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Telomere length (TL) and shortening is increasingly shown to predict vari-
ation in survival and lifespan, raising the question of what causes
variation in these traits. Oxidative stress is well known to accelerate telomere
attrition in vitro, but its importance in vivo is largely hypothetical. We tested
this hypothesis experimentally by supplementing white stork (Ciconia cico-
nia) chicks with antioxidants. Individuals received either a control
treatment, or a supply of tocopherol (vitamin E) and selenium, which both
have antioxidant properties. The antioxidant treatment increased the concen-
tration of tocopherol for up to two weeks after treatment but did not affect
growth. Using the telomere restriction fragment technique, we evaluated
erythrocyte TL and its dynamics. Telomeres shortened significantly over
the 21 days between the baseline and final sample, independent of sex,
mass, size and hatching order. The antioxidant treatment significantly miti-
gated shortening rate of average TL (—31% in shorter telomeres; percentiles
10th, 20th and 30th). Thus, our results support the hypothesis that oxidative
stress shortens telomeres in vivo.

1. Introduction

Telomeres are located at the ends of linear chromosomes to protect chromosome
ends from degradation and maintaining stability [1]. With each cell division, tel-
omere length (TL) decreases; when they reach a critically short length, the cell
enters a degenerative process of senescence, eventually followed by apoptosis
[1,2]. Also, on the level of the whole organism, there is an association between
lifespan/annual survival and TL and its attrition [3-8]. There is accumulating
evidence that telomere attrition during development is of particular importance
for later health and survival [9,10]. Different external factors could affect
telomere attrition, but it is generally assumed that most of these exert their
effect through oxidative stress [11-13].

Oxidative stress results from an imbalance between the production of reac-
tive oxygen species (ROS) and the antioxidant capacity of an organism [14], and
accelerates telomere attrition in cell cultures [15]. The nucleobase guanine is
relatively sensitive to oxidation, and its high proportion in the (TTAGGG),
repeats that constitute vertebrate telomeres makes them particularly vulnerable
to oxidative attack [15]. This high sensitivity, together with the deficiency in
repairing single-strand breaks in telomere areas, makes telomeres particularly
susceptible to oxidative damage [16]. This process, together with the oxidative
stress enhancing effects of various physiological and psychological stressors,
makes telomeres potential biomarkers of lifespan, and of exposure to environmental
challenges and individual lifestyle [17].
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However, the apparently simple relation between oxidative
stress and telomere dynamics cited above is largely based on
in vitro studies of cell cultures [15,18], and the extent to which
oxidative stress accelerates telomere shortening in vivo has
recently been questioned [19,20]. To date, few studies have
attempted to evaluate this correlation using an experimental
approach. Thus, the extent to which oxidative stress accelerates
telomere attrition in vivo remains an open question [21].

In this study, we evaluated the effect of antioxidant
supplementation on TL and their attrition in free-living
white stork (Ciconia ciconia) chicks. First, we analysed
whether the antioxidant supplementation affected oxidative
stress biomarkers to verify its efficacy. We subsequently
described telomere dynamics in relation to age, sex, hatching
order, mass, size and treatment. Because we measured TL
using the telomere restriction fragment (TRF) method (i.e.
using a smear on a gel), we can characterize TL not only by
the average TL but also by distribution. This can be useful,
because telomere shortening is faster at the high end of the
telomere distribution within individuals [22,23], suggesting
that treatment effects may also vary depending on location
in the telomere distribution.

2. Material and methods

(a) Experimental design and sampling
The study was carried out in a breeding colony located in north-
ern Madrid, in the centre of Iberian Peninsula (40°44’' N, 3°49’ E).

In total, 55 chicks from 20 nests were used in the experiment
(165 samples, of which 129 were analysed for the present study).
Hatching order was established through frequent visits during
the hatching period based on size differences between the nest-
lings within broods that are due to the high asynchrony in this
species. White storks begin incubation with the first or second
egg, and laying occurs at intervals of 2 days. Furthermore, egg
mass also tends to decrease with laying order, and this effect,
combined with hatching asynchrony, results in a marked size
hierarchy among nest-mates [24]. Birds were randomly assigned
to two treatment groups, while ensuring that both groups were
represented in all nests. The ‘vitamins’ group was supplied
with a subcutaneous dose of a commercial mixture for veterinar-
ian use (Selevit, Syva laboratories, Le6n, Spain). Each dose
contained 5 mg of a-tocopherol acetate (aka vitamin E) and
50 pg of sodium selenite per kg body mass, calculated for each
dose depending on the actual mass. Their vitamin E radical-
scavenging activity causes both substances to be considered a
chain-breaking antioxidant [25-27]. Selenjum is a trace mineral,
essential for the function of different antioxidant enzymes
[25,28]. The ‘control’ group was administrated with an equivalent
dose of a sterile saline solution. Sampling was carried out under a
special permit of the regional park Cuenca Alta del Manzanares
and of the regional government (Comunidad de Madrid).

The time between the first and last sample was limited to
20 days. Chicks were weighed, measured and bled at the start
of the experiment, at which time they were on average 20 days
old (s.d.=8 days; termed ‘day 1° below), after which the first
treatment was administered. This process was repeated 14 and
21 days later, except that no treatment was provided on day
21 (electronic supplementary material, figure S1). Blood samples
(=1 ml) were collected from the brachial vein with a heparinized
syringe, immediately transferred to sterile tubes and kept at 4°C
until centrifugation (10 min at 1800 g at 4°C). Blood cells were
separated from the plasma and washed three times in ice-cold
physiological (0.9%) sodium chloride solution, and both plasma
and cells were aliquoted and stored at —80°C until analysis.

(b) Oxidative stress biomarkers

Levels of tocopherol in plasma and malondialdehyde (MDA,
indicator of lipid peroxidation) were measured using high-
performance liquid chromatography (HPLC, Agilent Technologies
1100 Series) ([29] and [30], respectively). The intra-assay coefficient
variation (CV) of tocopherol and MDA were 1.52% and 3.96%,
respectively.

Total antioxidant capacity (TAC) was determined spectro-
photometrically using the ferric reducing ability of plasma
(FRAP) method described in [31] and modified as described in
[32]. The parameter was corrected for the uric acid concentration
by using the residuals of the linear model between both variables
[33]. Uric acid was measured with a commercial kit (Spinreact;
Girona, Spain). The intra-assay and inter-assay CV were,
respectively, 6.71% and 3.08%.

() Telomere length assays

TL was measured as described in [22]. Briefly, 7 pl of erythro-
cytes were suspended in an agarose solution to form an
agarose plug of 0.8% (CHEF Mammalian Genomic DNA Plug
kit, Bio-Rad Laboratories, USA) and digested overnight with pro-
teinase K at 50°C. Subsequently, DNA was simultaneously
digested with Hinf I (30 U), Msp I (60 U) and Hind III (60 U)
restriction endonuclease overnight at 37°C in NEB2 buffer
(New England Biolabs, Beverly, MA, USA). The digested DNA
from each sample and the **P-labelled size ladders (DNA Mol-
ecular Weight Marker XV, Roche Diagnostics, Basel,
Switzerland; 1 kb DNA ladder, New England Biolabs, Ipswich,
MA, USA) were separated through a 0.8% agarose gel by
pulsed-field gel electrophoresis at 14°C for 24 h. Gels were
dried using a gel dryer (model 538, Bio-Rad) and hybridized
overnight using a *’P-end-labelled oligo (5-CCCTAA-3') that
binds to the single strand overhang of telomeres. Unbound oligo-
nucleotides were removed by washing the gel for 30 min with
0.25 x saline-sodium citrate buffer at 37°C. The radioactive
signal was detected by a phosphor screen (MS, Perkin-Elmer,
Waltham, MA, USA) and analysed using a phosphor imager
(Cyclone TM Storage Phosphor System, Perkin-Elmer), resulting
in a gel picture with a distribution of grey values in a smear,
reflecting the distribution of TL in a sample. We included the
three samples of each individual in the same gel next to each
other in random order, and the same number of the two treat-
ments randomized in every gel used to avoid confounding
effects due to gel identity.

Individual TL size distributions were quantified through densi-
tometry using the open-source software Image] v.1.38x. This
technique allows us to classify the telomere distribution of each
sample into every 10th percentile from 10th to 90th, with the
10th percentile being the shortest telomeres and the 90th the long-
est, besides the average TL. Between-gel CV was below 5% but note
that samples of the same individual were always together on a gel.

(d) Statistical analyses

We used general linear mixed models fitted with REML
(restricted maximum likelihood) to analyse the data. We created
the covariate hatch order, assigning 1 to the first-hatched chick,
3 to the last-hatched chick and 2 to the intermediate chick(s)
(mean +s.d., brood size on day 1 was 3.76 = 1.03).

To assess the effect of the treatment on oxidative stress vari-
ables, we constructed three different models, with tocopherol
concentration, TAC and MDA as dependent variables, respect-
ively, treatment (control or vitamins) as factor and age of
individuals (in days) as covariate. Treatment was coded ‘control’
(zero) for day 1 for all individuals because antioxidant sup-
plementation started after sampling and coded zero or one on
days thereafter for control and treated individuals respectively.
Individual identity, nested in brood identity, was included as a
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Table 1. Tocopherol, MDA and TAC in relation to age (days) and treatment (control or vitamins; note that day 1 measurements are coded as control for all  [JEJi}
nestlings). Factors in the final model have been highlighted in bold. Significant factors (p < 0.05) have an asterisk. Random terms values are in jtalic. TAC,

total antioxidant capacity; MDA, malondialdehyde.

oxidative stress and treatment

tocopherol fixed terms age
treatment (vitamins)
fejeded‘fermé ‘ age:treatmentb .
random terms (variance) chick/nest
nest
residual
MDA  fixed terms ‘ ” age
treatment (vitamins)
rejected terms age : treatment
random terms (variance) chick/nest
nest
residual
TAC © fixed terms age

treatment (vitamins)

rejected terms age : treatment
chick/nest

nest

random terms (variance)

residual

random factor in all models to avoid pseudo-replication. Analy-
sis of treatment effects on mass and size (tarsus length in mm)
followed the same approach.

When analysing telomere dynamics, we tested effects of sex,
mass, hatch order and treatment in a single model, using a stepwise
backward procedure to obtain the final model. Gel identity was
included as a random effect in all telomere models, in addition
to individual identity nested in brood identity. In each analysis,
interaction of each variable with age (included as covariate) was
tested and removed from the final model if non-significant. The
same analysis were carried out for each percentile (electronic sup-
plementary material, table S1), evaluating at the same time if the
loss of telomeres by percentiles differed significantly (electronic
supplementary material, table S3).

Finally, the relation between telomeres and oxidative stress
variables was evaluated using TL as dependent variable, and
the values of the previous measurement day of tocopherol,
MDA and TAC (mean centred) were used as covariates.

All models were validated by visual inspection of the residual
graphs to verify the assumptions of normality of the residuals and
homogeneity of the variances. In all tables, the column ‘intercept’
was added to show how it changed with the exclusion of the
rejected terms. All analyses were performed in R 3.4.1 [34]
using the R packages ‘Ime4’ (1.1-17) and ‘ImerTest’ (3.0-1) [35,36].

3. Results

(a) Treatment effect on oxidative stress biomarkers,
mass and size

Treatment elevated tocopherol concentration by approxi-
mately 10% (p=0.017; table 1), indicating a correct

intercept estimate (s.e.) F (d.f.) p-value
265 1.4 (0.15) 9191 (79.71)  <0.001*
265 6.32 (2.58) 6.01 (53.47) 0.018*
125 04042 091 (915) 038

1471

6412

101
330  _0.03 (0.78) 0.01 (74.8) 0.968
330 411 (14.02) 0.09 (38.93) 0771
34 254 (2.26) 127 (76.97) 0263

209

e

2775
001  0.01(0.01) 0.19 (100) 0.665
—001 0.04 (0.02) 3.2 (100) 0.077
003 0,01 (0.01) 37 (99) 0.057

0

0

007

absorption and assimilation of the product (figure 14). Inde-
pendent of treatment, tocopherol concentration increased
with age (p <0.001; table 1). There was a trend for treatment
to increase TAC (p =0.077; table 1 and figure 1b), further sup-
porting the assumption that the administration of the
antioxidants had a functional effect on oxidative stress. It is
worth noting that these effects were measured in samples
taken 2 weeks (day 14) and 1 week (day 21) after the admin-
istration of the antioxidants. It can therefore be assumed that
tocopherol concentration and TAC were elevated considerably
more over the whole period between administration and
sampling than on the sample days. Lipid peroxidation
(MDA concentration) did not differ between treatment
groups (p=0.77; table 1 and figure 1c).

Treatment had no significant effect on the mass or size of
the individuals in any comparison (electronic supplementary
material, table S2).

(b) Telomere dynamics
Average (+ s.d.) TL was 8700 + 688 bp in 32-day-old chicks
(i.e. the average age over all measurement), and telomere
attrition in all individuals pooled was on average
9.8 bp day ™" (table 2, figure 2). There were no sex difference
in TL (p=0.59) or attrition (p=0.678; table 2) while there
were large and consistent differences between individuals
(figure 2). Hatching order did not modulate TL (p=0.252)
or attrition (p=0.4, table 2), and nor did weight for either
TL (p =0.814) or attrition (p =0.395).

Although we did not find significant differences in telo-
mere shortening rates between percentiles (electronic
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Figure 1. Effects of antioxidant supplementation on oxidative stress markers
one to two weeks later. (a) Concentration of tocopherol in plasma, (b) TAC
(total antioxidant capacity) of plasma, FRAP corrected by uric acid concen-
tration and (c) MDA (malondialdehyde) concentration in erythrocytes. Box
plots show the median, upper quartiles, maximum and minimum values
and outliers. Data shown are the values of each variable of the days 1,
14 and 21, but coding day 1 all as control group. Data shown are the
values of each variable depending of the treatment group and the day of
measurement (day 1, 14 and 21, respectively). Asterisk indicates differences
between groups with p < 0.05. Hash indicates differences between groups
with p < 0.1. (Online version in colour.)
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Figure 2. Telomere length in relation to age (days), and the best-fitting
regression lines for treatment ‘vitamins' (green dashed) and control groups
(blue solid). (Online version in colour.)

supplementary material, table S3) we decided to analyse
the data for every 10th percentile separately, following [23].
This allowed us not only to compare between- and
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Figure 3. (a) Telomere shortening with age for the 10th to 90th percentile.
x-axis represents the age of the individuals, repeating the values for each per-
centile. Regression lines of telomere length by age are yellow dashed for the
control group and red solid for the vitamins group. (b) Estimate = s.e. of tel-
omere length in the vitamins group relative to the control group. Asterisk
indicates differences between groups with p < 0.05. (Online version in colour.)

within-individual differences in telomere attrition, but also
to evaluate if the relation of all our variables of study with
telomeres was the same regardless of the length of the telo-
meres. This decision is based on previous studies in which
attrition was shown to differ between percentiles [22,23].

We found that attrition was faster in the longer telomeres
within individuals, increasing from 6.20 bp day_1 at the 10th
percentile to 10.44 at the 90th percentile (a 68% increase), but
this increase did not reach statistical significance (electronic
supplementary material, table S1 and S3; figure 3a).

Treatment had a positive effect on TL (p=0.035), with
supplemented birds having 100 bp longer average TL than
the control group (table 2 and figure 3b). When testing for
treatment effects at the different percentiles separately, we
found there to be a significant effect on the 10th, 20th and
30th percentile (p <0.05), and a trend in the 40th percentile
(p=0.052; electronic supplementary material, table S1).
Over the 50th to 90th percentile, the treatment effect slightly
increased to approximately the same extent as at the lower
percentiles, but due to the increase in variance the effects
were not significant (electronic supplementary material,
table S1).

There were no significant correlations between TL and
any of the oxidative stress variables (electronic supple-
mentary material, table S4) nor with mass (electronic
supplementary material, table S5).

4. Discussion

Telomere attrition was 9.8 bp day ™ (table 2, figure 2), close to
values obtained in other longitudinal studies of chicks using
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Table 2. Telomere length (average of each sample) in relation to the covariates age (days), mass (g) and Hatch Order (1,2,3) and the factors sex (male and [}

female) and treatment (control or vitamins; note that day 1 measurements are coded as control for all nestlings). Factors in the final model have been
highlighted in bold. Significant factors (p < 0.05) have an asterisk. Random terms values are in jtalic.

fixed terms

terms intercept estimate (s.e.)

age 9052 —9.816 (1.779)
treatnient » 100.2 (46.76)>
rejected : hatch order 9249 —109.9 (94.34)
rejected : sex (male) 9289 —113 (95.01)
rejected : mass 9285 0.013 (0.055)
rejected : age : hatch order 9188 —1.657 (2.329)
rejected : age : mass 9028 —0.002 (0.002)
rejected : age : treatment 9058 —3206 (6122)
rejected : age : sex (male) 9057 1.378 (3.305)

the same technique (common terns Sterna hirundo: 7.5 bp d™'
[37]; jackdaws Corvus monedula: 10.5 bp d~! [9,22]). The rate
of telomere loss appears to be higher at the higher percentiles
(electronic supplementary material, table S1; figure 3a), also
in accordance with findings in jackdaws [22] and common
terns [38]. Longer telomeres are larger targets for damage,
and a larger number of base pairs will on average be lost fol-
lowing a double-strand break, which may explain this pattern
[39]. Previous studies found TL and their rate of loss to be
affected by hatching order [40,41], sex [42] or mass gain
[43], but these variables did not noticeably affect TL and/or
its attrition in our study (table 2; electronic supplementary
material, table S5).

Our knowledge of the accelerating effect of oxidative
stress on telomere attrition is largely based on in vitro studies,
raising the question whether oxidative stress also modulates
telomere attrition in vivo. In our study, the treatment we
administered was effective in alleviating oxidative stress, in
that tocopherol (significantly) and TAC (bordering on signifi-
cance) were still elevated one to two weeks after supplement
administration (table 1, figure 1a,b). Our treatment also had a
significant effect on TL, with this group having 100 bp longer
telomeres than the control group (figure 3b). A difference of
100 bp may appear a modest effect when compared to the
mean TL of 8700 bp, because it is only 1.15% of average TL
on an absolute scale. However, it is a large effect when one
considers that individuals experience on average 150 bp
shortening during the experimental period. By percentiles,
the treatment had a significant effect on shorter telomeres
(from the 10th to 30th percentile, and approaching signifi-
cance in the 40th (electronic supplementary material, tables
S1; figure 3a). In the higher percentiles, this difference was
not significant, although the ‘vitamins’ group had a longer
TL at all percentiles, and this effect was larger at
the longest percentiles, but so was the variance (electronic
supplementary material, table S1; figure 3a).

We did not find a significant relation between any of the
oxidative stress variables and TL (electronic supplementary

random terms

F (d.f.) p-value terms variance

30.43 (78.46) <0.001 chick/nest 438.1
nest 316.7

4.592 (87.63) 0.035* gl 496.1
residual 126.6

1.356 (34.58) 0.252

0.295 (43.94) 0.59

0.056 (78.4) 0.814

0.506 (77.8) 0.479

0.732 (75.65) 0.395

0.274 (72.68) 0.602

0.174 (71.79) 0678

material, table S4) although the relation between tocopherol
and TL in the 10th percentile approached significance. The
lack of significance for the relation between MDA and TL
could be due to the fact that it is not a marker of oxidative
damage specific to DNA. By contrast, 8-oxo-dG is, and its
measurement could have yielded a different result. Another
potential explanation of the lack of relation between oxidative
stress variables and TL despite the significant effect of the
treatment on the former could be that the reduction in telo-
mere attrition is not directly related to oxidative damage
prevention, but rather to changes in redox signalling. It is
known that the cellular redox environment (balance between
the production of reactive species of oxygen and nitrogen and
their removal by antioxidants) has an active role in the con-
trol of the cell cycle, which in turn could regulate telomere
dynamics [44].

Observational studies on free-living birds show both sig-
nificant [45,46] and non-significant correlations between
oxidative stress markers and TL or attrition [19,47]. Exper-
imental studies in free-living animals have yielded mixed
effects, with negative [20] or positive [48] results, or affecting
only one sex [49], and we contribute a positive result to this
small set of studies. There are different potential explanations
of this variation: studies differ in methods (including the
composition of the antioxidant supplements); in the tech-
nique used to measure TL, or in the species of study
(which present different physiology). Ecology may be very
important, because antioxidant supplementation is likely to
be of benefit if there is a shortage of antioxidants, either
because the diet contains few antioxidants or the need for
antioxidants is very high [21,50,51]. For example, in [48],
the higher shortening caused by reproduction was alleviated
by the administration of tocopherol.

A limitation of antioxidant supplementation studies with
the aim to alleviate oxidative stress is that the manipulation is
indirect, in that the aim is to manipulate oxidative stress
through the supplementation with antioxidants rather than
manipulating oxidative stress directly. This limitation could,
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in theory, be mitigated by manipulating or measuring the
molecular cause of oxidative stress directly (e.g. the pro-
duction of ROS), instead of resorting to downstream
oxidative stress markers of which the interpretation is not
straightforward, but this is difficult in practice, in particular
in an ecologically relevant setting. Nevertheless, our results
agree with the hypothesis that oxidative stress affects telo-
mere attrition not only in cell cultures, but also in vivo,
observing a beneficial effect on TL of the supplementation
with antioxidants. This effect could indicate a lack of antiox-
idants in free-living populations of white stork, which could
affect their potential lifespan.

Sampling was carried out under a special permit of the regional
park Cuenca Alta del Manzanares and of the regional government
(Comunidad de Madrid).

Supporting data are accessible in the electronic sup-
plementary material, figure S1, tables S1-S5, R code and datasheets.
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