-parasite studies have highlighted the importance of tolerance, i.e. the
individual ability to minimize the fitness costs of infection, in addition to resistance,
i.e. the ability to limit parasite load (Gomez et al, 2014; Medzhitov et al., 2012).
Furthermore, previous studies have found high variation both in resistance to and
tolerance of T. bryosalmonae infection in brown trout based on high in-between
individual variation in physiopathological symptoms, e.g. anemia and kidney
hyperplasia and in parasite load (Bruneaux et al., 2017; Debes et al., 2017; Grabner
and El-Matbouli, 2009). Thus, the parasite load adjusted fork length, which reflects
fishes’ ability to grow despite the parasite load, was used as a measure of tolerance.

3.1.3 House mouse (Mus musculus musculus) (111 & IV)

House mice are small mammals, and they are abundant worldwide. Mice are
important laboratory model organisms in biology and medicine. The spatial
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distribution of the commensal house mouse has led to several subspecies (e.g. Mus
musculus musculus and Mus musculus domesticus) and their hybrids in nature
(Wilson and Reeder, 2005). Omnivorous mice eat mainly plant matter in nature.
House mice are territorial and live in polygamous populations of a dominant male
and cooperatively breeding females (Phifer-Rixey and Nachman, 2015). Females
can have 5 to 10 litters (3-14 pups per litter) per year. A fast and effective
reproduction strategy is needed because the usual life expectancy of a mouse is less
than a year due to high predation risk and low survival. Although, in favorable
environments, mice can live to 3-4 years age.

House mice from a unique breeding program for divergent leukocyte TLs were used
for studies III and IV. First, wild mice were live-trapped from four different
locations in Vienna, Austria, and two rounds of cross breeding among the sub-
populations were performed under constant colony conditions (Konrad Lorenz
Institute of Ethology, University of Veterinary Medicine Vienna, Austria) to increase
the genetic heterogeneity. Second, founders for the artificial selection experiment
were chosen from these outbred descendants (141 mice from 25 pairs) based on
their white blood cell (WBC) TLs at the age of 8 weeks. First, control TL group
breeders (15 females and 15 males) were randomly chosen, irrespective of their
TLs, and thereafter the mice with the most extreme TLs were assigned into a long
TL (15 females and 15 males) and a short TL group (15 females and 15 males).
Finally, these mice were transferred to the Turku Animal Experimentation Centre
(University of Turku, Finland) to continue the selective breeding program with a
similar selection scheme applied in each generation, which led into increasing TL
differences between the selection lines with each subsequent generation (Figure 4).

3-week-old pups were weaned and ear marked for identity, weighed, determined
for sex and housed with 1-3 females or one male per cage. At the age of 8 weeks, all
mice were weighed again and blood sampled for WBC TL-measurement. The blood
sample was taken from the tail vein by using non-heparinized capillaries (Duran,
Hirschmann, Eberstadt, Germany) and stored in -80 °C for further analysis. Mice
were kept on a 12 h: 12 h light cycle at 22.5 °C (humidity 40%) with food (CRM (E)
Standard diet, Special Diets Services, England) and water available ad libitum.
Plastic cages (height 14 cm, length 22 cm, depth 16 cm) were used with bedding
(GLP Aspen Bedding, Tapvei, Harjumaa, Estonia), nest material (GLP Aspen Nesting
Material, Tapvei, Harjumaa, Estonia) and cardboard rolls to mimic hiding places in
natural environments. The experiments were approved by the Animal Experiment
Board of Finland (ESAVI/3175/04.10.03/2012).

A subset of both female and male mice (n=61) from the 2nd generation of TL
selection was used to study the development of the AO-system in relation to TL
(III). Blood samples at the age of 8 weeks and 6 months provided a valuable
longitudinal approach to observe the redox dynamics within individuals with
different TLs. Unfortunately, the TLs of available mice did not differ statistically
significantly among selection groups, and therefore TL was treated as a continuous
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variable. In addition, sibling competition was taken into account by using the
relative size of pups within a litter as a proxy for natural within-litter competition
induced growth stress. Thus, a relative deviation (%) of the weight of each 3-week
old mouse from the mean body mass of the litter was calculated. To further
understand the effects of experimentally increased and reduced TLs on redox status
and metabolism, a subset of 5t generation mice (n=124) from each TL selection
group (except females long TL group) were chosen for a short-term exercise
experiment to increase possible among TL group differences in redox status and
metabolism (IV). Adult mice (8 months old) of both sexes and from each TL
selection group were divided into exercise and control treatments. The mice in
exercise treatment were forced to swim (tails of floating mice were pinched) in
round containers (diameter 33 cm) during the treatment (30 min, 35 min, 0 min, 40
min and 45 min respectively on each day). The day after the end of the treatment,
mice were weighed and euthanized. The spleen was dissected and homogenized
into a single-cell suspension for O, consumption measurement. In addition, liver-
tissue was collected for redox measurements, snap-frozen in liquid nitrogen and
stored in -80 °C.
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Figure 4. Selective breeding program led into increasing WBC TL differences in long, control, and
short TL groups of wild mice. Means and standard errors for TL are presented and the sample sizes
are given above the bars. A subset of G2 mice were used in study III and a subset of G5 mice in study
IV.

3.2 RT-qPCR for telomere length

A real-time quantitative PCR assay (Cawthon, 2002) was used to determine the
relative TL. Suitability and specificity of primers were tested as recommended by
Smith et al. (2011) and thereafter, primers for telomeric sequences, Tel-1b and Tel-
2b (Epel et al,, 2004) and primers for a non-variable single-copy genes, 18S rRNA



Material and Methods 27

(Maeda et al., 2002) (I & II), and 36B4 (Callicott and Womack, 2006) (Il & IV), were
chosen. The total genomic DNA was extracted for TL measurements from liver (I &
II) with a salt extraction method (Aljanabi and Martinez, 1997), and from blood (III
& IV) with the Qiagen DNeasy Blood and Tissue kit. Sample triplicates were used
and each reaction contained 10 ng DNA, 300 nM of each primer, 10 pl SensiFAST™
SYBR Hi-Rox (Bioline Reagents Ltd.), and ultra-pure PCR-grade H;0 to make up the
total reaction volume to 20 pl on a 96-well plate. Plates were run with the ABI
7900HT fast Real-Time PCR system (Applied Biosystem) and calculations were
done with LinRegPCR version 2012.0 developed by Ruijter et al. (2009). Control
DNA samples were used to normalize the relative TL of all experimental samples
and to estimate the inter-plate variation. In addition, non-template control (NTC)
was used to secure the absence of non-specific amplification for both TL and single-
copy gene primers. The final TL was calculated using an equation described in
(Pfaffl, 2001). Further details of the method are reported in the original
publications (I-1V).

3.3 Redox measurements

A variety of approaches have been used to estimate oxidative stress. Some studies
measure pro-oxidants like chemical exposure (indirect measure of oxidative stress)
and others actual circulating levels of RS and/or different parameters of oxidative
damage. In addition there are methods to estimate the total AO capacity and others
for each specific AO separately. In this thesis, the aim was to achieve as
comprehensive assessment of redox status as possible by measuring several
different AOs as well as oxidative damage of macromolecules.

3.3.1 Sample processing (I-1V)

In studies [, I and 1V, redox status was measured from liver tissue, and in study III
from blood. Animals were dissected and livers were immediately frozen in liquid
nitrogen and stored further in -80 °C. Frozen tissues were crushed to pieces with a
cooled mortar and further homogenized with TissueLyzer II Bead mill (Qiagen,
Austin, USA). For AO samples 0.1 M K;HPO, + 0.15 M KCI buffer (pH 7.4) was used.
After homogenization, samples were centrifuged for 15 min at 10 000 x g at + 4°C
and thereafter, the supernatants were divided into aliquots and frozen for further
use. For lipid peroxidation (LP) measurement, the liver pieces were weighed before
homogenization with methanol. Samples were centrifuged for 10 min at 5000 x g at
+ 4°C and the supernatant was divided into two 45 pl aliquots per measurement.
Blood samples were diluted with 0.9 % NaCl to obtain optimal volume for all assays.
All samples were divided into aliquots to avoid exposing samples to a freeze and
thaw cycle. During the preparation, the samples were always kept on ice and
thereafter snap-frozen in liquid nitrogen and stored at -80°C.
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3.3.2 Antioxidants (I-IV)

Methods were modified for small sample volumes from original instructions. The
methods used and their modifications are listed in Table 1 and described in detail in
the original publications. Samples were measured in triplicates (intra-assay
coefficient of variability [CV] < 15 % in all cases) in 96 or 384-well microplates. All
values are expressed per protein content measured with the Bradford (I-1II) or the
BCA (bicinchoninic acid assay) (IV) method (Bradford, 1976; Smith et al., 1985;
respectively). Samples were randomly placed on the plates and aliquots of the same
three control samples (Salmo salar liver) were used in each method on every plate
to correct for interassay variation (max 20 %) with the ratio specific to the
particular plate. All the measurements were done with an EnVision plate reader
(Perkin-Elmer, Turku, Finland).

Table 1. Original protocols and modifications for small sample volumes for AO methods.

Plate Sample volume/concentration:

AO Original protocol formate l_ II_ I blood I\_/
liver liver liver

Glutathione Fluorescent
GSHrai,  Detection Kit (K006-F1),
GSHtot Arbor Assays,
Ann Arbor, MI, USA
Sigma CAT100
CAT Sigma Chemicals, 96-well 0.3mg/ml 0.3mg/ml 0.6 mg/ml 0.3 mg/ml
St. Louis, USA
Sigma CGP1
GP Sigma Chemicals, 384-well 2l 3ul 3ul 1l
St. Louis, USA
Sigma GR-SA
GR Sigma Chemicals, 384-well 2l 4l 4l 2u
St. Louis, USA
Sigma CS0410
GST Sigma Chemicals, 384-well 2l 3ul 6ul 1l
St. Louis, USA
Fluka 19160 SOD
SOD determination kit 384-well  0.3mg/ml 0.1mg/ml 1mg/ml 0.3 mg/ml
Fluka, Buchs, Germany
G6PDH  (Noltmann et al. 1961) 384-well - 5pl 6 pl -

384-well  1:30 1:30 1:30 1:30

All of the methods, except the GSH/GSSG-ratio and GSH: method, were absorbance
based. The CAT-assay was based on stopping the reaction of CAT and H,0 with 15
mM NaNj3 (Deisseroth and Dounce, 1970) and detecting the remaining H,0, via
colorimetric reaction at 520 nm (Fossati et al., 1980). The GP-assay was based on
the oxidation of glutathione catalyzed by GP, which is thereafter reduced back
utilizing GR and NADPH. The indirect method measures the decrease in NADPH
absorbance at 340 nm, which is indicative of GP-activity as it is the limiting factor of
the coupled reactions (Mannervik, 1985). The GR-assay was based on the reduction
of glutathione by NADPH in the presence of GR. Because DTNB [5,5-dithiobis(2-
nitrobenzoic acid)] reacts with the GSH formed, the activity of GR can be measured
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as an increase in absorbance at 412 nm caused by the reduction of DTNB (Smith et
al, 1988). The GST-assay is based on the conjugation of the thiol group of
glutathione to the CDNB (1-chloro-2,4-dinitrobenzene) substrate. The change in
absorbance at 340 nm is directly proportional to the GST-activity, since GST
catalyzes the conjugation (Habig et al., 1974; Mannervik and Danielson, 1988; Wilce
and Parker, 1994). The measurement of SOD inhibition rate was based on the
ability of SOD to catalyze the dismutation of the superoxide anion (02-).
Colorimetric reaction of WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt], which produces a water-soluble
formazan dye upon reduction with O- that absorbs light at 450 nm was used to
determine SOD-activity (Peskin and Winterbourn, 2000; Ukeda et al.,, 1999). The
rate of the reduction with O»- is linearly related to xanthine oxidase activity, and is
inhibited by SOD. Thus, the higher the inhibition rate percentage, the higher the
SOD activity. The G6PDH-activity method is based on the change in absorbance at
340 nm (Noltmann et al., 1961), when G6PDH catalyzes the reduction of NADP to
NADPH and the oxidation of G6-P (Kruger and von Schaewen, 2003).

The GSH/GSSG-ratio and GSHi: method utilizes a proprietary non-fluorescent
molecule, a ThioStar that covalently bind to the free thiol group on GSH to yield a
highly fluorescent product. The fluorescence was measured at an excitation of 405
nm and an emission of 510 nm to determine GSH concentration. First, free GSH was
measured, and thereafter the reaction mix was added to the wells to determine the
GSHiot (GSH+GSSG).

3.3.3 Oxidative damage: lipid peroxidation (I & IV) and protein
carbonylation (1V)

Lipid peroxidation (lipid hydroperoxides, LP) were measured with the FOX-2
method (the ferrous oxidation in xylenol orange version 2) originally described by
Bou et al. (2008) and Eymard and Genot (2003) and further modified e.g. for birds
by Raja-aho et al. (2012). The method is based on the ferrous oxidation of xylenol
orange. Cumene hydroperoxide was used as a standard. First 5 pl of either 10 mM
triphenylphosphine (TPP) or methanol was added to sample duplicates (45 pl each)
and after 30 min incubation, 950 pul of FOX reagent (1:9, 2.5 mM ammonium iron
(II) sulfate in 0.25 M H,S0O4 and 0.111 mM xylenol orange in methanol) was added
to all samples and standards. After 2h incubation in dark, the samples were
pipetted in triplicate (intra-assay coefficient of variability [CV] < 10 %) to 96-well
plates and the absorbance was measured at 570 nm with an EnVision plate reader
(Perkin-Elmer, Turku, Finland). Finally, the results were normalized with the
weights of the liver pieces.

A plate-based time-resolved fluorescence (TRF) method was used to quantify the
carbonylation damage in proteins. Standard curves were done by mixing different
volumes of reduced and oxidized bovine serum albumin (BSA) prepared according
to Alamdari et al. (2005). The carbonyl content of oxidized and reduced BSA for
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standard was measured with a colorimetric assay at an absorbance of 375 nm with
an EnSpire plate reader (Perkin-Elmer, Turku, Finland). The samples and standards
were diluted to a protein concentration of 4 mg/ml based on BCA protein assay
measurements (Smith et al, 1985) with an EnVision microplate reader (Perkin-
Elmer, Turku, Finland). Aldehyde reactive probe (ARP) (Aldehyde reactive probe,
Cayman Immunodiagnostics, Finland) was used to detect protein carbonyls in
samples. Because ARP recognizes carbonylated sites also in nucleic acid strands,
streptomycin sulfate treatment was used to precipitate nucleic acids. ARP was
conjugated with proteins in the samples and standard, and bound to high binding
DELFIA plates (Perkin-Elmer, Turku, Finland). Thereafter, a europium labeled
streptavidin label (PerkinElmer, 1244-360) was added into the wells. The label
binds via a strong non-covalent affinity bond to the biotin-tag of ARP and produces
an amplified fluorescent signal measured with an EnVision plate reader (Perkin-
Elmer, Turku, Finland) (excitation 340 nm, emission 615 nm), which is proportional
to the amount of carbonylation in the sample. The method is described in detail in
original publication IV.

3.4 Cell respiration (IV)

Oxygen consumption of intact spleen cells was measured with a high-resolution
oxygraph (02k, Oroboros Instruments, Innsbruck, Austria). Primary spleen cells
were isolated immediately after euthanasia. Red blood cells were lysed and
splenocytes were suspended in growth media (RPMI containing 5 % fetal bovine
serum). Isolated cells were counted with Briicker-chamber and diluted to
2.5x106/ml or, in case of milder samples, used as raw suspension for respirometry
to measure Oz consumption. The titrations with rotenone and antimycin were used
to determine the residual oxygen consumption, which was subtracted from routine
respiratory flux. O2k-Protocols (Oroboros Instrument, Innsbruck, Austria) were
followed to measure the routine respiratory flux of the cells and the data was
analyzed with DatLab 6 software (Oroboros Instruments, Innsbruck, Austria). The
samples with less than 1x106/ml cells were excluded from the final dataset.

3.5 Statistical analyses

The data in publication I and Il was analyzed with IBM SPSS Statistic software 22
and the data in publications III and IV with a later version, IBM SPSS Statistic
software 24 (IBM SPSS Statistics. New York: IBM Corporation).

In order to reduce the number of pollution and AO variables for further analyses
and to describe the general level of AO status and heavy metal accumulation, two
principal component analyses (PCA) were done in the first study (I). The PCA for
the pollution resulted in two components; PCluer (positive loadings from As and
Pb) and PC2uer (negative loading from Cd and positive loadings from Cu and Ni),
and the PCA for AOs in three components; PClao (positive loadings from GR, GST,
GSHratio, GSHiot), PC2a0 (positive loadings from CAT) and PC3a0 (positive loading
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from SOD and negative loading from GP). Both study species, age groups, and zones
were used in the same PCA-analysis. In addition to variables used in PCAs, TL, Ca,
MT and LP were log-transformed to obtain normality (Shapiro-Wilk), before further
analysis. Correlations and t-tests (between zone differences) were conducted
separately for both study species and age groups. Each nestling’s relative deviation
(%) from the mean body mass of the brood was calculated to describe growth
stress due to sibling competition.

Spearman correlations were used to evaluate relationships among TL, redox status
and parasite infection in study II. In addition, for a parasite infection tolerance
variable, unstandardized residuals were calculated from linear regression between
the square-root-transformed parasite load and fork length of the fish. Therefore
higher residuals indicate that the fish has been able to grow relatively large when
compared to a fish with similar parasite burden, but lower residuals.

For the longitudinal data in study IlI, generalized Linear Mixed Models with random
intercepts for subject ID number to account for repeated AO-measures, were used
to test whether sex, TL, or relative size have an effect on AO-levels, or on AO-change.
The relative size of each mouse at the age of 3 weeks to indicate sibling competition
was calculated as relative deviation from the mean body mass of the litter. TL and
relative size were examined in different models because preliminary observation
(e.g. non-significant Spearman correlation between TL and relative weight)
indicates their independency. Non-significant terms were dropped one-by-one from
the models. In case of significant interaction among three variables (sex, age, TL or
relative size), further analyses were done with Spearman correlations separately
within each categorical group.

In the last study (IV), as the TL selection groups were different between sexes
(short, control and long TL groups for males, short and control TL groups for
females) generalized linear models were used separately for males and females to
examine the main effects and interactions of TL selection group and exercise
treatment on redox status and cell respiration. The possible impacts of body size on
cell respiration and redox variables were controlled by using log-transformed body
weight as a covariate. Non-significant terms were dropped sequentially from each
model. Pairwise comparisons were carried out with Sidak adjustment for multiple
comparisons. Pearson correlations were used to test the possible associations
between cell respiration, oxidative damage and AOs.
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4  Main Results and Discussion

4.1 Pollution and within-brood competition induced redox
change and TL attrition (I)

Based on the between-zone differences in individual heavy metal concentrations,
the main pollution effects were due to arsenic (As) and lead (Pb) exposure. Both
great tits and pied flycatchers showed alterations in redox status due to pollution,
and in addition, great tit nestlings in the polluted zone had significantly shorter
telomeres than those in the unpolluted control zone. Adult females of both species
and pied flycatcher nestlings did not show any pollution effects on TL. Earlier
studies have also shown As and Pb to induce oxidative stress and telomere
shortening in humans and rodents (Bhattacharjee et al., 2013; Pottier et al.,, 2013).
The found between-species difference in pollution-induced telomeric DNA damage
is in good agreement with earlier findings. Eeva et al. (2006) found that great tits
close to two different point pollution sources had increased mutation rates when
compared to control sites, whereas the opposite effect was observed in pied
flycatchers, indicating that great tits might be less efficient in handling toxic
compounds.

Adult pied flycatchers had statistically significantly shorter telomeres than
nestlings. This is in good agreement with the general finding that telomeres get
shorter with advancing age, and thus adults can be expected to have shorter
telomeres than their offspring. However, when the TLs of great tits were studied,
the age-dependent shortening of telomeres was not observed. Salmon et al. (2017)
found that great tits early-life TL predicted post-fledging survival in urban and rural
areas, and in urban habitat it led to selective disappearance of birds with shorter
TLs. It could be that under high stress telomeres might shorten to a critical point
already at juvenile stage before reaching reproduction age, with consequent
increase of mortality in individuals with short TLs (Fairlie et al., 2016).

The pollution effect on redox status was remarkable different among species and
age groups. SOD and GP seem to be the most important first line defense AOs for
great tits, whereas pied flycatchers had more alterations in glutathione related AOs.
In great tits, high As and Pb concentrations affected the enzyme activities of SOD
and GP (PC3a0). The effect was different between great tit nestlings and adult
females as nestlings had lower SOD and higher GP activities due to pollution, and
vice versa in adults. Adult great tit females with higher As and Pb concentrations
had also more oxidative damage as demonstrated by increased LP. This is
consistent with the fact that adult great tit females are exposed for the longest and
the most continuous period to pollution when compared to nestlings or migratory
pied flycatchers.

The redox status in adult great tits and pied flycatchers in the polluted zone differed
from those breeding more than 9 km (control zone) from the Ni/Cu-smelter. Adult
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great tits in the polluted zone had higher SOD- and lower GP-activities (PC3a0) than
in control zone, while adult pied flycatchers in the polluted zone had lower GST and
GR-activities, less glutathione and lower GSH/GSSG (PClao) than in the control
zone. These species specific responses are likely due to differences in diets and
migratory behavior. Similar species specific features in AO responses to pollution
have been documented earlier, even in more taxonomically related passerine birds,
by Rainio et al. (2013), Berglund et al. (2014) and Salmon et al. (2018). Moreover, it
is impossible to control all environmental factors when natural populations are
studied in the wild. It might be that pied flycatchers were less stressed in the
polluted zone than in the control zone. First, the low GST and GR-activities in the
polluted zone probably indicate low stress, since the previous study with pied
flycatchers has reported opposite AO activities at a similar point pollution source
(Berglund et al.,, 2007). Second, pied flycatcher nestlings in the polluted zone had
higher calcium concentrations than in the control zone. Calcium prevents heavy
metal absorption (Scheuhammer, 1991) and is essential for bone and feather
development (Dawson and Bidwell, 2005; Sillanpaa et al., 2010). Therefore, it can
be suggested that the control zone might be a more stressful environment for pied
flycatchers than the polluted zone due to other environmental stressors. One
significant source of stress might be the investment in reproduction and parental
effort. My findings are consistent with the study published by Eeva and Lehikoinen
(2015), which reported that in this study area pied flycatchers raise larger broods
in the control zone than in the polluted zone.

Great tit nestlings were more vulnerable to within-brood competition than pied
flycatchers, probably due to between-species differences in reproduction.
Previously it has been shown that great tits have larger broods and higher variation
in nestling size due to higher within-brood hatching asynchrony than pied
flycatchers (Cramp et al.,, 1993). This was also the case in our study. Great tits had a
larger within-brood standard deviation of body mass than pied flycatchers.
Subdominant great tit nestlings which were suffering from higher within-brood
competition, measured as relative size, had also shorter TLs and lower SOD-activity
and higher GP-activity (PC340) compared to the great tit nestlings that were on top
of the within-brood hierarchy. Pied flycatcher nestlings did not show similar
within-brood competition effects on AOs or TL. Several earlier studies on
passerines have reported similar within-brood competition or hatching order
induced effects on TL and oxidative damage (Nettle et al., 2013; Nettle et al.,, 2015;
Stier et al., 2015). Taken together, these results suggest that the trade-off between
the number and quality of offspring could be mediated via oxidative stress induced
telomere attrition.

Ecotoxicological studies on telomere dynamics are still rare and only few studies
have investigated pollution effects on TL in wild birds (Blévin et al,, 2016; Ibanez-
Alamo et al,, 2018; Salmon et al.,, 2016; Salmon et al.,, 2017; Salmon et al., 2018;
Sletten et al.,, 2016), however, none of these have focused on heavy metal pollution.
The results of this thesis study show that wild birds, especially in early life are
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vulnerable to negative impacts of heavy metal pollution even in relatively low
concentrations. The results also underline the need to take into account also other
potential sources of stressors, such as growth stress and parental effort, which can
also alter redox status and telomere dynamics, and therefore confound the
interpretation of results.

4.2 Redox status and telomere length in relation to parasite
infection (II)

Associations between TL and redox status with T. brysalmonae infection were more
evident in relation to disease symptoms and tolerance than simply parasite load
(i.e. resistance). In fact, parasite load did not correlate either with redox status or
TL. However, the fish with severe proliferative kidney disease (PKD) symptoms
were smaller and had lower AOs (SOD, CAT, GST) than fish with milder symptoms.
This is in good accordance with the previous results from a study that compared
AOs in healthy versus PKD infected rainbow trout (Oncorhynchus mykiss) (Elia et al,,
2009). It seems that fish that are able to maintain higher AOs do not suffer as severe
kidney hyperplasia as fish with lower AOs irrespective of parasite load.

It is generally expected that within species fast growth and bigger body size
accelerate telomere loss, which in turn could be a mechanism mediating the trade-
off between growth and life-span (reviewed in Monaghan and Ozanne, 2018).
However, it seems that telomere attrition rate due to growth is highly dependent on
exposure to additional environmental stressors (McLennan et al., 2016; Mizutani et
al,, 2016; Reichert et al,, 2015). This could well explain why some studies fail to find
any associations (Giroud et al., 2014; Izzo et al,, 2014; Meillere et al., 2015; Parolini
et al.,, 2015; Vedder et al., 2017), or why the correlation between growth and TL is
positive (Izzo et al, 2014; Parolini et al., 2015; Ringsby et al.,, 2015; Young et al,,
2017), as was also found in this thesis, i.e. the smaller fish had shorter TLs
(rs=0.341, n=51, p=0.014). In good agreement with our results in T. bryosalmonae
infected brown trout, several types of myxosporean parasite infections have been
reported to be associated with impaired growth in fish (Golomazou et al., 2009;
Sitja-Bobadilla et al., 2008). Furthermore, in our study more tolerant fish, which
were able to grow despite the parasite load, also had longer TL, lower GR and GST-
activity and less GSH: compared to fish that were less tolerant to infection induced
retarded growth.

In summary, the results of this thesis chapter suggest that TL might reflect quality
in terms of individuals’ ability to grow despite parasitic infection. In addition, the
different stressors seemed to influence different parts of AO systems. Disease
severity was associated with low SOD, CAT and GST-activities, whereas growth
related stress affected glutathione metabolism. The research on telomere dynamics
in host-parasite systems is still surprisingly rare. Previous studies on infection
induced telomere attrition have been limited to inflammatory diseases, bacterial
infections and blood parasites (Asghar et al,, 2016; Cohen et al,, 2013; Hau et al,,
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2015; Ilmonen et al,, 2008; Karell et al,, 2017; Raymond et al., 2014). Parasites,
which are widespread and pervasive, should not be underestimated when thinking
about the factors that influence biological ageing.

4.3 The effects of TL, age and sex on redox status (III)

Age specific differences in redox status were observed between nestlings and adult
birds already in the first thesis study, and therefore age specific AO alterations were
studied in more detail in mice with longitudinal data. The results of this study show
that AOs increase within individuals from the age of 8 weeks to 6 months. All AOs,
except the GR-activity and GSH/GSSG increased statistically significantly. Earlier
studies have shown that AO-defense maturates post-natally (Barja, 2002; Robles et
al,, 2001), but it seems to be highly species and tissue specific whether AOs increase
or decrease with advancing age (Carrillo et al.,, 1992; Jacob et al,, 2013). Most likely
AO defense first elevates during maturation and finally becomes weaker at old age
as reviewed by Barja (2002) and documented in detail in rats (Tsay et al., 2000).
For example, GSH/GSSG ratio has been found to decline with old age in several
tissues (Calabrese et al., 2004; Jones et al., 2002; Suh et al,, 2004). Six-month-old
mice, which were used in this study, are relatively young, and based on the
unaffected GSH/GSSG, it seems that they still have been able to maintain redox
balance.

In addition to age, it is clear that there are remarkable between sex differences both
in physiology and life-history strategies. In accordance with earlier knowledge (e.g.
Jankowiak et al., 2015; Lindstréom, 1999; Vina et al,, 2006), female mice in this study
had higher or equal activity or amount of all measured AOs than males, irrespective
of the age. Female and male sex hormones have opposite effects on redox status
(Halliwell and Gutteridge, 2007). The sex differences in redox status, among other
factors (e.g. telomere shortening rate and body size), could explain why females
usually live longer than males (Barrett and Richardson, 2011; Stindl, 2004). The sex
difference in this thesis study was statistically significant only for GP-activity and
GSHyo, most likely due to the relatively early life stage of mice. Female mice
suffering from higher sibling competition had lower SOD activity in later life. This is
in agreement with the general suggestion that early growth conditions can, in
addition to immediate negative impacts, also have lingering long-term
consequences for individuals’ fitness and life expectancy (e.g. Angelier et al., 2018).
The studies on direct associations between redox status and sibling competition in
small mammals are scarce. However, an earlier experimental study in wild house
mice has also shown that sibling competition increases oxidative stress, and has
sex-specific negative fitness consequences after maturation (Gibson et al., 2015). In
addition, litter size manipulation and supplementary maternal diet experiments
with wild meerkats (Suricata suricatta) show that an increase in the number of
pups is associated with shorter TLs in pups, but only if the mother did not receive
improved nutrition (Cram et al.,, 2017). In accordance with this, we failed to find any
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TL effect due to sibling competition in benign laboratory conditions. Still, if we had
measured TL change in later life, we may well have found negative impacts also on
TL, especially among the female mice that showed delayed negative impact of
sibling competition on SOD.

Interestingly, mice with longer TL in early life had more GSH: and higher SOD-
activity in both sexes, indicating better AO-defense compared to mice with shorter
TLs. Effective AO defense may have prevented TL attrition directly (Lee et al., 2009)
or via telomerase-activity (Borras et al.,, 2004; Makino et al., 2011). The first two
studies in this thesis failed to find any direct associations between TL and redox
status in birds (I) or fish (II) in nature. The association between redox status and
TLs is probably more straight-forward in benign environments, like in study III,
whereas simultaneous exposure to several different stressors in natural
environments might mask or confound the relationship.

Although the dynamic nature of redox status is widely recognized, studies using a
longitudinal approach for redox status variables in relation to TL are uncommon.
This study together with age group comparisons in passerine birds (I), clearly
underlines that redox status is highly dependent on age and life stage. Therefore,
when comparing telomere dynamics among individuals and especially in
interpretations among studies, it is crucial to take into account the phase of life.

4.4 TL dependent differences in metabolism and redox status
(1v)

The TL selection line mice provided an unique model to examine redox status and
metabolism in relation to increased or reduced TLs. Male mice with increased TLs
showed higher cell respiration, lower AO-defense (CAT, SOD) and larger body mass
than males with decreased TLs. However, the males with increased TLs had similar
cell respiration level than controls, and furthermore, males with decreased TLs had
similar AO-activities than controls despite their low metabolism. This indicates that
extreme TLs, short or long, might interfere differently with mitochondrial function,
which in turn could hinder or accelerate growth and metabolism, and also suppress
or elevate AO defense. Both male and female mice with more oxidative damage
(protein carbonylation) had also higher AOs. However, there were no statistically
significant associations either between cell respiration and AOs, or between lipid
peroxidation and AOs.

The experimental short-term exercise experiment was an attempt to magnify the
possible among TL group differences in metabolism and redox status. However, the
exercise treatment was likely too mild to magnify any measurable TL effect on
respiratory metabolism or consequent ROS-production. However, females lost
some weight due to swimming and had also higher GSH/GSSG-ratio, indicating
suppressed oxidative stress compared to controls. Activity and exercise may also
result in hormetic activation of a number of molecular pathways. Prolonged or
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heavy exercise increase oxidative stress and could induce harmful effects (Alessio,
1993; Ji, 1999; Powers and Jackson, 2008). On the contrary, moderate activity has a
positive effect as anti-stress and anti-inflammatory responses and repair
mechanisms are activated (Gomez-Cabrera et al.,, 2008; Ji et al., 2006; Radak et al.,
2008; Rattan, 2008). Anyhow, it should be noted that in general the effects of
exercise differ depending on the duration and intensity of the activity, and whether
it is voluntary and independent from social factors or not. Most likely the wild
house mice grown-up in benign colony conditions were able to maintain their
physiological homeostasis despite the exercise. This interpretation is in accordance
with lack of any differences in measured oxidative damage between the exercise
treatment and control group or among the TL groups in both sexes.

Unfortunately, the cell respiration and redox status variables were measured from
different tissues, and there is no data on ROS production. Therefore the
interpretations on the underlying background mechanisms remain allusive.
Anyway, these suggestions are in accordance with the finding that telomere
dysfunction is associated with impaired mitochondrial function and increased RS
production (Sahin et al., 2011). Mice in the long TL group were larger than in the
short TL groups, contrary to the findings in most of the previous studies (reviewed
in Monaghan and Ozanne, 2018). However, studies where growth rate has been
manipulated for example by maternal diet, growth hormones or brood size
hierarchy in order to test the impact of growth and body size on TL remain
inconclusive (Monaghan and Ozanne, 2018). It seems that telomere maintenance in
relation to growth is highly dependent on resource-based trade-offs and
canalization of resource allocation (Cram et al,, 2017; Vedder et al., 2017).

Similar to findings in the first mouse study (III) in this thesis, TL was associated
with certain AOs. However, the results are somewhat inconsistent and the link
between TL and redox status remains ambiguous, mainly because in the first study
(IIT) the AOs were measured from blood and in study IV from liver. The male mice
in the long TL group had lower CAT- and SOD-activities in liver than males in the
control and short TL groups, whereas the opposite, positive correlation between TL
and blood AOs (SOD and GSHi) was found in both sexes (III). The life stage of the
studied mice in both studies (III, [V) was almost the same (6 versus 8 months old,
respectively). For this reason, it can be suggested that these contradictory results
are partly due to tissue difference, and partly due to the dynamic nature of AOs.
However, it seems that SOD-activity is the main AO involved in telomere dynamics.
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5 Conclusions

In this thesis, I investigated how TL and redox status, both of which are expected to
be involved in biological ageing, are connected to organismal characters and the
environmental stress factors (Figure 1) in different vertebrates. I found that short
TL and redox status alterations were linked with pollution exposure (I), poor
tolerance to parasitic infection (II), natural within-brood (I) or within-litter (III)
competition, small size (II-IV) and low metabolism (IV). I show that responses in
redox status and TL were highly dependent on species, type of experienced stress,
phase of life and sex, i.e. there is no single universal pattern of redox regulation and
telomere erosion. Therefore research on redox status alterations and telomeres
requires careful planning and one should be cautious when interpreting the results.
Ideally, the choice of measured biomarkers of redox status should be based on a
priori knowledge on which of the markers can be expected to give the best overall
picture of oxidative stress in particular conditions. First, elevated AO defense does
not necessarily reflect increased oxidative stress if further oxidative damage is
prevented by the enhanced defense. Second, the lack of oxidative damage does not
necessarily indicate that the redox status is unaffected, but rather that the AO-
defense is sufficient enough. Furthermore, longitudinal TL measurements should be
favored because it allows estimating the effects of both TL and shortening rate. In
addition, simultaneous measurements of ROS and telomerase activity would
provide valuable background information on telomere dynamics and efficiency of
telomere repair under oxidative challenges.

Due to a rapidly changing environment and the ageing of human populations,
understanding the mechanisms of biological ageing is beneficial, not only for a
biologist trying to understand the huge diversity of life-histories of all living
organisms on earth, but rather for all of us. This thesis shows that human impact on
the environment might indirectly accelerate biological ageing in free-living
vertebrates (I-1I). Humanity is continuously polluting indispensable resources like
air, water, and soil and ruining delicate ecosystems. Increased production of
pollutants results in challenges for all living organisms. In addition to pollution,
human activities play an important role in the spread of diseases through transport
and climate change (Beaulieu and Costantini, 2014). Therefore, the potential
impacts of infectious agents on biological ageing via somatic deterioration deserve
more attention. Studies on genetically diverse model organisms in their natural
environments provide a good approach for trying to understand how variation in
physiological systems and life history strategies result in diverse patterns of
biological ageing. Despite the methodological limitations, redox status together with
telomere dynamics provide a promising tool to estimate species’ and populations’
capability to resist and tolerate novel environmental challenges, and to evaluate
their ability to survive in an unpredictably changing world (Beaulieu and Costantini,
2014; Costantini, 2018; Dupoue et al., 2017).
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