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Abstract

It is well known that oxidative stress is a major cause of DNA damage and telomere
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attrition. Most endogenous reactive oxygen species (ROS) are produced in the mito-
chondria, producing a link between mitochondrial function, DNA integrity and tel-
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to telomeric DNA and DNA repair are dynamic processes. The rate of ROS production
depends on mitochondrial features such as the level of inner membrane uncoupling
and the proportion of time that ATP is actively being produced. However, the ef-
ficiency of ATP production (the ATP/O ratio) is positively related to the rate of ROS

production, so leading to a trade-off between the body's energy requirements and its

Funding information

Natural Environment Research Council,
Grant/Award Number: NE/R001510/1;
Vetenskapsradet, Grant/Award Number:
2015-04835; H2020 European Research
Council, Grant/Award Number: 834653

need to prevent oxidative stress. Telomeric DNA is especially vulnerable to oxidative
damage due to features such as its high guanine content; while repair to damaged
telomere regions is possible through a range of mechanisms, these can result in more
rapid telomere shortening. There is increasing evidence that mitochondrial efficiency
varies over time and with environmental context, as do rates of DNA repair. We argue
that telomere dynamics can only be understood by appreciating that the optimal solu-
tion to the trade-off between energetic efficiency and telomere protection will differ
between individuals and will change over time, depending on resource availability,

energetic demands and life history strategy.
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1 | INTRODUCTION

mitochondrial membrane (IMM). However, some electrons leak to

react with molecular oxygen and form the incompletely reduced rad-

The ATP that is required to drive cellular processes is primarily cre-
ated in the mitochondria in a process that consumes oxygen and car-
bohydrate substrates; the details are complex (and are summarised
in the next section) but involve the transfer of electrons through a
series of complexes and the movement of protons across the inner

ical superoxide (O3) and other downstream reactive oxygen species
(ROS). These include hydrogen peroxide (H,0,) and hydroxyl radi-
cals (*OH); in this review we refer collectively to reactive molecules
as ROS, although other reactive molecules are also formed with
for example, nitrogen. ROS have many beneficial roles in cellular
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processes (Murphy et al., 2011). They are involved as signalling mol-
ecules activating pathways to initiate biological processes, such as
stem cell renewal and capacitation of human sperm, processes re-
ferred to as redox biology (Schieber & Chandel, 2014). ROS also act
as a first immune defence against pathogens and as activators of
T- and b-cells, thus being vital parts of the immune system (Murphy
et al., 2011; Schieber & Chandel, 2014).

However, when levels of ROS exceed those necessary for cellular
signalling and overwhelm the detoxification capacity of a biological
system, they can cause oxidative damage to a wide range of bio-
molecules, including DNA. We refer to this state of ROS imbalance
as one of oxidative stress; the fact that oxygen is both essential
for aerobic metabolism and yet also a potential cause of damage is
referred to as the “oxygen paradox”. As highlighted in the review
title of Markkanen (2017)—“Not breathing is not an option"—the
oxidative damage arising from mitochondrial respiration is to some
extent inevitable, but may have major consequences for the viabil-
ity of cells, tissues and the whole organism. This leads to complex
interactions between energy expenditure and rates of senescence,
leading to diverse life history trade-offs (Hou & Amunugama, 2015).
One cellular component that is especially vulnerable to oxidative
damage is the telomeric region of DNA (for reasons given below);
this is particularly relevant to life history evolution since damage
to the telomeres can result in faster attrition, leading to more rapid
cellular and organismal ageing. Furthermore, since ROS accelerate
mitochondrial decay, with consequences for ROS control, the pro-
cess is one in which ageing mitochondria can enter a vicious cycle of
increasing ROS production (Barja, 2004; Finkel & Holbrook, 2000;
Harman, 1956; Panczyszyn et al., 2020; Shigenaga et al., 1994).

A vast body of evidence from the biomedical literature reveals
the complexities of telomere dynamics, elevated attrition from oxi-
dative stress (von Zglinicki, 2002), and epigenetic master regulators
of telomere dynamics such as histone and DNA methyltransferases
(Blasco, 2007). One review summarizes these effects with the state-
ment “no other chromosome structure has been linked to major
human health issues as tightly as telomeres, and in particular their
length, to the point that telomere length has become an obliged
biomarker for anyone analysing the impact of any factor (either
environmental or genetic) into human fitness, a forteriori in aged
populations” (Kappei & Londofio-Vallejo, 2008). Therefore, under-
standing the mechanisms underlying mitochondrial ROS generation
and their consequences for oxidative balance and telomere dynam-
ics is crucial for evaluating alternative hypotheses for the evolution
of senescence. This is perhaps no better demonstrated than in the
work by Tanaka et al. (1998, 2000) who reported that two thirds of
Japanese people that lived to be a 100 years old shared the same
single nucleotide change in the genetic code for a subunit of complex
| in the mitochondria, compared to 45% for the rest of the popula-
tion. Thus, this genotype alone makes you 50% more likely to live
to a 100. Furthermore, the study by Tanaka et al. (1998) showed
that people with this genotype were only half as likely to end up in
hospital—for any reason at all—in the second half of their lives and
less likely to suffer from age-related disease. The underlying reason

for these results is likely to be that people carrying these mutations
have a reduced rate of free-radical leakage from the mitochondria
(Tanaka et al., 2000). At any given moment, this advantage may be
imperceptible. Over a lifetime, however, the cumulative benefits of a
reduced attack rate of aggressive molecules leaking from the thou-
sands of mitochondria in each cell will reduce the risk of cancer and
other disease, and so be evolutionarily significant. However, as we
reveal later, this mutation is likely to result in the mitochondria being
less efficient at producing ATP.

Some ROS molecules are neutralised by innate antioxidants,
such as superoxide dismutase (SOD), whose evolution itself is a tes-
timony to the detrimental effects of reactive molecules and their
actions. Other ROS may be scavenged by exogenous, dietary anti-
oxidants, whose relative importance has much been debated (Catoni
et al., 2008; Costantini et al., 2010; McGraw et al., 2010; Pamplona
& Costantini, 2011; Seifried et al., 2007) not least because dietary
antioxidant supplementation has become increasingly questioned in
humans due to their potential procancerous consequences; cancer
cells have a much higher ROS production than normal cells so benefit
more from antioxidant defences than normal cells (Ahmed & Lingner,
2018). However, given the extensive previous consideration of the
role of antioxidants, including in the ecological literature (Buttemer
et al., 2010; Catoni et al., 2008; McGraw et al., 2010), we consider
the subject of antioxidant defences to be outside the scope of this
review. Instead, we primarily focus on the costs of oxidative stress
from the perspective of telomere biology. We first consider how the
rate of endogenous ROS production is not fixed but varies with mi-
tochondrial state. This generates a trade-off between the benefits
of minimising ROS versus maximising the energetic efficiency of the
mitochondria. We then explore how ROS can cause DNA damage,
with consequences for the rate of telomere attrition, and review the
mechanisms that have evolved to remove or repair damaged DNA
bases (focussing on telomeric regions). We evaluate how interac-
tions between mitochondrial energy generation, ROS management,
and repair of oxidatively damaged DNA have influenced patterns of
telomere loss and hence the rate of senescence. To date very few
empirical studies have attempted to integrate these processes (ex-
ceptions being Casagrande et al., 2020; Olsson, Friesen, et al., 2018),
but recent conceptual and technical advances have opened up this
field, and we conclude by highlighting the opportunities that have
now arisen to make real advances in this area.

2 | MITOCHONDRIAL FUNCTION

2.1 | Thelink between ATP production and
oxidative stress

The production of ATP by eukaryote mitochondria is dependent on
the existence of a proton gradient across the IMM. The gradient is
produced by the pumping of protons across the IMM, a multistep
process termed the electron transport system (ETS) or electron
transport chain that consumes oxygen (and is the major reason for
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oxygen consumption by the body) (Echtay, 2007; Mailloux et al.,
2013). The existence of this proton-motive force causes protons to
flow back across the inner membrane (Figure 1a). Most of these pro-
tons flow through the ATP synthase enzyme that straddles the IMM;
the enzyme contains a complex ring shape that creates a pore in the
membrane through which the protons pass. Their movement through
the ATP synthase molecule drives the phosphorylation of ADP to
form ATP. The “coupling” between the oxygen-consuming and ATP-
producing components of this process is termed oxidative phospho-
rylation (OXPHOS) (Mailloux & Harper, 2011; Mailloux et al., 2013).
However, the proton gradient can also be dissipated by protons
“leaking” across the IMM without passing through ATP synthase, so
without producing any ATP (Figure 1a). This leak of protons across
the membrane means that ATP synthesis becomes less efficient,
since energy and oxygen must then be consumed in pumping addi-
tional protons across the membrane in order to restore the proton
gradient (so-called LEAK respiration; see Table 1 for a full list of terms
and definitions) (Mailloux & Harper, 2011; Salin et al., 2015). During
this LEAK respiration, oxygen consumption is uncoupled from ATP
production, since oxygen is consumed by the ETS but without gener-
ating any ATP. The rate at which oxygen is being consumed to offset
the proton leak will in part depend on the proportion of time that the
mitochondria spend “idle” (i.e., not producing ATP): periods without
ATP production allow the proton gradient to build up, so increasing
the rate of leakage (Mailloux & Harper, 2011). LEAK respiration thus
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varies over time, but can account for up to 30% of basal metabolic
rate in endotherms (Mookerjee et al., 2010).

One benefit of a leakier (and hence less efficient) mitochondrial
membrane is that it reduces the rate of production of ROS. ROS are
highly reactive molecules that have a number of functions (e.g., sig-
nalling, phagocytosis) (Murphy et al., 2011), but when in excess can
cause oxidative damage to cellular lipids, proteins and DNA, leading
to a state of oxidative stress (Finkel & Holbrook, 2000). As a result
ROS are thought to be an important contributor to cellular ageing
(Brand, 2000), and so to be a selective force in shaping the evolu-
tion of ageing and life history strategies (Beckman & Ames, 1998;
Dowling & Simmons, 2009; Hou & Amunugama, 2015; Metcalfe &
Alonso-Alvarez, 2010; Monaghan et al., 2009). The mitochondria are
the major endogenous source of ROS in living cells, since ROS are
continuously produced (in the form of the highly reactive superox-
ide molecule) as a byproduct from the ETS (Figure 1a; Brand, 2000;
Murphy, 2009). In vitro assays have shown that the rate of ROS pro-
duction positively correlates with the strength of the proton gra-
dient across the IMM (and hence the degree of coupling) (Mailloux
& Harper, 2011). As a consequence, a leakier IMM produces fewer
ROS, as does the synthesis of ATP since this reduces the proton gra-
dient (Brand, 2000; Mookerjee et al., 2010; Murphy, 2009; Roussel
et al., 2019). It is important to note that the positive relationship be-
tween the proton gradient and the rate of ROS production is an ac-

celerating rather than linear one, and so the ratio of ROS production
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FIGURE 1 (a)Diagram illustrating the basic processes in the mitochondria that influence the production of reactive oxygen species

(ROS) and hence telomere attrition. The inner mitochondrial membrane (IMM) contains the various complexes that make up the ETS, which
uses substrates and oxygen to pump protons across the IMM, so creating a proton gradient. The back-flow of these protons through ATP
synthase drives the production of ATP from ADP. ROS are produced as a byproduct of the proton gradient. Both the rate of ROS production
and the efficiency of ATP production are reduced if protons leak back across the IMM or if they pass through uncoupling proteins. (b) ROS
produced either by the mitochondria or other processes can cause oxidative damage to telomeric regions of the DNA (shown in red), with
the commonest form of damage being oxidized bases, especially guanine. This damage can be repaired by a number of processes (e.g.,
mismatch repair [MMR], nucleotide excision repair [NER] and base excision repair [BER]). Repair is less likely in the single stranded terminal
section of the telomere. If this oxidative damage is not repaired then telomeres will shorten faster, although in some situations the telomeres

can be restored by the enzyme telomerase
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TABLE 1 Definitions of the main terms and indices used to describe mitochondrial function and efficiency, together with an indication of
whether a high value of an index indicates a high or low efficiency of converting oxygen into ATP

Term or index Definition

OXPHOS Oxidative phosphorylation—the conversion by the mitochondria of ATP to ADP,
consuming oxygen in the process

ROUTINE Rate of oxygen consumption when mitochondria are producing ATP

LEAK Rate of oxygen consumption required to maintain the proton gradient across the inner

mitochondrial membrane (IMM) at times when no ATP is being produced

Mitochondrial (un)coupling
ATP

Uncoupling proteins (UCP)

(Breaking of) the link between maintaining the IMM proton gradient and generating

Endogenous proteins that increase leakage of proteins across IMM, so increasing

LEAK and reducing efficiency of ATP production

Mitochondrial efficiency

Indices
Respiratory control ratio (RCR)
Net phosphorylation efficiency
Leak: routine flux control ratio, FCR

ATP/O (or P/O)

L/R

to ATP production increases sharply as the need for ATP generation
decreases (Roussel et al., 2019).

Since a leakier IMM requires a greater oxygen consumption to
maintain the proton gradient, at the intraspecific level this can result
in a negative correlation between whole-animal metabolic rate and
the rate of ROS production (Salin, Auer, Rudolf, et al., 2015). This is
the opposite of the commonly-assumed pattern of a high metabolic
rate causing greater oxidative stress (Sohal & Weindruch, 1996), but
supports Brand's “uncoupled to survive” hypothesis which posits
that animals with more uncoupled mitochondria could have a re-
duced rate of ageing (Brand, 2000; Speakman et al., 2004). With
respect to variation in telomere dynamics within species, individuals
with more uncoupled mitochondria should therefore show slower
rates of telomere attrition, due to the reduced production of ROS
and hence lower level of oxidative damage to DNA strands.

2.2 | Mitochondrial function is dynamic

It is becoming increasingly apparent that both the rate and efficiency
with which mitochondria produce ATP varies both between
individual organisms and over time, and this has consequences for
the rate of ROS production and hence the risk of oxidative damage
to telomeres (Koch et al,, 2021). Before exploring this further,
however, it is important to consider what we mean by “mitochondrial
efficiency”, since authors have used a range of different metrics to
describe mitochondrial function. The rate at which mitochondria
are consuming oxygen while producing ATP is usually called the
ROUTINE or State 3 respiration rate; it comprises the oxygen
routinely required to offset the leak as well as that used in driving
the ATP synthase enzyme (i.e., OXPHOS+LEAK). The respiratory
control ratio (RCR, Table 1) measures the degree of coupling, with
higher values indicating tighter coupling (i.e., there is relatively little

Efficiency of producing ATP, measured using one of the indices below

ROUTINE/LEAK (high values = more efficient)

1 - (LEAK/ROUTINE) (high values = more efficient)
LEAK/ROUTINE (high values = less efficient)

ATP produced/(2*ROUTINE) (high values = more efficient)

oxygen being wasted in combating the leakage of protons across
the IMM (Chance & Williams, 1955)). There are several variants
on this ratio (Table 1), such as the net phosphorylation efficiency
(Shama et al., 2016), which is a proxy for the proportion of oxygen
consumed that is contributing to OXPHOS, and the FCR, /ps which
gives the equivalent proportion that is contributing to LEAK (Stier
et al.,, 2017). A high net phosphorylation efficiency, or low FCR g,
indicates a high level of coupling so that little oxygen is being used
to offset the leakage of protons across the IMM. All of these ratios
have been taken to be measures of mitochondrial efficiency (Koch
et al., 2021)—but it is important to note that they are all entirely
based on measures of oxygen consumption and do not involve any
quantification of ATP production. This is an important caveat, since
they do not measure the animal's efficiency at performing work.
The level of mitochondrial coupling can change in response to
environmental conditions. For example, penguin chicks facing food
shortage have been shown to increase mitochondrial coupling, so in-
creasing the efficiency of fuel use, with responses becoming stronger
if the period of food shortage becomes prolonged; similar responses
have been found in short-term fasts in ducklings (Monternier et al.,
2017). However, this comes at a cost of increased ROS levels, since
it requires a higher proton gradient across the IMM (Salin, Villasevil,
Anderson, Auer, et al., 2018). Moreover, a true assessment of an
animal's mitochondrial efficiency and thus its ability to work at a
high rate requires quantification of ATP production as well as ox-
ygen consumption. Until recently this has rarely been done since
it is technologically challenging, and so was generally restricted to
assays in a standard laboratory setting using mammalian subjects.
This situation is now changing, as more flexible methods have been
developed to allow simultaneous measurement of both oxygen
consumption and ATP production in small tissue samples from non-
model organisms (Bryant et al., 2018; Salin et al., 2012, 2016). This
has revealed substantial variation amongst individual animals in the
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amount of ATP produced per unit of oxygen consumed by the mi-
tochondria (termed the ATP/O or P/O ratio; high values = efficient
mitochondria; Table 1). For example, up to twofold variation in the
ATP/O ratio exists amongst individual brown trout Salmo trutta of
the same age, sex, body size and nutritional state (Salin, Villasevil,
Anderson, Selman, et al., 2018). Some individuals are thus twice as
efficient as others of the same species at producing ATP within their
mitochondria—a finding which is completely hidden in conventional
measures of metabolic rate, since measurements of whole-animal
oxygen consumption do not tell us anything about ATP production
(Salin, Auer, Rey, et al., 2015).

Direct measurements of ATP production have also revealed
that the RCR, net phosphorylation efficiency and FCR_,, are not
necessarily reliable indicators of the efficiency with which the mi-
tochondria produce ATP. Indeed, in some situations the RCR can be
negatively related to ATP/O, even though it is routinely presumed to
be positively related to ATP production efficiency (Salin, Villasevil,
Anderson, Selman, et al., 2018). It is thus important to realise the
assumptions and limitations of the various indices of mitochondrial
efficiency (Koch et al., 2021); the ATP/O ratio perhaps has the great-
est ecological relevance since it relates whole-animal metabolic rate
to energy production by the cells.

The nonlinear relationship between the proton gradient across
the IMM and the rate of ROS production makes it feasible for ROS
to be managed by slightly increasing the leak of protons through the
membrane, without overly compromising energy production. This is
termed “mild uncoupling”, and is thought to be achieved by activa-
tion of both the uncoupling proteins (UCPs) and adenine nucleotide
translocase (ANT), molecules that are embedded in the membrane
itself (Figure 1a; Echtay, 2007; Mailloux & Harper, 2011; Mailloux
et al., 2013). The family of UCPs is evolutionarily well conserved
although the exact role of each isoform is still being determined
(Woyda-Ploszczyca & Jarmuszkiewicz, 2017). Current evidence sug-
gests that UCP2 and UCP3 are the major players in the regulation of
ROS levels within mammalian mitochondria (Brand, 2000; Echtay,
2007; Mailloux et al., 2013; Toime & Brand, 2010), while a similar
role may be played by avian UCP (avUCP) in birds (Rey et al., 2010)
and UCP1 in fish (Bryant et al., 2018). When activated, these UCPs
allow protons to pass through the IMM, thus reducing the strength
of the proton gradient. Their precise mode of functioning is still
being determined, but it is clear that their activity is responsive to
ROS levels. UCP2 and UCP3 are deactivated by the attachment of
a glutathione molecule, and there is evidence that this occurs when
superoxide levels are low (Mailloux et al., 2013). If superoxide levels
then rise within the mitochondrial matrix, this triggers the degluta-
thionylation of UCP2 and UCP3, which has two consequences: the
glutathione is a potent scavenger of the superoxide radicals, while
the activation of the UCPs triggers the leakage of protons across the
IMM, so reducing the rate of ROS production (Mailloux & Harper,
2011; Mailloux et al., 2013).

This reversible process of glutathionylation of UCP2 and UCP3
thus provides the means to regulate the production of ROS by the
mitochondria, and thus the risk of oxidative stress. Preventing their

production in this way is thought to be energetically more efficient
than employing antioxidants to scavenge them after they have been
generated (Mailloux & Harper, 2011). The regulation can be rapid,
since levels of both the membrane potential and of ROS within the
mitochondria have been found to cycle over timescales of less than
a minute (Mailloux & Harper, 2011). However, the cost to the cell
(and therefore the animal) of reducing the rate of ROS production
is that the efficiency of energy generation is reduced. There is thus
a dynamic trade-off between the need to be energetically efficient
and the need to reduce oxidative damage to biomolecules including
telomeres.

There is increasing evidence—primarily from the otherwise un-
related fields of gerontology and sports science - that the efficiency
with which the mitochondria produce ATP can influence aerobic per-
formance. For instance, recent research has shown that the ATP/O
ratio is significantly and positively correlated with maximum aerobic
capacity, muscle strength and locomotor speed in humans (Coen
et al., 2013; Conley, 2016; Conley et al., 2013; Distefano et al., 2018;
Zane et al., 2017). Meanwhile in the field of agriculture there has
been interest in using information on mitochondrial traits when se-
lecting for fast-growing domesticated animals (Bottje, 2015; Bottje
& Carstens, 2009), and the efficiency of ATP production has been
shown to be positively related to the efficiency of growth in domes-
ticated pigs and chickens (Fu et al., 2017; Hudson et al., 2017). The
same has been shown in wild-derived brown trout, where individ-
ual variation in the ATP/O ratio in liver mitochondria is a significant
predictor of their growth rate and growth efficiency, at each of two
different levels of food availability (Salin et al., 2019). Intraspecific
variation in the efficiency of the mitochondria thus becomes key to
how the whole animal can perform.

3 | TELOMERE DAMAGE AND REPAIR

3.1 | Evidence that ROS cause oxidative damage to
telomeres

We now turn to consider how the ROS produced by the
mitochondria have consequences for telomere dynamics. Oxidative
stress can have a detrimental effect on telomeres through different
routes acting both during, and independent from, cell replication.
It can inflict both single-strand breaks (SSBs) and double-strand
breaks (DSBs) in DNA, so affecting the telomere sequence, and can
have strikingly inhibitory effects on telomerase activity, a major
telomere repair pathway (Ahmed & Lingner, 2018). ROS are capable
of generating around 100 different types of oxidatively damaged
bases (Cadet & Wagner, 2013). It has been estimated that as many
as 20,000 DNA base lesions are generated every day in every cell
under unstressed conditions (Markkanen, 2017). Other work has
estimated the number of oxidized bases as 1200 per cell cycle, with
3000 SSBs and 50 DSBs (Chen et al., 2020). The most studied base
to receive oxidative damage is guanine. Its low oxidation potential
makes it particularly susceptible to reaction with singlet oxygen,

85U80|7 SUOWWIOD aAeaI 8|qeo! [dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUB-SWLBY/LI0D" A3 |1 ATelq1jBU1 [UO//SANY) SUORIPUOD PUe SWie 1 8y} S *[2202/TT/Gg] uo Akiqiauliuo A)im ‘Mmofiselo JO AiseAlun Aq 0GTOT 98W/TTTT OT/I0p/L00 A8 | Arelqijeuluo//Sdny wolj papeojumod ‘€Z ‘Z20Z ‘Xv62S9ET



METCALFE anp OLSSON

6045
MOLECULAR ECOLOGY V4| LEYJ—

leading to the formation of 8-oxo-7,8-dihydroguanine (8-oxoGua),
a reaction that is estimated to occur on average 100-500 times
per day in the genome of each human cell (Poetsch, 2020), rising to
100,000 times in cancer cells (Chen et al., 2020). These numbers are
quite extraordinary, given that a single unrepaired DSB can cause
cell cycle arrest (Chen et al., 2020).

There is evidence that telomeric DNA is particularly reactive
with ROS and so prone to oxidative damage. The base sequence of
telomeres (T2AG3), with its high guanine content, makes telomeres
more prone to 8-oxoGua formation in vitro than the rest of the ge-
nome (Kawanishi & Oikawa, 2004). This is also partly due to the
preferential binding of Fe?* to telomere repeats, which allows for
hydroxyl radical production via Fenton reactions (Fouquerel et al.,
2016; Markkanen, 2017). As a result, double-stranded telomeric
DNA is more susceptible to cleavage by ROS than nontelomeric
DNA (Oikawa & Kawanishi, 1999). Furthermore, higher frequen-
cies of H,0, or alkylating-agent induced SSBs and DNA gaps are
found in telomeres than in microsatellites and bulk genome DNA
(reviewed in Fouquerel et al., 2016). However, the shielding ef-
fect against oxidation of the proteins that protect telomeres (e.g.,
the shelterin complex in mammals) is strongly suggested by there
being 50% fewer lesions on naked telomeres than on mini-satellites
(Fouquerel et al., 2016). Interestingly, recent work reveals a rapid
rate of evolution in the proteins associated with telomeric re-
gions, demonstrating that a highly unconserved protein machinery
protects the highly-conserved telomere and its functions (Saint-
Leandre & Levine, 2020). Other reasons suggesting that telomeres
are particularly vulnerable to oxidative damage are that the DNA
damage response (DDR) is repressed within intact telomeres and
that parts of the telomere sequence is single-stranded, that is, there
is no template from which to recognise and replace nucleotides. It
should be noted, however, that much of the above evidence comes
fromin vitro studies and it is less clear if oxidative lesions arise more
frequently in vivo at telomeres compared to the rest of the genome
(Fouquerel et al., 2016).

Two of the leaders in this field, Ahmed and Lingner (2020) con-
clude that "the consequences of persistent oxidative lesions on
telomere integrity are not well understood” and report position
effects of 8-oxo-dG (the deoxyriboside form of 8-oxoGua) when
present within a DNA substrate in vitro, either inhibiting or stimu-
lating telomerase production, depending on its location in the telo-
meric DNA (Fouquerel et al., 2016). To what extent such effects are
detectable, and make interpretation of telomere dynamics in vivo
problematic, is currently not well understood (Ahmed & Lingner,
2020). The impact of DSBs depends on their genomic position,
with DSBs near telomeric regions being much more likely to result
in gross chromosomal rearrangements (GCR) and chromosomal
instability than DSBs occurring within interstitial regions (Silva
et al., 2017). Ultimately, telomeres may fuse to form dicentric chro-
mosomes, a sequence of events that can lead to chromothripsis,
a form of genetic catastrophe with tens of thousands of genomic
rearrangements that occur primarily widely across different tumour
types (Cleal & Baird, 2020).

3.2 | Does oxidative stress cause faster telomere
shortening in vivo?

The main process during which telomeres suffer loss of base pairs
and so shorten is at replication, the process where two identical rep-
licas are formed from one original DNA molecule. This leads to well-
described telomere loss in all cells that lack telomerase, such as in
most somatic endotherm cells. This process of replication-related at-
trition occurs for a number of reasons: (i) replication cannot proceed
tothe very end of the chromosome, resulting in telomere loss at every
round of replication (the end-replication problem). (ii) Stochastic loss
of telomere sequence may occur when single-stranded highly sta-
ble G-quadruplexes, including the t-loop structures, are enzymati-
cally unwound, and when (iii) TERRA RNA forms hybrid DNA/RNA
structures that interfere with replication. (iv) Telomere replication is
unidirectional and driven from subtelomeric regions, and so stalled
replication forks cannot be rescued by converging forks coming from
the chromosome end (Ahmed & Lingner, 2018). The most common
telomeric mutation, 8-oxo-Gua, is not considered a blocking lesion
per se. Thus, the cell bypasses the 8-oxo-Gua lesion during replica-
tion. The overall in vivo mutation frequency of 8-oxo-Gua lesions
in templating DNA without post-replication repair is estimated to
be around 19%, which is much lower than expected considering the
replication bypass problem (Markkanen, 2017). Error-free bypass of
8-oxo-Gua lesions to counteract their mutational effect is achieved
by invoking replicative DNA polymerases (Pols; see Markkanen,
2017 for excellent review).

The question then arises as to whether the oxidative damage to
telomeric regions that arises due to ROS produced by the mitochon-
dria causes a faster rate of telomere shortening, and whether this
occurs in vivo. The answer appears to be yes (Figure 1b): in their
recent review, Reichert and Stier (2017) concluded that 10 of 18 cor-
relative and seven of eight experimental studies supported the hy-
pothesis that oxidative stress caused shortening of telomeres. Part
of the incentive for that review was the demonstration of a lack of
relationship between simultaneous sampling of telomere attrition
and oxidative stress markers (Boonekamp et al., 2017). Barnes et al.
(2019) argue that mechanistic information linking oxidative stress
to in vivo telomere attrition and viability can more reliably be ex-
tracted from tissues in vivo (rather than from cell culture in vitro),
especially associated with inflammation. Considerable evidence
links oxidative stress to short telomeres, greater chromosomal in-
stability and inflammation that must necessarily be associated with
compromised vigour (Barnes et al., 2019). For example, Graham and
Meeker (2017) argue that at a normal rate of attrition, a prostate
cancer cell would need more than 100 years to achieve the critical
telomere length observed in prostate tumours with their high ROS
levels. Thus, telomere-associated oxidative stress pathology affects
viability in vivo.

The effect of innate antioxidants, such as peroxiredoxins
(PRDX1), on telomere stability becomes obvious in PRDX1 knock
out cells: treating such cells with pro-oxidants leads to massive telo-
meric instability from elevated ROS levels (Ahmed & Lingner, 2020).
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Its applied value has been predicted in cancer treatment (increas-
ing ROS to kill tumors), but to what extent corresponding variation
in PRDX1 shows covariation with viability in vivo in the wild is not
known. Importantly, most of this information has been researched
in model organisms such as yeast (Saccharomyces cerevisae), round-
worms (Caenorhabditis elegans), fruit fly (Drosophila melanogaster),
zebra fish (Danio rerio), medaka (Oryzias laticeps), and mouse (Mus
musculus) (Wojtczyk-Miaskowska & Schlichtholz, 2018). However,
there is very limited information on ROS-telomere relations on non-

model taxa in the wild.

3.3 | Repair of oxidative damage to telomeric DNA

Itis clear that organisms have been under intense selection to evolve
the much conserved DNA repair pathways we see today, involving
around 100 enzymes, each with their specific role of repair, and
more enzymes predicted to be discovered (Cadet & Davies, 2017).
DSBs are repaired via homology directed repair (HDR), nonhomolo-
gous end-joining (NHEJ), and alternative-NHEJ. HDR and NHEJ are
repressed in intact telomeres whereas alt-NHEJ also acts within tel-
omeric repeats. The DNA mismatch repair (MMR) system corrects
single nucleotide damage, nucleotide excision repair (NER) removes
modifications that distort the helical structure, and direct reversal
(DR) occurs in some taxa through which UV-induced damage is in-
versed without a template (Figure 1b; Marcomini & Gasser, 2015;
Silva et al., 2017; Wojtczyk-Miaskowska & Schlichtholz, 2018). The
base excision repair system (BER) excises bases that are chemically
altered, such as through endogenous ROS exposure, but cannot
repair sequences within G-quadruplexes (for reviews, see Ahmed
& Lingner, 2018; Fouquerel et al., 2016; Jia et al., 2015; Poetsch,
2020). BER excises 8-oxoGua using the repair enzyme 8-oxoguanine
DNA glycosylase (OGG1), leaving an apurine site (AP site). The pro-
cess is rapid: 8-oxoGua sites have a half-life of around 11 min on
average (Markkanen, 2017). The interplay of newly emerging DNA
lesions versus repair fidelity results in a steady state of a few thou-
sand 8-oxoGua sites and c. 15,000-30,000 AP sites in total per cell
(Poetsch, 2020). Interestingly, it has been shown that ROS-induced
SSBs are not directly produced by ROS itself, but are a by-product
of base-excision repair processing of presumably oxidized bases
(Ahmed & Lingner, 2020).

It is of relevance to ecologists that there is a circadian rhythm
in OGG1 and 8-oxo-Gua repair, possibly associated with different
risks of oxidative stress at different times of day (Markkanen, 2017).
Another strong temporal trend in the rate of DNA repair is asso-
ciated with organismal age. Many studies have confirmed that the
capacity for DNA repair declines with age, resulting in the accumula-
tion of unresolved or misrepaired DNA damage with a considerably
increased risk of genomic instability (Chen et al., 2020). This coin-
cides with a decline in telomere length with age in most endotherms
(and at least some ectotherms), and with a corresponding increase in
overall pathology (Chakravarti et al.,2021; Kruk et al., 1995; Mensa
etal., 2019).

The enzyme telomerase can restore telomere length (Figure 1b),
but is usually downregulated in the majority of adult endotherm so-
matic cells (although still present in the cells of ectotherms (Olsson,
Friesen, et al., 2018)). In those cells in which it is expressed, the telo-
mere attrition that occurs during cell replication may be countered
by telomerase adding DNA repeats to the 3' end using an internal
moiety as a template. However, even in such cells, less than one
telomere in 10 is elongated by telomerase per cell cycle on average
(Marcomini & Gasser, 2015). The likelihood of telomere extension
is inversely related to telomere length (yeast telomeres of 100 bp
being about six times more likely to be lengthened than those of
300 bp), indicating that telomerase is more associated with repair
than it is with the routine process of cell replication (Webb et al.,
2013). It is worth stressing that, despite the existence of a range of
repair mechanisms, some oxidative damage persists within telomeric
regions, possibly due to suppression of DNA repair proteins by the
shelterin protein TRF2 (Silva et al., 2017).

4 | THE ECOLOGICAL IMPORTANCE OF
MITOCHONDRIAL ROS PRODUCTION FOR
TELOMERE DYNAMICS

Our aim with this section is to discuss whether the interactions
between the rates of ROS production, of telomere damage and of
repair seem to affect telomere dynamics in vivo, and whether these
interactions are likely to have ecological or life history consequences.
Theevidence of fitness consequencesis currently thin due toa paucity
of studies, but this picture is likely to change as more sophisticated
analytical approaches are developed. As identified by Fouquerel
et al. (2016), methods to explicitly quantify telomere lesions are still
considered relatively blunt, which is challenging for research in this
area given the relatively low abundance of telomeric DNA in the
genome (c. 0.025% of the genome). We focus here on easy-to-use
assays that can be adopted by ecologists and evolutionary biologists
to test hypotheses relating to telomere dynamics, including in
natural populations. An obvious approach to assess the effects of
oxidative stress on telomere attrition is to quantify relationships
between parameters such as free radicals, oxidative stress markers,
DNA damage/repair (e.g., assays of 8-oxo-dG or 8-oxo-Gua, chosen
because they are relatively stable molecules), and telomere length
and attrition. Olsson et al. (Olsson, Friesen, et al., 2018) adopted
this approach in a study of wild-caught painted dragon lizards
(Ctenophorus pictus) that were kept in the laboratory throughout
the mating season. The prediction was tested that increased
excision-repair will elongate telomeres. DNA repair was analysed
using Flow FISH, based upon hybridization of synthetic DNA/RNA
binding to telomeres in a sequence-specific manner. Less successful
hybridization is expected at compromised (unrepaired) telomeric
sequence. Once the telomeric sequence is repaired, it is expected to
regain the ability to hybridize, resulting in more identified sequence
repeats. It was found that higher superoxide levels at the beginning
of the mating season predicted shorter telomeres at the end of the
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mating season, while 8-oxo-dG repair rates positively influenced
subsequent telomere length (Olsson, Friesen, et al., 2018). Thus, this
lends support to oxidative stress telomere attrition being repaired by
the BER pathway, resulting in longer telomeres. However, the study
also showed that telomere lengths late in life were more related to
superoxide levels measured earlier in life than superoxide measured
at the same time as the telomeres. This temporal separation of cause
and effect highlights the complexity in hypothesis testing of the
effects of oxidative stress on telomere biology. It also suggests that
there are long-term mechanistic processes involved in life history
trade-offs that are determined in early life and set organisms on
an attrition and, perhaps, ageing trajectory. This supports similar
lifelong effects of an individual animal's early life telomere dynamics
on its lifespan or late life fitness attributes, found in a range of
species (Boonekamp et al., 2014; Entringer et al., 2018; Heidinger
et al., 2012; Martens et al., 2021).

Olsson, Friesen, et al. (2018) also found a significant relationship
between mitochondrial “content” (a combined measure of mito-
chondrial mass and volume) in blood and superoxide levels in blood,
suggesting that more mitochondria leads to elevation of superox-
ide levels. However, this need not always be the case: Salin, Auer,
Rudolf, et al. (2015) found no relation in trout between intraspecific
variation in liver density of mitochondria (measured as cytochrome
c oxidase [COX] activity) and levels of the ROS molecule H,0, (pro-
duced from superoxide formed in the mitochondria). Instead, they
found that an individual's liver H,O, production was negatively re-
lated to its metabolic rate - consistent with the uncoupled to survive
hypothesis (Brand, 2000). It should also be borne in mind that the
rate of production of ROS per mitochondria depends on its level of
coupling, so can change over time. Indeed, it has been shown that
brown trout responded to food shortage by reducing the size of their
liver (and hence liver mitochondrial content), but this was matched
by anincrease in the whole-liver level of H,O, due to increased cou-
pling in the mitochondria that remain (Salin, Villasevil, Anderson,
Auer, et al., 2018).

Recent research on metabolically regulated telomere attri-
tion shows great potential for explaining links between energy
production, reduction in resources available for costly telomere
maintenance, stress and levels of glucocorticoids (GC) (the "met-
abolic telomere attrition hypothesis"; Casagrande & Hau, 2019;
Casagrande et al., 2020). Experimental elevation of GC in nestling
great tits Parus major resulted in shorter telomeres associated with
relevant shifts in mitochondrial parameters (e.g., LEAK respiration,
mitochondrial efficiency) but no effects on oxidative stress, which
lends support to short-term metabolic attrition effects (Casagrande
et al., 2020). This concurs with the growing evidence that exposure
to stressors in general is associated with faster telomere attrition
(Chatelain et al., 2020). However, again, if the effects of oxidative
stress are not manifested until some time after ROS exposure, then
such effects would be overlooked in short-term experiments.

Indirect evidence for the importance of ROS for telomere at-
trition can also be derived from patterns of antioxidation and DNA
damage/repair. Olsson et al. (2012) and Olsson et al. (2012) took

such approaches when examining sex-specific effects of innate
production of SOD and associated DNA damage/repair. In painted
dragon lizards, males had four times higher levels of SOD than fe-
males, whereas at the end of the mating season females had higher
levels of DNA damage/repair (8-oxo-dG; (Olsson, Healey, et al.,
2012)). Experimental enhancement of SOD in males by using a SOD/
catalase mimetic, Eukarion 134 (EUK) made them better able to
maintain their breeding coloration through the mating season, and
males receiving EUK had significantly less DNA damage/repair levels
(Olsson, Tobler, et al., 2012).

The above evidence of individual and temporal variation in pat-
terns of oxidative stress, telomere damage and repair suggests that
there is much scope for variation in mitochondrial function to influ-
ence telomere dynamics (Figure 1). There are an increasing number
of experimental studies that show mitochondrial coupling increases
with declining nutritional state (Bourguignon et al., 2017; Monternier
et al,, 2014, 2017; Roussel et al.,2018; Salin, Villasevil, Anderson,
Auer, et al., 2018), such that animals facing food shortage maxi-
mise the efficiency of ATP production but at a cost of greater ROS
production and risk of oxidative stress (Salin, Villasevil, Anderson,
Auer, et al., 2018). The same shift towards greater mitochondrial ef-
ficiency has been found in other contexts where there is an elevated
energetic demand, such as in the liver of lactating mice Mus mus-
culus (Mowry et al., 2017) and the flipper muscles of King penguin
chicks Aptenodytes patagonicus when they first enter the sea and so
need to have high sustained muscle efficiency (Roussel et al., 2020).
Similar trends are found in human skeletal muscle mitochondrial ef-
ficiency when undergoing intense exercise training (Fiorenza et al.,
2019). In all cases there may be a cost to this increased efficiency of
energy production in terms of a greater rate of telomere attrition (or
investment in repair to prevent this), but these might nonetheless be
adaptive responses given that the benefits are immediately apparent
whereas the cost may not be paid until later (as in the painted dragon

lizard example above (Olsson, Friesen, et al., 2018)).

5 | MITOCHONDRIA AND TELOMERES:
KNOWLEDGE GAPS AND OPPORTUNITIES

There has previously been speculation that intraspecific variation
in mitochondrial function or efficiency could underlie physiological
trade-offs involving oxidative stress, and so explain observed vari-
ation in a diverse array of organismal fitness-related traits such as
immune function, sexual ornamentation or the degree or quality of
animal mating displays (Hill, 2014; Koch et al., 2017, 2021; Koch &
Hill, 2018). We are now proposing that it should also influence the
rate of telomere attrition. It seems clear that analysis of mitochon-
drial function can explain individual variation in whole-organism
traits (Koch et al., 2021)—for instance, two animals can achieve the
same growth rate despite having differing food intakes due to dif-
ferences in their ATP/O (Salin et al., 2019). By the same logic, we
can argue that this should lead to different rates of telomere loss,
with the animal that has a higher ATP/O being able to grow more
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efficiently, but potentially paying a cost in terms of greater rates of
ROS production and so having a faster rate of telomere attrition.
However, the extent to which a trade-off operating at the cellular
level can scale up to create an effect seen at the whole organism is
unclear, since there may be feedback or buffering mechanisms oper-
ating at these higher levels of biological organisation. This therefore
needs to be tested—and in a setting where the relevant physiologi-
cal and life-history trade-offs will be revealed. The research to date
on mitochondrial function and efficiency has almost entirely been
done in a laboratory or domesticated animal context, in which ani-
mals are typically kept in benign conditions with unlimited access
to resources. This can result in little evidence of the trade-offs
that would apply in the “real” world (Metcalfe & Monaghan, 2013;
Reznick et al., 2000).

There is thus a real need to extend this approach into a more eco-
logical context, testing for the first time how intraspecific variation
in mitochondrial efficiency is traded off against telomere protection,
and how this trade-off differs between environmental contexts. The
methodological challenges of measuring mitochondrial function in
wild animals are not trivial, given that samples must be kept unfro-
zen and analysed within hours, but there are now studies that have
done this (Nord et al., 2021; Stier et al., 2019). Outcomes are likely
to be taxon-specific—for instance, there is evidence in the toad Bufo
bufo that temperature affects both ROS levels and mitochondrial ef-
ficiency, with the rate of ROS production per unit of ATP generated
shown to be greater at higher temperatures (Roussel & Voituron,
2020). Conversely, cold- and warm-adapted populations of the spot-
ted snow skink Niveoscincus ocellatus differed in how mitochondrial
ROS production responded to environmental temperature, although
their telomere dynamics were similar (Fitzpatrick et al., 2019). There
are likely to be significant differences in such traits between endo-
therms and ectotherms, since it has recently become evident that
ectotherms express telomerase, and maintain or even increase
telomere length, at later life stages than do endotherms (Olsson
et al., 2018). Evidence is also emerging of among-species variation
in mitochondrial function, hinting at differences in the outcome of
the trade-off between energetic efficiency and protection against
oxidative damage. For instance, when comparing across the lim-
ited number of mammalian species studied to date, ATP/O is high-
est in small-bodied species (Boél et al., 2020), but shows a greater
response to temporal variation in metabolic rate in larger species
(Boél et al., 2019). There is also evidence of within-species variation
in mitochondrial flexibility that is related to anticipated environmen-
tal variation: the plasticity in UCP expression (i.e., degree of mito-
chondrial uncoupling) in relation to temperature has been shown to
vary among subspecies of Atlantic killifish Fundulus heteroclitus, with
the subspecies more exposed to cold temperatures showing greater
thermal plasticity in mitochondrial efficiency (Bryant et al., 2018).

There is scope for much more work of this kind, exploring how
environmental conditions select for particular outcomes to our
proposed trade-off between mitochondrial efficiency and telo-
mere protection. For instance, we can predict that mitochondrial
efficiency should take into account the long-term costs of greater

oxidative damage, so should vary over time within individuals. We
can predict that mitochondrial efficiency should be prioritised over
protection against oxidative damage to telomeres in short-lived spe-
cies, in semelparous species as they approach their only breeding
season, and in situations where either resources are very limited or
energetic demands highest. Conversely, animals living in benign con-
ditions where energy intake is not limiting should be more likely to
have lower mitochondrial efficiency, so as to protect against oxida-
tive damage and so delay rates of senescence.

However, information on the temporal dynamics of mitochon-
drial function is currently lacking due to the need to cull animals in
order to take the tissue samples required for mitochondrial mea-
surements. While it is possible to make cross-sectional comparisons
of animals experimentally allocated to treatment groups, these gen-
erally do not reveal the speed with which mitochondrial function can
change, nor do they allow for assessment of the longer term conse-
quences. This problem has been partially solved by measuring mito-
chondrial function in nucleated blood samples, allowing longitudinal
measures (Stier et al., 2017). This approach showed that mitochon-
drial function in red blood cells of pied flycatchers Ficedula hypo-
leuca was repeatable within individuals over the course of a breeding
season, but showed a shift to greater mitochondrial efficiency when
parents were feeding chicks (i.e., working hardest) (Stier et al., 2019).
However, whether measurements in blood cells can be taken to be
representative of mitochondrial function in other tissues is still not
fully clear (Koch et al., 2021), since mitochondrial function can dif-
fer among tissues (e.g., Salin et al., 2019). If these issues can be re-
solved then longitudinal, repeat sampling could shed real light on
the interactions between stressors, glucocorticoid hormones, ROS
levels, DNA damage/repair and rates of telomere attrition, since
all can be measured from blood samples. Such approaches could
also involve telomerase sampling, which is known to be repressed
by both oxidative stress (Ahmed & Lingner, 2018) and other phys-
iological stress (Kurz et al., 2004), causing compromised repair of
the telomere sequence (Kurz et al., 2004). Given that mitochondria
are maternally inherited, there is also a need for quantitative genet-
ics experiments—ideally in the wild—using mixed paternity clutches
where paternal and maternal effects on mitochondrial function
and ROS production can be partitioned. If mitochondrial function
shows similarities between close relatives, this opens the possibility
of cross-sectional but sequential sampling of family members as an
alternative approach when longitudinal sampling proves impossible.

There is much fertile ground that needs to be explored.
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