
Redox Biology 10 (2016) 34–44
Contents lists available at ScienceDirect
Redox Biology
http://d
2213-23

n Corr
E-m

mattia.s
elisa.gra
neri.me
stefania
daniela.

1 Th
journal homepage: www.elsevier.com/locate/redox
Research Paper
Resistance training and redox homeostasis: Correlation with age-
associated genomic changes

Ivan Dimauro a,n, Mattia Scalabrin a, Cristina Fantini a, Elisa Grazioli a,
Maria Reyes Beltran Valls a, Neri Mercatelli a, Attilio Parisi b, Stefania Sabatini a,
Luigi Di Luigi c,1, Daniela Caporossi a,1

a Unit of Biology, Genetics and Biochemistry, Department of Movement, Human and Health Sciences, University of Rome “Foro Italico”, Piazza Lauro de Bosis
15, 00135 Rome, Italy
b Unit of Sport Medicine, Department of Movement, Human and Health Sciences, University of Rome “Foro Italico”, Rome, Italy
c Unit of Endocrinology, Department of Movement, Human and Health Sciences, University of Rome “Foro Italico”, Rome, Italy
a r t i c l e i n f o

Article history:
Received 1 August 2016
Received in revised form
19 September 2016
Accepted 20 September 2016
Available online 21 September 2016

Keywords:
Telomeres
DNA methylation
Myeloperoxidase
TrxR1
MnSOD
x.doi.org/10.1016/j.redox.2016.09.008
17/& 2016 The Authors. Published by Elsevier

esponding author.
ail addresses: ivan.dimauro@uniroma4.it (I. Di
calabrin@yahoo.it (M. Scalabrin), cristina.fant
zioli@uniroma4.it (E. Grazioli), reyes.bel@outl
rcatelli@uniroma4.it (N. Mercatelli), attilio.par
.sabatini@uniroma4.it (S. Sabatini), luigi.diluig
caporossi@uniroma4.it (D. Caporossi).
ese authors contributed equally to this resea
a b s t r a c t

Regular physical activity is effective as prevention and treatment for different chronic conditions related
to the ageing processes. In fact, a sedentary lifestyle has been linked to a worsening of cellular ageing
biomarkers such as telomere length (TL) and/or specific epigenetic changes (e.g. DNA methylation), with
increase of the propensity to aging-related diseases and premature death.

Extending our previous findings, we aimed to test the hypothesis that 12 weeks of low frequency,
moderate intensity, explosive-type resistance training (EMRT) may attenuate age-associated genomic
changes. To this aim, TL, global DNA methylation, TRF2, Ku80, SIRT1, SIRT2 and global protein acetylation,
as well as other proteins involved in apoptotic pathway (Bcl-2, Bax and Caspase-3), antioxidant response
(TrxR1 and MnSOD) and oxidative damage (myeloperoxidase) were evaluated before and after EMRT in
whole blood or peripheral mononuclear cells (PBMCs) of elderly subjects.

Our findings confirm the potential of EMRT to induce an adaptive change in the antioxidant protein
systems at systemic level and suggest a putative role of resistance training in the reduction of global DNA
methylation. Moreover, we observed that EMRT counteracts the telomeres’ shortening in a manner that
proved to be directly correlated with the amelioration of redox homeostasis and efficacy of training
regime, evaluated as improvement of both muscle's power/strength and functional parameters.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With increasing age, genetic vulnerabilities, underlying dis-
eases, and physiological impairments increase the risk for decline
in physical functioning [50]. Despite it is known that physical ac-
tivity (PA) prevents functional decline among older people, with a
positive influence on health and survival compared with a se-
dentary lifestyle, inactivity continues to be a major public health
problem [70,14,5]. Actually, a sedentary lifestyle has been linked to
a worsening of cellular ageing biomarker such as telomere length
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(TL) in white-blood-cell [14], with increase of the propensity to
aging-related diseases and premature death [50]. Telomeres are
repetitive sequences of DNA (5’-TTAGGGn-3’) located at the ends of
mammalian chromosomes. They decrease in length with age, re-
ducing the stability and function of chromosomes [19]. Besides the
end-replication problem, telomere-specific DNA damage induced
by oxidative stress has been extensively studied as a factor that
may contribute to telomere shortening [29]. TL has been indeed
reported to predict cancer, mortality and cardiovascular events
[36], where chronic oxidative stress seems to play a major role in
the pathophysiology of chronic inflammation. Moreover, clinical
data suggest that parameters of telomere biology in circulating
cells can be used as indicators of the effect of therapeutic inter-
vention for cardiovascular morbidity [21].

Circulating blood leukocytes represent a resource in telomere
biology because of the high correlation between TL in these cells
and those of other tissue types [25,72]. However, it must be con-
sidered that TL in different cell types may better reflect specific
diseases, tissue-specific aging, or cell-specific adaptations [67]. To
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Baseline characteristics of participants.

Characteristic TRAINED (n¼10) CONTROL (n¼10)

Gender 5 males 5 females 5 males 5 females

Age (years) 7271 7271
Height (cm) 16679 167710
Body Mass (Kg) 7072 7273
BMI (Kg/m2) 2372 2571
Systolic BP (mmHg) 12374 13174
Diastolic BP (mmHg) 7873 7573
Resting HR (b�min�1) 6879 6978
Physical activity level 2071 1972
Modified Baecke Questionnaire (score)
Household 1471 1371
Sports 371 471
Leisure 371 271
Muscle power (Δ%)
LegExt 35.975.2a,c �0.971.9
CMJ 17.574.3a,c �2.072.8
Muscle strength (Δ%)
LegExt 16.471.5a,c �0.371.5
Functional tests (Δ%)
6-m walking �9.071.6a,c 1.471.3
6-m walking loaded �10.072.1a,c 1.572.2
Stair-climbing �8.073.1a,b 3.672.0
Stair-climbing loaded �12.072.5a,c �0.272.7

All values represent means7SEM. The delta percentage was calculated trough the
standard formula: Δ%¼[(POST-test score-PRE-test score)/PRE-test score]�100.
BMI (body mass index); BP (blood pressure); mmHg (millimeters of mercury);
LegExt, leg-extention; CMJ, countermovement jump.

a p valueso0.01.
b po0.05 for changes within-group after the intervention period.
c p valueso0.01 for changes between-group after the intervention period (TR

vs. CTRL).
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date, there are many evidences about the association between
habitual PA and longer leukocyte telomere length
(LTL) [14,17,37,40,71,18,57,39], but most of them derive from stu-
dies where aerobic endurance-exercise training was used as in-
tervention [14,17,37,18,57]. Moreover, they have shown conflicting
results, with telomeres that can take three different trajectories
(expected shortening, maintenance, and lengthening). Never-
theless, little is known about the effect of resistance training on
telomere length, so far. Resistance training has the potential to
counteract the age-related decline of muscle strength, power
output, and muscle mass in elderly populations. In fact, the mag-
nitude of these adaptations seems to be similar to those observed
in untrained young subjects [45,51]. Therefore, this type of train-
ing has clinical relevance due to its benefits on the neuromuscular
system and on the daily living activities performance [5].

We recently showed that 12 weeks of low frequency, moderate
intensity, explosive-type resistance training (EMRT) could be
proposed as an effective exercise intervention for improving the
overall health of older people. Indeed, EMRT not only enhanced
the muscle strength, power, and functional performance without
detrimental effects on cardiovascular and inflammatory para-
meters [6], but improved the general adaptive response to oxida-
tive stress related to intense acute exercise [11].

Given the extensive evidence that aging can impact the gen-
ome modifying its structure-function relationship through epige-
netic changing (i.e. DNA methylation) and alter telomere dynamics
[30], the aim of the present study was to test the hypothesis that
EMRT may attenuate the age-associated genomic changes. In
particular, LTL, global DNA methylation and global protein acet-
ylation, as well as the expression of TRF2, Ku80, SIRT1, SIRT2 and
proteins involved in the apoptotic pathway (Bcl-2, Bax and Cas-
pase-3) and the antioxidant response (TrxR1 and MnSOD) were
evaluated before and after EMRT in peripheral blood mononuclear
cells (PBMCs) of elderly subjects. Moreover, a correlation analysis
was performed to verify whether LTL correlates with the markers
of redox homeostasis or with the decline in functional parameters
in ageing.
2. Material and methods

2.1. Study design

Recently we have conducted a controlled trial in which elderly
subjects (70–75 years) were randomly divided into training and
control group, to evaluate the effect of an EMRT protocol for 12
weeks on muscle strength, power and functional performance, as
well as the adaptive response to oxidative stress induced by an
acute exercise [11,6]. The study has been expanded utilizing sub-
jects from both the trained group (TR: n¼10) and from the control
group (CTRL: n¼10), successfully able to complete the blood
samplings at baseline and after the EMRT protocol period. Our
subset resulted to be fully representative of the original groups,
being the anthropometric, physiological and functional char-
acteristics overlapping the values of the previous study at both
baseline (PRE) and POST-EMRT training (Table 1) [6]. Physical ac-
tivity level was evaluated using the Modified Baecke Questionnaire
for Older Adults [69]. Diet composition and nutrient intake, ad-
justed for total calories, were similar among the groups (data not
shown). No significant difference between groups was reported
comparing baseline level of all parameters analyzed and char-
acteristics of participants. Unless differently stated, no gender
differences were found concerning all parameters analyzed.

Participants were seated comfortably for 10–15 min prior to
resting blood pressure and heart rate measurements. Further,
height and weight were recorded during a clinical visit, from
which BMI was calculated. Exclusion criteria included co-mor-
bidities that could interfere with LTL analysis between active and
inactive subjects (e.g., heart disease, heart attack, stroke, diabetes
mellitus types 1 or 2, osteoarthritis of the hip or knee, Parkinson
disease, cancer, psychological chronic stress or any other mood
disorders). All participants were fully informed of the research
design and associated benefits and risks of the investigation before
signing an informed consent form approved by the relevant Ethics
Committee.

2.2. Blood sampling and PBMCs isolation

Before and after 12 weeks of intervention, fasted blood samples
were drawn from the antecubital vein while subjects remained in
reclined position. Samples in additive-free tubes (BD Biosciences,
San Jose, CA, USA) were left at room temperature for coagulation
for at least 1 h and then centrifuged (2,500 rpm�10 min) for
serum separation. Blood sampled in EDTA tubes (BD Biosciences)
were used for plasma collection by centrifugation of whole blood
(2,500 rpm�10 min at 4 °C) and for PBMC isolation. Whole blood,
serum, plasma, and PBMC samples were aliquoted and stored at
�80 °C for further analyses. PBMCs were isolated by density gra-
dient centrifugation from each sample (Ficoll-Paque plus; Amer-
sham Pharmacia Biotech, Piscataway, NJ).

2.3. EMRT and functional parameters

Detailed information about the explosive-type resistance
training (EMRT) protocol and the evaluation of functional para-
meters has been published elsewhere [6]. Briefly, low frequency
EMRT (2 days/week) for 12 weeks was employed. For each ma-
chine, the resistance was set at 70% of the one-repetition max-
imum (1RM), and subjects performed 3–4 sets of 10–12
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repetitions. Every two weeks, resistance was incremented to in-
duce volitional fatigue in the 10–12 repetition throughout the
training program. The increase in resistance was usually of 2.5 kg,
and before the increment, the perceived fatigue was evaluated to
consider also the individual perception of the load.

One repetition maximum (1RM) test was utilized to evaluate
lower body extremity maximal strength (Leg extension–LegExt),
whereas muscle power was evaluated during countermovement
jump (CMJ). Stair climbing and 6-meter walking time tests, with or
without one dumbbell in each hand with a total load corre-
sponding to 12 kg for women and 16 kg for men, were performed
to evaluate the functional capacity of each subject.

2.4. DNA extraction and telomere length analysis

DNA was extracted from whole blood using ChargeSwitch
gDNA 50–100 μL Blood Kit (Invitrogen, Carlsbad, CA). All DNAs
were extracted in the same assay in order to reduce variability in
the recovery of DNA from different samples. The ratio of the ab-
sorbance at 260 and 280 nm (A260/280) was used to assess the
purity of DNA. An absorbance ratio 1.7oA260/280o1.9 was
considered acceptable. The integrity of random DNA isolates was
evaluated by agarose gel electrophoresis.

Measurement of relative telomere lengths (Telomere PCR to
Single-copy gene PCR or T/S ratio) was determined by quantitative
real-time polymerase chain reaction (RT-PCR) as described by
Cawthon [10] with the following modifications. The forward pri-
mer for the telomere PCR (T PCR) was tel1b [5’-CGG TTT GTT TGG
GTT TGG GTT TGG GTT TGG GTT TGG GTT-3’]. The reverse primer
was tel2b [5’-GGC TTG CCT TAC CCT TAC CCT TAC CCT TAC CCT TAC
CCT-3’]. The forward primer for the single-copy gene (S PCR) was
Hbb3-F [5’-TGT GCT GGC CCA TCA CTT TG-3’]. The reverse primer
was Hbb4-R [5’-ACC AGC CAC CAC TTT CTG ATA GG-3’]. Tubes
containing 150, 75, 37.5, 18.75, and 9.4 ng of reference DNA were
included in each PCR assay to determine the standard curve. The
telomere reaction mixture consisted of 15 ng genomic DNA, 1X
SYBR Green PCR Master Mix (Applied Biosystems Inc.), 2.5 mM
DTT, 100 nM Tel1b primers and 900 nM Tel.2b primer. The assay
was performed using the 7500 Real-Time PCR System (Applied
Biosystems Inc.). The T PCR thermal cycling profile consisted of for
1 cycle at 95 °C for 10 min, 30 cycles of 95 °C, 15 s, and 54 °C,
1 min. The S PCR thermal cycling profile consisted of for 1 cycle at
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s, 58 °C for
20 s, and 72 °C for 28 s. All the reactions were done in triplicate.
The relative T/S ratio was calculated by the comparative Ct
(2�ΔΔCt) method. To determine the PCR efficiency, a series of two-
fold dilutions of the reference DNAwas added to every plate, and a
standard curve was generated. According to the slopes of the
standard curves, PCR amplification efficiencies for the target and
reference samples were very similar, ranging from 92 to 106%.

2.5. Measurement of myeloperoxidase

As previously described [6], a commercial ELISA tests were
purchased for the assessment of MPO (EIAab Science Co. Ltd) le-
vels in serum. ELISA tests were performed according to the man-
ufacturer’s protocol.

2.6. Western blot analysis

PBMCs were lysed in lyses buffer (RIPA) supplemented with
complete protease inhibitor cocktail and phosphatase inhibitors
(Sigma-Aldrich), and their protein content was determined using
the BCA assay (Sigma-Aldrich). For immunoblotting analysis, ali-
quots of cell extract (15–20 μg) were electrophoresed on an SDS-
PAGE and transferred onto a polyvinylidene fluoride membrane
(PVDF, Amersham Biosciences, Milan, Italy). Membranes were
blocked with 5% non-fat dry milk and exposed to the following
primary antibodies: Ku80 (#2180, Cell Signaling) 1:1,000, Bcl-2
(#2870, Cell Signaling) 1:1,000, Caspase-3 (#9662, Cell Signaling)
1:1,000, TRF2 (sc-9143; Santa Cruz) 1:1,000, β-actin (1: 3,000;
Sigma-Aldrich), SIRT1 1:500 (sc-15404, Santa Cruz) 1:1,000, SIRT2
1:500 (sc-20966, Santa Cruz); Bax 1:500 (sc-526, Santa Cruz);
TrxR1 1:2,000 (sc-20147, Santa Cruz) and MnSOD 1:1,000 (SOD-
110, Stressgen). All immunoblots were visualized with horseradish
peroxidase-conjugated secondary antibody, followed by detection
with enhanced chemiluminescence (Amersham Biosciences).
Bands were quantified by Image J software (National Institutes of
Health, Bethesda, MD, http://rsb.info.nih.gov/ij). The expression of
β-actin was used as a normalizing control. Detection of primary
antibodies was performed using either a mouse or rabbit perox-
idase-conjugated HRP (Millipore), and protein signals were vi-
sualized using Western Blotting Luminol Reagent (no. 2048; Santa
Cruz) and an ImageQuant LAS 4000 (GE Healthcare Life Sciences).

2.7. Global DNA methylation analysis

Global DNA methylation analyses were performed using the
Imprint Methylated DNA Quantification Kit MDQ1 (Sigma-Aldrich)
based on the ELISA principle. We used the 96-well plate format.
DNA concentration was diluted to 150 ng/μl in the binding solu-
tion. DNA binding was achieved by incubating 30 μl diluted DNA
(50–100 ng) at 37 °C for 1 h. A 150 μl block solution was added,
and the samples were incubated at 37 °C for 30 min. Next, the DNA
and block solutions were removed from all the wells, which were
washed three times with 150 μl of 1� wash buffers. A 50 μl
sample of diluted capture antibody was placed in each well and
incubated at room temperature for 1 h. After removing the capture
antibody and washing four times with the wash buffer, each well
was filled with 50 μl of diluted detection antibody. The plates were
incubated at room temperature for 30 min. The detection antibody
was removed from the wells, which were then washed five times
with the wash buffer. Each well was then filled with 100 μl of
developing solution and incubated at room temperature for about
10 min for color change, and subsequently 50 μl of stop solution
was added. The absorbance of each sample was measured at
450 nm. All samples were analysed in triplicate.

2.8. Statistical analysis

All statistical analyses were performed using GraphPad Prism
5.0a (GraphPad Software, Inc.) and StatPlus 5.8.2.0 (AnalystSoft,
Inc.) program setting a two-tailed p valuer0.05 as the level of
significance.

A prior power analysis was performed by G*Power 3.1 software
[22]. For our experimental design, we used an “effect size f” of 0.19
with an alpha cut-off of 5% (0.05) and a beta cut-off of 20% (0.2).

For all parameters analysed, Shapiro-Wilk test was used to
check for normal distribution. Repeated measures ANOVA was
performed for most of the variables analysed, followed by Bon-
ferroni corrections. Differently, for those variables where the
normal distribution was violated (i.e. Bcl-2, MnSOD and MPO) the
differences between groups were determined by Friedman test
followed Dunns test for post hoc analysis.

The variables measured are represented by box plot or histo-
grams, where every column represents the mean7standard error
mean (SEM).

Multiple correlation analysis with the Spearman's test was used
to evaluate the relationship between “delta variations” of each
variable (i.e. LTL, anti-oxidants, oxidative stress parameters, func-
tional tests, power tests and strength test). For all parameters
analysed the delta variation was calculated in each subject trough

http://rsb.info.nih.gov/ij
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the standard formula: ΔPOST-PRE¼ POST score�PRE score.
3. Results

3.1. Telomere homeostasis in PBMCs and EMRT

There were no differences in baseline LTL between CTRL and TR
groups (T/S ratio, CTRLPRE vs. TRPRE: 4.970.3 vs. 4.770.4,
p40.05), without significant differences in the mean T/S values
between male and female subjects (data not shown). On the
contrary, after exercise intervention, the LTL value in TR group
resulted statistically higher compared with the corresponding
measured in the CTRL group (T/S ratio, CTRLPOST vs. TRPOST: POST,
5.870.3 vs. 3.970.2, po0.05). In fact, although no statistical
differences in LTL were detected within both experimental groups,
at the end of 12-week training (POST) the repeated measures
ANOVA revealed a significant different in TL shortening in un-
trained people with respect the trained ones (Fig. 1).

3.2. Analysis of Shelterin protein TRF2 and Ku80 following EMRT

No significant differences were found within and between
groups about the effect of EMRT on the protein levels of TRF2
(CTRLPRE: 0.7370.14; CTRLPOST: 0.6270.07; TRPRE: 0.8570.15;
TRPOST: 0.6070.11; p40.05) (Fig. 2A) and Ku80 (CTRLPRE:
1.6570.50; CTRLPOST: 1.0870.23; TRPRE: 1.5970.38; TRPOST:
0.9470.35; p40.05) (Fig. 2B).

3.3. Anti-oxidant proteins expression in circulating PBMCs and ser-
um MPO

As for the analysis of oxidative stress biomarkers in this sub-
sample, we confirmed the results presented in our previous work
[22] with respect TrxR1, but also extended the study to MnSOD.
Specifically, after the exercise intervention, trained subjects show
significantly lower protein expression in PBMCs of MnSOD
(CTRLPOST vs. TRPOST: 1.0670.06 vs. 0.8270.03, po0.01; TRPRE: vs.
TRPOST: 1.0070.04 vs. 0.8270.03, po0.01) and TrxR1 (CTRLPOST
vs. TRPOST: 0.8570.05 vs. 0.5770.03, po0.01; TRPRE: vs. TRPOST:
Fig. 1. Analysis of telomere length in PBMCs of elderly people trained for 12 weeks
(TR) and those belonging to control group (CTRL). Telomere length was measured
at the baseline (PRE) and at the end (POST) of the training protocol in both groups.
Boxplots represent the leukocyte telomere length, which is presented in arbitrary
units as T/S ratio, telomere repeat copy number to single gene copy number.
*po0.05.
0.7970.05 vs. 0.5770.03, po0.01) (Fig. 3A–B), paralleled by a
decreased level of MPO in serum (CTRLPOST vs. TRPOST: 88.378.9
vs. 76.874.1, po0.05; TRPRE: vs. TRPOST: 89.176.3 vs. 76.874.1,
po0.05) (Fig. 3C).

3.4. Effect of EMRT on global DNA methylation

Comparative analysis of the global DNA methylation level re-
vealed no significant differences within the CTRL group (CTRLPRE:
0.4470.07 vs. CTRLPOST: 0.4570.08, p40.05) or with TR group at
baseline (CTRLPRE: 0.4470.07 vs. TRPRE: 0.4470.11; p40.05).
Differently, the global DNA methylation level was significantly
decreased after EMRT within the TR group (TRPRE: 0.4470.11 vs.
TRPOST: 0.3670.07, �18% po0.05) and compared with the cor-
responding experimental time point in the CTRL group (CTRLPOST
vs. TRPOST: 0.4570.08 vs. 0.3670.07, �20%, po0.05,) (Fig. 4A).

3.5. Effect of EMRT on SIRT1 and SIRT2 protein expression and total
protein acetylation in PBMCs

Although SIRT1 protein expression demonstrated a trend to-
ward an increase following exercise within the TR group (TRPRE:
0.7970.13 vs. TRPOST: 1.2570.13, p¼0.059), the statistical analysis
has failed to find significant differences within and between
groups, at any experimental time points (CTRLPRE: 0.7870.19;
CTRLPOST: 0.8970.17, p40.05) (Fig. 4B).

Similarly, SIRT2 expression did not reach any significant change
after EMRT (CTRLPRE: 0.9770.12; TRPRE: 1.2270.10; CTRLPOST:
1.1170.12; TRPOST: 1.1370.13) (p40.05) (Fig. 4C).

Still, for both experimental groups, any significant change has
been found for the total protein acetylation either before or after
exercise intervention (CTRLPRE: 8.7172.38; TRPRE: 5.1671.40;
CTRLPOST: 7.4672.40; TRPOST: 6.7671.67) (p40.05) (Fig. 4D).

3.6. Expression of pro- and anti-apoptotic markers in PBMCs fol-
lowing EMRT

With respect the pro- and anti-apoptotic biomarkers analysed,
no significant changes were found within and between CTRL and
TR groups at any experimental time points: Bcl-2 (CTRLPRE:
1.0270.22; TRPRE: 0.7570.23; CTRLPOST: 0.6570.27; TRPOST:
0.7170.24) (p40.05); Bax (CTRLPRE: 0.7170.08; TRPRE:
0.8970.13; CTRLPOST: 0.7970.09; TRPOST: 0.9570.16) (p40.05);
Caspase 3 (CTRLPRE: 1.1670.08; TRPRE: 0.9570.11; CTRLPOST:
0.9170.10; TRPOST: 1.0370.09) (p40.05) (Fig. 5A–C).

3.7. Correlation between telomere length with molecular and func-
tional parameters

Table 2 shows the results from the correlation analysis between
LTL and all the molecular or functional parameters analysed in this
protocol at individual level. A significant negative correlation was
found between LTL and TrxR1 expression in PBMC (r¼�0.615,
p¼0.006) or serum MPO levels (r¼�0.754, p¼0.00092), while no
correlation emerged with MnSOD, as well as with all the other
molecular markers. When taking in consideration functional
parameters, a significant positive correlation was observed be-
tween LTL with functional power test (CMJ: r¼0.786, p¼0.0003)
and strength test (LegExt: r¼0.655, p¼0.004), while negative
correlation was detected with 6 m walking speed (r¼�0.516,
p¼0.029), 6 m walking loaded (r¼�0.468, p¼0.046) and loaded
stairs climbing (r¼�0.521, p¼0.028).

4. Discussion

The exact influence of regular resistance training on DNA



Fig. 2. TRF2 (A) and Ku80 (B) protein levels evaluated in PBMCs of control (CTRL) or trained (TR) elderly people at rest, before (PRE) and after (POST) training period. Protein
expression was measured as the ratio between the optical density (OD) of the marker protein and the OD of β-actin. In each panel, images show the results of im-
munoblotting from the same representative subject, while the histograms represent the mean7SEM.
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telomere ends in PBMCs collected from elderly subjects has never
been addressed. Here, we present a longitudinal study where we
observed that: a) regular participation to EMRT of healthy elderly
people is associated with a better maintenance of LTL and reduc-
tion of the global DNA methylation level; b) EMRT induces an
adaptation of specific anti-oxidants/oxidative stress markers; c)
LTL is significantly correlated to markers of redox homeostasis as
well as to several indicators of physical functioning.

Exercise can influence aging through its preventive effects on
various diseases [70]. It has been suggested that numerous bene-
ficial effects of exercise may be related to LTL [14,37,18] and to the
modulation of the epigenome, which thereby may induce the
adaptation of several stress-proteins/molecules response (i.e. anti-
oxidants, heat shock proteins) already observed in different stu-
dies [16,47,6,7,9].

Telomere shortening and age-dependent alteration of specific
epigenetic pattern are widely considered to be a marker of health
status and biological ageing because they are recognized as im-
portant factors able to affect the risk for several human diseases
[19,24,36]. Indeed, both processes may be considered a dynamic
feature, which can undergo to considerable changes over several
months in response to environmental, behavioral, psychological
and pathological stimuli [24], as well as during a rather short
period of time of physical activity [66].

PBMCs are a proliferative cell type in which replication leads to
continued decrease of telomere length, and thus correlates well
with aging [31]. To date, it is still difficult to compare the relative
leukocyte telomere length data because of differences in qPCR
methodology as well as the different subject population and
sample sizes. Moreover, other discrepant findings are partly due to
differences in physical activity measurements for intensity and
duration of exercise, and/or because a self-reported approach has
been utilized. Although Mason and colleagues have found dis-
cordant results, several studies have shown that LTL is associated
with the level of PA and maximal aerobic exercise capacity
[14,17,42]. Indeed, all these studies agree on the fact that en-
durance training could ameliorate the telomere length home-
ostasis in a PA-intensity and frequency dependent manner.

The ageing process is characterized by a reduction in motor
capacity due to a gradual decrease of muscle strength and power
[23]. It is known that resistance training can counteract physio-
logical and biological age-related negative changes improving the
performance of functional capacities and the stress oxidative/
protein response [45,51,6], but the proportion of elderly people
who participate in this type of training protocol is currently low.

Here, we present an interventional study evaluating the effect
of resistance-type exercise on LTL in healthy elderly people. Si-
milarly to the aforementioned studies [14,17,39], we found that
participation to low frequency, moderate intensity power training
affects the telomeres in old age, resulting in a reduction of



Fig. 3. MnSOD (A), TrxR1 (B), and myeloperoxidase (C) levels evaluated at rest, before (PRE) and after (POST) training period, in elderly belonging to control group (CTRL) and
in those trained for 12 weeks (TR). Protein expression was measured as the ratio between the optical density (OD) of the marker protein and the OD of β-actin. In each panel,
images show the results of immunoblotting from the same representative subject, while the histograms represent the mean 7 SEM. **po0.01 and *po0.05.

I. Dimauro et al. / Redox Biology 10 (2016) 34–44 39
telomere's attrition when compared to age-matched subjects that
have not participated in any exercise training. There are several
mechanisms that might explain TL maintenance in exercised
subjects. For instance, the telomerase enzyme and other capping
proteins called the shelterin complex are involved in telomere
maintenance (i.e. TRF1, TRF2, Ku70, Ku80) [48]. Since previous
research protocols did not found any relationship between PA level
and telomerase enzyme activity in PBMCs [37,49], we decided to
exclude the analysis of telomerase activity. Indeed, in certain cells
with high mitotic activity (e.g., germ line and progenitor cells,
immune cells), the elevated activity of telomerase enzyme due for
the telomere length's homeostasis could blunt the effect of PA.
Although the relationship between telomerase enzyme activity
and PA deserves deep investigations, we considered more appro-
priate to investigate whether EMRT alters the protein expression of
members of the shelterin complex, such as the telomere-related
factors 2 (TRF2) and Ku80. Similarly to previous studies [38], any
alteration of these proteins was observed in PBMCs. Since it has
been described that the mRNA level of these markers is induced in
circulating leukocyte either after a seven day ultra-marathon [46]
or in athletes [40], we speculate that the absence of TRF2 and/or
Ku80 protein induction could be due either to the lower intensity
of our exercise protocol or/and the characteristic of the subjects.
However, we cannot exclude the possibility that a similar protocol
with longer duration than 3 months could modulate the protein
expression of these members of shelterin complex.

Another important factor that enhances age-related telomere
shortening is the oxidative stress level [56], a common feature of
the ageing process with a strong correlation to several patholo-
gical conditions (i.e. diabetes, metabolic disorders) [29]. Several
studies showed that PA could reduce oxidative stress [16,3,47,59].
In particular, moderate-intensity of PA over a 2- or 12-month
period has shown to be effective to reduce gene and protein ex-
pression of several “actors” of the anti-oxidant response in PBMCs
[6,9]. In agreement with aforementioned studies, we found that
the levels of specific proteins belonging to anti-oxidant/oxidative
stress system, such as the member of iron/manganese superoxide
dismutase family, MnSOD [74], the cellular redox sensor TrxR1
[64], and the clinical biomarker of oxidative stress MPO [58], were
significantly reduced in trained subjects.
It is known that exercise-induced adaptation of antioxidant is

dependent from several variables, which include tissue, age,
duration, intensity and exercise mode specific [55]. Data on the
effect of exercise training on the behavior of MnSOD enzyme in
people matching for the age with our participants, are limited to
specific experimental conditions, which make the comparison
between them difficult and potentially confounding [2,12,34,44].
In particular, most human studies examine MnSOD modulation in
skeletal muscle (i.e. protein expression), utilizing endurance ex-
ercise as interventional training program [12,34]. Moreover, the
MnSOD response to exercise appears to be heterogeneous.

To our knowledge, the only study documenting the effect of
resistance training on MnSOD in peripheral blood mononuclear
cells (PBMC), has been conducted by García-López et al. [26] but
the subjects recruited were younger (age 54.971.9) than those
included in our research protocol.

Nevertheless, based on their findings, it has been hypothesized
that resistance training generally results in a cytosolic oxidative
stress [26]. Since MnSOD is compartmentalized in the mitochon-
drial inner membrane, its lack induction or decreased expression
after resistance training may simply represent an adaptive me-
chanism related to the fact that this type of exercise is not asso-
ciated with mitochondrial stress. However, we cannot exclude that
the cytosolic anti-oxidant enzyme may be more responsive to
exercise and/or greater exercise intensity is needed to elicit an
induction of MnSOD.

Therefore, it is reasonable to assume that, perhaps facilitated by
a better homeostasis redox, decreased levels of MnSOD and TrxR1,
represent an adaptive response to our exercise training. As already
suggested by von Zglinicki [68], exercise might buffer telomere
shortening by acting on the balance between oxidative stress and
antioxidant efficiency. Our results confirm that EMRT was paral-
leled by an improvement of the redox homeostasis, in turn leading
to an adaptive process induced by exercise that may influence
positively the telomere length in leukocytes. Indeed, our data in-
dicate a significant, negative correlation between TrxR1 or MPO
and LTL. The biological mechanisms of these correlations are not
clear, but considering the context of this study, our results may be



Fig. 4. Analysis of global DNA methylation (A), SIRT1 (B), SIRT2 (C), and global protein acethylation (D) in PBMCs of control (CTRL) or trained (TR) elderly people at rest,
before (PRE) and after (POST) training period. Protein expression was measured as the ratio between the optical density (OD) of the marker protein and the OD of β-actin.
Each histogram represents the mean7SEM. *po0.05.

I. Dimauro et al. / Redox Biology 10 (2016) 34–4440
explained by the exercise-induced adaptation toward an optimal
redox homeostasis, thereby enabling a lower erosion of susceptible
telomere ends [68,63].

Contradictory findings exist with respect the association be-
tween LTL and specific indicators of physical functioning
[27,28,73,61], primarily in elderly population. However, most of
the data support the hypothesis that this sensitive chromosome
region may be considered a biomarker of age-related changes in
functional capacity. In agreement with these studies [27,28,73,61],
we found not only a significant correlation between LTL and the
functional capacities such as 6 m walk speed with or without load,
stairs climbing with load, but also was highlighted an association
with the muscle power (CMJ) and muscle strength capacities
(LegExt). Although speculative, it is possible that the sustained
weight-bearing aspect of EMRT protocol may be optimal in acti-
vating specific signaling pathways involved in telomere
homeostasis.

It is also known that the immune system response to exercise is
transient and variable because is influenced by a range of factors
such as duration, intensity and mode of the exercise [60]. Since
previous studies have shown an increased apoptosis of immune
system cells in aging [1], and that exercise can have anti-apoptotic
effect that reduces cellular turnover and maintains telomere
length [40], we investigated if EMRT could have an impact on the
commitment of apoptosis in PBMCs. In agreement with Rodriguez
Silva group [62], our exercise training did not affect the survival of
circulating mononuclear cells. Indeed, the expression of anti-
apoptotic (Bcl-2) and pro-apoptotic (Bax, Caspase-3) proteins
showed considerable intragroup variability and no significant
differences between groups. Although we cannot rule out the
contribution of new lymphocyte populations in maintaining the
telomere ends longer, these data supports even more that this
exercise program can contribute to a better preservation of the
telomere ends. Further studies are needed to understand the
precise immunological mechanisms connecting TL and immune
response. However, to date preserve the telomere length has also a
positive impact on the quality of the immune response [15].

The physiological adaptation to exercise is predominantly dri-
ven by changes in gene expression, which may be governed by
exercise-induced changes to the epigenome [75]. It is known that
epigenetic factors, including DNA methylation and histone mod-
ifications, are influenced by relative short exposure to



Fig. 5. Bcl-2 (A), Bax (B), and Caspase-3 (C) protein levels evaluated in PBMCs of control (CTRL) or trained (TR) elderly people at rest, before (PRE) and after (POST) training
period. Protein expression was measured as the ratio between the optical density (OD) of the marker protein and the OD of β-actin. In each panel, images show the results of
immunoblotting from the same representative subject, while the histograms represent the mean7SEM.
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environmental stimuli such as exercise [32]. Buxton and collea-
gues [8] have also observed a correlation between telomere length
and DNA methylation of sub-telomeric regions, indicating that as
telomeres shorten, the methylation levels of many genes may
change, inducing modification in gene expression with an in-
creased age-related disease risk. In order to evaluate the potential
of our physical exercise program in modulating stress-induced
epigenetic changes, we have investigated for the first time its
effect on global DNA methylation status, SIRT1, and SIRT2 protein
expression as well as the global protein acetylation level in PBMCs.

Although the site-specific changes in DNA methylation of CpG
would give a more detailed and complete information about the
genes potentially involved, our data revealed that EMRT evoked a
decrease in the global DNA methylation profile in exercised peo-
ple. Exercise, either a single session or a training period, has been
shown to affect DNA methylation status in several tissues (i.e.



Table 2
Linear correlation between leukocyte telomere length and biological/functional
parameters.

r P

Biological parameters
TrxR1 �0.615 0.006*

MnSOD �0.291 0.167
MPO �0.754 0.001*

SIRT1 0.202 0.292
SIRT2 0 0.5
TRF2 �0.136 0.347
Ku80 0.394 0.132
Global protein acetylation 0.452 0.134
Caspase-3 0.297 0.203
Bcl-2 0.357 0.195
Bax 0.417 0.135
Functional parameters
CMJ 0.786 0.0003*

LegExt 0.655 0.004*

6 m walking speed �0.516 0.029*

6 m walking loaded �0.468 0.046*

Stairs climbing �0.235 0.209
Stairs climbing loaded �0.521 0.028*

Data from Spearman's correlations are expressed by r and p-values.
MPO, Myeloperoxidase; TrxR1, Thioredoxin reductase 1; MnSOD, Manganese-de-
pendent superoxide dismutase; SIRT1, Sirtuin 1; SIRT2, Sirtuin 2; TRF2, Telomeric
repeat-binding factor 2; CMJ, countermovement jump; LegExt, Leg extension.

* Po0.05 was considered significant.
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skeletal muscle, PBMCs, adipose tissue) that results in gene ex-
pression changes [4,,52,,53]. Indeed, hypomethylation of a gene's
promoter CpG region is associated with transcriptional activation
of genes capable of improving the process of adaptation to the new
physiological or pathological condition [2].

Therefore, our finding suggests that the resistance exercise
intervention impacts significantly on global methylation levels,
and thereby altering the gene activity. Since recent finding has
identified multiple gene promoters enriched for site at which
methylation levels are associated with TL [4], it remains definitely
needed a more detailed study to identify individual CpG-sites
potentially associated either with common diseases or with telo-
mere length homeostasis in PBMCs following EMRT.

Much attention has recently been given to the role of sirtuins as
regulator of chromatin remodeling, gene silencing, and DNA da-
mage response. Recent findings have shown that not only the in-
creased expression of SIRT1 in mice results in longer telomeres
and a major telomere integrity following DNA damage [33], but
also in human subjects Kim and colleagues [35] showed an asso-
ciation between SIRT1 and telomere length. Increasing evidences
has indicated that sirtuins are regulated by exercise in human and
animal model [65]. However, to date, only one human study has
demonstrated an induction of SIRT1 mRNA level in PBMCs [41].
Despite we found a tendency to increase of SIRT1 protein level in
elderly after the training, no significant changes were obtained for
both sirtuins and global protein acetylation.

Since there are several mechanisms by which aerobic exercise
may regulate sirtuins expression, such as the production of nitric
oxide (NO) and NO synthases or the increase of energy ex-
penditure [54], differently from previous studies [41,65], EMRT
characteristics probably were not enough specific to modify these
parameters. Nevertheless, we cannot exclude that a resistance
exercise protocol prolonged over time could have similar effects to
those observed in endurance exercises.

5. Study limitations and conclusions

Our study findings should be interpreted bearing in mind some
limitations. Firstly, with regard to telomere length and EMRT, we
cannot exclude the possibility of residual confounding because of
unknown or unmeasured factors in the present study such as in-
formation on psychological stress [20] as well as antioxidant in-
take and genetic variants [13].

Secondly, in some instances, the small sample size may have
reduced, the number of statistically significant differences (e.g.
SIRT1). Still, it would be interesting to analyze age-related markers
even during the training period because without a priori knowl-
edge of the precise time course of protein expression, it is possible
that the greatest magnitude of change has been missed.

In conclusion, our present results corroborate the evidence that
resistance training seems to have beneficial systemic ‘anti-aging’
effects even in term of DNA methylation modification and telo-
mere dynamics, while a life style with no or irregular PA is linked
with an increasing decline of the molecular parameters related to
the aging process. To date, many of these biomarkers are known to
describe more accurately the development of the biological aging
process rather that chronological age [43], and therefore, they may
serve to identify subjects at risk for accelerated age-related ad-
verse outcomes. For these reasons, further investigation on the
effects of specific exercise protocol on these markers as well as the
delineation of molecular pathways responsible for their mod-
ifications (e.g. TL erosion and site-specific DNA methylation), are
doubtless of high priority.
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