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Telomere length is a marker of cellular senescence that relates to different components of individual fitness. Oxidative stress is often claimed as a main proximate factor contributing to telomere attrition, although the importance of this factor in vivo has recently been challenged. Early development represents an ideal scenario to address this hypothesis because it is characterized by the highest rates of telomere attrition of the life and by an arguably high susceptibility to oxidative stress. We tested the effect of oxidative stress on telomere dynamics during early development by exposing pied flycatcher nestlings (Ficedula hypoleuca) to either an oxidative challenge (diquat injections), an antioxidant (vitamin E) or control treatments (PBS injections and supplementation with vehicle substance). We found no effects of treatments on average telomere change during the nestling period. However, vitamin E supplementation, which increased growth, removed the association between initial telomere length and telomere attrition. Diquat-treated nestlings, by contrast, showed no differences in growth or telomere dynamics with respect to controls. These results do not support the hypothesis that oxidative stress is the main direct mechanism explaining telomere attrition in vivo, and highlight the importance of micronutrient intake during early development on telomere dynamics. Studies addressing alternative action pathways of vitamins on growth and telomere dynamics, perhaps via restoration mechanisms, would provide important insights on the proximate factors affecting telomere attrition during this critical phase of life.
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INTRODUCTION

Telomeres are repetitive non-coding DNA sequences that protect the ends of eukaryotic chromosomes during cell replication (Blackburn, 1991). Telomeres typically shorten with age, and telomere length and attrition rate often relate to key components of individual fitness, like survival or lifespan in different taxa (e.g., Bize et al., 2009; Heidinger et al., 2012; Boonekamp et al., 2014; Eastwood et al., 2018). In addition to age effects, telomere length is particularly sensitive to different internal and external stressors that may accelerate telomere attrition and hence cellular aging (Boonekamp et al., 2014; Nettle et al., 2015). Telomere shortening rates are particularly high during early phases of development (e.g., Salomons et al., 2009; Heidinger et al., 2012), precisely in a period of life when exposure to harsh conditions can have long-lasting consequences on adult phenotype and fitness (Lindstrom, 1999). For this reason, telomere dynamics during this critical phase of life constitutes a key link between development, capacity to cope with stressful conditions, and lifetime fitness.

Oxidative stress is often claimed as a main proximate factor contributing to telomere attrition (von Zglinicki, 2002). Oxidative stress results from the imbalance between the production rate of pro-oxidant molecules (collectively termed “reactive oxygen species”) and the antioxidant defense system (Halliwell and Gutteridge, 2007). Most reactive oxygen species in the organism are by-products generated in the mitochondria during aerobic metabolism, although immune responses or exposure to pollutants can also contribute to increase their levels (Halliwell and Gutteridge, 2007). Telomere sequences are rich in guanine, a base that is particularly sensitive to oxidative modifications that ultimately result in double and single-stranded breaks to DNA (Kawanishi and Oikawa, 2004). Such DNA damage impairs replication during cell division, leading to enhanced telomere attrition when oxidative stress levels increase.

Most in vitro studies have provided empirical support for the hypothesis that oxidative stress accelerates telomere shortening (von Zglinicki, 2002). However, whether this causal link can be extrapolated to a whole living organism is controversial (Boonekamp et al., 2017a; Reichert and Stier, 2017; Monaghan and Ozanne, 2018). The relevance of oxidative stress as a main determinant of telomere dynamics in vivo has been recently challenged (Boonekamp et al., 2017a), and a recent review showed that very few studies have addressed this hypothesis experimentally, particularly in the wild (Reichert and Stier, 2017).

Early development represents an ideal scenario to test adaptive trade-offs mediated by oxidative stress. Developing individuals are probably very vulnerable to oxidative stress because they experience a period of fast growth associated to increased metabolism and high production of reactive oxygen species (Metcalfe and Alonso-Alvarez, 2010). This is particularly exacerbated in nestlings of altricial bird species, which experience the highest growth rates amongst vertebrates. Indeed, a recent meta-analysis has shown that oxidative stress can act both as a constraint on and as a cost of growth, providing evidence for a growth–self-maintenance trade-off during development (Smith et al., 2016). This trade-off is concomitant with the highest rates of telomere attrition of the life (Salomons et al., 2009; Heidinger et al., 2012), making this period particularly suitable to assess the causal link between telomere dynamics and oxidative stress.

In this study we manipulated the oxidative status of developing nestlings of an altricial passerine, the pied flycatcher (Ficedula hypoleuca), and assessed the effects on growth and telomere dynamics. In order to alter the oxidative status of individuals, nestlings of the same brood were exposed to two different compounds: a free radical generator (diquat) or an antioxidant supplement (vitamin E). Diquat (1,1′-ethylene-2,2′-bipyridylium) is commercially used as an herbicide whose action mechanism relies on its capacity to generate free radicals. When entering the organism, diquat molecules undergo a chemical reduction, forming radical cations that react with molecular oxygen, triggering a chain reaction that generates superoxide anion, H2O2 and, in the presence of transition metals, highly toxic hydroxyl radicals (Koch et al., 2017). At low concentrations, diquat and similar bipyridines have been repeatedly used to induce oxidative challenges in birds (e.g., Isaksson and Andersson, 2008; Alonso-Alvarez and Galván, 2011; García-de Blas et al., 2016). Vitamin E is considered one of the most important antioxidants in cell membranes, where it prevents oxidative damage by scavenging reactive oxygen species—alone or in concert with other antioxidant molecules (Surai, 2002). Vitamin E can only be obtained from diet, which may limit the capacity of the organism to satisfy its requirements under highly demanding periods like early development.

We predicted that diquat treatment would increase oxidative stress, which would reduce nestling growth and enhance telomere attrition relative to control nestlings of the same brood. By contrast, vitamin E supplementation would reduce oxidative stress, allowing an enhancement of growth and a reduction in telomere attrition.

MATERIALS AND METHODS

Experimental Design

The study was carried out in 2015 in a pied flycatcher population breeding in nest-boxes in an old oak (Quercus pyrenaica) forest near La Hiruela (central Spain; 41°04N 3°27W). Nestboxes were inspected regularly to determine the exact hatching date. The experiment was performed with 216 chicks from 41 nests (sample size was gradually reduced during the experiment due to nest failure or predation; final sample sizes for each response variable are reported in Table S1). When nestlings were 5 days old, they were individually marked with non-toxic pens to allow individual recognition and we recorded their mass (±0.01 g). At this time, nestlings were ranked according to their mass and assigned to one of the three different treatments, changing the order between successive nests to assure an unbiased sample. Treatments consisted of vitamin E supplementation (V), oxidative challenge via diquat injection (D), or control (C). V nestlings were fed a dipteran larva (Calliphora sp.) impregnated in a solution of vitamin E (DL-alpha-tocopherol acetate; Sigma-Aldrich ref. T3376) in organic coconut oil, which was selected as solvent due to its low vit. E content (Herting and Drury, 1963). The concentration of this vit. E solution was adjusted across nestling development in order to supplement nestlings throughout the experiment with a constant dose of 1.2 mg of vit. E per kg. This dosage was equivalent to 1 s.d. of the mean estimated vitamin E daily intake of barn swallow (Hirundo rustica) nestlings (Ayala et al., 2006). We chose this value as a reference because there are no available data of the vitamin E content of the diet of pied flycatcher nestlings. However, it should be noted that caterpillars –one of the main components of flycatcher nestlings' diet (Cholewa and Wesolowski, 2011)—contain about 10- to 30-fold more vitamin E than aerial insects fed by barn swallow parents to their offspring (Ayala et al., 2006; Arnold et al., 2010); see Matrková and Remeš (2014) for a detailed discussion of this issue. Therefore, the vitamin E dosage used in this study can be considered low-moderate, which makes our results conservative.

Apart from the vitamin E supplement, V nestlings received an intraperitoneal injection of 2 μl of sterile PBS per gram of body mass. D nestlings were intraperitoneally injected with the same volume of a solution of diquat (Syngenta, Madrid) in sterile PBS (0.6 mg/ml), corresponding to a dose of 1.2 mg/kg. We selected this dosage based on a pilot study that allowed us to identify a diquat concentration that imposed a significant oxidative challenge without falling into pharmacological levels (see Supplementary Material). Also, D nestlings were fed a larva impregnated in coconut oil. Finally, C nestlings received an intraperitoneal injection of sterile PBS and a larva impregnated in coconut oil. We repeated these experimental manipulations on days 7, 10, and 12 post-hatching, recording nestling mass at every visit. On day 13, we also recorded body mass and tarsus length (±0.01 mm) of all chicks.

Telomeres

To test the effect of our treatments on telomere dynamics, we selected a random subsample of 32 nests (126 nestlings) of those exposed to our experimental manipulation and collected ca. 40 μl of blood using heparinized capillaries on days 5 and 13 after hatching. Samples were stored at −80°C until analysis. Samples were extracted using a standard ammonium acetate protocol and telomere length was analyzed by q-PCR following Criscuolo et al. (2009) and expressed as the quantity of telomere sequences in the q-PCR reaction of the sample relative to that of a single copy of the gene that encodes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), i.e., T/S ratio. The final PCR volume was 20 μl containing 10 μl of Light Cycler 480 SYBR Green I Master (Roche, Diagnostics GmbH, Mannheim, Germany) and 20 ng/μl DNA. PCR conditions for telomere analyses were 10 min at 95°C followed by 30 cycles of 1 min at 56°C and finally 1 min at 95°C. PCR conditions for GAPDH were 10 min at 95°C followed by 40 cycles of 1 min at 60°C and finally 1 min at 95°C. Further details of the protocol have been detailed elsewhere (Badas et al., 2015). Samples were assayed in duplicate, and nestlings from the same brood were always included in the same plate. A five-point calibration curve was included in triplicate in every assay plate. Repeatability for T/S ratio measurements, assayed in a set of 10 samples extracted and analyzed twice, was high (r = 0.77, p < 0.001). For the analyses, we considered the measure of telomere lengths (T/S) at day 5 and 13 –transformed to a standard normal distribution; see Statistics section-, and the change T/S ratios in that period after correcting for regression to the mean according to Verhulst et al. (2013). In this way, a more negative value indicates greater telomere loss. Results are qualitatively the same if absolute changes are considered instead.

Oxidative Stress

Due to a problem with sample storage conditions, the impact of our treatments on oxidative stress biomarkers could not be assessed in the samples collected in 2015. For this reason, in 2016 we confirmed the effectiveness of our treatments in altering nestlings' oxidative status by applying the same experimental setup described above to a set of 46 nestlings belonging to 10 nests of the same study area. These nests were the same (n = 3) or adjacent to those used for the 2015 experiment. Fledging success, average tarsus lengths and body masses per nest did not differ between 2015 and 2016 in our study site (all p > 0.4). This suggests that breeding conditions were similar in both years, making the results reasonably comparable. After using the experimental protocol described before, at day 13, a 40 μl blood sample was collected from the jugular vein of every nestling using a heparinised syringe. As in the pilot study, samples were transported immediately to the laboratory in cooled containers and centrifuged at 5,000 g. Plasma was separated from the cellular fraction and both fractions were stored at −80°C until analysis.

Oxidative stress is a complex phenomenon that can only be described by targeting different components of the system with several biomarkers (Halliwell and Gutteridge, 2007; Monaghan et al., 2009; Pérez-Rodríguez, 2009). Thus, to assess the oxidative status of individuals, we analyzed one marker of oxidative damage in lipids (malondialdehyde, MDA) and one marker of non-enzymatic antioxidant capacity (TEAC) in plasma, and the activities of four enzymes involved in antioxidant defense in red blood cells: catalase, superoxide dismutase, glutathione reductase, and glutathione peroxidase. According to our predictions, we would expect an increase in MDA levels in D nestlings as compared to controls. Conversely, if vitamin E availability limits nestling capacity to maintain redox status, we would expect lower MDA levels in V relative to C nestlings. However, given the interconnection among different components of the antioxidant system and the dynamic nature of antioxidant responses, it is difficult to make unique and accurate predictions on the responses of markers of antioxidant levels (Costantini and Verhulst, 2009; Meitern et al., 2013).

MDA is the most widely used marker of lipid peroxidation in biological and medical sciences (Halliwell and Gutteridge, 2007; Mateos and Bravo, 2007). For the quantification of MDA in plasma we used a well-established method based on the reaction of MDA with thiobarbituric acid (TBA) at high temperature followed by a detection of MDA-TBA adducts by fluorescence via high performance liquid chromatography; a detailed protocol has been described in Pérez-Rodríguez et al. (2015). Results are reported as mM MDA per liter of plasma. TEAC quantifies the capacity of a biological sample—plasma, in this case- to inhibit the oxidation of a chromogen (2,2′-azino-bis-[3-ethylbenzothiazoline-6-sulphonic acid], ABTS) induced by the action a hydrogen peroxide, using TROLOX (a water-soluble vitamin-E derivative) as a standard. We assessed TEAC levels in plasma following Cohen et al. (2007). Concentrations of all reactives and details of the analytical procedure can be found in López-Arrabé et al. (2015). Values obtained using this technique are particularly sensitive to the concentration of uric acid in the sample (Cohen et al., 2007). For this reason, we quantified the levels of this metabolite using a commercial kit based on the uric acid oxidase/peroxidase method (Biosystems, Barcelona). For the analysis of antioxidant enzymes, red blood cells were homogenized in a buffered solution (100 mM Tris-HCL,0.1 mM EDTA, 0.1% triton X-100, 0.1 mM PMSF; pH 7.8) and analyzed following the protocols described in Burraco and Gomez-Mestre (2016), using a Victor 3 Perkin Elmer microplate reader. Finally, protein concentration in red blood cell homogenates was analyzed following the standard Bradford's method. All laboratory analyses were run blind with respect to treatment and nest.

Statistics

We used R 3.5.0 for all the analyses. Brood identity was entered in the models as a random effect using the lme4 statistical package (Bates et al., 2015). When considering repeated measures of the same individual, nestling identity was nested within brood identity. For the analysis of TEAC, uric acid concentration was included as a covariate. Given that protein levels in erythrocytes showed differences among experimental treatments (see section Results), the activity of the enzyme (in UI per ml of homogenization buffer) was used as the response variable in the analysis of antioxidant enzymes, whereas protein levels were included as a covariate. T/S ratios were transformed for day 5 and 13 data pooled to a standard normal distribution (i.e., z-scored) prior to analysis. Total protein levels in the pellet were Box Cox-transformed, whereas MDA, glutathione peroxidase levels and z-scored telomere lengths at day 5 and 13 were log-transformed when entered as response variables in the models. Due to the limited amount of blood collected, not all oxidative stress biomarkers could be assayed for all individuals, leading to small differences in sample size among models. A list of the sample sizes for each biomarker is given in Table S1. Brood size, hatching date, and nestling mass at 5 days were tested, but finally not included as covariates—except in the case of the model for final body mass—because of their low explanatory power. Given the large number of oxidative stress biomarkers used, p-values of the models for these variables were adjusted for multiple testing (Krzywinski and Altman, 2014) by using the Hochberg correction (Hochberg, 1988) as implemented in R p.adjust() function (R-Core-Team, 2017). The effect size of treatment for adjusted statistically significant biomarkers was measured as the standardized regression coefficient (non-transformed data), and its confidence interval computed by using the R ci.src() function in package MBESS (Kelley, 2018). In all cases, we verified that model residuals fulfilled the requirements of normality and homoscedasticity. We summarize in the Results section the main effects found in the analyses. Full models and final sample sizes for all response variables can be found in the Supplementary Material. The raw data supporting the conclusions of this work are available at http://dx.doi.org/10.20350/digitalCSIC/8627.

RESULTS

Oxidative Stress

We found clear effects on lipid peroxidation levels, as revealed by MDA analysis [F(2, 32.7) = 7.9, p-adjusted < 0.01]. D nestlings tended to show higher MDA levels than C nestlings [t(33.1) = 2.68, p-adjusted = 0.06]. Indeed, D nestlings showed average MDA levels 25% higher than C nestlings (mean±s.e. in mmol/l: 9.89 ± 2.79 vs. 7.88 ± 2.27, respectively), which represents an effect size of 5.9 (1.58–10.21, 95% CI) standard deviations above control values. The difference between C and V nestlings was however not statistically clear [t(32.9) = 0.74, p-adjusted = 0.80], as V nestlings showed average MDA levels only 9% lower than C nestlings (7.12 ± 1.37 mmol/l), which represents an effect size of 1.6 (−5.22 to 3.23, 95% CI) standard deviations below control values. We also found an effect on total protein levels in erythrocytes [F(2, 43) = 6.1, p < 0.01]: V nestlings showed lower protein levels than C [t(43) = 3.44, p = 0.01], whereas no difference was detected between D and C nestlings [t(43) = 1.52, p = 0.13]. We found no difference among treatments for catalase, superoxide dismutase, glutathione reductase, glutathione peroxidase or TEAC levels (all p-adjusted > 0.70).

Growth and Telomeres

We found no differences in body mass or telomere length among experimental groups at the beginning of the experiment in 2015 [F(2, 185.5) = 0.003, p = 0.99 and F(2, 99.1) = 0.06, p = 0.94]. Our experimental manipulations affected body mass changes during the nestling period (age × treatment: F(8, 820.1) = 2.08, p = 0.03]: on average, V nestlings ended up with the highest body mass and D nestlings with the lowest, C nestlings being intermediate (Figure 1). As a result there were differences in mass at the end of development—after controlling for initial body mass- among treatments [F(2, 158.6) = 5.73, p < 0.01]: V nestlings were heavier than C [t(157.8) = 2.12, p = 0.03], whereas no difference was detected between C and D nestlings [t(158.7) = 1.25, p = 0.21]. Despite these effects on body mass, our treatments did not affect structural size, as revealed by the lack of differences in tarsus length among groups [F(2, 158.6) = 0.46, p = 0.63].
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FIGURE 1. Effect of the experimental treatments (diquat injections, vitamin E supplementation or control) on body mass (mean ± s.e.).



Overall, average telomere length decreased from day 5 to 13 of life [z-scored means ± s.e.: d5 = 0.40 ± 0.089; d13 = −0.40 ± 0.073; F(1, 125) = 152.4, p < 0.001], although both measurements were positively correlated (Figure 2A). Within individual repeatability relative telomere length from day 5 to 13 was 0.40 [F(1, 125) = 2.32, p < 0.001]. Experimental treatments did not result in differences among groups in telomere lengths at day 13 [F(2, 102.3) = 0.500, p = 0.61] (Figure 2B). Similarly changes in telomere length during the experiment (after correction for regression to the mean Verhulst et al., 2013 did not differ among experimental groups either [F(2, 105.4) = 0.124, p = 0.88]. Nevertheless, when the effect of telomere length at day 5 was considered, as well as its interaction with treatment, an interesting pattern emerged: changes in telomere length during the experiment were related to telomere length at day 5, with birds with longer initial telomeres showing greater attrition [estimate±s.e. = −0.29 ± 0.27; t(121.6) = −2.34, p = 0.02]. However, this relationship was affected by our experimental treatment [telomere at day 5 × treatment: F(2, 118.5) = 4.58, p = 0.01] (Figure 2C). This negative association between telomere change and initial telomere length did not differ between C and D nestlings [t(118.1) = 0.06, p = 0.96] and was statistically relevant [estimate±s.e. = −0.10 ± 0.03, t(67.1) = −3.47, p < 0.001 for both groups combined]. By contrast, this relationship disappeared among V nestlings [estimate±s.e. = 0.02 ± 0.03; t(39.5) = 0.55, p = 0.58], which statistically differed from C nestlings [t(118.3) = 2.62, p = 0.01] (Figure 2C).
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FIGURE 2. Effect of experimental treatments (diquat injections, vitamin E supplementation or control) on (A) the relationship between telomere length at day 5 and 13, (B) telomere length at day 13 (mean ± s.e.), and (C) the relationship between change in telomere length from day 5 to 13 of age (after correcting for regression to the mean; Verhulst et al., 2013) and telomere length at day 5. When telomere lengths are shown, we report T/S ratios transformed for day 5 and 13 data pooled to a standard normal distribution (i.e., z-scored T/S). The dashed line in (A) describes equal values of x and y, thus the vertical distance indicates the amount of telomere shortening. R2 and p-values in (C) correspond to simple correlations within groups; see main text for estimates derived from full statistical models. Color codes for treatments are: orange for diquat, gray for control and green for vitamin E-treated nestlings.



DISCUSSION

In this study we manipulated the antioxidant (i.e., vitamin E) intake and the exposure to reactive oxygen species (via diquat injections) during post-hatching development in pied flycatcher nestlings. We found a moderate effect of our treatments on nestling growth, characterized by an increase in body mass gain in V relative to C nestlings. Regarding cellular aging, our initial hypothesis that oxidative stress would enhance telomere attrition during early development was not supported: neither D nor V nestlings differed from C chicks in telomere change from hatching to fledging. However, even though our measures of telomere attrition were controlled for regression to the mean (Verhulst et al., 2013), we found that telomere attrition was more intense in hatchlings with relatively longer telomeres, and vitamin E supplementation removed this association.

The protective effect of vitamin E on telomeres has been tested previously in a few studies on birds. Vitamin E supplementation in yellow legged gull chicks (Larus michahellis) shortly after hatching showed no overall effects on telomere length (Kim and Velando, 2015). However, a post-hoc analysis revealed an interaction between nestling personality and vitamin supplementation, showing that vitamin E tended to reduce or increase telomere attrition among bold and shy nestlings, respectively (Kim and Velando, 2015). Another study in the same species showed that in ovo injections of vitamin E in clutches also failed to affect telomere length at hatching despite slightly improving the redox status of hatchlings (Parolini et al., 2017). Among altricial species, micronutrient supplementation (involving vitamin E, but also other vitamins and essential minerals) reduced telomere loss during sexual maturation in male zebra finches (Taeniopygia guttata), but did not affect telomere dynamics in either sex during the nestling period (Noguera et al., 2015). Finally, a single dose of vitamin E (administered in combination with methionine) reduced telomere attrition among adult blue tits (Cyanistes caeruleus) 1 year after treatment (Badas et al., 2015). Taking together these results and ours, it seems that vitamin E can influence telomere dynamics, but this is strongly influenced by the interplay of other internal and external factors that modulate the magnitude of the effect. In our case, no overall effect on telomere attrition or relative telomere length at the end of the nestling period was found, but a size-dependent effect was detected. We have no clear explanation for this pattern. It may suggest an action mechanism of vitamin E that is either non-linear or exerted only above threshold telomere size. Or, alternatively, it may simply result from a linear protective effect on an attrition process that is, by nature, size-dependent (op den Buijs et al., 2004). In any case, this pattern was not explicitly predicted by our initial hypothesis but, if it is further confirmed, it may have important implications for how avian longevity is affected by early nutritional conditions. Studies in birds have shown that telomere length or attrition during early development are particularly good predictors of individual survival probabilities (Heidinger et al., 2012; Boonekamp et al., 2014). Thus, by influencing telomere dynamics during early development, vitamin E could be exerting a significant effect on individual viability.

The starting hypothesis of our study was that oxidative stress is the main causal mechanism of telomere attrition. Although we found an effect of vitamin E supplementation on telomere dynamics, this hypothesis was mostly unsupported. Indeed vitamin E supplementation, which was the only treatment that impacted telomere dynamics, showed no statistically clear effects on oxidative stress biomarkers. This does not necessarily imply that vitamin E did not affect the redox status of individuals, as supplementation might have resulted in tissue specific effects, or lead to a reorganization of antioxidant defenses (Costantini et al., 2013). In addition, a lack of effect on a series of oxidative stress biomarkers does not prove that oxidative status has not been challenged (Meitern et al., 2013). In contrast to vitamin E supplementation, diquat treatment increased oxidative damage. Diquat is a powerful pro-oxidant (Koch et al., 2017) and the dose selected for this study was approximately half of the dose that cause 20% of mortality after a single injection. Accordingly, dosed nestlings in 2016 showed lipid peroxidation levels 25% higher than controls. Despite such effect on oxidative damage, no effect on telomere dynamics was found, which argues against a direct causal implication of oxidative stress on telomere dynamics. It should be noted, however, that our verification of the impact of our treatments on oxidative stress biomarkers was done in the following breeding season. Although both tests were made in the same population and under reasonably similar ecological conditions, extrapolation of results from among both sets of individuals should be done with caution. One possible alternative explanation for the lack of effect of diquat on telomere dynamics is that challenged birds allocated resources to channel oxidative stress effects to traits that were less important to fitness than telomere length (Boonekamp et al., 2017b). What mechanism—not necessarily linked to oxidative stress—may explain the effect of vitamin E on telomere dynamics then? Apart from acting as a significant antioxidant, either alone or in concert with other antioxidant compounds (Halliwell and Gutteridge, 2007), vitamin E also plays a major role in mediating cellular signaling and gene expression (Brigelius-Flohe, 2009). Thus, an alternative—but not necessarily mutually exclusive—mechanism for the observed effect of vitamin E on telomere dynamics would imply a positive effect of vitamin E on telomerase activity, as found in cell cultures in vitro (Tanaka et al., 2007; Makpol et al., 2010). This mechanism is plausible as this enzyme is still active during the nestling period in birds (Haussmann et al., 2007).

There is compelling evidence that growth compromises telomere integrity (Vedder et al., 2017; Monaghan and Ozanne, 2018). The proximate mechanisms for such a negative effect are not clear, probably resulting from resource allocation trade-offs or constraints between cell proliferation and telomere protection (Monaghan and Ozanne, 2018). Although oxidative stress is often claimed as a potential mediator of these trade-offs (Smith et al., 2016), we found little support for this, as diquat-treated nestlings showed higher oxidative damage than controls with no significant impairment of growth. Vitamin E supplemented nestlings, in turn, showed a marginal increase in growth that was not accompanied by remarkable changes in their oxidative status. However, we are dealing with phenomena involving complex physiological trade-offs, so we cannot fully discard an underlying or indirect effect of oxidative stress. For instance, vitamin E treatment might have driven supplemented nestlings to a new optimum level in the trade-off, characterized by a simultaneous—marginal—increase in growth and improved telomere dynamics with no apparent costs in terms of oxidative damage. Irrespective of the pathway, it seems that vitamin E supplementation buffered this pattern, allowing higher growth rates with no negative effects on telomere length. A positive effect of vitamin E supplementation on growth has been reported for different taxa, including birds (reviewed in Smith et al., 2016). It is often assumed that this effect is due to the direct effect of this compound on the neutralization of reactive species, but future studies might consider alternative mechanisms for the role of this compound in growth vs. self-maintenance trade-offs. Those involving effects on modulation of restoration mechanisms (e.g., telomerase activity), signaling pathways or micronutrient reallocation (Paul, 2011) are avenues worth exploring.

In conclusion, our results do not support the hypothesis that oxidative stress is a major mechanism underlying telomere attrition during early development (Boonekamp et al., 2017a; Reichert and Stier, 2017). Instead, vitamin E supplementation affected telomere dynamics, but in a process that does not necessarily involve oxidative stress as a main actor. These results highlight the relevance of nutrition—particularly micronutrient intake—during early life in cellular senescence.
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