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Much telomere loss takes place during the period of most rapid growth when
cell proliferation and potentially energy expenditure are high. Fast growth is
linked to reduced longevity. Therefore, the effects of somatic cell proliferation
on telomere loss and cell senescence might play a significant role in driving
the growth-lifespan trade-off. While different species will have evolved a
growth strategy that maximizes lifetime fitness, environmental conditions
encountered during periods of growth will influence individual optima. In
this review, we first discuss the routes by which altered cellular conditions
could influence telomere loss in vertebrates, with a focus on oxidative stress
in both in vitro and in vivo studies. We discuss the relationship between body
growth and telomere length, and evaluate the empirical evidence that this
relationship is generally negative. We further discuss the potentially conflicting
hypotheses that arise when other factors are taken into account, and the further
work that needs to be undertaken to disentangle confounding variables.

This article is part of the theme issue ‘Understanding diversity in
telomere dynamics’.

1. Introduction

There is considerable evidence from diverse studies across a wide range of taxa,
that animals can vary their growth rate, and that faster growth is associated
with a lifespan reduction [1-3]. One possible factor that might contribute to
this association is the effect of growth on telomere loss. The telomeric system of
chromosome protection is highly conserved across eukaryotes, acting to maintain
the integrity of the linear chromosomes. Vertebrate telomeres comprise tandem
repeats of a short hexameric DNA sequence (TTAGGG) at the chromosome
ends, with a single-stranded overhang that doubles back on itself and intrudes
into the double-stranded section, forming the so-called ‘t-loop” [4]. The telomere
itself is protected by the shelterin proteins, which prevent it being accessed by cel-
lular mechanisms that repair breaks in DNA and which could otherwise give rise
to catastrophic end-to-end joining of chromosomes [4,5]. Telomeres also protect
the coding sequences on the chromosomes from the loss that occurs as a conse-
quence of the incomplete replication of the 3’ ends of DNA strands during cell
division. In the absence of telomere restoration, the loss of telomere sequences
during cell division results in progressive telomere shortening until a point is
reached when the telomeres become dysfunctional and the genome unstable.
This triggers cell senescence, often followed by apoptosis, and the rate at which
this occurs has consequences for tissue and organism function [6]. There are
various mechanisms whereby telomeres can be restored or even lengthened,
including the recombination-based alternative telomere-lengthening pathways
[7,8], but the most widespread restoration mechanism in normal cells is via the
reverse transcriptase enzyme telomerase [4]. This enzyme is variably active in
different species, cell types and life stages.
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While this basic system remains essentially similar across
the eukaryotes, with some notable exceptions (such as the
Diptera [9]), the details of telomere length, loss and restoration
vary within and among species, and among tissues. Given that
telomere length and/or loss have been linked to health and
longevity [5,10,11], telomere dynamics are expected to be
under strong selection pressure. Species-specific telomere
dynamics have evolved in tandem with the species life history,
particularly in relation to the selection pressures that shape
growth rate, body size and longevity, all of which influence
the need for cell division [12]. In addition to differences
among species, there is also considerable variation in telomere
length and loss among individuals of the same species. Inter-
individual differences in inherited telomere length are part of
the picture [13], as is variation among conspecifics in cell div-
ision and turnover in tissues and at different life stages.
However, much of the within-species variation is likely to be
due to environmental factors that influence rates of telomere
loss [13]. The amount of telomere loss per round of cell division
that can be attributed to the end replication problem depends
on how close to the chromosome end the distal primer can
be placed during DNA replication; in cultured human cells,
in which almost all of this work has been done, this loss is
small (possibly as little as 10-20 base pairs [14]), but the
observed loss rate is in often considerably greater [14,15]. Con-
ditions within the cell are thought to play an important role
here, and these conditions can obviously be influenced by
the environment that the organism experiences. Environmental
factors can act directly or indirectly (i.e. via parental effects) on
the individual, inducing increased cell division rates, changing
body size or creating intra-cellular conditions that accelerate
telomere loss.

In this review, we consider the mechanisms whereby vari-
ation in growth rates might give rise to variation in telomere
loss. We consider the effects of environmentally generated oxi-
dative stress in particular. Recent reviews of other important
environmental factors that can influence telomere loss such
as exposure to stressors, inflammation and toxic chemicals
are available elsewhere [16—20].We then discuss the evidence
that somatic growth during post-natal life, when telomere res-
toration is more limited, is linked to increased telomere
attrition, discuss why effects might differ among studies as
well as among and within species, and identify where we
lack important information [16—19].

2. Telomere length and loss

Both telomere length and the rate of telomere loss are likely to
be important to organism health and longevity. There is vari-
ation among species in the age-specific telomere length [4].
Why such interspecific differences in telomere length have
evolved, and what the functional significance of this might
be, is unclear. In addition to the 3’ end replication problem,
there are several other conserved mechanisms contributing
to telomere shortening that have been reported in the literature.
These include oxidative stress, reviewed in [21] and telomere
trimming, reviewed in [22]. Recent evidence suggests that
length is set during embryo development [23], and that
any aberrantly long telomeres in embryonic stem cells are
‘trimmed’ back to the appropriate length by so-called TZAPs
(telomeric zinc-finger associated proteins) [24]. Thereafter,
telomere restoration in most somatic cells is limited [4].

Consequently, ‘starting” length presumably determines the
fate of cells, because this will determine the number of cell
divisions that occur before a critically short telomere length
triggers cell-replicative senescence. Studies using human
cells have identified several additional factors that influence
telomere loss [25,26]; these include errors during DNA replica-
tion (including problems with the unwinding of the telomeric
structure during DNA replication), exonuclease activity and
deletion of t-loops by homologous recombination damage
and damage induced by exposure to oxidative stress, stress
hormones, inflammation, UV radiation or toxic chemicals
[18,19,27,28]. The importance and impact of these processes
is likely to differ among cell types and potentially also at differ-
ent life stages, and there may also be differences among species.
However, little comparative data to examine this variation
are available.

Since adverse environmental conditions can increase
telomere loss, telomere loss rate can potentially give an
indication of the state of the individual, reflecting the environ-
mental challenge that it faces, or has faced, and the individual’s
capacity to deal with it [29,30]. The relationships among length,
loss rate and fitness outcomes depend in part on whether short
telomeres have a causal role in bringing about reduced health
or longevity. If this is the case, then the same loss rate will
have different consequences depending on the starting telo-
mere length [29]. If, on the other hand, loss rate is simply a
biomarker of health, then a relatively high loss rate indicates
a poor state whatever the telomere length. Telomere loss is
more difficult to measure than length. Repeated measures
from the same individual are required to avoid results that
are confounded by differential survival of individuals (see
example in the next paragraph). Such repeat sampling is only
feasible in a limited number of tissues where relatively non-
invasive sampling is possible, such as via small blood samples
or skin biopsies. It is therefore important that we know
the extent to which telomere changes in these tissues reflect
those in other tissues whose function is important to health
and longevity. Studies of variation in telomere dynamics in
tissues within individuals are limited, but there does appear
to be an association across tissues [31-33]. In practice, individ-
uals with high telomere loss rates are likely also to have
relatively shorter age-specific telomere length, unless there is
considerable inter-individual variation in initial telomere
length. Variation in telomere length across individuals,
environments or experimental treatments can therefore still
provide us with valuable information.

Early in life, telomere length is unlikely to have a causal role
in determining survival prospects over the short term, since
sufficient telomere loss to compromise health is unlikely to
have occurred at this life stage. However, since, as mentioned
above, telomere loss rate itself may be indicative of exposure
to poor conditions, length or loss may be correlated with survi-
val even early in life [34,35] and loss rate can be a better
predictor of juvenile survival than is telomere length [35]. In
a long-term study of Soay sheep Owvis aries (a feral breed of
domesticated sheep on an isolated island off the west coast of
Scotland) individual telomere length was repeatedly measured
from shortly after birth; individuals with longer telomeres
survived better over the first 2 years of life, but not in later
adulthood [36]. In addition to illustrating how telomere
dynamics might be differentially related to individual state at
different life stages, this study also shows how differential mor-
tality with respect to telomere length can alter variation in
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Figure 1. The routes whereby growth and telomere loss can be linked. The
main route via increased cell division and the route via increased energy
expenditure are shown. While normal growth will involve energy expenditure,
organisms may have evolved strategies to minimize oxidative damage during
this time. However, when circumstances favour more or faster growth, oxi-
dative damage to DNA may occur as a result of the further increase in
expenditure. Oxidative damage to telomeric DNA can increase the telomere
loss per round of cell division, and increase the rate at which cells senesce.
This oxidative damage may also trigger a persistent DNA damage response in
the cell, triggering cell senescence directly in the absence of increased
telomere loss. (Online version in colour.)

telomere length in different age categories; individuals with
the shortest telomeres will already have been eliminated
before sexual maturation and thus be under-represented in
older age classes.

3. Oxidative stress and telomere loss

Figure 1 summarizes the main routes described above whereby
growth, telomere loss and cell senescence are linked involving
changes to cell proliferation, oxidative damage and triggering
of a persistent DNA damage response. In this review, we con-
centrate the effect of on oxidative stress on telomere loss, as this
has been most widely studied, and there is good evidence
that growth rates, a major focus of this review, can influence
levels of oxidative stress.

(a) Oxidative stress at the cellular level

Intense cellular stresses that induce high levels of double-
stranded breaks to DNA can cause telomere shortening without
DNA replication. However, under the less-catastrophic stresses
more likely to occur in natural conditions, loss largely occurs
during DNA replication [14,37]. Oxidative stress can damage
DNA, and such damage may underlie the effects of many
environmental factors on telomeres. Oxidative damage occurs
primarily when the antioxidant defences cannot fully quench
the reactive oxygen species (ROS) that are generated in the mito-
chondria. Telomeres are considered particularly sensitive to
oxidative damage, possibly because of the increased vulner-
ability of their stacked guanine bases [14,38—41]. There is also
evidence that the dynamics of damage repair differ in the
telomeric region from elsewhere in the genome [27]. Oxidative
lesions can also interfere with the shelterin proteins and result in
telomeres becoming dysfunctional [42]. However, the oxidative
lesions to the telomeric DNA itself, especially to the G-rich
strand [42], are considered to be particularly important; a rela-
tively high proportion of this damage remains unrepaired [43],
increasing the amount of shortening at the next round of cell

division [14,44]. Interestingly, it is also known that oxidative n

damage to telomeric regions can induce a persistent DNA
damage response that gives rise to cell-replicative senescence
irrespective of telomere length [45,46].

While the effect of oxidative stress on telomere length has
been studied both in vivo and in vitro, most experimental
studies have been done in cell culture, enabling specific path-
ways to be elucidated. Generation of oxidative stress in
cultured cells has been shown to increase telomere shortening
during cell division, and experimental reduction of the pro-
duction of ROS in mitochondria shown to reduce telomere
shortening [14,39,47 48]. An important caveat here [46] is that
much of the in vitro work has been done using immortalized
cell lines or cancer cells, so the relevance to normal cells is
somewhat unclear. In addition, the doses of the pro-oxidants
applied directly to cells in culture may sometimes be much
higher than would be the case in vivo [18].

It has been argued that the increased cell-cycle arrest and
cell death that follows persistent exposure to oxidative stress
might arise largely from oxidative damage to the whole
genome and to other macromolecules, rather than being
triggered by telomere dysfunction [44]. That oxidative
damage to the telomeric DNA is in itself of considerable impor-
tance in determining cell fates has been demonstrated via
the experimental generation of oxidative damage only to the
telomeres; as predicted, this led to more cell death [44]. None-
theless, under natural conditions, the amount of unrepaired
oxidative damage in the telomere is likely to be related to
the genome-wide level of damage incurred. This observation
has led to the suggestion that the sensitivity of telomeres to
oxidative damage has functional significance, enabling telo-
meres to act as ‘sentinels’ of damaged cells, triggering their
removal [14].

(b) Oxidative stress at the organismal level

The evidence that oxidative stress exposure has an important
effect on telomere length studied at the individual levels is
more mixed than the results from cell culture. Several correla-
tive studies in whole animals show that individuals with
increased exposure to oxidative stress show increased telomere
loss [18]. However, these studies have generally not manipu-
lated oxidative stress directly but have compared individuals
found with different toxin levels or in different environmental
conditions. For example, telomere loss in elderly humans over
a 10 year period was found to be positively related to levels of
persistent organic pollutants in their blood at the start of the
study, including oxychlordane, a widespread pesticide [49].
However, the variation in pollutant levels might well be corre-
lated with other lifestyle factors that have induced differences
in telomere loss. Similarly, levels of oxychlordane circulating in
the blood of a long-lived seabird, the kittiwake Rissa tridactyla,
were found to be negatively related to red blood cell telomere
length in female birds [50]. Particularly interesting in this
kittiwake study is that no relationship was found in the male
birds, despite the plasma levels of pesticides being similar in
both sexes. As the authors point out, many factors might
underlie this sex difference, such as differences in the resilience
of males and females due to differences in antioxidant
defences, antioxidant deployment priorities or in the ages of
the male and female birds examined. It is difficult to control
potentially confounding variables in the field, and this kind
of inter-individual variation in behaviour and life-history
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priorities might explain the inconsistent results in correlative
studies at the organism level, especially where they are done
in the wild.

Rather than relating telomere length to pro-oxidant chemi-
cal exposure, some studies have examined the relationship
between actual measures of oxidative stress and telomere
length or loss. For example, a positive association between oxi-
dative damage (measured by circulating levels of hydrogen
peroxides (the d-ROMS test) and telomere loss in red blood
cells has been reported in king penguin chicks Aptenodytes
patagonicus [51]. However, in a similar study on jackdaw
Corvus monedula chicks, using a number of markers including
d-ROMs, found no relationship with telomere loss [52]. The
difference between these two avian studies, both of which
involved telomere measurement in red blood cells of growing
chicks and oxidative stress markers in plasma, might relate to
species differences in the level of telomere restoration, in anti-
oxidant defences, or in the way, and time points at which,
the markers were measured. Neither study involved any exper-
imental manipulation of environmental conditions; both used
naturally generated variation in oxidative stress, which might
covary with many other individual differences.

More detailed experimental studies in rats involving
maternal dietary manipulation during pregnancy have also
related measures of oxidative damage to telomere loss. Maternal
protein restriction during pregnancy followed by accelerated
pup post-natal growth during the lactation period has been
associated with shorter telomere length (table 1) and indicators
of oxidative stress in a wide range of tissues in the offspring
including pancreatic islets [60], the heart [59], aorta [82],
kidney [62], uterine tract [58] and skeletal muscle [56]. These
studies demonstrate that telomere shortening is accompanied
by oxidative stress as a consequence of a suboptimal early
environment. They do not, however, give insight as to whether
there is a causal relationship.

(c) Effects of antioxidants

If oxidative stress is an important contributor to telomere loss,
then improving antioxidant capacity should reduce telomere
loss and thereby help address causality. Administration of anti-
oxidants to cultured cells does reduce telomere loss [14,15,28].
Similarly, antioxidant capacity in whole organisms has been
linked to reduced telomere loss in both correlative and exper-
imental studies [18,28]. However, conflicting results have
also been reported. For example, Badas et al. [83] gave wild
adult blue tits Cyanistes caeruleus an antioxidant supplement
(vitamin E and methionine) while they were rearing their
chicks in 2012. The birds were then recaptured in 2013, again
during chick rearing. All birds showed telomere loss between
2012 and 2013, but the decline was less in the birds that had
the antioxidant supplement during breeding in the previous
year. By contrast, Noguera ef al. [69] found no difference in tel-
omere loss between chicks of captive zebra finches Taeniopygia
guttata growing on high and low antioxidant diets. The
difference between these studies may be related to species
differences, differences between adults and chicks, variation
in background dietary antioxidants, whether or not the sup-
plement actually increases antioxidant capacity, prenatal
levels or stored levels of antioxidants, the relative importance
of endogenous versus exogenous antioxidants at different life
stages and so on. In rats, post-weaning studies involving diet-
ary supplementation with Coenzyme Q (ubiquinone, one of

the most abundant antioxidants in vivo, present in the inner
mitochondrial membrane) have demonstrated that sup-
plementation prevented the early nutrition-induced changes
in telomere length in both the heart and the aorta [59]. An
alternative, but complementary, approach to studying oxi-
dative stress and telomere dynamics examined variation in
telomere length in relation to polymorphisms in genes
known to be linked to oxidative stress and biomarkers of
ageing [84]. While this involved a group of 79-year-old
humans, which may in itself represent a biased group, the
study found an association in the expected direction, and pro-
vides supporting evidence that cellular redox status has an
important effect on telomere loss.

Differences in the deployment of antioxidants among
individuals are also likely to be very important in organismal-
level studies. For example, Noguera et al. found that antioxidant
supplementation reduced telomere loss during sexual matu-
ration [69] in females but not in males. This probably reflects
a preferred allocation of these antioxidants to sexual coloration
rather than oxidative defence in males. Kim & Velando [85]
found that antioxidants can offset the increased telomere loss
found in ‘bolder” gull chicks in the wild, and suggested that
this occurred because these chicks are exposed to more oxi-
dative stress as a result of differences in their behaviour
relative to the less-bold chicks.

The problem with all of the above studies at the organismal
level is that, even when individuals are randomly allocated to
treatment groups, it is very difficult to manipulate oxidative
stress exposure without also affecting other factors. Multiple
systems can be affected when individuals are exposed to
oxidative stress, and compensatory effects triggered that are
likely to protect some systems at the expense of others. How
these multifaceted effects work is likely to vary with species,
individual experience and life-history stages, and it is very dif-
ficult to design experiments at the organismal level that tease
these effects apart. Further, these complex physiological and
molecular interactions mean that studies in cell culture might
not give the same results as studies in whole organisms. Both
are required for pathways to be identified and outcomes under-
stood. Mitochondrial functioning is likely to be very important,
and ROS generation could potentially be increased or
decreased at the organismal level using manipulations such
as genetic interventions, and administration of compounds
that affect uncoupling proteins [86], but potential co-lateral
toxicity effects of these compounds need to be evaluated.

More studies are needed to help clarify whether, and under
what circumstances, what we see when oxidative stress is gen-
erated in cultured cells actually mirrors what occurs at the
organismal level. Furthermore, while the effect of oxidative
stress on telomere loss is the most studied, and clearly an
important, route of environmentally generated damage, but
we should not expect that all environmental stressors act on tel-
omere length via oxidative stress. The nature of the stressor
might also matter. For example, an experimental study in
which individuals were or were not exposed to social stress
by altering their position in the brood hierarchy found that
chicks of wild starlings Sturnus vulgaris placed in a subordinate
position in a foster brood showed more telomere loss than their
siblings that were placed in dominant positions in foster broods
[70]. However, there was no difference in oxidative damage
between groups (measured in this case via lipid peroxidation).
This does not tell us that oxidative stress is not involved in tel-
omere loss, but rather that the source of the experimentally
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generated telomere difference, which related to a manipula-
tion of social stress, was not via experimentally generated
differences in oxidative stress.

4. Growth and telomere dynamics

(a) Telomeres and trade-offs

Most organisms appear to be capable of growing at a much
faster rate than they generally do, and growth is expected to
be optimized via a number of life-history trade-offs [1,87]. In
life-history theory, trade-offs are most often viewed in the con-
text of the allocation of limited resources to competing traits. So,
resources allocated to growth might be at the expense of
resources allocated to self-maintenance and thereby longevity.
This might involve energy allocation to cell proliferation versus
energy allocated to telomere maintenance, restoration or
protection from oxidative damage. We know little about the
resource costs of telomere maintenance. However, resource
independent trade-offs can also occur. For example, inevitable
downstream or co-lateral consequences of a particular process
during growth could affect longevity. With respect to telomere
loss, a trade-off could occur between, for example, high cell pro-
liferation levels needed to grow to a particular size, and the
downstream consequences for cell (and organism) senescence
of the resultant pace of telomere loss, which would occur irre-
spective of resource availability. This non-resource dependent
trade-off may well be the route by which telomeres are involved
in a growth-lifespan trade-off. If so, we would expect to see such
a positive relationship between growth and telomere loss (or
negative relationship with telomere length) even in correlative
studies since experimental deflection of individuals from
their expected resource allocations is not required.

(b) Growth and telomeres

All individuals produced by sexual reproduction start life as a
single cell. Growth then occurs via increases in cell size and /or
cell number [88,89]. In general, homeostatic mechanisms main-
tain cell number and size within individuals in adulthood,
thereby preserving organ size and function [89]. Variation in
cell size among species, individuals and tissue types within
individuals, has all been reported [90]. However, cell size
does not vary to a sufficient extent to account for the large vari-
ations that we see among species in body size; bigger bodies in
principle mean more cell division. This need not translate into
more telomere loss, however, since this will depend on restor-
ation processes, which may be driven by other factors such as
tumour risk [91]. There has so far been little attempt to examine
cell proliferation rates in relation to telomere loss in vivo.
During the period when most body growth is taking place,
cell division rates tend to be higher than at other life stages.
This could select for longer initial telomere length, but there
may be costs associated with this, such as slowing of the cell
cycle and/or increased risk of telomere damage. There is evi-
dence that loss rate is higher in longer chromosomes [92],
possibly due to their presenting a bigger target for damage
to occur [46]. Little is known about telomere length regulation
during embryonic stages; it appears that telomere length is
shorter in oocytes but, following fertilization, lengthens
during early cleavage, after which a ‘set point’ is established
[23,24]. However, it is also clear that telomere length at
birth is influenced by environmental conditions during

development [93-95], and much more work is needed to
understand the processes involved.

There are at least two routes whereby more or faster post-
natal growth could lead to shorter telomere length—increased
cell division required to attain larger size, or increased loss per
round of cell division as a consequence of the conditions
required to sustain fast growth, or created by it. These two
routes are not mutually exclusive and indeed could act in con-
cert; the increased cell division rate could give rise to increased
oxidative stress due to the higher metabolic activity needed to
generate more ATP to fuel this growth. A number of correlative
and experimental studies have found that relatively fast growth
is associated with higher levels of oxidative stress markers in
both laboratory and field studies [61,96,97], and a recent
meta-analysis has demonstrated that there is good evidence
that faster growth incurs increased oxidative damage, and
that this may constrain growth strategies [98]. The context in
which growth takes place will therefore be expected to influ-
ence the level of oxidative stress that occurs. Thus body size,
growth rate and environmental conditions are likely to
matter in the context of telomere dynamics, and we consider
these further below.

An additional complexity is brought by the fact that the pat-
tern of growth can vary considerably among taxa, most notably
between determinate and indeterminate growers which relates
to the degree of genetic determination of growth [99]. The typi-
cal growth pattern of determinate growers involves growth to
an asymptote with limited environmental input to final size
[99]. Indeterminate growth generally involves a high environ-
mental input, and considerable variation in body size, and in
many cases growth throughout life. The life history of determi-
nate growers, such as birds and most mammals, is that growth
to a final body size takes place relatively early in life and prior to
sexual maturity, after which relatively little growth takes place.
There are important differences among the typical avian and
mammalian pattern in that in birds, growth as a nestling is gen-
erally very rapid and final body size is achieved by fledging or
fairly soon afterwards. There will then be a variable period
before reproduction occurs, which in some species, such as
the seabirds, can stretch into several years. In mammals on
the other hand, growth usually continues till sexual maturation,
and there can be a series of further growth ‘spurts” during ado-
lescence; whether these growth spurts affect telomere dynamics
has not been studied.

Significant variation in growth rate occurs within species
because of genetic and environmental variation (e.g. factors
such as conditions during embryonic growth, birth or hatching
order, time of season, temperature and resource availability),
whereas variation in body size is often more limited. There is
good evidence from a fairly wide range of species that the
rate of telomere loss is greatest during early life [33,100] and
correlative studies in birds [51,69,71,74] and fish [101] suggest
that faster growth is associated with reduced telomere length
measured either during growth itself or in adulthood. How-
ever, not all studies find such a relationship [24]. There is as
yet no real consistency in how studies of the relationship
between growth and telomere length have been carried out,
and growth rate and final size are not often teased apart.
This is in part because the effect of growth on telomere loss is
often a secondary consideration in studies that have been
designed to examine the effects of other factors. Table 1 pro-
vides a summary of vertebrate studies in which post-natal
growth and telomere loss have been examined. While not
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completely exhaustive, table 1 gives a good indication of what
has been done and the approaches used in vertebrates so far. Of
the 31 studies listed, most have been in birds (14 studies, 10
species, 11 in the field) and mammals (10 studies, four species,
one in the field); thus the taxonomic coverage is relatively poor,
with few studies of indeterminate growers (seven studies invol-
ving one amphibian and six species of fish). Ideally, studies of
the relationship between growth and telomere loss should
involve measurements of telomere change within individuals
over the most rapid growth period. However, since we might
expect that growth rate to have evolved to minimize detrimen-
tal effects later in life, we also need experimental manipulations
of growth that induce individuals to grow at different rates to
the same final body size, and do not involve inducing other fac-
tors known to accelerate telomere loss such as stress exposure.
In some studies single measures of telomere length are taken,
perhaps involving comparisons across stages or treatment
groups. In the case of the two human studies, the telomere
data have been collected many years after the main growth
period, and thus do not relate to the period of most rapid
growth. Many of the non-human studies are correlational,
and thus will involve a number of confounding factors. Exper-
imental studies have been carried out notably with laboratory
rats, and in several bird species and some fish. With respect to
the birds, in which most studies have been done so far,
the results are mixed. Of the 14 studies listed, over half find
non-significant effect, while three studies find positive and
three negative relationships between telomere length or loss
and growth measurements. In practice, it is very difficult to
manipulate growth rate without affecting other processes.
A commonly used experimental procedure in birds has
involved manipulation of brood size, with chicks growing in
enlarged broods being expected to grow more slowly, which
is generally found to be the case. However, chicks in enlarged
broods are in a more competitive situation, which in itself is
known to increase telomere loss even when growth is not
affected [70]. The extent to which stress exposure over-rides
the effect of growth may underlie the inconsistences. Genetic
and hormonal manipulations to date have been limited, and
there is more scope for undertaking such studies, provided
the effect of body size can be teased apart from growth rate.
More studies of indeterminate growers are needed, particularly
given that environmental temperature can be used to induce
different growth rates. To date the most comprehensive studies
have been undertake in laboratory rats, in which experimental
manipulations of maternal diet have been used to induce vari-
ations in growth rate in offspring, with clearly demonstrated
effect of telomere length. We discuss these and aspects other
studies in more detail below.

(c) Body size

In practice, it is difficult to tease apart body size and growth
rate, since the two are generally interlinked. In cross species
comparisons, large-bodied animals tend to live longer than
smaller bodied ones, but within species the opposite is the
case, with smaller bodied individuals generally living longer
than their larger bodied counterparts [2,102,103]. However,
large species generally grow more slowly than small-bodied
species, which could mean less oxidative stress during
growth. Accordingly, we may not see the expected relationship
between body size and telomere loss during growth when
looking across species. By contrast, larger individuals of the

same species appear to grow faster than their smaller conspeci- [ 10 |

fics [2,104,105]. Positive effects of slow, and negative effects of
fast, growth on the rate of ageing might in part explain the
different relationship between body size and longevity seen
in the among and within-species comparisons. Furthermore,
dietary differences among species are also likely to affect out-
comes since these could affect metabolism and antioxidant
status. There have so far been no comparative studies that
examine variation in species growth rates and telomere loss,
and how these link to body size and life histories. Thus, there
is considerable scope for further work in this area.

Within species, we would expect the larger, faster grow-
ing individuals to have shorter telomeres. In species where
males are larger than females, the males often have shorter
telomeres and shorter lives, while there is no sex difference
in telomere length in monomorphic species; however, factors
other than body size may drive this sex difference [106,107].
Understanding the relationship between body size and telo-
mere dynamics within species is complicated by the fact
that individuals may be small due to poor nutritional or
social conditions during growth [108]; both of these factors
can accelerate telomere loss but not necessarily via generating
oxidative stress [16,70,71,109].

An experimental study in which artificial selection for body
size was imposed on a wild population of house sparrows
Passer domesticus suggested that, within species, the relation-
ship between size and telomere loss goes in the predicted
direction [110]. However, since no detailed information on
post-natal growth rate was collected during this study, it is
not known how growth rate and body size were linked, or
whether the observed effect on telomeres persisted beyond
the nestling phase. Nonetheless, this study does provide a
platform on which to base further studies of the relation-
ship between size, growth and telomere dynamics, and the
underlying genetic relationships among these traits.

(d) Experimental studies in rats

There is strong evidence from a range of taxa to suggest
that changes in growth and nutrition during critical periods
of development can impact on the long-term health of
an organism including humans. This has been termed the
developmental origins of health and disease [2]. It has been
demonstrated in both correlative and experimental studies
that this is linked to growth rate and that growth acceleration
to compensate for an episode of reduced growth either pre or
post-natally is associated with reduced lifespan [1,111].
Detailed studies of the effect of accelerated growth in rats
have been undertaken from a biomedical perspective, in order
to shed light on the processes whereby early life growth and
nutrition might influence long-term heath. These studies have
shown that low birth weight, especially when followed by accel-
erated neonatal growth, is associated with increased risk of
traditionally adult-onset diseases such as type 2 diabetes and
cardiovascular disease [112,113]. By contrast, slow growth
during the lactation period is associated with protection from
these conditions [114]. Reduced nutrition and/or growth
during these critical periods is also associated with permanent
differences in body size and composition [115]. Accelerated
early post-natal growth with or without low birth weight is
associated with increased body weight and adiposity whereas
slow growth during this time period is associated with a perma-
nent reduction in body weight and reduced adiposity [116].
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Both rats and mice that are exposed to maternal protein restric-
tion during foetal life have a low birth weight and undergo
rapid catch-up growth if suckled by a normally fed mother;
these animals have a significant reduced lifespan compared to
offspring of mothers fed a control diet during pregnancy and
lactation. By contrast, pups born with a normal birth weight
but suckled by a low protein fed mother, grow slowly during
lactation and never catch up in body weight even when
weaned onto standard chow fed ad libitum [62,117,118]. These
differences in lifespan have been associated with differences
in telomere length (table 1) [56,60,61,119]. As mentioned earlier,
the pups that have undergone faster growth display reduced
telomere length compared to controls in many tissues. Interest-
ingly, the timing of the presence of shortened telomeres differs
between different tissues, with differences in telomere lengths
in pancreatic islets and the reproductive tract being present in
young adult life and other tissues such as the aorta not display-
ing accelerated shortening until later in life. The different time
courses observed between tissues in terms of maternal diet-
induced telomere shortening may relate to differences in the
number of rounds of cell division that different tissues undergo
post-natally and /or differences in levels of oxidative stress. Pan-
creatic islets are known to have a low antioxidant defence
capacity that thus may explain their particular vulnerability to
maternal diet effects on telomere length. By contrast, pups
exposed to the low protein diet during lactation display increase
telomere length compared to controls, especially in their kid-
neys, of note since kidney disease is thought to a common
cause of death in laboratory rodents. Recent studies have
demonstrated that it is not just exposure to suboptimal nutrition
during foetal life that can impact on telomere length. Exposure
to hypoxia during foetal life also led to accelerated telomere
shortening [120]. These detailed experimental studies illustrate
the complexity of the relationship between growth, long-term
health and telomere dynamics and emphasize the fact that
there may be tissue-specific responses.

(e) The context in which growth occurs

A further problem is that, in correlative studies where telomere
length and loss are compared in individuals observed to be
growing at different rates, the outcome may be confounded
by differences in the environmental conditions they are experi-
encing, including the social environment as well as nutrition
and stress exposure. Depending on the importance of these
factors in generating adverse environmental conditions, two
different predictions are possible here—(i) that faster growing
individuals will have relatively shorter telomeres as a result
of more cell division and/or oxidative stress exposure or
(ii) that faster growing individuals will have longer telomeres
since the faster growth indicates better environmental con-
ditions and less exposure to hormonal or oxidative stress.
Where animals in naturally occurring broods are used, these
differences will be very important since brood size will be
positively related to environmental conditions and paren-
tal quality. But even in experimental studies where food is
ad libitum, social conditions can generate adversity for at least
some individuals. This complexity is illustrated in the study
by Reichert et al. (table 1) who found that the chicks in exper-
imentally reduced broods of captive zebra finches grew
faster. However, these showed less oxidative damage and
had longer telomeres at the end of the growth period compared
to those in enlarged broods; the latter grew more slowly, but

the increased provisioning burden on their parents meant m

that the growth conditions more stressful. In the field study
on great tits Parus major, the relationship between growth and
telomere length was found to be negative in the last hatched
chicks in broods, but there was no relationship in the first
hatched chicks (table 1). The latter generally experience better
conditions and may also have hatched from higher quality
eggs. In the experimental study in the wild by McLennan
et al. (table 1), early stage Atlantic salmon Salmo salar eggs
from the same families were released into relatively benign
and harsh growth conditions [77]. All fish in this study
showed a negative relationship between telomere length and
growth; fish growing in the harsh streams grew more slowly,
but, for the same amount of body growth, showed a higher tel-
omere loss than the fish from the same families that had been
released into the benign streams. These studies clearly show
that, as expected, the conditions under which growth occurs
have important consequences for the effect of growth rate on
telomere loss.

(f) Might telomere restoration during growth mitigate
longer term effects?

The elephant in the room in all of the above studies is that we
know little about telomere restoration during growth, and
this is also likely to vary across taxa and with environmental
conditions. Telomerase activity has been found to increase
under chronic stress in rats for example [121]. However,
this has been little studied in the context of growth con-
ditions. There is also evidence that the degree of somatic
telomerase activity differs between endothermic and ecto-
thermic vertebrates, and probably also among other taxa
[4]. Many ectotherms continue to grow throughout life, and
also show somatic telomerase activity throughout life.
This may explain why in red-sided garter snakes Thamnophis
sirtalis for example [122], no relationship between telomere
length and age has been found in either sex, and no differ-
ence between young and adult animals in leather-backed
turtles Dermochelys coriacea [123]. In zebra fish Danio rerio,
there is also apparently no telomere loss with age [124], but
in other fish species such as the Atlantic salmon, age-related
loss does occur [77] presumably because the telomerase
activity cannot fully compensate for the telomere loss.
A recent analysis of the literature of telomere changes in
fish found that only around half of the studies so far have
reported age-related declines in telomere length [125]. In
some species, telomerase activity appears to vary at different
life stages. An interesting illustration of this is provided in a
study on growth and telomere dynamics in a small fish species,
the medaka Oryzias latipes [126]. In this species, growth is at its
maximal rate for the first seven months of life; telomeres
decline during this time and telomerase activity is also low.
Then, during adolescence, from seven months to 1 year,
growth slows, telomerase activity increases and telomere
length increases. After 1 year, little further growth occurs,
telomerase activity drops and telomere length declines. As is
the case with most studies on small-bodied animals, these
measurements are based on whole body measures of telomere
length, and are therefore cross sectional. It would be interesting
to see if the same pattern holds within individuals. Whether
such variation in telomerase activity occurs in other taxa is
currently unknown.
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What happens during the foetal and post-natal growth period
can set the stage for later life telomere length, and thereby influ-
ence health and longevity. More experimental and correlative
studies on the relationship between growth rate, body size, tel-
omere dynamics and exposure to different environmental
conditions, in a broad range of taxa, are needed. We still know
little about the effect of key factors such as cell proliferation
rates on telomere loss, and how these effects vary among
species, tissues and life stages. Much more work is needed on
variation in telomerase activity at every level, and this would
be particularly useful in taxa such as birds where a great deal
of work has recently been done on telomere length and loss,
but little on telomerase and telomere restoration. It is not sur-
prising that there are inconsistences among studies in the
nature of the link between growth and telomere loss given the
number of potentially confounding variables, the differences
in priorities among species with different lifespan potentials,

and the differences in the pattern of growth. There are consider-
able challenges associated with studying telomere dynamics in
non-model organisms where the toolkit available is much
reduced and conditions in the field and laboratory more difficult
to control. However, many of the pathways involved in the ver-
tebrates are highly conserved, and their operation is likely to
vary in a predictable way with species life histories. Therefore,
combining studies in more tractable species and in cell culture
with targeted studies in other taxa has the potential to yield
considerable insights.
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