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It is well established that health preservation and prevention
of age-related disorders require the adoption of appropriate
lifestyles including a habitual exercise regimen. Regular
aerobic physical activity (training) protects against stress
conditions inducing, in almost all body tissues, metabolic
and biochemical adaptive responses. Among such responses
there is the increased capacity to counteract conditions in
which the production of reactive oxygen species (ROS)
increases, including prolonged or strenuous exercise. It is
now established that several physiopathological conditions,
including aging, are associated with the increase in ROS-
induced cellular damage. Moreover, current aerobic physical
activity is recommended as an adjunctive therapy to mitigate
the adverse effects of some pathologies.

In the present special issue, papers are reported exploring
the effects on humans and animals of exercise training as a
mean to slowing down the degenerative processes occurring
with aging or to mitigate the effects of neurodegenerative or
cardiovascular diseases.

Thus, Daniele et al. studied the effects of aging and
physical exercise on the epigenetic modifications of the α-
synuclein gene (SNCA) in health subjects. They explored
whether age and physical activity are related to blood
intron1-SNCA (SNCAI1) methylation, as well as further
parameters linked to such epigenetic modification (total,
oligomeric α-synuclein, and DNA methyl transferase
concentrations in blood). The methylation degrees were cor-
related with the amount of total and oligomeric α-synuclein
content in red blood cells, selected as a valid cellular model

because they accumulate α-synuclein and are particularly
susceptible to oxidative stress. They found that the SNCAI1
methylation status increased with aging, and consistent with
this result, low α-synuclein levels were found in blood. In this
population, higher physical activity reduced the total and
oligomeric α-synuclein levels.

Pilch et al. studied the effects of a relatively new and
popular activity, the Nordic Walking (NW), on somatic
indices, oxidant and antioxidant status, and interleukin and
calcidiol levels in middle-aged women after a 12-week NW
training program. They found that the NW training led to a
significant decrease of the total body mass and fat mass and
to an increase in lean body mass. It also contributed to a sig-
nificant increase in total antioxidative status and calcidiol
levels. Reverse correlations between IL-6 and total oxidative
capacity levels and between IL-6 and calcidiol levels were
found before and after training, respectively. They concluded
that NW training undertaken by premenopausal women not
only has a positive effect on body composition but also on the
plasma antioxidative capacity.

Other papers deal with the effects of aerobic training on
animal models of illness.

F. A. Guarnier et al. evaluated the effects of 2 months
treadmill running on an animal model of Calsequestrin-1
knockout (CASQ1-null) mice, showing an elevated sensitivity
to strenuous exercise and environmental heat, characterized
by crises known as exertional/environmental heat strokes.
Training reduced the mice mortality due to 1 hr. heat expo-
sure (41°C). The protective training effect was accompanied
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by reduced mitochondrial damage and improvement of their
function and lowering in both calpain activity and lipid
peroxidation in membranes isolated from sarcoplasmic
reticulum and mitochondria. The authors suggest that the
protective effect of aerobic training is mediated by a reduction
in oxidative stress during exposure of CASQ1-null mice to
adverse environmental conditions.

D. J. Flis et al. used transgenic mice with the G93A
hmSOD1 gene mutation as model of amyotrophic lateral
sclerosis (ALS) to study the effects of swim training on the
progression of ASL. They evaluated the training effects on
the cell structures formed by the mitochondria and endoplas-
mic reticulum membranes (MAMs). They evaluated muscle
energy metabolism, oxidative stress parameters, Caveolin-1
protein levels, and cholesterol content in crude mitochon-
drial fraction in mice with different disease progression and
training status. The progression of ALS was related to the
lowering of Caveolin-1 protein levels and cholesterol accu-
mulation in a crude mitochondrial fraction. These changes
were associated with aerobic and anaerobic energy metabo-
lism dysfunction and higher oxidative stress. The data
indicate that swim training prolongs the lifespan of ALS mice
reducing the changes in MAMs components. Swim training
also maintained mitochondrial function and lowered oxida-
tive stress. Their data suggest that modification of MAMs
might play a crucial role in the exercise-induced deceleration
of ALS development.

Lambert et al. used rats with high fat diet-induced obesity
and insulin resistance to study the effects on different white
adipose tissue depots of (i) nutritional supplementation with
grape polyphenols (50mg/kg/day), (ii) treadmill exercise
training (1 hr./day, 5 days/wk.) for 8 weeks, and (iii) a
combination of exercise and grape polyphenol supplementa-
tion. They showed that both polyphenol supplementation
and exercise decreased the amount of adipose tissue depots,
and mesenteric inflammation. Moreover exercise showed to
be more effective in counteracting insulin resistance, but
their combination did not show cumulative benefit.

Belaya et al. examined the effects of aging and long-term
wheel running on the expression of heat shock protein
(HSP), redox regulation and endoplasmic reticulum (ER)
stress markers in tibialis anterior (T.A.), and soleus muscle
of mice. Aging was associated with a lower thioredoxin-1
(TRX-1) to thioredoxin-interacting protein (TxNiP) ratio, a
determinant of redox regulation, and an increased indicator
of ER stress, related to apoptosis signaling in both muscles.
Long-term exercise decreased TxNiP in T.A. and soleus mus-
cles and increased the TRX-1/TxNiP ratio in soleus muscle of
aged mice. Inducible HSP70 and constituent HSC70 were
upregulated, whereas ER stress was reduced after exercise in
soleus muscle. Their data demonstrated that aging induces
oxidative stress and activates ER stress-related apoptosis
signaling in skeletal muscle, whereas long-term wheel
running improves redox regulation, ER stress adaptation,
and attenuates ER stress-related apoptosis signaling, suggest-
ing that life-long exercise can protect against age-related
cellular stress.

Zhao et al. evaluated the rehabilitative effects of swim
training following stable myocardial infarction (MI) in aged

mice. They compared the effects of swimming training (ST)
of different durations (15 and 60mins once per day for five
days a week for 8 weeks) on cardiac function and mitochon-
drial quality and examined a potential role for Sirtuin (SIRT)
3 for the rehabilitative process. The main finding of such
paper is that 15mins of ST, rather than 60min of ST,
significantly augmented left ventricular function, increased
survival rate, and suppressed myocardial fibrosis and apopto-
sis. Moreover, it improves mitochondrial morphology regu-
lating mitochondrial fission-fusion signaling and regulated
mitophagy signaling via inhibiting LC3II and P62 levels
and increasing PINK/Parkin expression. Moreover, 15mins
ST inhibited ROS production and enhanced antioxidant
SOD2 activity. Notably, 15mins ST significantly increased
Sirtuin (SIRT) 3 level in vivo. It is likely that the positive
regulation induced by short-duration ST regimen on elevated
SIRT3 protein level, improved mitochondrial quality control,
and decreased apoptosis and fibrosis contributing to the
observed more resistant phenotype.

In the whole, the papers reported in this special issue
furnish new inside on the protective role of physical activity
for the maintaining of health during aging and illness.

Paola Venditti
Yong Zhang
Zsolt Radák

José Magalhães
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Epigenetic regulation may contribute to the beneficial effects of physical activity against age-related neurodegeneration. For
example, epigenetic alterations of the gene encoding for α-synuclein (SNCA) have been widely explored in both brain and
peripheral tissues of Parkinson’s disease samples. However, no data are currently available about the effects of physical exercise
on SNCA epigenetic regulation in ageing healthy subjects. The present paper explored whether, in healthy individuals, age and
physical activity are related to blood intron1-SNCA (SNCAI1) methylation, as well as further parameters linked to such
epigenetic modification (total, oligomeric α-synuclein and DNA methyltransferase concentrations in the blood). Here, the
SNCAI1 methylation status increased with ageing, and consistent with this result, low α-synuclein levels were found in the blood.
The direct relationship between SNCAI1 methylation and α-synuclein levels was observed in samples characterized by blood α-
synuclein concentrations of 76.3 ng/mg protein or lower (confidence interval (CI) = 95%). In this selected population, higher
physical activity reduced the total and oligomeric α-synuclein levels. Taken together, our data shed light on ageing- and physical
exercise-induced changes on the SNCA methylation status and protein levels of α-synuclein.

1. Introduction

Ageing is characterized by common cellular features, such as
increased oxidative stress, reduction in protein synthesis,
mitochondrial dysfunction, stem cell depletion, and telomere
attrition [1]. Moreover, the ageing process is strictly linked to
epigenetic control of the genome through DNA and histone
modifications [1, 2], such that DNA methylation has been
suggested as an ageing “clock” [3, 4].

In the central nervous system, DNA methylation [5] reg-
ulates memory formation [6] and its age-related disruption,
which precede cognitive decline [7, 8]. The epigenome is
extremely dynamic, with changes in response not only to
ageing or development, but it is also affected by exogenous
factors, such as nutrient availability and physical exercise

[9–11]. Indeed, several studies indicate that epigenetic regu-
lation may contribute to the widely known beneficial effects
of regular exercise, although the exact mechanisms remain
to be determined at molecular levels [12]. For example, regu-
lar exercise has been suggested to affect the methylation sta-
tus of global and CpG-rich specific genes in the muscle cells,
the different peripheral tissues, and the brain. Moreover, the
gene for neurotrophic factor BDNF (brain-derived growth
factor) is known to be remodelled epigenetically in the hippo-
campus in response to physical exercise [13]. Such studies are
consistent with the hypothesis that epigenetics is central to
coordinating the transcriptional response to the environ-
ment, as well as being involved in neuronal development,
maintenance, and degeneration processes [14–16]. Based on
this, it is not surprising that physical exercise has been
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suggested as a potential preventive countermeasure against
many chronic and degenerative diseases [11, 17–19], includ-
ing age-related neurodegeneration [20]. Among these, evi-
dence was reported for Parkinson’s disease (PD) [21–28],
which is characterized by an accumulation of misfolded
α-synuclein (α-syn) in Lewy bodies, causing synaptic
dysfunction and neuronal loss [29–31]. The exercise-
mediated neuroprotective effects against PD are related to a
reduction in cerebral inflammation and protein misfolding,
as well as changes in gene expression profiles [32, 33]. In this
respect, in addition to α-syn misfolding, epigenetic regula-
tion of its encoding gene (SNCA) has been widely explored,
particularly focusing on the methylation status of the intron1
CpG island [34–37]. Indeed, this intron1 region was demon-
strated to control gene expression by the differential methyl-
ation of its CpG island, as well as by the recruitment of
different transcription factors [34, 35, 38]. Thus, a decrease
of intron1 methylation of SNCA has been hypothesized to
increase α-syn expression in brain tissues and to lead to PD
pathogenesis factors [34, 35]. Moreover, the pathological
significance of DNA methylation was also highlighted in
peripheral tissues. For example, leukocytes from PD subjects
showed hypomethylation of intron1-SNCA compared to
controls. [36, 39, 40]. By contrast, other studies reported no
difference between PD and healthy subjects [41, 42].

In the light of the emerging role of physical activity in
the management of neurodegenerative diseases, gaining
further insight into epigenetic mechanisms regulating gene
transcription during exercise will help further improve life-
style interventions. Therefore, the aim of our study was to
investigate the potential impact of regular training on α-
syn expression and specific DNA methylation in healthy
subjects. In particular, sedentary and exercise subjects were
enrolled to determine the α-syn methylation status of
intron1 CpG islands. The methylation degrees were corre-
lated with the amount of total and oligomeric α-syn con-
tent in red blood cells (RBCs), selected as a valid cellular
model, because they accumulate α-syn and are particularly
susceptible to oxidative stress [43–45].

2. Methods

2.1. Study Population. Thirty-two endurance athletes (ATHL,
mean age 41.4± 13.7 years) and 52 healthy sedentary controls
(SED, mean age 45.9± 14.3 years) were selected for the study
(Table 1). Only subjects free of cardiovascular diseases were
included. Major inclusion criteria were reported previously
[46]. All subjects were nonsmoking and had no regular med-
ication or supplementation of vitamins or trace elements.
Moreover, subjects with a family history of cardiovascular
disease, hypertension, and other cardiovascular risk factors
were excluded [46, 47].

Athletes were recruited from the outpatient clinic of the
Sports Medicine Unit of the Department of Clinical and
Experimental Medicine of the University of Pisa. Sedentary
subjects were not performing any regular physical training.

The level of intensity was evaluated by the use of the
15-point Borg RPE scale [46, 48, 49] for each participant.
The study population was further divided into the

following subgroups: (1) sedentary (SED, n = 52) and
athlete (ATHL, n = 32) subgroups, when the parameter
for subdivision was the degree of physical activity; (2)
“young” (n = 50) and “older” (n = 34) subgroups, when the
parameter for subdivision was age.

This study was approved by the Ethics Committee of the
Great North West Area of Tuscany (271/2014 to F. F.) and
was performed in accordance with the Declaration of
Helsinki. All subjects gave informed and written consent to
participate in the study [46].

2.2. RBC Collection.Whole blood was collected into EDTA
tubes. RBCs were separated from plasma by centrifugation
at 200×g at 4°C for 10min [46]. The resulting pellet was
washed three times with PBS and frozen at −20°C until
use. For athletes, the time period between the last exercise
session and blood sampling was at least 48 h. The various
parameters estimated included (i) CpG site methylation
within SNCA intron1 (SNCAI1); (ii) concentration of the
protein encoded by SNCA (α-syn), considering total levels
and the contribution of its oligomeric form; and (iii) levels
of the DNA methyltransferase enzymes of maintenance
(Dnmt1) and ex novo (Dnmt3a).

2.3. SNCA Intron1 Relative DNA Methylation Analysis.
Genomic DNA was extracted from the whole blood of
healthy individuals (n = 84) using the QIAamp DNA Blood
Kit (catalogue number: 51104; QIAGEN, CA, USA) and
quantified using a NanoDrop Lite Spectrophotometer
(Thermo Fisher Scientific Inc., USA). The SNCA intron1
region previously associated with low levels of CpG island
methylation in PD patients [35–37, 40, 50] was considered
in the present study. Intron1 methylation levels were assessed
by methylation-sensitive restriction enzyme (MRSE) diges-
tion of genomic DNA followed by quantitative real-time
polymerase chain reaction (PCR) according to Pihlstrøm
and coworkers [36]. Briefly, for each DNA sample
(20 ng), duplicates of a “test reaction” (with the MRSEs
AccII and HpaII) and a “reference reaction” (without
MSREs) were incubated at 37°C for 2 h. Then, samples
were amplified using forward and reverse primers (FOR-
5′ATTAGGCTGCTTCTCCGGGATC-3′, REV-5′GTTCTC
AGCCTCCACCCTAG-3′). A melt curve was performed
at the end of the experiment to confirm amplification
specificity. The proportion of genomic DNA methylated
at cut sites was calculated with the equation percent
methylation=100× 2−(CT[test reaction] − CT[reference reaction]).

2.4. Levels of DNAMethyltransferase (Dnmt). The concentra-
tions of Dnmt1 and Dnmt3a were determined in the blood by
specific immunoenzymatic assays, following the manufac-
turer’s instructions (Biomatik Corporation, Ontario, Canada,
http://www.biomatik.com). Briefly, standards or samples
were added to the appropriate precoated microtitre plate
wells with a biotin-conjugated antibody. Then, samples were
incubated with avidin-HRP followed by the addition of the
TMB substrate solution (3,3′,5,5′-tetramethylbenzidine).
After stopping the reaction, the absorbance was read at
450 nm (http://www.biomatik.com).

2 Oxidative Medicine and Cellular Longevity
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2.5. Detection of Total α-Synuclein. Total α-syn was measured
in RBCs as previously described [46, 51]. In brief, precoated
wells (α-syn full-length antibody, sc-10717, Santa Cruz
Biotechnology) were treated with bovine serum albumin
(BSA). RBCs (0.150mg/100μl) were captured on wells for
2 h at 25°C, and aliquots of recombinant α-syn were analysed
in parallel to obtain a standard curve. After extensive wash-
ing, the samples were treated with a mouse monoclonal anti-
body to α-syn (sc-12767, Santa Cruz Biotechnology) and
subsequently with an antimouse HRP antibody [46]. The
samples were washed three times with PBS-T (phosphate-
buffered saline containing 0.01% Tween 20) before the
addition of the enzyme substrate TMB (Thermo Scientific).
Absorbance values were read at 450nm.

2.6. Detection of Oligomeric α-Syn. Oligomeric α-syn levels
in RBCs were assessed using an immunoenzymatic assay,
as previously described [46, 51–53] using an α-syn bio-
tinylated antibody [53]. The wells were coated with the
mouse monoclonal α-syn 211 antibody (sc-12767, Santa
Cruz Biotechnology) and incubated with RBCs (0.04mg/
100μl) for 2 h. Streptavidin-horseradish peroxidase conju-
gate antibody (1 : 1000, GE Healthcare) was used for anti-
gen detection of the biotinylated antibody. After three
washes with PBS-T, TMB was added in each sample, as
reported above.

2.7. Statistical Analysis.Data are expressed as the mean value
± SD. A normal distribution for age was found for the sub-
jects included in this study. Differences between groups
(i.e., young versus older, ATHL versus SED) were evaluated
by one-way ANOVA followed by a Kruskal-Wallis post hoc
test. P values were adjusted with Sidak’s multiple comparison
test. Such analyses were confirmed by a two-way ANOVA
test. Correlation between variables was determined by simple
linear regression analysis, whereas covariate analysis was per-
formed by partial correlation matrix. All statistical proce-
dures were performed using the StatView programme
(Abacus Concepts Inc., SAS Institute, Cary, NC) [46, 54].

3. Results

3.1. Research Plan and Measured Parameters. The present
study explored whether, in healthy individuals, physical
activity or age is related to different parameters evaluated at
the peripheral level, including the CpG site methylation
within SNCA intron 1 (SNCAI1); the concentration of the

protein encoded by SNCA (α-syn), considering total levels
and the contribution of its oligomeric form; and the levels
of the DNA methyltransferase enzymes of maintenance
(Dnmt1) and ex novo (Dnmt3a).

Healthy subjects (n = 84, sedentary and athletes) were
enrolled in the study. The calculation of mean values
and correlation analyses of the parameters related to
SNCA epigenetic modification were initially performed in
the entire population. Then, statistical analyses of such
parameters (in terms of mean value comparisons and cor-
relation analyses) were conducted in samples derived from
the stratification of the same initial entire population in
the following subgroups: (1) sedentary (SED, n = 52) and
athlete (ATHL, n = 32) subgroups, when the parameter
for subdivision was the degree of physical activity; (2)
“young” (n = 50) and “older” (n = 34) subgroups, when
the parameter for subdivision was age.

3.2. Descriptive Statistics. A descriptive table reporting age,
body mass index (BMI), heart rate, and physical activity level
(15-level Borg’s scale) of the entire population and of each
group is shown (Table 1). Young and older groups presented
a mean age of 34.6± 8.6 and 58.8± 7.2, respectively, and did
not present differences in sex and BMI (P = 0 2702). ATHL
and SED did not present differences in age (P = 0 1586) and
BMI (P = 0 0746). As expected, the level of physical exercise
was significantly higher in the ATHL group than in the
SED group (P < 0 001).

3.3. Entire Population Stratified in Subgroups: Mean Values
and Comparison of the Measured Parameters

3.3.1. SNCAI1 Relative DNA Methylation. The levels of SNCA
CpG island relative methylation were measured in DNA
samples extracted from the blood of all subjects. Specifically,
a CpG island region within SNCAI1, previously demonstrated
as a transcriptionally active region [35], was considered. The
analysed CpG islands were from 89,836,281 to 89,836,520 of
chromosome 4 (NC_000004.12). Herein, the percentage of
SNCAI1 relative DNA methylation of the total population
was 4.37± 3.07 (Table 2).

3.3.2. Dnmt1 and Dnmt3a Expression Levels. Dnmt1 is the
maintenance methylation enzyme, which preserves the
methylation patterns established early in development
[55]. By contrast, Dnmt3a has been shown to methylate
hemimethylated and unmethylated DNA with equal effi-
ciencies in vitro [56]. Both Dnmts are expressed not only

Table 1: Demographic and clinical analyses of the total population and of the subgroups. The data are the mean± SD. BMI: body mass index;
ATHL: athletes; SED: sedentary; W: women; M: men.

N Age (y) BMI Heart rate 15-level Borg’s scale

Total population 84 44.4± 14.4 23.5± 2.0 57.6± 4.8 9.7± 3.8

SED 52 (M= 20; W= 32) 45.9± 14.3 24.2± 1.4 62.5± 5.1 6.6± 0.6
ATHL 32 (M= 20; W= 12) 41.4± 13.7 23.6± 1.6 50.2± 3.9 13.7± 2.0
Young subjects 50 (M= 22; W= 28) 34.6± 8.6 23.3± 1.9 55.8± 3.7 8.8± 3.2

Older subjects 34 (M= 18; W= 16) 58.8± 7.2 23.8± 2.2 59.4± 5.9 13.2± 2.2
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in the adult brain [57] but also in the hematopoietic cells
[58] and constitute candidate targets to study the variation
of DNA methylation with ageing and physical exercise.

In the entire population, the Dnmt1 and Dnmt3a expres-
sion level was 490± 372 and 158± 119 pg/mg protein, respec-
tively (Table 2). ELISA assays did not show significant
differences in Dnmt1 protein levels in the different subgroups
(older versus young subjects: P = 0 4832; ATHL versus SED:
P = 0 2292; Figure 1(b)). Similar results were obtained for
Dnmt3a protein concentration (older versus young subjects:
P = 0 8369; ATHL versus SED: P=0.7012; Figure 1(c)).
Overall, these data suggest that the observed differences
in the SNCA methylation status between young and older
subjects are not related to changes in Dnmt1-3a levels.

3.3.3. α-Syn Concentrations. Total and oligomeric concentra-
tions of the gene product, α-syn, were determined in RBCs
isolated from the entire population (Table 2). RBCs were
chosen among blood cells because they contain approxi-
mately 98% of the total amount of circulating α-syn [43].
Total α-syn and oligomeric α-syn mean values were 62.5
± 52.3 and 11.0± 5.4 ng/mg protein, respectively (Table 2).

As depicted in Figure 2(a), older subjects displayed
significant lower α-syn concentrations compared to young
subjects (P = 0 0436), suggesting that α-syn may decrease
with age in RBCs. By contrast, ATHL and SED presented
comparable concentrations of the protein (Figure 2(a)), sug-
gesting that physical exercise poorly modulated the RBC pool
of α-syn.

Due to the high standard deviation of total α-syn
values (see Table 2), the frequency distribution of this
parameter was analysed. The distributions of values led
us to select a population presenting RBC α-syn concentra-
tions of 76.3 ng/mg protein or lower (confidence interval
(CI) = 95%), on which some correlation analyses were per-
formed (see below).

As depicted in Figure 2(b), oligomeric α-syn in RBCs
did not significantly differ between young and older subjects
(P > 0 999), as well as between ATHL and SED (P = 0 3603).

3.4. Correlation of the Measured Parameters with Age.
SNCAI1 methylation at the CpG site presented a positive cor-
relation with age for blood sampling in the total population
(Figure 3(a)), consistent with the data in Figure 1(a). The
negative correlation between SNCA methylation and age

was particularly stronger in subjects presenting RBC α-syn
concentrations of 76 ng/mg protein or lower (Figure 3(b)).
Interestingly, such a correlation was found in the SED
subgroup (Figure 3(c)) but not in the ATHL (P = 0 7608).
These data suggest that ATHL may present additional
factors other than age that contribute to the level of
intron1-SNCA methylation.

For Dnmt levels, a weak inverse correlation between
Dnmt1 expression and age was observed in the ATHL
subgroup (Figure 3(d)). No other significant relationship
with age was found either for Dnmt1 (total population:
P = 0 1659; young: P = 0 8194; older: P = 0 3235; and
SED: P = 0 6095) or Dnmt3a (total population: P = 0 5384;
young: P = 0 9284; older: P = 0 3760; ATHL: P = 0 3632;
and SED: P = 0 8969) concentrations.

Consistent with the data obtained for Dnmt1, total α-
syn concentrations in RBCs showed an inverse correlation
with age of blood sampling in the ATHL subgroup only
(Figure 3(e); young: P = 0 2972; older: P = 0 8112; and
SED: P = 0 6089).

Finally, no statistical significance was observed between
age for blood sampling and oligomeric α-syn levels (total pop-
ulation: P = 0 6054; young: P = 0 4513; older: P = 0 6769;
ATHL: P = 0 1884; and SED: P = 0 2824).

3.5. Correlation of the Measured Parameters with the Level of
Physical Activity. The two-way ANOVA analysis suggests
significant differences in the SNCAI1 methylation rate
between ATHL and SED groups (P < 0 0001). Neverthe-
less, the level of physical activity did not show any signif-
icant correlation with SNCAI1 methylation rate in any of
the analysed groups (young: P = 0 3668; older: P = 0 4685;
ATHL: P = 0 6768; and SED: P = 0 8815). Similarly, the
level of physical exercise did not correlate either with
Dnmt1 (total population: P = 0 8956; young: P = 0 6999;
older: P = 0 8015; ATHL: P = 0 6377; and SED: P = 0 6047)
or Dnmt3a (total population: P = 0 9652; female: P = 0 3622;
male: P = 0 3087; young: P = 0 9309; older: P = 0 5777;
ATHL: P = 0 3721; and SED: P = 0 2811) expression. Inter-
estingly, total α-syn concentrations in RBCs inversely corre-
lated with the rate of physical activity in the older
subjects (Figure 4(a)). In contrast, the oligomeric form of
α-syn showed an inverse correlation with the physical
activity score in the SED subgroup only (Figure 4(b)).
Moreover, the two-way ANOVA analysis evidenced

Table 2: Values of total α-syn and oligomeric α-syn (ng/mg total protein), percentage of DNAmethylation, and levels of Dnmt1 and Dnmt3a
(pg/mg protein) in the indicated subgroups. The values are expressed as mean± SD.

Total α-syn Oligomeric α-syn DNA methylation Dnmt1 Dnmt3a

Total population 62.5± 52.3 11.0± 5.4 4.37± 3.07 490± 372 158± 119
SED 63.2± 50.1 11.4± 5.9 4.45± 3.58 447± 295 161± 110
ATHL 58.6± 42.1 10.3± 4.2 4.03± 1.96 540± 407 155± 129
Young subjects 69.2± 40.8 11.0± 5.4 3.50± 3.03 505± 381 164± 117
Older subjects 52.4± 38.4 11.0± 5.0 5.42± 4.03 445± 355 156± 125
SNCAI1 DNA methylation was significantly higher in the older group than in the young group (Figure 1(a), P = 0 0148), suggesting that age may influence
epigenetic remodeling of the α-syn gene. By contrast, comparable levels in the methylation status of intron1-SNCA were found between ATHL and SED
(Figure 1(a), P = 0 5442).
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significant differences in oligomeric α-syn content between
the ATHL and SED groups (P = 0 0308).

When the population presenting RBC α-syn concentra-
tions≤ 76 ng/mg protein was selected, the negative correla-
tions with level of physical exercise were evidenced not

only for total α-syn (Figure 4(c)) but also for oligomeric
α-syn (Figure 4(d)) and Dnmt3a levels (Figure 4(e)).

3.6. Correlation of SNCAI1 Relative DNA Methylation with
Dnmt Levels. SNCAI1 methylation levels correlated directly
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Figure 1: (a) SNCAI1 relative DNA methylation levels were evaluated by MRSE digestion of genomic DNA extracted from the blood cells of
healthy subjects and followed by quantitative real-time PCR. The results were expressed as the percentage of methylation in young, older,
ATHL, and SED subgroups. (b) Dnmt1 and (c) Dnmt3a levels were determined in the blood of young, older, ATHL, and SED subgroups.
Differences between groups (i.e., young versus older and ATHL versus SED) were evaluated by one-way ANOVA followed by a Kruskal-
Wallis post hoc test. P values were adjusted with Sidak’s multiple comparison test. ∗P < 0 05 between the indicated subgroups.
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with blood Dnmt1 expression in ATHL (Figure 5(a)). No
significant correlations were found in the other subgroups
for Dnmt1 (young: P = 0 4420; older: P = 0 3531; and
SED: P = 0 2232).

The expression of Dnmt3a did not correlate with the
SNCAmethylation rate in any of the analysed groups (young:
P = 0 8902; older: P = 0 3932; ATHL: P = 0 5221; and SED:
P = 0 2778), thus confirming that blood Dnmt3a poorly
modulates intron1-SNCA methylation.

3.7. Correlation of SNCAI1 Relative DNA Methylation with
α-syn Concentrations. Interestingly, in subjects presenting
RBC α-syn concentrations≤ 76ng/mg protein, a significant
correlation between intron1-SNCA methylation rates and
total α-syn levels was evidenced (Figure 5(b)). These data
suggest a causal relationship between such an epigenetic
modification and production of the protein encoded by
SNCAI1 up to this range of α-syn.

By contrast, the SNCAI1 methylation degree was not
related to the RBC content of α-syn (total population:
P = 0 9486; young: P = 0 2944; older: P = 0 6740; ATHL:
P = 0 1221; and SED: P = 0 5875). Similar results were

obtained for the oligomeric form of α-syn (total population:
P = 0 4930; young: P = 0 2916; older: P = 0 9736; ATHL:
P = 0 4990; and SED: P = 0 6521). These data indicate the
lack of a direct relationship between the expression of these
enzymes and the levels of SNCA protein product.

3.8. Correlation of Dnmt Levels with α-Syn Concentrations.
Furthermore, the relationship between Dnmt levels and
α-syn concentrations was observed. Surprisingly, a strong
direct correlation between Dnmt1 expression and total α-
syn levels in RBCs was found in the total population
(Figure 6(a)). Such a direct association remained signifi-
cant in all the subgroups (Figures 6(b)–6(e)).

Similarly, the Dnmt3a content in the blood directly
correlated with the total α-syn levels in RBCs in the total
population (Figure 7(a)), as well as in all the subgroups
(Figures 7(b)–7(e)).

The abovementioned positive correlations between
Dnmt1/Dnmt3a levels and total α-syn concentrations were
maintained for its oligomeric form, in all the analysed
subgroups (Dnmt1 in Figures 8(a)–8(e)); Dnmt3a in
Figures 9(a)–9(e).
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Figure 2: Determination of total and oligomeric α-syn in RBCs. Total (a) and oligomeric (b) α-syn levels were determined in RBCs from the
young, older, ATHL, and SED subgroups, as described in Methods. Differences between groups (i.e., young versus older and ATHL versus
SED) were evaluated by one-way ANOVA followed by a Kruskal-Wallis post hoc test. P values were adjusted with Sidak’s multiple
comparison test. ∗P < 0 05 between the indicated subgroups.
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Figure 3: Correlation analyses between SNCAI1 relative DNA methylation levels, Dnmt1, total α-syn, and age. Correlation analysis between
SNCAI1 relative DNA methylation and age (a) in the total population, (b) in the “95% CI α-syn population” (i.e., subjects characterized by
RBC α-syn concentration of 76 ng/mg protein or lower), and (c) in the SED group. (d) Correlation analysis between Dnmt1 levels and age
in the ATHL group. (e) Correlation analysis between total α-syn levels in RBCs and age in the ATHL group. The correlation between
variables was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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Figure 4: Correlation between the levels of total and oligomeric α-syn in RBCs and the level of physical activity. (a) Correlation analysis
between total α-syn levels and physical activity in the older group. (b) Correlation analysis between oligomeric α-syn levels and physical
activity in the SED group. Correlation analysis between (c) total α-syn, (d) oligomeric α-syn levels and (e) Dnmt3a and physical activity in
the “95% CI α-syn population.” Correlation between variables was determined by simple linear regression analysis. P and R2 were
reported in the respective panels.
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4. Discussion

Here, the influence of age and physical activity on the epige-
netic modification of the α-syn gene (SNCA) was explored.
The major findings of this paper are as follows: (i) DNA
methylation of intron1-SNCA was directly correlated with
age; (ii) total α-syn concentrations in RBCs were lower in
the older subjects; (iii) Dnmt levels were directly correlated
with both total and oligomeric α-syn; (iv) in the 95-
percentile population, the RBC levels of total α-syn levels
were inversely related to the methylation status of intron1
SNCA; and (v) in the same selected population, the physical
activity level was inversely related to the total and oligomeric
α-syn levels in RBCs, as well as to Dnmt3a concentrations.
Taken together, our data shed light on ageing- and physical
exercise-induced changes on the methylation status and
protein levels of α-syn, which accumulates as a misfolded
oligomer in PD.

Epigenetic mechanisms and particularly DNA methyla-
tion were demonstrated to regulate brain ageing and age-
related neurodegenerations. In particular, epigenetic regu-
lation of the α-syn-encoding gene (SNCA) has been greatly
explored focusing on the methylation status of intron1 CpG
islands [35–37, 39–42, 50, 59]. Nevertheless, controversial
findings have been reported in both brain and peripheral
tissues of patients affected by PD [34, 36, 39–42].

If ageing remains the main contributing factor to PD
pathogenesis, beneficial effects have been described for
moderate physical activity [12, 21, 32], although the
underlying regulatory mechanisms are not completely
understood [60]. Alterations in gene expression as a con-
sequence of physical training are frequently described.
The mechanisms of the described alteration in gene
expression mediated by physical activity could depend on
epigenetic changes in global or gene-specific DNA methyl-
ation levels [12]. In this respect, a genome-wide analysis of
DNA methylation recently highlighted the importance of
epigenetic mechanisms in muscle adaptation to regular
exercise [57, 60].

In the present study, healthy subjects (sedentary and
athletes) were enrolled to investigate the influence of age
and physical exercise on the methylation status of SNCA.
This parameter was related to the blood content of total
and oligomeric forms of α-syn protein, as well as to the
blood concentrations of DNA methyltransferases. In par-
ticular, RBCs were chosen as a peripheral model because
they accumulate misfolded proteins and are particularly
susceptible to oxidative stress [47–49].

First, SNCA methylation levels were shown to be signifi-
cantly higher in the older subgroup than in the young sub-
group and to directly correlate with age. Similarly, DNA
analysis from brain tissues recently revealed a slight increase
of intron1-SNCA DNA methylation levels in presumably
healthy individuals during ageing [61].

Next, α-syn protein accumulation was measured in
RBCs. Older subjects presented lower levels of total but not
oligomeric α-syn. Similar data on the protein levels were
reported in RBCs, plasma, or platelets of healthy subjects or
PD patients [62–66]. Moreover, a significant inverse correla-
tion with age in the selected population presenting RBC α-
syn concentrations up to 76.3 ng/mg protein (confidence
interval = 95%) was observed. In the latter population,
intron1-SNCA DNA methylation levels were inversely
related to total α-syn concentrations. These data suggest that
hypermethylation of intron1-SNCA can lead to a lower con-
centration of total α-syn in the blood, at least for a population
presenting up to 76.3 ng/mg protein. In fact, the current
hypothesis is that the minor levels presented by an elderly
population or PD patients are the result of protein sequestra-
tion into oligomeric forms [62–66]. Further investigations
are needed to clarify the effective influence of SNCA methyl-
ation on α-syn accumulation in the peripheral cells.

The link between SNCA methylation, α-syn concentra-
tions, and Dnmts was then examined. Indeed, the decrease
in global genomic methylation (hypomethylation) that
occurs with ageing has been often proposed as a conse-
quence of decreased Dnmt expression [9, 67–69]. How-
ever, contradictory evidence for both methylcytosine
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Figure 5: Correlation between Dnmt1 and total α-syn and DNAmethylation. (a) Correlation analysis between Dnmt1 and DNAmethylation
levels in the ATHL subgroup. (b) Correlation analysis between total α-syn and DNA methylation levels in the “95% CI α-syn population.”
Correlation between variables was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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Figure 6: Correlation between levels of total α-syn in RBCs and Dnmt1. Correlation analysis between total α-syn levels and Dnmt1 in the
total population (a), the young group (b), the older group (c), the ATHL group (d), and the SED group (e). Correlation between variables
was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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Figure 7: Correlation between levels of total α-syn in RBCs and Dnmt3a. Correlation analysis between oligomeric α-syn levels and Dnmt3a in
the total population (a), the young group (b), the older group (c), the ATHL group (d), and the SED group (e). Correlation between variables
was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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Figure 8: Correlation between levels of oligomeric α-syn in RBCs and Dnmt1. Correlation analysis between oligomeric α-syn levels and
Dnmt1 in the total population (a), the young group (b), the older group (c), the ATHL group (d), and the SED group (e). Correlation
between variables was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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Figure 9: Correlation between levels of oligomeric α-syn in RBCs and Dnmt3a. Correlation analysis between oligomeric α-syn levels and
Dnmt3a in the total population (a), the young group (b), the older group (c), the ATHL group (d), and the SED group (e). Correlation
between variables was determined by simple linear regression analysis. P and R2 were reported in the respective panels.
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levels and Dnmt expression was shown during hippocam-
pal ageing [7, 70–76]. Here, no significant differences in
the expression of Dnmt1 or Dnmt3a were found between
the analysed subgroups. By contrast, a reduction of
nuclear Dnmt1 levels was demonstrated in brain samples
from PD patients and α-syn transgenic mice, suggesting
a mechanism by which α-syn may exclude the enzyme
from the nucleus, resulting in further hypomethylation of
α-syn CpG islands [59].

Surprisingly, both Dnmt1 and Dnmt3a levels directly
correlated with the concentrations of total and oligomeric
α-syn. These data suggest that Dnmt concentrations are not
strictly related to SNCA methylation status in this group of
healthy subjects. It is hypothesized that such Dnmt is highly
involved in the methylation of genes different from SNCA.

For the role of physical exercise, sedentary and athletes
were found to present similar percentages of SNCAmethyla-
tion, α-syn concentrations, and Dnmt levels. Although it is
well recognized that physical activity can control gene
expression through epigenetic alterations [11], effective mod-
ulation of the methylation status of neurodegeneration-
related genes remains to be largely investigated, particularly
in peripheral tissues. Recently, exercise was shown to
increase the global DNA methylation profile in the rat
hypothalamus [77] or to induce DNA hypomethylation
of the promoter IV-BDNF [18], as well as “at specific
CpG site located within a VegfA promoter” [11, 78]. The
latter findings were related to a significant reduction of
Dnmt3b mRNA in the hippocampus of exercised rats,
suggesting that genome-wide DNA hypomethylation can
occur in the brain.

Surprisingly, when the population presenting up to
76.3 ng/mg protein of α-syn was selected, the level of physical
exercise inversely correlated not only with total α-syn levels
in RBCs but also with the oligomeric form and with Dnmt
levels. These findings suggest that within the limits of α-syn
accumulation, regular activity can modulate DNA methyla-
tion enzymes and reduce protein accumulation. In this
respect, it should be mentioned that additional mechanisms
on the regulation of α-syn expression cannot be excluded
and will be investigated in future studies.

5. Conclusions

In conclusion, we show that DNA methylation of intron1-
SNCA was modified with ageing but not with physical
exercise. Within a moderate range of α-syn, RBC levels
of the protein were inversely related to the methylation
status of intron1-SNCA and the physical activity level.

Such findings shed light on the effects of physical exercise
on ageing-associated alterations of epigenetic processes in
peripheral cells.
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One of the major insulin resistance instigators is excessive adiposity and visceral fat depots. Individually, exercise training and
polyphenol intake are known to exert health benefits as improving insulin sensitivity. However, their combined curative effects
on established obesity and insulin resistance need further investigation particularly on white adipose tissue alterations.
Therefore, we compared the effects on different white adipose tissue depot alterations of a combination of exercise and grape
polyphenol supplementation in obese insulin-resistant rats fed a high-fat diet to the effects of a high-fat diet alone or a
nutritional supplementation of grape polyphenols (50mg/kg/day) or exercise training (1 hr/day to 5 days/wk consisting of
treadmill running at 32m/min for a 10% slope), for a total duration of 8 weeks. Separately, polyphenol supplementation and
exercise decreased the quantity of all adipose tissue depots and mesenteric inflammation. Exercise reduced adipocytes’ size in all
fat stores. Interestingly, combining exercise to polyphenol intake presents no more cumulative benefit on adipose tissue
alterations than exercise alone. Insulin sensitivity was improved at systemic, epididymal, and inguinal adipose tissues levels in
trained rats thus indicating that despite their effects on adipocyte morphological/metabolic changes, polyphenols at nutritional
doses remain less effective than exercise in fighting insulin resistance.

1. Introduction

An obesogenic lifestyle of an excessive caloric intake versus a
low energy expenditure via physical inactivity favors obesity
by increasing fat mass. This detrimental state of obesity/
extreme fatness is at the center of the pathophysiology of type
2 diabetes (T2D) by causing insulin resistance (IR) to appear
several decades before T2D. T2D prevalence is increased with
aging (prevalence of 12–25% among older adults (>65 years))
and is characterized by IR, metabolic alterations, and chronic
inflammation [1]. The initiating mechanisms of IR are par-
tially known with major inducers being oxidative stress and

chronic inflammation [2–5]. Increased levels of reactive oxy-
gen species and inflammatory cytokines have been found to
negatively impact insulin signaling [1]. Interestingly, adipose
tissue contributes to IR via adipocyte morphology dysfunc-
tion, adipocytokine secretion, or metabolic alterations. It
has been shown that IR is linked to specific adipose tissue
locations in the body [6]. In fact, the increase of metabolically
active visceral adiposity is associated with IR development
[7] while subcutaneous adiposity is associated with a lower
risk of T2D development [8]. Consistent with the notion that
subcutaneous fat is metabolically beneficial, its transplanta-
tion into the visceral cavity has been shown to improve
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insulin sensibility [9]. Exercise training, a potent insulin
sensitizer, is associated with a greater loss of visceral versus
subcutaneous fat [10, 11]. Only recently, investigations
aiming at understanding the effects of exercise training on
nonmuscle tissues and more specifically adipose tissue
depots have been designed [10–13]. Exercise training has
been shown to reduce adiposity, adipocyte size [10], oxida-
tive stress [14], and inflammation levels [15] while inducing
an increase in mitochondrial enzyme activities in white adi-
pose tissue [16]. Thus, the positive health effects of exercise
training in preventing metabolic chronic diseases could be
due to its metabolic regulation of fat stores and not only to
its undeniable impact on skeletal muscle metabolism.

As mentioned above, the health-promoting effects of
physical activity are well documented, leading the scientific
community to discover and even create “exercise-mimetic”
molecules at the center of which are the phytochemical mega
family of polyphenols. Polyphenols due to their antioxidant/
anti-inflammatory properties [17] have been used to fight
against IR with contradictory effects. Some studies report
beneficial effects [18–22] while others do not [23–26]. In sed-
entary rodents, resveratrol, a polyphenol found in colored
berries, induces metabolic adaptations normally seen in
trained animals [19]. However, due to its very low concentra-
tion in fruits and vegetables, this polyphenol is not a good
representative of dietary polyphenol intake [27]. Moreover,
the fact that polyphenol-rich diets positively improve glucose
homeostasis [28] and obesity parameters in an elderly popu-
lation [29] highlights how polyphenols’ health benefits
cannot be attributed to a single compound but rather to a
complex synergistic molecular effect. Accordingly to this
data, we previously demonstrated the metabolic advantages
of a mixture of grape polyphenol supplementation in nutri-
tional amounts against fructose-induced IR and oxidative
stress in healthy volunteers at high metabolic risk [30]. Inter-
estingly, the combination of training and polyphenol supple-
mentation on adipose tissue characteristics has been poorly
investigated in obese IR rats [31]. The aim of our study was
therefore to better understand the potential curative effects
of a nutritional supplementation of grape polyphenols alone
and in combination with exercise on the different adipose tis-
sue depot characteristics in high-fat diet obese and IR rats in
comparison with exercise training and grape polyphenol
supplementation alone.

2. Materials and Methods

2.1. Ethical Approval. All animal experimentation procedures
were in accordance with the Directive 2010/63/EU that was
adopted on September 22, 2010, for the protection of animals
used for scientific purposes (agreement number: A34–172-
38) and were approved by the local research ethics committee
(protocol number: CEEA-LR-1062).

2.2. Animals. After acclimation to the facility, a total of
forty 6-week- (wk-) old male Sprague-Dawley rats (Janvier
Laboratories) were fed a high-fat ad libitum diet (HFD,
D12330 Research Diets, containing 25.5% carbohydrate,
58% fat, and 16.4% protein) for the 12-week duration of

the experimental protocol. The rats were single or double
housed in a temperature-controlled room and maintained
with food and drink ad libitum in a 12 : 12 h light-dark cycle,
lights on at 8 : 00 postmeridian. The training and in vivo tests
were performed during the rats’ dark cycle exposure. Rats’
body mass was monitored every two days throughout the
experimental period.

2.3. Experimental Design. After 4 wks of HFD, previously
shown to induce skeletal muscle IR [32], the animals were
divided into 4 groups (n = 10/group) while simultaneously
continuing the HFD for an additional 8-week period
(Figure 1). Group specificities were the following: HFD alone
(HF), HFD, and supplementation with grape polyphenol
extract (PP) at 50mg/kg/d per 50ml of drinking water
(PP), HFD, and exercise training 1 hr/day to 5 days/wk con-
sisting of running on a treadmill set at 32m/min for a 10%
slope (EXO), HFD, and PP supplementation combined with
exercise training (EXOPP). The grape polyphenol extract
supplemented in this study (64.4% total polyphenol with
17.9% procyanidins, 4.3% anthocyanins, and 533 ppm res-
veratrol) had been previously successfully used in humans
and in mice [30, 33]. The polyphenols’ mixture intake was
33.0± 2.1ml/d for PP and 31.9± 1.7ml/d for EXOPP groups
compared to a water intake of 26.5± 1.3ml/d for HF and
EXO groups, indicating that the polyphenol mixture was well
accepted by the animals.

Glucose tolerance tests were performed on animals at the
start of the protocol and then after 4 and 7 wks of HFD
(Figure 1). During the first 4 wks, all animals were handled
daily and familiarized 5 days a week/5–10min/day with the
treadmill set at 10m/min at 10% slope. This exercise duration
is insufficient to significantly increase aerobic performance
[34, 35]. Graded exercise tests were performed after 4wks
and then at 11 wks (Figure 1). The rats selected for the exer-
cise groups (EXO and EXOPP) reached the required training
intensity in 1 wk. Animals were euthanized 48 hrs after the
last training session to avoid the acute effect of the last exer-
cise training session. Euthanasia was done by exsanguination
after isoflurane anesthesia on 12 hr-fasted animals. Immedi-
ately after death, epididymal, perirenal, inguinal, anterior
subcutaneous, and mesenteric adipose tissues were rapidly
excised as previously detailed [36], weighed, and directly fro-
zen in liquid nitrogen. Total fat mass (g) was estimated by
summing the weights of the different fat stores excised. Adi-
posity (%) was calculated as the sum of the different adipose
tissue depots (g) devised by rat’s body weight and multiplied
by 100. Soleus, tibialis anterior, and extensor digitorum
longus muscles were also rapidly surgically removed and
weighted to determine lean mass.

2.4. Exercise Tests

2.4.1. Graded Exercise Test (GET). This test consisted of a
progressive exercise test in which each rat initially ran at a
speed of 10m/min, up a 5% slope, for 3min. Thereafter, the
speed was increased by 3m/min every 2min until the rat
was unable/unwilling to keep pace with the treadmill belt
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despite encouragement to do so by application of manual
solicitation at the hind legs.

2.5. Blood Analysis

2.5.1. Glucose Tolerance Test (GTT). After a 12 hr fast, rats
were injected intraperitoneally with a 30% glucose solution
(2 g/kg body weight), as previously described [37]. Glucose
levels were determined using QuantiChrom™ Glucose Assay
Kit (BioAssay Systems) on blood collected from the tail, at
baseline and following glucose injection. Insulin levels were
determined at baseline using Ultrasensitive Insulin ELISA
(Mercodia). Homeostasis model assessment of IR (HOMA-
IR) index was calculated using the formula: HOMA-IR=
[fasting insulin (μIU/ml)× fasting glucose (mmol/ml)]/
22.5. Kg represented the exponential decrease in glycaemia
during glucose tolerance test and thus glucose disposal [38].

2.5.2. Determination of Free Fatty Acid, Total Cholesterol,
Low- and Very Low-Density Lipoproteins, High-Density
Lipoproteins, and Leptin Plasma Levels. Plasma samples
from 12hr-fasted rats were collected under anesthesia from
the carotid artery and centrifuged for 10min at 2000×g.
Free fatty acid (FFA), total cholesterol, low- and very low-
density lipoproteins (LDL/VLDL), and high-density lipopro-
teins (HDL) levels were determined using EnzyChrom™ Free
Fatty Acid Assay Kit (EFFA, BioAssay System) and Enzy-
Chrom HDL and LDL/VLDL Assay Kit (EHDL, BioAssay
System). Leptin concentration was quantified by ELISA
(BioVendor).

2.6. Adipose Tissue Analysis. Adipose tissue insulin response
was assessed by measuring P-Akt/Akt protein ratio in epidid-
ymal, inguinal, peritoneal, and mesenteric adipose portions
incubated or not with insulin, as previously described [39,
40]. Two 50–100mg pieces of adipose tissue slices were
washed in phosphate buffer saline (PBS). Then, one entire
explant was incubated at 37°C for 15min with PBS only or
supplemented with 1μM human insulin (Umuline RAPIDE)

[30] before being snap frozen in liquid nitrogen. The adi-
pose tissue portions were disrupted and homogenized in
a hypotonic lysis buffer [41] with protease and phosphatase
inhibitors (Sigma-Aldrich). Protein concentration was mea-
sured in the extracts using the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific). Protein expression was assessed
on protein extracts by Western blot, using antibodies
diluted in Odyssey Blocking Buffer (LI-COR Biosciences,
Bad Homburg, Germany). Insulin response was determined
using anti-Phospho-Akt (P-Akt) (Ser473) and anti-Akt
antibodies at a 1 : 1000 dilution (both from Cell Signaling
Technology Inc). Similarly, phospho-AMPK (P-AMPK,
Thr172), AMPK, IκBα, and SOCS3 proteins expression were
analyzed in adipose tissues using anti P-AMPK, AMPK at a
1 : 500 and 1 : 1000 dilution, anti-IκBα primary antibody at
a 1 : 500 dilution, anti-SOCS3 primary antibody at a 1 : 1000
dilution, and α/β-tubulin antibody at a 1 : 1000 dilution
(all five antibodies used were from Cell Signaling Technology
Inc.). Following primary antibody incubation, nitrocellulose
membranes were incubated with secondary antibodies that
were directed against the species of the primary antibody
while also being conjugated to IRDye800 or IrDye700, at a
1 : 30,000 dilution (LI-COR Biosciences). Specific bands were
visualized with a LI-COR Odyssey CLx Imaging System
(LI-COR Biosciences). Protein expression levels were quanti-
fied using ImageJ software. Finally, levels of protein expres-
sion in each sample were corrected using the respective
quantified levels of the corresponding loading control
(Akt for P-Akt, AMPK for P-AMPK, or α/β-tubulin for IκBα
and SOCS3) analyzed on the same membrane.

2.7. Adipocyte Size. Relative adipocyte size was estimated at
20-fold magnified hematoxylin and eosin-stained sections
by counting the number of adipocytes in 5 random fields of
each sample with two sections by sample. Relative cell size
was expressed as adipocyte count per section. An increase
in adipocyte count per section is related to a decrease in
adipocyte size.

4 weeks

HFD HFD

PP: grape polyphenol 50 mg/kg/d

EXO: 5d/week, 1h/d, 32 m/min at 10% slope

EXOPP: grape polyphenol + exercise training

TO 8 weeks

GTT

Graded exercised test

Time to fatigue test

Figure 1: Experimental design. After 4 weeks of HFD, 40 male Sprague-Dawley rats were divided into 4 groups (n = 10/group) while
simultaneously continuing for an 8-week period the HFD alone (HF), HFD, and supplementation with grape polyphenol extract (PP) at
50mg/kg/d per 50ml of drinking water (PP), HFD, and exercise training 1 hr per day/5 days/wk consisting of running on a treadmill set at
32m/min for a 10% slope (EXO), HFD, and PP supplementation combined with exercise training (EXOPP). Glucose tolerance tests
(GTT) were performed at T0, 4, and 11 weeks. A graded exercise test was completed between the 4th and the 5th week and between the
11th and the 12th week where a time-to-fatigue test was also done.
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2.8. Citrate Synthase (CS) Activity. Enzymatic activity of
citrate synthase was determined by spectrometry, as previ-
ously described on soleus homogenates [42].

2.9. Statistical Analysis. Data are expressed as means±
standard error of the mean (SEM). Comparisons between
treatment groups were performed using two-way analysis
of variance (ANOVA) with a Bonferroni post hoc test of
pairwise comparisons between groups or using three-way
analysis of variance (ANOVA) with a Bonferroni post hoc
test of pairwise comparisons between groups or Student’s
unpaired, two-tailed t-test, when required. A probability
value of <0.05 was considered significant.

3. Results

3.1. Animal Characteristics. After one month of the high-fat
diet (HF), rats presented an increase in both body weight
250.6 g± 1.7 to 422.2 g± 4.8 (p < 0 001) and glycaemia during
glucose tolerance test measurements compared to baseline
(p < 0 05 for all points) (Figures 2(a) and 2(b)) thus

demonstrating an impairment in glucose disposal associated
with obesity. During the eight following weeks, the animals
were subjected to high-fat diet alone (HF) or HF with a
supplementation of grape polyphenol extract at nutritional
doses (PP) or to exercise training (EXO) or to the combina-
tion of exercise and polyphenol supplementation (EXOPP).
As expected, we observed an increase in treadmill speed
during the graded exercise test (GET) and an increase in
muscle citrate synthase activity in trained rats compared
to sedentary rats (Table 1). Free fatty acid (FFA) were
decreased only in trained rats (EXO and EXOPP versus HF
and PP, p < 0 05), and high-density lipoproteins (HDL) were
increased after polyphenol supplementation (PP and EXOPP
versus HF and EXO, p < 0 05) (Table 1). Total cholesterol,
low-density lipoproteins (LDL), and very low-density lipo-
proteins (VLDL) levels remained unaltered in all experimen-
tal groups tested (Table 1).

3.2. Metabolic Characterization. Whole-body glucose toler-
ance was determined with a glucose tolerance test (GTT)
(Figure 3(a)). Glucose disposal during GTT was increased
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Figure 2: Glucose tolerance test scores. (a) Glycaemia expressed in percentage of basal glycaemia and (b) area under the curve (AUC) during
glucose tolerance test of 16 male Sprague-Dawley rats before (baseline, white squares) and after 4 weeks of an ad libitum high-fat diet (black
squares). Data are expressed as mean± SEM. Significant difference: ∗p < 0 05 versus baseline.

Table 1: Metabolic changes after polyphenol supplementation and exercise training.

HF PP EXO EXOPP Two-way ANOVA

Weight (g) 603± 19 570± 15 539± 15 ∗ 542± 15 ∗ Exercise p < 0 01
Treadmill speed (m/min) 28± 1.0 28± 1.3 41.5± 1.5 42.25± 1.1 Exercise p < 0 01
Leptin/adiposity 0.26± 0.02 0.19± 0.03 0.23± 0.03 0.21± 0.03 NS

HOMA-IR 2.3± 0.1 2.2± 0.2$ 2.1± 0.2$ 1.7± 0.1∗ Exercise p < 0 01
FFA (μM) 346.6± 77.1 218.9± 27.0 147.0± 31.6 174.7± 36.2 Exercise p < 0 05

HDL (mg/dl) 28.8± 1.8 31.1± 2.3 30.5± 2.3 36.7± 1.6∗ Exercise p = 0 074
Supplementation p < 0 05

Cholesterol (mg/dl) 62.8± 3.6 63.1± 3.3 57.7± 7.2 69.7± 4.3 p > 0 05
LDL/VLDL (mg/dl) 28.7± 2.7 24.5± 2.8 29.2± 3.0 26.1± 2.7 p > 0 05
Citrate synthase activity (μmol/min/g tissue) 13.7± 0.7 16.9± 1.2 19.9± 1.9 16.5± 0.4 Exercise p < 0 05
∗p < 0 05 versus HF; $p < 0 05 versus EXOPP.

4 Oxidative Medicine and Cellular Longevity



in trained rats (EXO and EXOPP versus HF and PP) as
attested by increased of Kg glycaemia constant (Figure 3(b),
p < 0 05), indicating that whole-body glucose tolerance was
improved by exercise training (EXO and EXOPP versus HF
and PP). Moreover, EXOPP rats presented the lowest
HOMA-IR compared to HF, PP, and EXO rats, demon-
strating a higher insulin sensitivity (Table 1). To further
our understanding, we investigated the insulin response of
each adipose tissue depots obtained (Figures 3(c), 3(d), 3(e),
and 3(f)) by measuring P-Akt/Akt ratio before and after
incubation with insulin. P-Akt/Akt ratio was increased only
in epididymal and inguinal fat stores of trained rats (EXO
and EXOPP versus HF and PP). When analyzed together,
all adipose tissues collected presented significant increases

in P-Akt/Akt ratios following exercise training. Alone, poly-
phenol supplementation did not increase P-Akt/Akt ratio.
We also investigated P-AMPK/AMPK activation in the epi-
didymal, inguinal, mesenteric, and perirenal adipose tissue
depots (Figures 4(a), 4(b), 4(c), and 4(d)) in order to evaluate
GLUT4 translocation [43]. We found no notable change in
P-AMPK/AMPK ratio in any of the experimental conditions
(exercise and/or polyphenol supplementation) or any of the
adipose tissue depots.

3.3. Adipose Tissue Depot Characteristic Modification. After
eight weeks of high-fat diet associated with exercise training
(EXO) alone or combined with polyphenol supplementation
(EXOPP), trained rats had a decrease in body weight

0

50

100

150

200

250

0 20 40 60 80 100

Bl
oo

d 
gl

uc
os

e (
%

 o
f f

as
te

d 
st

at
e)

Time (min)

HF
PP

EXO
EXOPP

(a)

0

0.5

1

1.5

2

2.5

3

Kg
 g

ly
ce

m
ia

A
A

B
B

HF
PP

EXO
EXOPP

(b)

A
A

B

0
0.5

1
1.5

2
2.5

3
3.5

4

Re
la

tiv
e P

-A
kt

/A
kt

 fo
ld

in
du

ct
io

n 
(A

U
) 

Epididymal

B

P-Akt
Akt

Insulin − + − + − + − +

(c)

0

1

2

3

4

5

6

Re
lat

iv
e P

-A
KT

/A
kt

 fo
ld

 in
du

ct
io

n
(A

U
)

A

A B

B

Inguinal

P-Akt
Akt

Insulin − + − + − + − +

(d)

0

0.5

1

1.5

2

2.5

Re
lat

iv
e P

-A
KT

/A
kt

 fo
ld

 in
du

ct
io

n
(A

U
) 

Mesenteric

P-Akt
Insulin − + − + − + − +

Akt

(e)

Perirenal

0

0.5

1

1.5

2

2.5

Re
lat

iv
e P

-A
KT

/A
kt

 fo
ld

 in
du

ct
io

n
(A

U
) 

P-Akt
Akt

Insulin − + − + − + − +

(f)

Figure 3: Measure of whole-body glucose homeostasis and adipose tissue insulin sensitivity. (a) Glycaemia expressed in percentage of fasted
blood glucose and (b) glucose disposal (Kg) calculated from GTT. Data are expressed as mean± SEM with n = 8 – 10 rats per group. P-Akt
and Akt expression levels were measured by immunoblotting after insulin stimulation in epididymal (c), inguinal (d), mesenteric (e), and
perirenal (f) fat stores. A representative blot is shown for each adipose tissue depot. Quantified values are presented as P-Akt/Akt fold
induction relative to HF group’s values, which were set at 1. Data are expressed as mean± SEM with n = 5 rats per group. Bars not sharing
a common letter are significantly different at p < 0 05.
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compared to sedentary rats (HF and PP), without any bene-
ficial effect of polyphenol supplementation on this parameter
(Table 1). This decrease is mainly due to a reduced fat
mass (Table 2) that is significantly correlated to body weight
(r = 0 726, p < 0 0001). Total fat mass decrease was observed
in exercise-trained groups (EXO and EXOPP, p < 0 001)
(Table 2) with a tendency to decrease also observed in the
PP group (p = 0 059, Table 2). Although not significantly dif-
ferent from EXO rats, EXOPP rats exhibited the smallest fat
mass and adiposity values compared to all other animal
groups (Table 2). Exercise training decreased the quantity
of all fat pads: inguinal, epididymal, perirenal, mesenteric,
and anterior subcutaneous (Table 2). In addition, as shown
in Figures 5(a), 5(b), 5(c), and 5(d), exercise training signifi-
cantly increased adipocyte number per section (p < 0 05) in
all adipose tissue depots which indicates an overall decrease
in adipocyte size. When combined together, the three-
way ANOVA indicated that polyphenol supplementation

lowered the mass of all types of white adipose tissue studied
(Table 2, p = 0 006). An interaction was also found between
all adipose tissue depots and exercise training (p = 0 003).
Nevertheless, the amplitude of the decrease was not the same
for all fat stores with inguinal and mesenteric adipose tissues
presenting the lowest decrease due to exercise training, as
opposed to anterior subcutaneous, perirenal, and epididymal
adipose tissues. We investigated visceral fat pad (total sum of
epididymal, perirenal, and mesenteric adipose tissues) weight
as it has previously been shown that during high-fat feeding,
exercise training preferentially affects this type of fat store
[10]. Here, due to exercise training, we observed a decrease
in visceral adipose tissue (p < 0 001) and subcutaneous adi-
pose tissue stores (p < 0 033) (Table 2). Combination of poly-
phenol supplementation with exercise training did not
further amplify this reduction compared to exercise alone.
Interestingly, we found an important decrease in the ratio
of fat mass on lean (muscle) mass with training. The effect
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Figure 4: Effect of exercise training and polyphenol supplementation on P-AMPK/AMPK levels in epididymal, inguinal, mesenteric, and
perirenal fat stores. P-AMPK and AMPK expression levels were measured by immunoblotting in epididymal (a), inguinal (b), mesenteric
(c), and perirenal (d) fat stores. A representative blot is shown for each adipose tissue depot. Values are measured as P-AMPK/AMPK
ratios relative to HF group’s values, which were set at 1. Data are expressed as mean± SEM with n = 4 rats per group.
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of polyphenol supplementation was close to significance
(p = 0 056), which implies that polyphenol supplementation,
as exercise, may induce a decrease in fat mass associated with
an increase in muscle mass.

3.4. Leptin Levels, IκB, and SOCS3 Expression According to
White Adipose Tissue Fat Depot Type. Leptin is a major adi-
pokine related to the amount of energy stored as fat in white
adipose tissue and involved in the pathogenesis of chronic
inflammation [44]. Interestingly, we observed a decrease in
leptin levels after training (Table 2); however, leptin/adipos-
ity ratio was constant between groups (Table 2), indicating
that the decrease in leptin levels must be related to adiposity
decline. Confirming this result, we found strong correlations
between leptin levels and both subcutaneous (R = 0 668,
p < 0 00001) and visceral (R = 0 628, p < 0 0001) fat pad
mass. Seeing that leptin is at the interface between metabo-
lism and inflammation [44], we investigated IκB protein
levels in the different adipose tissue depots as IκB is able
to sequester the transcription factor NFκB in the cytosol
and thus counteracting its proinflammatory action [45]
(Figures 6(a)–6(d)). Individually, only mesenteric fat stores
presented an increase in IκB protein levels due to both
exercise (p = 0 010) and polyphenol supplementation (p =
0 033) (Figure 6(c)). However, when analyzed together,
the three-way ANOVA showed a significant effect of both
exercise (p < 0 001) and polyphenol supplementation (p =
0 005). Thus, both interventions were able to improve adi-
pose tissue inflammation due to high-fat feeding. Again,
there was no additive effect of exercise and polyphenol on
this parameter. Since suppressor of cytokine signaling 3
(SOCS3) is a protein involved in a negative feedback loop
of cytokine activity [46] but also in insulin signaling regula-
tion [47], we explored its expression in the different adipose

tissue depots (Figures 7(a)–7(d)) and found that SOCS3 pro-
tein content only significantly decreased in inguinal fat
depots (p = 0 040) (Figure 7(b)) of trained rats. Polyphenol
supplementation did not modify SOCS3 protein content in
any adipose tissue depot studied.

4. Discussion

In this study, we investigated, in high-fat IR obese rats, the
potential curative effects of exercise training combined or
not with a daily nutritional supplementation of a grape poly-
phenol mixture on different adipose tissue depots. The main
result of our study is that compared to exercise alone, com-
bining exercise training to a supplementation of polyphenols
has no cumulative beneficial effect on adipose tissue alter-
ations of IR obese rats whatever their location.

In our model of obese IR rats, exercise training
decreases the total amount of white adipose tissue with a
more significant decrease in visceral (p < 0 001) than subcu-
taneous (p < 0 05) depots. Interestingly, polyphenol supple-
mentation also induces a decrease in the total amount of
adipose tissue depots. However, even though there is an
improvement in insulin sensitivity at both systemic and
epididymal/inguinal adipose tissue levels with exercise
training, such improvement is not observed with polyphe-
nol supplementation alone. Thus, the reduction in adipose
tissue mass observed with our nutritional polyphenol supple-
mentation is not associated with an improvement of insulin
sensitivity at both systemic and tissular levels as observed in
previous study reporting a decrease in body weight without
improvement of insulin sensitivity [48]. However, in our
study, such surprising result could be due to an insufficient
decrease in fat pads with polyphenol supplementation
(−22% with PP versus −40% with EXO). Another hypothesis

Table 2: Impact of polyphenol supplementation and exercise on fat stores.

HF PP EXO EXOPP Two-way ANOVA Three-way ANOVA

Fat mass (g) 63.5± 5.5 49.8± 4.9 38.0± 4.3 35.1± 3.2
Exercise
p < 0 001

Suppl. effect
P = 0 059

NA

Adiposity (%) 10.1± 0.7 8.7± 0.7$ 6.4± 0.5 ∗ 6.2± 0.5 ∗ Exercise p < 0 001 NA

Leptin (ng/ml) 2.5± 0.4 1.6± 0.2∗ 1.4± 0.1∗ 1.2± 0.1∗ Exercise and suppl. effect
p < 0 05 NA

Inguinal fat (g) 9.2± 1.5 4.9± 1.17.507 3.9± 1.8 3.6± 1.7 Exercise p = 0 056

Suppl. effect p = 0 006
interaction fat stores
and exercise p = 0 003

Epididymal fat (g) 15.3± 1.0 13.3± 1.2$ 9.0± 1.2∗ 8.4± 1.2∗ Exercise p < 0 001
Perirenal fat (g) 20.7± 1.6 16.6± 1.8$ 11.4± 1.9∗ 10.3± 1.8∗ Exercise p < 0 001
Mesenteric fat (g) 17.2± 1.1 14.2± 1.2 13.1± 1.3∗ 12.4± 1.2∗ Exercise p < 0 05
Anterior subcutaneous fat (g) 1.2± 0.1 0.9± 0.1$ 0.6± 0.1∗ 0.5± 0.1∗ Exercise p = 0 001
Visceral fat (g) 53.2± 4.0 44.0± 4.4$ 33.5± 3.7 ∗ 31.1± 2.9 ∗ Exercise p < 0 001 NA

Subcutaneous fat (g) 10.3± 1.6 5.8± 1.7 4.5± 1.8
∗p = 0 091 4.0± 1.7∗ Exercise p = 0 033 NA

Fat mass/lean mass∗100 4.5± 0.4 3.4± 0.3 ∗$ 2.3± 0.2∗ 2.2± 0.2∗ Exercise p < 0 001
Suppl. effect p = 0 056 NA

∗p < 0 05 versus HF, $p < 0 05 versus EXOPP. Suppl. effect: polyphenol supplementation effect. Exercise: exercise training effect. NA: not applicable
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is that the beneficial effect of exercise training on adipose tis-
sue is not only related to its lowering effect on adipose tissue
mass and adipocyte size but may involve other mechanisms.
Interestingly, we extend in obese insulin-resistant rat the pre-
vious data from Stanford et al. [13] showing that exercise
training was able to remodel inguinal adipose tissue in nor-
mal weight rats. Moreover, we did not find significant varia-
tion in AMPK activation in any adipose tissue location; even

if there is a tendency of P-AMPK/AMPK ratio to increase
after training.

Adipose tissue was previously thought to be a mere stor-
age depot for lipids and energy; several studies have now
shown that adipocytes secrete biologically active molecules,
that is, adipokines as leptin with complex autocrine, para-
crine, and endocrine functions [49]. A dysregulation in such
adipokine levels and leptin resistance has been implicated in
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Figure 5: Effect of exercise training and polyphenol supplementation on adipose tissue. Representative sections of epididymal (a), inguinal
(b), mesenteric (c), and perirenal (d) adipose tissues stained with hematoxylin and eosin are shown. Relative cell size was expressed as
adipocyte count per section. An increase in adipocyte count per section is related to a decrease in adipocyte size. Data are expressed as
mean± SEM with n = 8 – 10 rats per group. Bars not sharing a common letter are significantly different at p < 0 05.
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the physiopathology of IR and T2D [50]. However, we have
recently shown that such dysregulation was not found in
women with grade I obesity since IR and insulin sensitive
women presented the same adipokine levels [39]. As previ-
ously shown in several human studies [51–53], our results
point out that leptin is not involved in the beneficial effect
of exercise as there is no difference in leptin levels between
groups when adjusted to adipose tissue mass. However, the
decreased adipocytes’ size observed with exercise training
could participate in the improvement of insulin sensitivity.
In accordance with this data, we did not observe an improve-
ment in insulin sensitivity with polyphenol supplementa-
tion or a decrease in adipocyte size. In fact, large adipocytes
have been associated with ROS production leading to IR
and inflammatory reactions [54, 55]. Exercise training and
polyphenol supplementation improve only mesenteric adi-
pose tissue inflammation whereas there is no improvement
in insulin sensitivity in this fat pad depot. The three-way

ANOVA demonstrates that the other adipose tissue depots
also present metabolic improvement with exercise only when
analyzed together. SOCS3 diminishes insulin-stimulated
IRS1 phosphorylation leading to a decrease in insulin
response [56–58]. Interestingly, we observed only in inguinal
fat depots a decrease in SOCS3 protein content in trained rat
which is associated with an increase in insulin sensitivity in
this fat depot after training. Thus, mesenteric fat stores are
more sensitive to our polyphenol supplementation while
inguinal and epididymal adipose tissue depots are more sen-
sitive to training, demonstrating a depot-specific response as
previously found by others [15, 59].

Our polyphenol supplementation presents some similar
beneficial effects of exercise training as a reduction of adipose
tissue depots and of mesenteric inflammation, which has
been both described as positive regulators of insulin sensitiv-
ity. More interestingly, exercise training has been shown in
our study to improve systemic and adipose tissue insulin
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Figure 6: IκB levels in fat stores. IκB protein expression levels were measured by immunoblotting in epididymal (a), inguinal (b), mesenteric
(c), and perirenal (d) fat stores. Quantification values are presented as IκB protein levels normalized to tubulin protein level, used as protein
loading control, and are expressed relative to HF group’s values, which were set at 1. Data are expressed as mean± SEM with n = 5 − 6 rats per
group. Bars not sharing a common letter are significantly different at p < 0 05.
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sensitivity while the combination of exercise and polyphenol
supplementation (EXOPP) results in an improvement in sys-
temic insulin sensitivity attested by a significant decrease in
HOMA-IR without further alterating any adipose tissue
markers tested in this study.

Taken together, our data seem to indicate that the bene-
ficial effects of exercise training are not only due to alteration
in adipose tissue. Recent data in mice [60] and obese patients
[61] also confirm that adipose tissue alterations in the devel-
opment of insulin resistance and T2D play a less important
role than once thought. We previously found in obese
women that skeletal muscle seems to be the primary tissular
target of insulin signaling defects in obesity development
[39]. Exercise training and polyphenol supplementation
individually or in combination have been found to increase
insulin sensitivity at whole-body but also at skeletal muscle
levels [30, 62, 63]. Thus, the improvement of systemic insulin
sensitivity that we observed after training could also be due to
its effect on skeletal muscle.

In conclusion, our study indicates that in high-fat diet-
induced obese and IR rats, the combination of polyphenol

supplementation with exercise training presents no more
cumulative benefit on white adipose tissue alterations than
exercise training or polyphenol supplementation alone.
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Background. Exercise benefits to cardiac rehabilitation (CR) following stable myocardial infarction (MI). The suitable exercise
duration for aged patients with coronary heart disease (CHD) remains controversial, and the underlying molecular mechanism
is still unclear. Methods and Results. 18-Month-old mice after stable MI were randomly submitted to different durations of
exercise, including 15 and 60min swimming training (ST) once per day, five times a week for 8 weeks. Compared to sedentary
mice, 15min ST, rather than 60min ST, significantly augmented left ventricular function, increased survival rate, and
suppressed myocardial fibrosis and apoptosis. 15min ST improved mitochondrial morphology via regulating mitochondrial
fission-fusion signaling. 15min ST regulated mitophagy signaling via inhibiting LC3-II and P62 levels and increasing
PINK/Parkin expression. 15min ST also inhibited ROS production and enhanced antioxidant SOD2 activity. Notably, 15min
ST significantly increased sirtuin (SIRT) 3 level (2.7-fold) in vivo while the inhibition of SIRT3 exacerbated senescent H9c2
cellular LDH release and ROS production under hypoxia. In addition, SIRT3 silencing impairs mitochondrial dynamics
and mitophagy in senescent cardiomyocytes against simulated ischemia (SI) injury. Conclusion. Collectively, our study
demonstrated for the first time that sustained short-duration exercise, rather than long-duration exercise, attenuates cardiac
dysfunction after MI in aged mice. It is likely that the positive regulation induced by a short-duration ST regimen on the
elevated SIRT3 protein level improved mitochondrial quality control and decreased apoptosis and fibrosis contributed to
the observed more resistant phenotype.

1. Introduction

Physical exercise is an effective therapy for patients with
stable coronary heart disease (CHD). Exercise-based cardiac
rehabilitation (CR) reduces all-cause mortality, declines
rehospitalization, and improves health-related quality of life
following myocardial infarction (MI) [1–3]. However, aging
greatly influences exercise parameters and cardiac perfor-
mances [4]. Elderly patients with CHD are more prone to
deconditioning, frailty, and disability with intrinsic muscle

weakness, joint instability, and metabolic risks, leading
to the difficult implementation of exercise. Moreover, the
association between the duration of exercise and the cardio-
protective effects remains controversial [5, 6]. Whether aged
heart benefits distinctly from different durations of exercise
as rehabilitative modalities is not yet understood.

Among the complex determinants of aging, mitochon-
drial dysfunction is identified as one of the major causes
[7]. The maintenance of an adequate pool of functional
mitochondria is crucial for cardiomyocyte homeostasis [8].
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Mitochondrial dysfunction triggers mitochondrial quality
control to remove damaged components, recover mito-
chondrial morphology, and repair cardiomyocyte function
responding to stresses [9]. Mitochondrial quality control
consists of a series of mechanisms, including reactive oxygen
species (ROS) scavenging, mitochondrial dynamics, and
mitophagy. Studies have revealed that exercise improves
mitochondrial quality both in healthy [10] and in metabolic
and neurodegenerative disorders as well as in aging [11, 12].

Sirtuin, also known as Sir2 proteins, is a family of nicotin-
amide adenine dinucleotide-dependent deacetylases. SIRT3
is one of the sirtuin family members that localizes in mito-
chondria [13]. It inhibits ROS production and maintains
mitochondrial functions [14, 15]. Studies have demonstrated
that SIRT3 protects against acute myocardial ischemia injury
[16] while SIRT3 deficiency significantly inhibits angiogene-
sis and cardiac functional recovery following MI [17]. Nota-
bly, SIRT3 expression is proved to be modified by exercise
training both in humans and murines [18], suggesting that
SIRT3 might be crucial to exercise’s rehabilitative effects
against MI injury consequences.

The aims of this study were (1) to determine whether
exercise rehabilitates cardiac dysfunction after MI in aged
mice; (2) to investigate the suitable exercise duration for
CR; (3) to elucidate whether mitochondrial quality control
is associated with rehabilitative effects of exercise after
MI; and (4) to examine the potential role for SIRT3 in
the process.

2. Materials and Methods

All animal experiments were approved by the Fourth
Military Medical University Committee on Animal Care.
C57BL/6J male mice were provided by the Experimental
Animal Center of the Fourth Military Medical University
(Xi’an, Shaanxi, China). Mice were maintained in 12 h : 12 h
artificial light-dark cycles, with lights on at 6 : 00AM, and
were housed individually in the lab’s animal room. H9c2
cardiac cell lines were purchased from the American Type
Culture Collection (ATCC®CRL-1446™).

2.1. Mouse Model of MI. 18-Month-old male C57BL/6J mice
were anesthetized with 2% isoflurane. Myocardial infarction
(MI) was produced via the ligation of left coronary artery as
previously described [19]. Sham-operated control mice (21
mice) underwent the same procedures except that the suture
placed under the left coronary artery was not tied.

2.2. Exercise Protocol. Four months after stable MI, 68 alive
mice were randomly divided into three groups: (1) sedentary
(MI-sedentary, 22 mice); (2) short-duration swimming train-
ing (ST) (MI+ 15’ ST, 23 mice); and (3) long-duration ST
(MI+ 60’ ST, 23 mice). The ST protocol was adapted from
previously published procedures [20, 21]. Briefly, mice in
groups of three to five animals were trained 5 days per week
for 8 weeks in the 60 cm × 90 cm buckets filled with ≈20 cm
depth of water at 33–35°C. The ST lasted 15min on the
first day. Then the exercise duration was maintained at
15min/day in the MI+ 15’ ST group, or progressively

increased to 60min/day in the MI+ 60’ ST group during the
first week. All training sessions took place during the morn-
ing hours (9 : 00AM–11 : 00AM). Mouse physical parameters
and the survival rate were assessed before and during the
ST period. Meanwhile, sedentary animals were housed indi-
vidually in cages as a control.

2.3. Echocardiography. Mice (8-9 per group) were submitted
to transthoracic echocardiography (VisualSonics Vevo 2100
Imaging System) to evaluate the cardiac structure and func-
tion before and during the ST period. M-mode tracings were
taken and echocardiogram analysis was performed.

2.4. Masson Trichrome Staining. Mouse hearts (6–8 mice
per group) were perfused with ice-cold phosphate buffered
saline (PBS) and were fixed with 4% paraformaldehyde,
embedded in paraffin, and coronally sectioned (3–6μm
thick). Sections were stained using a Masson trichrome
stain assay (Sigma-Aldrich, HT15-1KT) according to the
manufacturer’s instructions.

2.5. TUNEL Staining. Mouse hearts (6–8 mice per group)
were fixed with 4% paraformaldehyde. Sections were stained
with TUNEL staining assay (Roche Diagnostics Corpora-
tion, 11684817910) and α-actin antibody (Sigma-Aldrich,
A7811) to detect myocardial apoptotic cells according to
the manufacturer’s instructions.

2.6. Detection of ROS Production.Mouse hearts (6–8 mice per
group) were embedded in optimal cutting temperature com-
pound (OCT) and were frozen immediately after euthanasia.
Frozen sections (7–10μm thick) were cut by a cryomicro-
tome (Model CM3050S, Leica Microsystems) and incubated
with dihydroethidium (DHE, 2mM; Molecular Probes, D-
1168) for 1 hour at room temperature. Slides were exam-
ined by a laser scanning confocal microscope (FluoView™
FV1000, Olympus). The numbers of DHE-positive nuclei
and the total nuclei were counted (100 fields per group).

Cardiomyocyte mitochondrial superoxide generation
was assessed using the MitoSOX Red dye (Molecular Probes,
Invitrogen, M36008). Living cells were incubated with 5mM
MitoSOX Red at 37°C for 10min and were examined by the
laser scanning confocal microscope.

2.7. Transmission Electron Microscopy. Left ventricular tis-
sues (6 mice per group) were fixed with 2.5% glutaraldehyde
in 0.1M sodium phosphate (pH7.4) overnight at 4°C. After
postfixation in 1% OsO4, samples were dehydrated through
graded alcohols and embedded in Epon Araldite. Ultrathin
sections (50 nm) were cut by an ultramicrotome (Ultracut
E, Leica) and stained with uranyl acetate and lead citrate.
The specimens were viewed on a Tecnai G2 Spirit electron
microscope (FEI Co., Hillsboro, OR). Images were captured
at 15,000x magnification. Mitochondrial shape descriptors
(including aspect ratio, circularity, roundness, and solidity)
and area measurements were obtained using ImageJ (ver-
sion 1.42q, National Institutes of Health, Bethesda, MD).
A total of 243 mitochondria from the sham group, 257
mitochondria from the MI-sedentary group, 240 mitochon-
dria from the MI+15’ ST group, and 251 mitochondria
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from the MI+ 60’ ST group were analyzed from five electron
micrographs. The frequency distribution of the mitochon-
drial area was determined by GraphPad Prism 6 statistic
software, yielding frequency histograms.

2.8. Isolation of Mitochondria. Mitochondria were isolated
using mitochondria isolation kits (Beyotime Institute of Bio-
technology, c3606 for tissue and c3601 for cell) according to
the manufacturer’s instructions. Briefly, fresh mouse hearts
(6 to 8 mice per group) were minced in the centrifuge tube.
The pellet was homogenized in the trypsin-EDTA (8μL/mg)
solution and centrifuged at 600g for 20 s. After washing,
the pellet was resuspended with 8μL/mg mitochondria
separation reagent B combined with PMSF and transferred
into a prechilled glass homogenizer. The suspension was
homogenized for 20–30 times on the ice and centrifuged
at 600g for 5min. Mitochondria were pelleted from the
supernatant via centrifugation at 11,000g for 10min. The
final pellet was either resuspended in 40μL/mg mitochon-
dria store liquid for intact function assay or lysed for
Western blot analysis.

For cellular mitochondria isolation, H9c2 cardiomyo-
cytes at a density of 5 × 107 cells were harvested and
resuspended in a 2.5mL mitochondria isolation buffer.
The suspension was homogenized for 15–20 times in the
glass homogenizer and centrifuged at 600g for 10min. Then,
the supernatant was centrifuged at 11,000g for 10min. The
final mitochondrial pellet was lysed forWestern blot analysis.

2.9. Induction of Cell Senescence and SA-β-gal Staining.H9c2
cardiomyocytes were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100U/mL penicillin, and
100mg/mL streptomycin at 37°C with 5% CO2. Doxorubicin
(DOX, Sigma-Aldrich, D1515) was diluted with 5% glucose
immediately before use. Cultured cells were treated with
DOX (0.1μM) for 24 h to induce senescence and 5% glucose
was used as a vehicle control. Senescence-associated-β-
galactosidase (SA-β-gal, Beyotime Institute of Biotechnol-
ogy, C0602) staining was used to detect cell senescence as
previously described [22–24]. The number of SA-β-gal-
positive cells was determined by a microscope (×100)
and expressed as a percentage of all counted cells (Suppl.
Figure 1A and B).

2.10. In Vitro Lentivirus-Mediated SIRT3 Silencing. H9c2
cardiomyocytes were grown in a 6-well plate to approxi-
mate 80% confluence (≈5× 104 cells). Cultured cells were
transfected with SIRT3-ShRNA lentivirus (5× 108Tu/mL,
Shanghai GenePharma Co. Ltd., Lv3-SIRT3-Rat-597) or a
negative control (NC, 1× 108Tu/mL, Shanghai GenePharma
Co. Ltd., Lv3NC) at 100 multiply of infection (MOI) in the
presence of 5μg/mL polybrene according to the previously
published studies [25, 26]. Cells infected with GFP-SIRT3
lentivirus were observed under a microscope (×100). The
silence efficiency was determined by Western blot.

2.11. Simulated Ischemia (SI). Normal culture medium was
replaced with Hank’s balanced salt solution (HBSS, Gibco,
14025076), and cardiomyocytes were placed in a Napco

8000WJ hypoxia (1% O2, 5% CO2, and 94% N2) incubator
(Thermo Scientific) for 12 h as previously described [27].

2.12. Cell Viability. H9c2 cellular viability was analyzed after
SIRT3 silencing followed by hypoxia. CCK-8 assay (Sigma-
Aldrich, 96992) was used according to the manufacturer’s
instructions. Briefly, cells were incubated with 5mg/mL
CCK-8 in a CO2 incubator for 3 h. The medium was
aspirated, and the absorbance of each well was measured by
the plate reader at a test wavelength of 460nm with a refer-
ence wavelength of 630 nm. Optical density (OD) was
utilized as the indicator of the cell survival rate.

2.13. Western Blot Analysis. Whole heart lysate and mito-
chondrial lysate were used in the present study. The protein
concentrations were determined by a BCA protein assay kit
(Thermo Fisher, 23225). Proteins were separated through
electrophoresis and transferred to PVDF membranes. The
membranes were blocked for 2 hours in 5% nonfat dry milk
and were subsequently incubated overnight at 4°C with
appropriate primary antibodies against Drp1 (Cell Signaling
Technology, number 8570), Fis1 (Enzo Life Sciences, ALX-
210-1037), Mfn1 (Santa Cruz Biotechnology, sc-166644),
Mfn2 (Sigma-Aldrich, M9073), Opa1 (BD Biosciences,
612606), COX IV (Cell Signaling Technology, number
4844), LC3A/B (Cell Signaling Technology, number 2775),
P62 (Cell Signaling Technology, number 39749), PINK1
(Cell Signaling Technology, number 6946), Parkin (Cell Sig-
naling Technology, number 4211), SIRT3 (Abgent, number
AP6242a), GAPDH (CMCTAG Inc., AT0002), HSP60 (Cell
Signaling Technology, number 12165), PGC1-α (Cell Signal-
ing Technology, number 2178), SOD2 (Abcam, ab13533),
and Ac-SOD2 (Abcam, ab137037). The membranes were
washed by Tris-buffered saline containing 0.1% Tween 20
(TBST, pH7.6) and then subsequently probed with appropri-
ate secondary antibodies (Zhongshan Company, ZB-2301,
ZB-2305) at room temperature for 90min. The protein bands
were detected using a Bio-Rad imaging system (Hercules,
CA, USA) and normalized to COX IV or GAPDH.

2.14. Statistical Analysis. All values in the text and figures are
presented as the mean± standard error of the mean (SEM) of
n independent experiments. The data were analyzed using
GraphPad Prism 6 statistic software (La Jolla, CA, USA).
Data were submitted to t-test (two groups) or one-way
ANOVA (three or more groups). Data of cellular experiment
were determined with two-way ANOVA followed by post
hoc tests with Holm adjustment. P values of <0.05 (two
sided) were considered to be statistically significant.

3. Results

3.1. Short-Duration Exercise after MI Attenuates Cardiac
Dysfunction and Improves the Survival Rate in Aged Mice.
To determine exercise’s effects upon post-MI injury in
aged mice, mouse physical and cardiovascular parameters
were measured before and after 8-week ST. Mouse body
weight was decreased after swimming for 8 weeks (P <
0 05, resp., Figure 1(a)) whereas only 15min ST mice
manifested a lower ratio of heart weight to body weight
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(P < 0 05, Table 1). Echocardiographic results (Figures 1(b)
and 1(c)) revealed that post-MI mouse left ventricular
ejection fraction (LVEF) was augmented after 15min ST
for 4 weeks (P < 0 01) and continued increasing for 8 weeks.
Furthermore, 15min ST improved the mouse post-MI sur-
vival rate (P < 0 05) compared to the MI-sedentary group
(Figure 1(d)). However, 60min ST mice manifested no
significant changes in phenotype. Taken together, these data
demonstrate that short-duration rather than long-duration
exercise protects against post-MI injury in aged mice.

3.2. Short-Duration Exercise after MI Inhibits Cardiac
Fibrosis and Apoptosis in Aged Mice. Then, we investigated
whether different durations of ST affected cardiac fibrosis
and apoptosis, the primary causes of cardiac remodeling
and heart failure. 15min ST mice manifested a lower
myocardial interstitial fibrosis (P < 0 01, Figures 2(a) and
2(b)) and less myocardial apoptosis (P < 0 01, Figures 2(c)
and 2(d)) compared to the MI-sedentary group. However,
60min STmice performed an increase of myocardial intersti-
tial fibrosis (P < 0 05, Figures 2(a) and 2(b)) with no change
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Figure 1: Short-duration exercise after MI promotes left ventricular ejection fraction (LVEF) and reduces mortality in agedmice. (a) Statistics
of mouse body weight before and after 8-week swimming training (ST). (b) LVEF analysis. (c) Echocardiography of aged mice after 8-week
ST. (d) Survival curves. ∗P < 0 05 versus the sham group; #P < 0 05, ##P < 0 01 versus the MI-sedentary group; &&P < 0 01 versus the MI + 15’
ST group. N = 21 – 23 for survival rate analysis and N = 8 – 9 for other assessments.
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of cardiac apoptosis (P = 0 16, Figures 2(c) and 2(d)). In
summary, short-duration exercise attenuates postischemic
cardiac fibrosis and apoptosis in aged mice.

3.3. Short-Duration Exercise after MI Restores Mitochondrial
Morphology and Regulates Mitochondrial Dynamics Signaling
in Aged Heart. Mitochondrial impairment directly con-
tributes to aging and age-related diseases; we examined
cardiac mitochondrial ultrastructure by transmission elec-
tron microscopy (TEM). As shown in Figure 3(a), mito-
chondria in the MI-sedentary group were disorganized
and in large clusters with small, round mitochondria.
Mitochondrial shape was distinctly alerted with the
declined aspect ratio (P < 0 01) and increased circularity
(P < 0 05) and roundness (P < 0 01) compared to that in
the sham group (Table 2). Moreover, the frequency distri-
bution for mitochondrial size was highly skewed post-MI
(Figure 3(b)). 15min ST improved mitochondria to be more
homogeneous in size (Figures 3(a) and 3(b)).

However, a large number of swelling mitochondria
with broken or dismissing ridge were observed in 60min
ST mouse hearts (Figure 3(a)).

To determine whether mitochondrial dynamics contrib-
ute to the impaired mitochondrial morphology, we quanti-
fied mitochondrial fission-fusion signaling markers. Aged
mice after MI manifested significant increases of fission-
related protein Drp1 (2.5-fold) and fusion-related protein
Mfn1 and Mfn2 levels (P < 0 01, resp., Figures 3(c)–3(e),
3(g) and 3(h)), in consistent with the TEM results. 15min
ST reduced the levels of Mfn1, Mfn2, and Drp1 (P < 0 01,
resp.) while increased Opa1 expression (P < 0 01). Differ-
ently, 60min ST inhibited Mfn1, Mfn2, and Drp1 expression
(P < 0 05, resp.) with no alteration of Opa1 (Figures 3(c)–
3(e), 3(g)–3(i)). However, no changes of fission-related Fis1
levels (Figures 3(c) and 3(f)) were detected in each group.
These results suggest that short-duration exercise after MI

regulates mitochondrial fission-fusion signaling to recover
mitochondrial morphology in aged mice.

3.4. Short-Duration Exercise after MI Regulates Mitophagy
Signaling in Aged Mice. To evaluate exercise’s effect on mito-
phagy, we quantified the expression of mitophagy signaling-
related markers. The levels of mitochondrial LC3-II were
increased in MI-sedentary mice (P < 0 01) and 60min ST
mice (P < 0 01) but were declined in 15min ST mice (P <
0 01) compared to that in the sham group (Figures 4(a) and
4(b)). Levels of p62 manifested similar changes on ST
(Figures 4(a) and 4(c)). The increases of LC3-II levels might
derive from excessive mitophagy or from downstream block
of autophagic vacuole processing. To distinguish between
these 2 possibilities, we assessed PINK1 and Parkin expres-
sion, two proteins involved in mitophagy initiation. We
found that MI injury suppressed PINK1 and Parkin expres-
sion (P < 0 01, resp.). Their levels were restored when
exposed to 15min ST (P < 0 01, resp.) rather than 60min
ST (Figures 4(d) and 4(e)). These data suggest that short-
duration exercise after MI regulates mitophagy signaling
biomarkers in aged heart.

3.5. Short-Duration Exercise after MI Attenuates Oxidative
Stress and Increases Mitochondrial SIRT3 Expression in
Aged Heart. Furthermore, we tested exercise’s effects on
oxidative stress. Aged mice after MI manifested a great
accumulation of superoxide compared to the sham group
(4.6-fold, P < 0 01). 15min ST distinctly inhibited ROS
production for 48.3% (P < 0 01) while 60min ST slightly
reduced 15.9% ROS production (P < 0 01) (Figures 5(a)
and 5(b)). Moreover, 15min ST mice manifested higher
antioxidant SOD2 activity determined by the decrease of
SOD2 acetylation compared to the MI-sedentary group
(P < 0 01, Figure 5(c)). Together, these findings support
that short-duration exercise protects against post-MI injury

Table 1: Physical and echocardiographic parameters of aged mice after 8 weeks of swimming training.

Parameter
Mean± SEM

Sham
(n = 8)

MI-sedentary
(n = 9)

MI + 15’ ST
(n = 9)

MI + 60’ ST
(n = 8)

Physical characteristic

BW (g) 30.3± 0.73 31.2± 0.71 27.7± 0.35∗ 27.7± 0.66∗

Heart (mg) 140± 4.7 200± 4.7∗ 130± 3.7## 180± 7.8∗ ,&&

HW/BW (mg/g) 4.6± 0.22 6.4± 0.26∗ 4.7± 0.13# 6.6± 0.37∗ ,&

Tibial length (cm) 2.3± 0.04 2.3± 0.04 2.3± 0.04 2.3± 0.03
HW/TL (mg/cm) 61.0± 2.44 87.5± 3.24∗ 57.5± 1.83# 80.0± 3.40∗ ,&

Echocardiography

LVEF (%) 67.8± 2.21 31.3± 2.24∗ 49.5± 1.82∗ ,## 34.6± 2.14∗ ,&&

LVFS (%) 38.3± 0.98 17.5± 1.46∗ 25.1± 1.59∗ ,# 19.7± 1.47∗ ,&

LVEDD (mm) 4.0± 0.13 5.2± 0.23∗ 4.4± 0.09# 5.5± 0.30∗ ,&

LVESD (mm) 2.3± 0.18 3.9± 0.16∗ 2.9± 0.09# 3.8± 0.28∗ ,&

∗P < 0 05 versus the sham group; #P < 0 05, ##P < 0 01 versus the MI-sedentary group; &P < 0 05, &&P < 0 01 versus the MI + 15’ ST group. N = 8 – 9.
BW, body weight; HW, heart weight; TL, tibial length; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVEDD, left
ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter.
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via antioxidant actions in aged mice. Notably, mitochondrial
SIRT3 expression was increased 2.7-fold under 15min ST
(P < 0 01), but with no change via 60min ST (P = 0 81),
compared to that in the MI-sedentary group (Figure 5(d)).
It indicates that SIRT3 might play a critical role in short-
duration exercise’s cardioprotections.

3.6. SIRT3 Deficiency Exacerbates SI-Induced Senescenced
Cardiomyocyte Apoptosis and ROS Production In Vitro. To
further determine the cardioprotective role of SIRT3 in

aging, we used lentivirus to knockdown SIRT3 expression
in H9c2 cardiomyocytes. Compared to negative control
(NC), the level of cellular SIRT3 was dramatically decreased
by 74.5% in the SIRT3-ShRNA group (P < 0 01, Suppl. Figure
1C and D), confirming the lentivirus silence efficiency. Cell
viability was measured via CCK-8 assay, and the inhibition
of SIRT3 expression significantly increased SI-induced cell
death (P < 0 01, Suppl. Figure 1E). To confirm our finding,
LDH release and caspase-3 activity were performed. In the
SI +NC group, cellular LDH release was approximately
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Figure 2: Short-duration exercise after MI inhibits cardiac fibrosis and apoptosis in aged mice. (a, b) Myocardial interstitial
fibrosis determined by Masson trichrome staining. Black arrows indicate the ligation of left coronary artery. Scale bars, 50 μm.
(c, d) Cardiomyocyte apoptosis determined by TUNEL staining. Scale bars, 30μm. ∗∗P < 0 01 versus the sham group; #P < 0 05,
##P < 0 01 versus the MI-sedentary group; &&P < 0 01 versus the MI + 15’ ST group. N = 6 – 8.
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Figure 3: Continued.
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25.8% under hypoxia while in the SIRT3-ShRNA group,
it significantly raised to 49.2% (P < 0 05, Figure 6(a)).
Caspase-3 activity manifested similar changes under SIRT3
deficiency (P < 0 01, Figure 6(b)). Moreover, mitochondrial
ROS production was increased in senescenced cardiomyo-
cytes exposed to hypoxia. The inhibition of SIRT3 exacer-
bated superoxide generation compared to the SI +NC
group (P < 0 01, Figures 6(c)–6(e)). The SOD2 activity was
impaired by hypoxia and was even low with SIRT3 inhibition
(P < 0 05, Figure 6(f)). These results demonstrate that SIRT3
protects against SI injury in senescenced cardiomyocytes via
antiapoptotic and antioxidative actions.

3.7. SIRT3 Regulates Mitochondrial Dynamics andMitophagy
Signaling under SI Injury. Finally, we measured mitochon-
drial dynamics and mitophagy signaling markers upon
SIRT3 silencing. Compared to the SI +NC group, the level
of Drp1 was significantly raised to 41.6% (P < 0 05,
Figures 7(a) and 7(b)) and Opa1 expression was reduced
(P < 0 05, Figures 7(d) and 7(g)) under SIRT3 inhibition
following hypoxia. However, no obvious changes were
observed on Mfn1, Mfn2, and Fis1 (Figures 7(a) and 7(c)–
7(f)) expression upon SIRT3 silencing. SIRT3 deficiency

manifested the upregulation of LC3-II (P < 0 05) and
P62 levels (P < 0 05) compared to the SI +NC group
(Figures 8(a)–8(c)). Meanwhile, SIRT3 deficiency suppressed
PINK1 and Parkin expression under hypoxia (P < 0 05,
P < 0 01, resp., Figures 8(d) and 8(e)), demonstrating that
the inhibition of SIRT3 blunted mitophagy progress
under hypoxia.

4. Discussion

Cardiac remodeling following MI is associated with left
ventricular dysfunction, cardiac hypertrophy, myocardial
interstitial fibrosis, and cardiomyocyte apoptosis, which
finally lead to decompensated heart failure [28]. Exercise-
based cardiac rehabilitation is an effective therapy in attenu-
ating post-MI remodeling [2, 29]. However, some studies
exhibited that training with a high volume (duration) led to
a lower all-cause mortality [5, 30] while others displayed
excessive exercise significantly increased cardiovascular
mortality [6]. The proper exercise duration, especially for
aged patients with CHD, remains as a question of debate
[31, 32]. Furthermore, the underlying molecular mechanism
is still unclear.
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Figure 3: Short-duration exercise after MI modulates mitochondrial morphology and dynamics in aged heart. (a) Representative
transmission electron micrographs of cardiac mitochondria. Scale bars, 1 μm. (b) Frequency distribution (% total mitochondria) of the
mitochondrial surface area. N = 243 – 251. (c–i) Western blot analysis of mitochondrial fission and fusion markers. ∗∗P < 0 01 versus the
sham group; #P < 0 05, ##P < 0 01 versus the MI-sedentary group; &&P < 0 01 versus the MI + 15’ ST group. N = 6 – 8.

Table 2: Mitochondrial morphological parameters of aged hearts after 8 weeks of swimming training.

Parameter
Mean± SEM

Sham
(n = 243)

MI-sedentary
(n = 257)

MI + 15’ ST
(n = 240)

MI + 60’ ST
(n = 251)

Area (μm2) 0.65± 0.05 1.17± 0.12∗ 0.64± 0.06# 1.11± 0.15∗ ,&

Aspect ratio 1.97± 0.11 1.15± 0.21∗∗ 2.35± 0.26∗ ,## 1.53± 0.08∗ ,&

Circularity 0.73± 0.03 0.88± 0.03∗ 0.67± 0.04 0.77± 0.02
Roundness 0.52± 0.04 0.73± 0.05∗∗ 0.50± 0.05# 0.68± 0.04&

Solidity 0.97± 0.01 0.84± 0.02 0.91± 0.01 0.96± 0.01
∗P < 0 05, ∗∗P < 0 01 versus the sham group; #P < 0 05, ##P < 0 01 versus the MI-sedentary group; &P < 0 05 versus the MI + 15’ ST group. N = 243 – 257.
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ST presents a better redistribution of blood flow without
significant variations in the cardiac output and heart rate
than treadmill or voluntary wheel running programs [33].
Moreover, swimming is much easier for the elderly joints
due to reduced effects of gravity. In this study, we assessed

two different durations (75min/week and 300min/week) of
ST’s rehabilitative effects on aged mice following stable MI
and demonstrated for the first time that short-duration
rather than long-duration exercise after MI attenuated
cardiac dysfunction and improved the survival rate in aged
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Figure 4: Short-duration exercise after MI regulates mitophagy signaling in agedmice. (a–c)Western blot analysis of mitophagymarkers LC3
and P62. (d-e) Western blot analysis of PINK1 and Parkin. ∗P < 0 05, ∗∗P < 0 01 versus the sham group; #P < 0 05, ##P < 0 01 versus
the MI-sedentary group; &&P < 0 01 versus the MI + 15’ ST group. N = 6 – 8.
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mice via inhibition of myocardial fibrosis and apoptosis. We
suggest that the discrepancies result on exercise duration
from several factors. First, clinical studies using a question-
naire have a certain degree of limitation, including undetailed
exercise interventions and the subjectivity of the reports.
Patients’ baseline differences and societal factors also vary
from different studies [5]. Moreover, advanced age con-
tributes to a general trend towards the decrease in exercise
tolerance [34].

Mitochondria are deeply involved in the aging process
[35]. Previous studies suggest a causative link between

mitochondrial dysfunction and major phenotypes associated
with aging [36, 37]. Aged mitochondria are more susceptible
to ischemia injury while regular exercise is demonstrated to
improve mitochondrial quality and quantity [10, 38]. In the
current study, we observed impaired mitochondrial mor-
phology in aged mice post-MI. A significant increase of
swollen mitochondria contributes to the larger mitochon-
drial surface area while MI-induced excessive mitochondrial
fission may lead to the increase of small, round mito-
chondria. Our data revealed that short-duration exercise
improved mitochondrial network remodeling via regulation
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Figure 5: Short-duration exercise after MI attenuates oxidative stress and increases SIRT3 expression in aged heart. (a) ROS production
determined by DHE staining. Scale bars, 50μm. (b) Statistical analysis of DHE positive cells. (c) Ac-SOD2 to SOD2 ratio. (d) Western
blot analysis of mitochondrial SIRT3. ∗P < 0 05; ∗∗P < 0 01 versus the sham group; ##P < 0 01 versus the MI-sedentary group; &&P < 0 01
versus the MI + 15’ ST group. N = 6 – 8.
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Figure 6: SIRT3 deficiency exacerbates SI-induced cardiomyocyte apoptosis and oxidative stress. (a) Effect of SIRT3 silencing on cell death,
determined by LDH release assay. (b) Effect of SIRT3 silencing on apoptotic events, determined by caspase-3 activity assay. (c–e) Effect of
SIRT3 silencing on mitochondrial ROS production, determined by MitoSOX Red dye. Scale bars, 10 μm. (f) Ac-SOD2 to SOD2 ratio upon
SIRT3 inhibition. ∗P < 0 05, ∗∗P < 0 01 versus the SI +NC group. N = 3 – 6.
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Figure 7: SIRT3 regulates cardiomyocytes mitochondrial dynamics under SI injury. (a–c) Western blot analysis of fission proteins Drp1 and
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of mitochondrial dynamics signaling-related proteins Drp1
and Opa1. Mitochondrial fragmentation results in loss of
ATP synthesis, increased ROS production, and release of
proapoptotic proteins, including cytochrome c and BAX
[39]. Exercise-stimulated inhibition of Drp1 restores mito-
chondrial morphology and promotes cardiac function after
MI [40, 41] probably due to increased mPTP resistance [42].
Meanwhile, enhancement of Opa1 maintains morphology of

cristae and regulates mitochondrial metabolism since Opa1
protects against apoptotic signaling via preventing cyto-
chrome c release independently from mitochondrial fusion
[43, 44]. Studies demonstrated that the mutation of Opa1 is
associated with reduced oxidative phosphorylation and ATP
synthesis in skeletal muscle and human fibroblasts [45, 46].

Next, we found that aged hearts after MI perform an
upregulation of mitophagy signaling-related protein LC3-II
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Figure 8: SIRT3 regulates SI-induced mitophagy signaling in vitro. (a–c) Western blot analysis of mitophagy makers LC3 and P62 upon
SIRT3 silencing. (d-e) Western blot analysis of PINK1 and Parkin upon SIRT3 silencing. ∗P < 0 05, ∗∗P < 0 01 versus the SI +NC group.
N = 3 – 6.
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and P62 levels together with the inhibition of PINK1/Parkin
expression. PINK1 is stabilized and recruits Parkin to
mitochondria, initiating mitophagy [47]. The low expres-
sion of PINK1/Parkin suggests that the accumulation of
LC3-II and P62 protein levels is from inhibition of LC3-
II turnover, implicating a block either in autophasosome/
lysosome assembling or autolysosome degradation. Our data
revealed that short-duration exercise regulates mitophagy
signaling biomarkers, including activating PINK1/Parkin
expression together with decreasing LC3-II and P62 levels.

Moreover, we demonstrated that aged hearts after MI
perform increased oxidative stress with accumulated ROS
production and reduced antioxidant enzyme SOD2 activity,
consistent with another study [48]. MI-induced ROS accu-
mulation may further contribute to our findings of the
increased mitochondrial fragmentation and impaired mito-
chondrial quality control. Our data revealed that short-
duration exercise reduces ROS production and enhances
the activity of antioxidant enzyme SOD2 by inhibiting its
acetylation in aged mice after MI. The inhibition of oxidative
stress directly attenuates cardiac fibrosis and apoptosis to
protect against post-MI injury.

Finally, we proved that short-duration exercise after MI
upregulates mitochondrial SIRT3 expression in aged mice
while SIRT3 deficiency exacerbates cardiomyocyte oxidative
stress and apoptosis and blocks mitochondrial dynamics
and mitophagy signaling under hypoxia in vitro. SIRT3
regulates mitochondrial biogenesis and function and pro-
motes mitochondrial oxidative stress resistance via altering
the acetylation level of MnSOD and enhancing its ability to
scavenge ROS [49]. In particular, decreased SIRT3 contrib-
utes to the susceptibility of aged hearts to myocardial
ischemia/reperfusion (MI/R) injury [50]. Previous studies
showed that exercise training increases SIRT3 expression in
skeletal muscle [18]. However, Karvinen et al. revealed that
high capacity running rats had a higher SIRT3 protein con-
tent in skeletal muscle compared to low capacity running
rats, contributing to lower mitochondrial protein acetylation
[51]. The discrepancies between our finding and Karvinen
et al.’s finding may attribute to different exercise models.

In conclusion, different durations of exercise may stim-
ulate different mechanical effects. Exercise duration has
independent effects on the hormonal response that signifi-
cantly affects systemic metabolism [52]. Short-duration
exercise elicits a great reduction of serum insulin concen-
trations and insulin resistance [53] while long-duration
exercise increases adrenocorticotropic hormone (ACTH),
cortisol, and growth hormone [54]. Studies found that
long-duration exercise produces a prolonged postexercise
oxygen consumption (EPOC), elevating the energy cost
[55]. Our study demonstrated for the first time that sustained
short-duration ST after MI attenuates cardiac dysfunction in
aged mice. It is likely that the positive regulation induced by a
short-duration ST regimen on the elevated SIRT3 protein
level improved mitochondrial quality control and decreased
apoptosis and fibrosis contributed to the observed more
resistant phenotype. However, long-duration ST elicits a del-
eterious response on CR that may attribute to the declined
exercise tolerance in aged mice.

5. Limitation

Considering exercising condition is hard to mimic in vitro,
we only examined the role of SIRT3 on the regulation of
mitochondrial quality control and apoptosis in senescent
H9c2 cells under hypoxia. SIRT3-knockout mice may be
used in further studies to confirm the relationship between
SIRT3 and exercise’s cardioprotective effects.
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Supplementary 1. H9c2 cardiomyocyte senescence and
lentivirus-mediated SIRT3 silencing in vitro. (A) Represen-
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Recently, in terms of amyotrophic lateral sclerosis (ALS), much attention has been paid to the cell structures formed by the
mitochondria and the endoplasmic reticulum membranes (MAMs) that are involved in the regulation of Ca2+ signaling,
mitochondrial bioenergetics, apoptosis, and oxidative stress. We assumed that remodeling of these structures via swim training
may accompany the prolongation of the ALS lifespan. In the present study, we used transgenic mice with the G93A hmSOD1 gene
mutation. We examined muscle energy metabolism, oxidative stress parameters, and markers of MAMs (Caveolin-1 protein level
and cholesterol content in crude mitochondrial fraction) in groups of mice divided according to disease progression and training
status. The progression of ALS was related to the lowering of Caveolin-1 protein levels and the accumulation of cholesterol
in a crude mitochondrial fraction. These changes were associated with aerobic and anaerobic energy metabolism dysfunction
and higher oxidative stress. Our data indicated that swim training prolonged the lifespan of ALS mice with accompanying
changes in MAM components. Swim training also maintained mitochondrial function and lowered oxidative stress. These
data suggest that modification of MAMs might play a crucial role in the exercise-induced deceleration of ALS development.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an incurable, chronic
neurodegenerative disease characterized by selective death
of motoneurons in the motor cortex, brainstem, and spinal
cord that control any muscle action [1]. It is important to
note that causes of neurodegeneration in ALS occur outside
of the nervous system. Overexpression of SOD1G93A in
skeletal muscle not only initiates motoneuron death [2] but
also causes profound muscle atrophy [2, 3]. Additional
support of the view that muscle plays a key role in ALS

pathogenesis is provided by the observations that the
destruction of neuromuscular junctions has been linked to
oxidative stress induced by tissue-specific breakdown of
muscle mitochondria [4]. Conversely, there are plenty of data
showing positive effects of regular exercise on mitochondria
structure and function. Thus, analysis of the changes in
muscle, especially related to skeletal muscle mitochondria,
from transgenic animals can help to better understand the
pathomechanism of the disease. Mitochondrial abnormali-
ties are common in many forms of ALS and include morpho-
logical and functional aberrations, such as disruption of Ca2+
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homeostasis, transport and bioenergetics, ROS overproduc-
tion, perturbed fission-fusion dynamics, and cell death
initiation [5, 6].

These mitochondria dysfunction and oxidative stress are
associated with abnormalities in the cell structures formed
by the mitochondria and the endoplasmic reticulum mem-
branes, which are called MAMs or MERCs [7–11].

MAMs, which contain protein and lipid (especially
cholesterol) components, are involved in the regulation of
Ca2+ signaling, mitochondrial bioenergetics, and apoptosis
[12, 13]. Sala-Vila et al. [35] have shown that genetic defi-
ciency of the key regulator of cholesterol efflux, caveolin-1
(Cav-1), in hepatic MAMs led to reduced MAM physical
extension and integrity as well as aberrant-free cholesterol
accumulation. Furthermore, the reduction of cholesterol in
MAMs significantly promotes an association between MAMs
and mitochondria [12], and this positively influences mito-
chondrial bioenergetics and structure [14, 15].

Cholesterol accumulation in mitochondria induced by
the lack of Cav-1 protein reduces the efficiency of respiratory
chain and antioxidant defenses [16]. Therefore, the attention
of different research teams has been focused on the role of
oxidative stress and the role of mitochondria and MERCs/
MAMs in the mechanisms responsible for the development
of neurodegenerative diseases [8, 17–20].

However, there are some promising observations on
animal models of ALS which have shown that the lifespan
can be prolonged. For example, swim training has been
demonstrated to increase the lifespan of transgenic mouse
[21]. Biochemical and physiological changes induced by
exercise are quite well defined. Recent data has shown that
swimming exercise modifies mitochondria structure and
function due to changes in the concentration of mitochon-
drial cholesterol [15, 22].

To the best of our knowledge, there is no study
explaining the mechanisms responsible for the induction
of protective changes in skeletal muscle mitochondria of
ALS mice induced by swim training. Therefore, the aim
of this study was to investigate the effects of swim training
and ALS progression on mitochondrial bioenergetics, oxi-
dative stress, and changes in cholesterol concentrations
in crude mitochondria isolated from the skeletal muscles
of SOD1G93A mice.

2. Materials and Methods

2.1. Animals. All experimental procedures were performed in
accordance with European animal research laws (European
Communities Council Directive 2010/63/EU). The experi-
ments with animals were approved by the Local Ethics
Committee (resolution number 11/2013) and the Polish
Ministry of the Environment (decision number 155/2012).

Transgenic male B6SJL-Tg (SOD1G93A) 1Gur/J mice with
the G93A human SOD1 mutation (ALS mice) (n = 36) and
wild-typemale B6SJLmice (n = 24) serving as controls for this
mutant strain were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA).

The mice were housed in an environmentally controlled
room (23± 1°C with a 12h light-dark cycle); the mice

received standard mouse chow and water ad libitum. After
14 days of acclimatization, the mice were randomly divided
into the following groups according to disease progression
and training status: ALS 0, ALS untrained mice with no visi-
ble signs of the disease (n = 8); ALS TER, ALS untrained mice
(n = 8); and ALS SWIM, ALS trained mice (n = 8). Corre-
sponding groups of wild-type (WT) untrained and trained
mice were created: WT 0, WT untrained mice (n = 8); WT
TER, WT untrained mice (n = 8); and WT SWIM, WT
trained mice (n = 8).

To determine whether swimming training prolonged the
lifespan of ALS mice, the following survival groups of mice
were included: ALS S (n = 6) and ALS SWIM S (n = 6).

The mice were euthanized by cervical dislocation. The
mice from the ALS 0 and WT 0 groups were euthanized on
the 70th day of life. The mice from the ALS TER group were
euthanized at the terminal stage of the disease (i.e., functional
paralysis in both hind legs). The ALS SWIM, WT TER, and
WT SWIM mice were euthanized at the same age as the
ALS TER mice. The ALS S and ALS SWIM S (survival study)
mice lived until there were signs of death.

2.2. Swim Training Protocol. Starting at 10wks of age, the
transgenic (groups ALS SWIM and ALS SWIM S) and con-
trol mice (group WT SWIM) underwent a training proce-
dure according to the methods of Deforges et al. [21] with
slight modification. Training was performed 5 times per
week, and on each training day, the mice swam 30min in
30°C water in a swimming pool with an adjustable flow
(max rate of 5 l/min). On the 105th day of life, the fre-
quency of training for the mice was reduced to 3 times
per week, and the daily swimming time (max 30min) and
water flow (max 5 l/min) were set individually according
to the abilities of the mice in the ALS groups. The training
was performed until their 115th day of life for both the ALS
and WT swimming mice.

2.3. Assessment of the ALS Mice Clinical Score. Starting at
8wks, assessment of the clinical score of the ALS mice was
performed according to [23].

2.4. Isolation of Skeletal Muscle Mitochondria. The skeletal
muscle mitochondria were isolated, as previously described
by Makinen and Lee [24] with slight modifications. The thigh
muscles were rapidly removed, trimmed of visible connective
tissue, weighed, and placed in 10ml of ice-cold mitochon-
drial isolation buffer A (100mM KCl, 50mM Tris base,
5mM MgCl2, 5mM EDTA, and pH7.4). The muscles were
minced with scissors and incubated for 1min with protease
(10ml of isolation buffer per 1 g of tissue, supplemented with
protease (0.2mg/ml)). After 1min of incubation, the same
volume of buffer A was added and homogenized using a
Teflon pestle homogenizer. The homogenate was centrifuged
at 700×g for 10min. The supernatant was decanted and cen-
trifuged at 4000×g for 10min. The mitochondrial pellet was
resuspended in 30ml of suspension buffer B (100mM KCl,
50mM Tris base, 1mM MgCl2, 1mM EDTA, and pH7.4,
supplemented with 0.5% BSA) and centrifuged at 10000×g
for 10min. After this washing step had been repeated twice,
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the final mitochondrial pellet was resuspended in bufferMRB
(250mM mannitol, 5mM HEPES, 0.5mM EGTA, and
pH7.4) (skeletal muscle mass (mg)× 0.2ml). All the steps
were performed at 4°C.

2.5. Estimation of Cholesterol Content. The cholesterol con-
tent was measured in samples that had been normalized to
the mitochondrial protein concentration per gram of tissue.
The total lipids were prepared by vortexing 0.5mg of sample
with 1ml of extraction medium (methanol/chloroform:
11 : 7). The mixture was then centrifuged at 15000×g for
10min. The liquid (organic phase) was then transferred to
a glass tube. The solvent was completely evaporated by dry-
ing at 80°C, and the pellet was later dissolved in 200μl of
1X Assay Diluent with vortexing until the solution was
homogenous. The total cholesterol content was determined
using a fluorometric assay kit (STA-390 Total Cholesterol
Assay Kit, Cell Biolabs Inc., San Diego, CA, USA).

2.6. Determination of the Cav-1 Protein Level. The concentra-
tion of Cav-1 was measured using a Cloud-Clone Corpora-
tion (Katy, TX, USA) Caveoline-1 ELISA Kit (cat. number
SEA214Mu) according to the manufacturer’s instructions.

2.7. High-Resolution Respirometry. Respiration was mea-
sured at 37°C in a high-resolution respirometer (Oroboros,
Oxygraph; Innsbruck, Austria) according to [25]. The
respiration medium consisted of 110mM sucrose, 60mM
K-lactobionate, 0.5mM EGTA, 0.1% BSA essentially fatty
acid free, 3mM MgCl2, 20mM taurine, 10mM KH2PO4,
and 20mM K-HEPES, with pH7.1. The software DatLab
(Oroboros) was used for data analysis.

Mitochondrial respiration protocol: freshly isolated skel-
etal muscle mitochondria (0.1mg of mitochondrial protein)
were used for respiration measurement. In order to avoid
any potential oxygen diffusion limitation, all the experiments
were conducted after hyperoxygenation (450 nmol O2/ml).
State 2 respiration was assessed with 2mMmalate, a complex
I substrate. State 3 respiration was reached with 5mM ADP
and subsequently, 10mM glutamate, another complex I sub-
strate. 10μM cytochrome c was added to control for outer
mitochondrial membrane integrity.

The respiratory capacity rate (RCR) was calculated as a
ratio of state 3 to state 2 respiration, according to [26].

2.8. Measurement of Cytochrome c Oxidase, Citrate Synthase,
Lactate Dehydrogenase, Creatine Kinase, and Catalase
Activities.All enzyme activities were measured spectrophoto-
metrically (Cecil CE9200, Cecil Instruments Limited,
Cambridge, UK) in thigh muscle homogenates. The enzyme
activities (except creatine kinase and catalase) were expressed
as μmol/minute/g of tissue. The cytochrome c oxidase (COX)
activity was measured at 37°C according to [27]. The citrate
synthase (CS) activity was measured at 37°C according to
[28]. The lactate dehydrogenase (LDH) activity was mea-
sured at 30°C according to [29]. The two concentrations of
pyruvate (PYR) were used to determine the maximal activity
of lactate dehydrogenase characteristics for subunit M4
(LDH 2.1) in the presence of 2.1mM PYR and subunit
H4 (LDH 0.3) in the presence of 0.3mM PYR. The

creatine kinase (CK) activity was measured at 37°C using
a RANDOX CK-NAC assay (cat. number CK522, Randox
Laboratories Ltd., Crumlin, County Antrim, UK) accord-
ing to the manufacturer’s instructions. The CK activity
was expressed as U/g of tissue. The catalase (CAT) activity
was measured at 30°C according to [30]. The CAT activity
was expressed as nmol/min/g of tissue.

2.9. Proteomic Analysis. The level of investigated proteins was
estimated with the use of liquid chromatography-MS3 spec-
trometry (LC-MS/MS), and the LC-MS/MS was conducted
by the Thermo Fisher Center for Multiplexed Proteomics
(Dept. of Cell Biology, Harvard Medical School, Cambridge,
MA, USA). The samples were prepared as previously
described [31] with some modifications. Peptide fractions
were analyzed using an LC-MS3 data collection strategy
on an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). To visualize the
similarities and differences between the studied groups,
principal component analysis (PCA) was performed using
the “R” program.

2.10. Manifestation of Oxidative Stress. The thiol groups (SH)
[32] and lipid dienes [33] were measured in the skeletal
muscle homogenates. In addition, lipid dienes were also
assessed in crude mitochondria. The values of the thiol
groups were expressed as mmol/g of tissue, and the lipid
dienes were expressed as an oxidation index 233/215.

2.11. Data Analysis. Statistical analyses were performed using
a software package (Statistica v. 13.0, StatSoft Inc., Tulsa, OK,
USA). The results are expressed as the mean± standard error
(SE). The differences between the means were tested using
two-way ANOVA. If a difference was detected in the
ANOVA model, the significant differences were determined
using Tukey’s post hoc test. To verify the significance of the
small, swim training-associated changes (ALS TER versus
ALS SWIM), an LSD post hoc test or Student’s t-test was
used. For survival assessment, Kaplan–Meier survival curves
and a log-rank test were performed. The results were statisti-
cally significant at p < 0 05.

3. Results

3.1. Beneficial Effects of Swim Training in the ALS Model.
To assess the effects of swim training on the survival of
ALS mice, we subjected the animal group to a regimen
of regular exercise (as described in the Materials and
Methods). The exercise protocol started at the presymp-
tomatic stage (70 days of age) and ended when the mice
were 115 days of age. Median survivals were 126 days of
age in the sedentary mice and 135.5 days of age in the
swimming group of ALS mice (p = 0 019) (Figure S1A).
On the day of euthanasia, the mice in the ALS 0, ALS
TER, and ALS SWIM groups had clinical scores of 0,
4.5± 0.2, and 2.8± 0.7 points, respectively.

Over the course of the disease, all the ALS mice lost
weight as a result of progression of the disease. We therefore
monitored body weight changes in all the groups (sedentary
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and exercise) from the beginning of the training protocol
until death (Figure S1B).

3.2. The Effect of Development of ALS Disease and Swim
Training on Cav-1 Protein Level and Cholesterol Content in
Skeletal Muscle Tissue and Mitochondria. The differences in
lifespan and clinical score at the day of euthanasia between
the groups were accompanied by changes at cellular and
mitochondrial levels due to the swim training. Therefore,
we measured the level of cholesterol content and the level of
Cav-1 protein, which is a marker of contact sites between
the mitochondria and ER. At the terminal stage of the dis-
ease (ALS TER), the cholesterol content of the crude mito-
chondrial fraction doubled versus ALS 0 (p = 0 0001).
Furthermore, swim training decreased the accumulation
of cholesterol in the crude mitochondrial fraction (ALS
TER versus ALS SWIM, p = 0 0001) (Figure 1(a)).

During progression ofALS, accumulationof cholesterol in
the skeletal muscle homogenate was observed (p = 0 0001).
Swim training induced a partial reduction in cholesterol
accumulation (ALS SWIM versus ALS 0 and ALS TER,
p = 0 0002) (Figure 1(b)).

There were no changes in the cholesterol content in
the crude mitochondrial fraction and skeletal muscle
homogenates of the WT animals (Figures 1(a) and 1(b)).

Cholesterol content in the crude mitochondrial fraction
correlated to the Cav-1 protein level (r = −0 65, p = 0 0001;
the Pearson product-moment correlation). At the termi-
nal stage of disease (ALS TER), the Cav-1 level in the
crude mitochondrial fraction decreased dramatically to
approximately 30% of ALS 0 (p = 0 0003) (Figure 1(c)).
In the ALS SWIM group of mice, a 35% higher Cav-1
level than in the ALS TER group was observed (p = 0 0242,
unpaired Student’s t-test; Figure 1(c)). There was an
increase in the Cav-1 level for the crude mitochon-
drial fraction in both the WT TER and WT SWIM groups
(p = 0 0114 and p = 0 0047, resp.) compared to the WT 0
group (Figure 1(c)).

During the progression of ALS, there was no significant
change in the Cav-1 protein level in the skeletal muscle
homogenate (Figure 1(d)). No changes in the Cav-1 level
were observed in theWT 0 andWT TER groups, but a higher
level of Cav-1 protein in the WT SWIM group was detected
versus WT 0 (p = 0 0228) (Figure 1(d)).
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Figure 1: Cholesterol content and the Caveolin-1 protein level in skeletal muscle crude mitochondria and homogenates in the ALS and WT
mice. Cholesterol content was assessed in skeletal muscle crude mitochondrial fraction (a) and homogenates (b). The Caveolin-1 protein level
was measured in skeletal muscle crude mitochondrial fraction (c) and homogenates (d). There were significant differences between the
groups: ∗p < 0 05 versus ALS 0 or WT 0, respectively, #p < 0 05 versus ALS TER, $p < 0 05 versus ALS TER (unpaired Student’s t-test);
ap = 0 0001 and bp = 0 02 between the indicated ALS and corresponding WT groups. The data are presented as the means± SEM (n = 8
in each group).
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3.3. The Effect of the Development of ALS Disease and Swim
Training on Skeletal Muscle Energy Metabolism Systems.
Changes in the Cav-1 level and cholesterol content in the
crude mitochondrial fraction (MAMs/MERCs) may influ-
ence mitochondrial bioenergetics. Because of this possibility,
we checked whether ALS progression and/or swim training
may change activities of mitochondrial enzymes and the
mitochondrial RCR.

The activity of CS was reduced in all the ALS groups
of mice compared with the corresponding WT mice
(Figure 2(a)).

The COX activity increased in the ALS SWIM versus the
ALS TER groups (p = 0 0483) as well as the corresponding
WT group of mice (p = 0 0385). No changes in these enzyme
activities were observed in the WT groups (Figure 2(b)).
There was an almost 65% reduction in the RCR parame-
ter in ALS TER versus ALS 0 (p = 0 0001). Training
improved RCR in ALS SWIM compared to ALS TER mice
(p = 0 0067, LSD post hoc test) (Figure 2(c)). There were no
significant changes in RCR for any WT group of mice
(Figure 2(c)).

The reduction of RCR and CS activity led us to determine
whether ALS progression and/or training might have an
influence on glycolysis and the creatine kinase system of
ATP resynthesis.

The activity of LDH 2.1 was lower in all groups of
ALS mice than in WT mice (p = 0 0001). There was also
a reduction in LDH 2.1 activity in ALS TER (p = 0 0001)
and ALS SWIM (p = 0 0003) versus ALS 0 (Figure 3(a)).
Similar changes were observed in LDH 0.3 (p = 0 0001).
However, there was a small, swim training-associated
increase (29%) in LDH 0.3 activity (ALS SWIM versus ALS
TER) (p = 0 0268, LSD post hoc test) (Figure 3(b)). No
changes in these enzymes activities were observed in the
WT groups of mice (Figures 3(a) and 3(b)). The activity of
CK was lower in all groups of ALS mice than in WT mice.
There was also a decrease in CK activity in the ALS TER
and ALS SWIM versus ALS 0 (p = 0 0001) (Figure 3(c)).

To determine whether the differences in the mitochon-
drial respiratory capacity rate and activity of mitochondrial
enzymes between ALS 0, ALS TER, and ALS SWIM are
related to the level of mitochondrial respiratory chain com-
plexes, we investigated the level of individual subunits from
OXPHOS. In our analysis, we took into consideration
100 identified subunits from the mitochondrial respiratory
chain complexes and the ATP synthase complex. PCA
enabled linear transformation of 100 variables (the levels
of individual OXPHOS subunits) into a two-dimensional
space but simultaneously retained the maximum amount
of information about individual variables that were taken
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Figure 2: Citrate synthase, cytochrome c oxidase activities, and the respiratory capacity rate in skeletal muscle of ALS and WT mice. Citrate
synthase (CS) (a) and cytochrome c oxidase (COX) (b) were measured in skeletal muscle homogenates. The RCR was assessed in skeletal
muscle crude mitochondria (c). There were significant differences between the groups: ∗p < 0 05 versus ALS 0, #p < 0 05 versus ALS TER,
$p < 0 05 versus ALS TER (LSD post hoc test); ap < 0 0002, bp < 0 01, cp < 0 05 between the indicated ALS and corresponding WT groups.
The data are presented as the means± SEM (n = 8 in each group).
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for the analysis. Created with the use of the new PCA
variables PC1 and PC2, describe similarities and differ-
ences between the ALS 0, ALS TER, and ALS SWIM
mouse groups (Figure S2A). Much better results are
shown in graphic visualization (3D graph) of the results
with the use of three newly created PCA variables (PC1,
PC2, and PC3) from the 100 analyzed OXPHOS subunits
(see Figure S2B) where it is clearly visible that the profile
of the OXPHOS subunit level of ALS TER and ALS
SWIM are practically identical and differ from the one
created for the ALS 0 group. This difference means that
swim training has no effect on the level of respiratory
chain subunits in the ALS TER mice when they are
analyzed globally, and this result cannot explain the
improvement in the RCR parameter. Interestingly, we see
differences between the ALS 0 and ALS TER groups that
indicate that during disease development, the level of
respiratory chain complexes is impaired, which can
explain the attenuation of the OXPHOS function that is
visible as RCR reduction. Interestingly, the level of most
identified subunits of complex IV in the ALS SWIM
mice is increased versus the ALS TER mice (Figure 4).

Similarly, we investigated the level of enzymes involved
in the glycolysis process. As seen in Figure S2C, the profile
of the levels of glycolytic enzymes in the ALS SWIM mice
is more similar to that in the ALS 0 individuals.

3.4. The Effect of the Development of ALS Disease and Swim
Training on Oxidative Stress. Dysfunction of mitochondrial
OXPHOS and the reduction of anaerobic energy production
systems might induce oxidative stress. Therefore, we mea-
sured markers of macromolecule damage from free radicals
in skeletal muscle homogenates and crude mitochondria
fractions. At the terminal stage of the disease, we observed
higher SH group oxidation in the ALS sedentary group
of mice (ALS TER) than in the ALS 0 group of mice
(p = 0 0001). A higher level of oxidative stress markers was
also observed in the trained ALS mice (p = 0 0001). There
is also a small, swim training-associated change in SH
group oxidation (ALS TER versus ALS SWIM), (p = 0 007,
LSD post hoc test) (Figure 5(a)). Changes that were similar
(but not significant) were observed in lipid markers
(Figure 5(b)). Swimming training in the WT mice resulted
in a higher level of SH groups in skeletal muscle homogenates
of the WT SWIM versus WT 0 groups (p = 0 0214). No
changes in lipid peroxidation markers were observed in the
WT mice homogenates (Figures 5(a) and 5(b)).

Additionally, we measured markers of lipid peroxidation
in the crude mitochondrial fraction isolated from skeletal
muscle. At the terminal stage of the disease, we observed
higher lipid peroxidation in the crude mitochondrial fraction
in the ALS sedentary group of mice than in the ALS 0 group
(p = 0 0001). There was a reduction in lipid peroxidation in
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Figure 3: Lactate dehydrogenases and creatine kinase activities in skeletal muscle of ALS andWTmice. Lactate dehydrogenases with 2.1mM
pyruvate (LDH 2.1) (a), 0.3mM pyruvate (LDH 0.3) (b), and creatine kinase (CK) (c) were measured in skeletal muscle homogenates. There
were significant differences between the groups: ∗p < 0 05 versus ALS 0, $p < 0 05 versus ALS TER (LSD post hoc test); ap < 0 0002, bp < 0 05
between the indicated ALS and corresponding WT groups. The data are presented as the means± SEM (n = 8 in each group).
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Figure 5: Oxidative stress parameters (thiol groups and lipid dienes) in skeletal muscle homogenates and crude mitochondria, and catalase
activity in skeletal muscle of the ALS and WT mice. Thiol groups were measured in skeletal muscle homogenates (a). Lipid dienes were
assessed in skeletal muscle homogenates (b) and the crude mitochondrial fraction (c). Catalase (CAT) activity was measured in skeletal
muscle homogenates (d). There were significant differences between the groups: ∗p < 0 05 versus ALS 0 or WT 0, respectively, #p < 0 05
versus ALS TER, $p < 0 05 versus ALS TER (LSD post hoc test); ap < 0 0002, bp < 0 01 between the indicated ALS and corresponding WT
groups. The data are presented as the means± SEM (n = 8 in each group).

7Oxidative Medicine and Cellular Longevity



the mitochondria of the ALS SWIM versus ALS TER groups
(p = 0 0163). No changes were observed in the WT groups of
mice (Figure 5(c)).

Moreover, we measured activity of an antioxidant
enzyme CAT. At the terminal stage of the disease, we
observed higher CAT activity in the ALS sedentary group
of mice (ALS TER) than in the ALS 0 group of mice
(p = 0 0002). A higher level of CAT activity was also observed
in the trainedALSmice (p = 0 005). There is also a small, swim
training-associated change in CAT activity (ALS TER versus
ALS SWIM), (p = 0 018, LSD post hoc test). No changes
in CAT activities were observed in theWTmice (Figure 5(d)).

4. Discussion

In the present study, we demonstrated that the beneficial
effects of forced swimming on the lifespan of ALS mice might
be related to changes in skeletal muscle oxidative stress and
bioenergetics. For the first time, we also showed that those
protective changes induced by swim training were accompa-
nied by lowering cholesterol content and raising the Cav-1
protein level in the skeletal muscle crude mitochondrial frac-
tion. Due to the fact that mitochondrial cholesterol and
Cav-1 are markers/components of mitochondrial and ER con-
tact sites, we may also surmise that these changes are related to
MAMs/MERCs modification in ALS mice skeletal muscle.

Our findings imply that the reduction in cholesterol
contents, improvement in bioenergetics, and attenuation
of oxidative stress may be a result of an increase in the
Cav-1 protein level in the crude mitochondria of the skel-
etal muscle in trained ALS mice. As we previously indicated,
these changes might be related to a dynamic physiological
process that may help mitochondria adapt to stress
conditions [15, 22, 34].

4.1. The Effects of Development of ALS Disease and Swim
Training on the Cav-1 Protein Level and Cholesterol
Content in Skeletal Muscle Tissue and Mitochondria. To the
best of our knowledge, there are no data showing changes
in cholesterol content and the Cav-1 protein level in skeletal
muscle crude mitochondria of trained ALS mice and ALS
mice at the terminal stage of the disease. However, Cutler
et al. [58] showed that there is an increase in ceramides and
cholesterol esters in the spinal cord of ALS patients and
transgenic mice. Our data demonstrate reduced Cav-1 pro-
tein level in crude mitochondria and accumulated cholesterol
content in skeletal muscle homogenates and crude mito-
chondrial fraction during the course of disease. Interestingly,
swim training might reduce the accumulation of cholesterol
in skeletal muscle and even maintain the cholesterol content
in crude mitochondria close to the level observed before the
onset of disease symptoms. These changes seem to be related
to the Cav-1 level. The Cav-1 membrane scaffolding protein
is enriched in MAM domains and plays a central role in the
recruitment and regulation of cholesterol and steroid levels
in these membrane regions [35]. The lack of Cav-1 is related
to free cholesterol accumulation in mitochondrial mem-
branes, increased membrane condensation, and reduced effi-
ciency of the respiratory chain and intrinsic antioxidant

defenses [16]. Moreover, changes in the Cav-1 protein and
lipid composition in the mitochondria may result in signifi-
cant reduction in the extension and/or stability of ER-
mitochondria contact sites [35]. Recent reports showed that
mutant SOD1 prevented ER membranes from binding to
mitochondria [8]. According to these findings, we suspect
that the Cav-1 protein may act as a critical regulator of
MAM functionality in the presence of mutant SOD1
[8, 36]. The collapse of MAMs in ALS was previously
observed (for review, see [7]). We assume that the reduction
of contact sites between the ER and mitochondria that
induces mitochondrial dysfunction and progression of ALS
may also be related to changes in mitochondrial Cav-1 and
cholesterol content. Our suppositions are based on the
following assumptions. First, the Cav-1 protein plays a criti-
cal role as a modifier of mitochondrial respiratory chain
function, the antioxidant enzyme defense system, and mito-
chondrial biogenesis under oxidative stress conditions [37].
Second, the increase in the Cav-1 protein that resulted in
lowering the cholesterol content in the crude mitochondrial
fraction seems to play a main role in exercise-induced
mitoprotection via remodeling of MAMs [15, 22].

4.2. The Effects of ALS Disease and Swim Training on Skeletal
Muscle Energy Metabolism Systems

4.2.1. Mitochondrial Energy Metabolism in the Skeletal
Muscle of the ALS Mice. In this study, we showed that CS
activity, which is a marker of mitochondrial content [38],
decreased not only at the terminal stage but also at the pre-
symptomatic stage of the disease. Recently, it was reported
that the activity of oxoglutarate and succinate dehydroge-
nases were reduced in the gastrocnemius muscle of
SOD1G93A mice [39]. Therefore, we may postulate that ALS
is related not only to mitochondrial dysfunction but also to
mitochondrial loss in skeletal muscle, as previously observed
in the ALS spinal cord [40]. We observed a trend of higher CS
activity in the ALS SWIM group of mice. This tendency may
be the result of training-induced inhibition of the reduction
in the number of mitochondria.

Interestingly, the COX activity was similar between the
WT and ALS groups of mice. We also found higher activity
for this enzyme in the ALS SWIM versus ALS TER groups,
which is considered to be a marker of respiratory chain func-
tion improvement induced by training. In ALS patients,
reduced COX activity in spinal cords was observed [40].
However, unchanged COX activity was also noted in the
skeletal muscle [41, 42].

Although there was no change in COX activity between
the ALS 0 and ALS TER groups, our data also demonstrate
that during the course of the disease, lowering of the respira-
tory chain function was observed. Our data agree with previ-
ous observations in ALS skeletal muscles and the nervous
system [43, 44]. Furthermore, reduced RCR at the terminal
stage of disease implies that mitochondria have a low capac-
ity for substrate oxidation and ATP turnover as well as a high
proton leak, which is observed in dysfunctional mitochon-
dria [45]. The improvement of RCR observed in dysfunc-
tional mitochondria from the skeletal muscle of the trained

8 Oxidative Medicine and Cellular Longevity



ALS mice leads us to postulate that swim training may not
only induce mitochondrial protection but also ameliorate
mitochondrial function.

4.2.2. Anaerobic Energy Metabolism in the Skeletal Muscle of
ALS Mice. In this study, we found lower activity of CK and
LDH in the skeletal muscle of the ALS mice than in that of
the WT mice. Furthermore, the progression of the disease
was related to a greater reduction in both LDH and
CK activities.

Our data agree with previously published data showing
lower activity of CK in the skeletal muscle of ALS mice
[46]. Decreased LDH activity was also documented in a
mouse model of motor neuron diseases and in dystrophic
mice [47]. In the skeletal muscle of the SOD1G86R mice, the
activity of phosphofructokinase, the rate-limiting enzyme of
glycolysis, was also reduced [48]. The lower LDH and CK
activity in the skeletal muscle of ALS animals could also
result from skeletal muscle membrane damage and leakage
of these enzymes to the blood. A higher level of LDH
and CK activity was present in the serum of ALS patients
[49, 50]. We also found a trend indicating higher activity
of LDH 0.3, which might be considered an indicator that
confirms sustained oxidative metabolism in ALS muscles
after swim training.

4.3. The Effects of ALS Disease and Swim Training on
Oxidative Stress. Notably, changes in energy production pre-
ceded not only the first symptoms of the disease but also the
onset of skeletal muscle oxidative damage. Our data correlate

with previous reports that suggest that metabolic defects in
energy production pathways could contribute to disease
progression in ALS [39].

It is likely that the lack of changes in oxidative stress
markers before the onset of the disease indicate that lipid
and protein peroxidation in skeletal muscle may be related
to mitochondrial dysfunction and energy deficiency. These
noxious changes in ALS pathology may be initiated via
ROS generation, protein misplacement, or aggregations (for
a review, see [51, 52]).

Our data demonstrate that ALS progression induced
macromolecular damage of skeletal muscle through free
radicals at the cellular and mitochondrial levels. Numerous
studies have found evidence of increased oxidative stress in
ALS pathogenesis. More oxidative damage was also observed
in the skeletal muscle of ALS animal models [3, 53–55]. Some
authors suggested that oxidative stress prevention is a key
element in neuroprotection in ALS and other neuromuscular
disorders [56, 57]. In this study, we also documented that
swim training induced adaptive changes in the skeletal mus-
cles of ALS andWTmice that resulted in decreased oxidative
stress. One of the reasons oxidative stress is induced via mito-
chondrial dysfunction is the Cav-1-related increase in the
cholesterol content in mitochondria [16]. Furthermore, an
accumulation of cholesterol esters in the spinal cord of an
ALS patient mediates oxidative stress-induced death of
motor neurons [58].

Further studies are needed to investigate the mechanisms
responsible for Cav-1-related MAM regulation. However, the
use of isolated mitochondria in some cases, including ALS
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Figure 6: The Cav-1-dependent hypothesis of swim training-induced MAM modification leading to slowing down the development of the
ALS disease. Under physiological conditions: appropriate levels of Cav-1 and cholesterol concentrations are presented in the skeletal
muscle mitochondria. Progression of ALS is related to decreased Cav-1 level and increased cholesterol content in crude mitochondria,
which leads to mitochondrial dysfunction, oxidative stress propagation, and ALS progression. Swim training induces the opposite effects,
for example, increased Cav-1 levels and decreased cholesterol content in mitochondria, which finally have an effect on slowing down the
development of the ALS disease.
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pathomechanism, may cause the lack of cellular context.
Because of these limitations, additional studies with the use
of cellular models of ALS can be useful to provide the direct
evidence for the role of MAM modification in ALS. These
studies could help to understand the swim-induced slowing
down the development of the ALS disease, what would be
of practical benefit.

5. Conclusions

In conclusion, progression of ALS is accompanied by a
reduction in the Cav-1 protein level, accumulation of choles-
terol in crude mitochondria, and decrease in energy metabo-
lism in skeletal muscle. These changes are associated with
mitochondrial dysfunction and propagation of oxidative
stress. Our data confirm that swim training prolongs the life-
span of ALS mice. Based on our results and the results of
other researchers, we can assume that this phenomenon is
related to changes in skeletal muscle. Swim training not only
improved energy metabolism in skeletal muscle but also,
via a Cav-1-related mechanism, maintained mitochondrial
function, which resulted in better bioenergetics and lower
oxidative stress (Figure 6).
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Supplementary Materials

Supplementary 1. Figure S1: the effects of swim training on
lifespan and body weight in the ALS mice. Swim training
extends survival (A) in ALS mice, as shown by Kaplan–Meier
curves. The mean time to death was delayed by almost 3
weeks (p< 0.05) for the swimming ALS mice versus the
sedentary ALS mice. Swimming insignificantly delays the
reduction of body weight (B). The data are presented as
the means± SEM (n = 6 for each group).

Supplementary 2. Figure S2: principal component analysis
showing differences in the OXPHOS proteome and glycolysis
proteome in the skeletal muscle of the ALS 0, ALS TER, and
ALS SWIM mice. (A) 2D graph of variables PC1 and PC2
created with the use of PCA based on the level of 100 identi-
fied subunits of mitochondrial respiratory chains measured
in ALS mice. (B) 3D graph of variables PC1, PC2, and PC3
created with the use of PCA based on the level of 100
identified subunits of the mitochondrial respiratory chain
measured in ALS mice. (C) 2D graph of the variables
PC1 and PC2 created with the use of PCA based on the

level of 20 identified proteins involved in glycolysis that
were measured in ALS mice. The data are presented as
the means (squares) and individual results (dots) (n=3
in each group).
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Calsequestrin-1 knockout (CASQ1-null) mice suffer lethal episodes when exposed to strenuous exercise and environmental heat,
crises known as exertional/environmental heatstroke (EHS). We previously demonstrated that administration of exogenous
antioxidants (N-acetylcysteine and trolox) reduces CASQ1-null mortality during exposure to heat. As aerobic training is known to
boost endogenous antioxidant protection, we subjected CASQ1-null mice to treadmill running for 2 months at 60% of their
maximal speed for 1 h, 5 times/week. When exposed to heat stress protocol (41°C/1h), the mortality rate of CASQ1-null mice was
significantly reduced compared to untrained animals (86% versus 16%). Protection from heatstrokes was accompanied by a
reduced increase in core temperature during the stress protocol and by an increased threshold of response to caffeine of isolated
extensor digitorum longus muscles during in vitro contracture test. At cellular and molecular levels, aerobic training (i) improved
mitochondrial function while reducing their damage and (ii) lowered calpain activity and lipid peroxidation in membranes isolated
from sarcoplasmic reticulum and mitochondria. Based on this evidence, we hypothesize that the protective effect of aerobic training
is essentially mediated by a reduction in oxidative stress during exposure of CASQ1-null mice to adverse environmental conditions.

1. Introduction

Hyperthermia is an abnormal rise in body temperature above
the hypothalamic set point caused by excessive accumulation
of external (environmental) or internal (metabolic) heat.
When the core body temperature rises above 40°C, hyper-
thermia may result in heatstroke, a life-threatening episode
characterized by dysfunction of central nervous system and
peripheral organs [1].

Malignant hyperthermia (MH), identified and described
for the first time in 1960 [2], is an inherited pharmacogenetic
disorder that manifests as a life-threatening hypermetabolic
response to the administration of volatile anesthetics such
as halothane or isofluorane [2, 3]. The main clinical features

of MH crises include uncontrolled muscle contracture, rup-
ture of muscle fibers (i.e., rhabdomyolysis), increased circu-
lating levels of creatine kinase (CK) and K+, and increased
oxygen consumption [3]. Interestingly, hyperthermic crises
known as exertional/environmental heatstroke (EHS), but
virtually identical to anesthetic-induced MH episodes, have
also been reported in humans exposed to elevated environ-
mental temperatures or strenuous exercise performed in
challenging conditions [1, 4–6].

Most of families (70–80%) affected by MH susceptibility
present mutations in the RYR1 gene [7], which encodes for
a 2200 kDa protein forming the sarcoplasmic reticulum
(SR) Ca2+-release channel of skeletal muscle, the ryanodine
receptor type-1 (RyR1) [8, 9]. An association between RYR1
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variants and exertional- or heat-induced rhabdomyolysis and
sudden death has been reported [10–13]. The correlation
between MH and EHS is also supported by evidence col-
lected in animal models: (a) in porcine stress syndrome
(PSS), swine carrying a point mutation in RYR1 trigger
MH episodes in response to halothane administration
but also following exposure to either heat or emotional/
physical stress [14, 15]; (b) knock-in mice carrying gain-
of-function point mutations in RYR1 linked to MH in
humans exhibit heat- and anesthetic-induced MH episodes
[16, 17]. In addition, we discovered that male mice lacking
calsequestrin-1 (CASQ1-null), the main Ca2+-binding pro-
tein located in the lumen of SR terminal cisternae that
modulates RyR1 opening probability [18–20], exhibit lethal
hyperthermic episodes when exposed to anesthetics, heat,
and strenuous exercise [18, 21–23].

The molecular mechanisms underlying rhabdomyolysis
of skeletal muscle fibers during MH/EHS crises appear to
be complex cascade of events revolving around an increased
leak of Ca2+ from the mutated RyR1 [24–28] and an excessive
production of reactive oxygen/nitrogen species (ROS/RNS)
[24]. Michelucci et al. [23] demonstrated that administration
of antioxidants (N-acetylcysteine and trolox) protects
CASQ1-null mice from anesthetic- and heat-induced lethal
crises by reducing mitochondrial production of superoxide
anion and global oxidative stress.

Oxidative stress levels in a cell are the net result of pro-
duction and removal of oxidative species since the early
80s, it has been demonstrated that aerobic training promotes
mitochondrial biogenesis in skeletal muscle while boosting
endogenous antioxidant levels [29]. It seems that, although
free radical production increases during exercise [30], their
rise may act as a signal leading to both upregulation and
increased activity of antioxidant enzymes [31–33].

In the present study, we hypothesized that aerobic
training, by boosting antioxidant defenses [31–33], could
reduce mortality of CASQ1-null mice during hyperthermic
crisis. The results collected in this study indicate that
training effectively protects CASQ1-null mice from EHS,
an effect essentially mediated by a significant reduction
in oxidative stress.

2. Materials and Methods

2.1. CASQ1-Null Male Mice. CASQ1-null mice were gener-
ated as previously described [27]. All animals used in this
study were males, as this gender is more susceptible to MH/
EHS-like crises when exposed to halothane and heat [22].
Mice were housed in microisolator cages at 20°C in a 12 h
light/dark cycle, provided free access to water and food.
Age-matched C57BL/6 (WT) mice were used as controls.
All experiments were conducted according to the Directive
of the European Union 2010/63/UE and were approved by
the Italian Ministry of Health (1199/2015-PR).

2.2. In Vivo Experiments

2.2.1. Incremental Test. This protocol consisted of a single
session of exercise on a treadmill with no incline, according

to the protocol described by Cunha et al. [34] and Gladden
and Hogan [35], performed at room temperature of 20
± 2°C. A mild electrical stimulus (0.5mA) was applied to
mice that stepped off the treadmill to keep them exercising.
The test started with a warm-up of 10min at a speed of
6m/min. The speed of the treadmill was then increased by
3m/min (from 6 to 39m/min) every 3min until exhaustion,
defined as the time when the mice were no longer able to
maintain regular gait. Workloads corresponding to 85 and
60% of peak workload were determined for each mouse.

2.2.2. Constant Load Test and Lactate Measurements. This
protocol consisted of a warm-up period of 10min at 6m/
min followed by a 28min constant load running on a tread-
mill with no incline (at 85% of maximal speed reached in
the incremental test) [33], performed at room temperature
of 20± 2°C. Blood samples (~50μL) were collected from the
tail vein while mice were kept running, every 7min. Blood
was then transferred to 1.5mL microtubes, centrifuged at
3000×g for 15min at 4°C for plasma separation, and stored
in 200μL microtubes at −20°C. The lactate concentration in
the blood was analyzed in plasma using a colorimetric enzy-
matic assay kit (Lactate Assay Kit II; Sigma-Aldrich®, St.
Louis, MO, USA), following the manufacturer’s instructions.
The lactate concentration in the colorimetric reaction was
measured spectrophotometrically at 450nm (Spectra MAX
190; Molecular Devices, Sunnyvale, CA, USA) and expressed
as mmol of lactate/L.

2.2.3. Grip Strength Test. The strength developed by mice
during instinctive grasp was measured as previously
described [23, 36, 37]. Briefly, mice were held by the tail
and allowed to grasp a metal grating connected to a Shimpo
Fgy 0.5X transducer (Metrotec Group, Spain). Once the
mouse had firmly grasped the grating, a steady and gentle
pull was exerted on the tail. Measurements of the peak force
generated by each mouse using forelimbs were repeated three
times with appropriate intervals (about 30 s) to avoid fatigue.
Average peak force values were then normalized to the total
body mass.

2.2.4. Aerobic Training Protocol. WT (n = 7) and CASQ1-
null (n = 21) mice were enrolled in the study at 2 months of
age after weight and grip strength were measured. Each
mouse was then (a) accustomed for 5 days to treadmill run-
ning (Columbus Instruments, Columbus, OH, USA), (b)
subjected to the incremental test (see above), and (c) ran-
domly assigned to the CASQ1-null training (n = 7) or to
the control groups (n = 14). The training group of CASQ1-
null mice was subjected to aerobic training [33, 34] on the
treadmill at 60% of their individual maximal speed reached
during the incremental test. After 4 weeks, trained CASQ1-
null mice performed a new incremental test to readjust the
training load and guarantee the 60% of workload in the fol-
lowing 4 weeks. At the end of 8 weeks of training, body
weight and grip strength were reassessed for all mice (WT
and CASQ1-null control and trained), which were also
reevaluated with the incremental test. After 2 days of rest,
all animals additionally performed a constant load test (see
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above) with blood collection, to measure the lactate accumu-
lation/removal ratio. A detailed overview of experimental
protocol is shown in Figure 1.

2.2.5. Heat Stress Protocol and Core Temperature Recording.
Three days after the constant load test (see above), all mice
were subjected to a heat stress protocol. Animals were placed
in an environmental chamber in which temperature was
maintained at 41°C, 1 h [21]. During exposure to heat, core
body temperature was measured using a rectal thermometer
taped to the tail of the animals and recorded every 5min
throughout the duration of heat challenge. Breathing and
spasmodic contractions were visually monitored, while mus-
cle rigidity was manually confirmed by limb resistance imme-
diately after animal death. Surviving animals were returned to
normal housing conditions and monitored for 24 h to assess
possible delayed deaths. After 3 days, the mice that survived
from the heat stress protocol were sacrificed, andmuscle sam-
ples collected and processed for further analysis.

2.3. Ex Vivo and In Vitro Experiments

2.3.1. In Vitro Contracture Test (IVCT) in (EDL) Muscles.
Intact EDL muscles were dissected from hind limbs of mice,
placed in a dish containing Krebs-Henseleit solution, and
pinned and tied with fine silk sutures at each end. Muscles
were then mounted vertically between two platinum elec-
trodes immersed in an organ chamber filled with Krebs-
Henseleit solution and attached to a servomotor and force
transducer (model 1200A; Aurora Scientific, Aurora, ON,
Canada). Before starting the experimental protocol, stimula-
tion level and optimal muscle length (L0) were determined
using a series of 80Hz train stimulus in order to adjust the
muscle to the length that generated maximal force (F0). Dur-
ing the experiments, temperature was kept constant at 25°C.
To determine caffeine sensitivity of resting tension, EDL
muscles were subjected to an in vitro contracture test (IVCT)
as previously described [23]. Briefly, isolated EDL muscles
were continuously stimulated at 0.2Hz at 23–25°C, caffeine
concentration in the bath was changed every 3 minutes (no
wash between applications) as follows: 2, 4, 6, 8, 10, 14, 18,
and 22mM. Muscle basal tension was measured at the
end of each step of caffeine application and reported both
as specific and relative force. Specific force was calculated
by normalizing the absolute force to the cross-sectional
area of the muscle.

2.3.2. Preparation of Total Homogenates and Isolation of
Mitochondria and SR Membranes. Total homogenates were
prepared by placing muscles tibialis anterior (TA) and gas-
trocnemius on ice in an Ultra-Turrax homogenizer (2× 30 s
at 14,500 rpm) containing 50mg/mL of tissue in 10mM
KH2PO4/K2HPO4 buffer and 120mM KCl at pH7.4 [38].
Total homogenate preparations were used for assessment of
total diene conjugates production, protein carbonylation,
and calpain activity assays (see below).

Mitochondria and SR membranes were isolated from
gastrocnemius to assay-specific organelle lipid peroxidation.
Samples were placed in an Ultra-Turrax homogenizer
(2× 30 s at 14,500 rpm) in 5 vol of 30mM KH2PO4, 5mM
EDTA, 3.0M sucrose, 0.5mM dithiothreitol, 0.3mM phenyl-
sulfonyl fluoride, and 1% (v/v), 1μM leupeptin, 1μMpepsta-
tin (pH6.8). All steps for isolation were performed at 4°C.
Mitochondrial fraction was prepared from the total homoge-
nates by differential centrifugation as previously described
[39]. The supernatant from a first homogenate centrifugation
(1000×g for 10min) was centrifuged at 14,000×g for 35min.
The pellet was then suspended in 30mM imidazole, 60mM
KCl, and 2mM MgCl2 (pH7.0) and stored at −80°C until
use. This resuspension was then used to assay cytochrome c
oxidase activity and lipid peroxidation in mitochondrial
membranes. Microsomes vesicles were prepared by isoelec-
tric precipitation from the supernatant of mitochondrial iso-
lation as previously described [40, 41]. Sodium acetate
(1mM) was added to the samples until the pH was 4.0 and
then centrifuged at 10,000×g for 10min. The supernatants
were discharged, and pellets were resuspended in the same
volume that was initially used, of KCl 1.15% glycerol
(4 : 1 v/v). The pellets were mechanically broken using a vor-
tex and then centrifuged again in 10,000×g for 10min. The
final pellet was resuspended in 100mMKH2PO4 and glycerol
(4 : 1 v/v), mixed using a vortex, and stored in microtubes at
−80°C. For Ca2+-dependent ATPase activity, the pellets were
resuspended in 3% polyethylene glycol, 5mM azide, 80mM
KCl, and 0.1mM ouabain (pH7.5). Total proteins were
quantified by the method of Bradford [42], using bovine
serum as a standard.

2.3.3. Determination of Ca2+ ATPase Activity. Activity of
sarco/endoplasmic Ca2+ ATPase (SERCA), the main SR
Ca2+ pump of skeletal muscle, was estimated in SR iso-
lated membranes from gastrocnemius by using a colori-
metric assay that quantifies the amount of inorganic
phosphate (Pi) that complexes with ammonium molybdate

Age:
2 m.o.

5 days 3 days

Incremental
test

Incremental
test

Constant
load test

Heat
stress test

Survivors:
sacrifice

Incremental
retest

Training
started

4 weeks 4 weeks 3 days 3 days 3 days

Adaptation
to treadmill
6 m/min/10′

Rest
Training

2 months−5×/week
60% max speed in the incremental test

Rest Rest Rest

Figure 1: Schematic view of the experimental protocol. Twomonths old CASQ1-null male mice were randomly selected to perform 2months
of aerobic training. Control WT and untrained (control) CASQ1-null mice were always subjected to identical procedures, without the aerobic
training. m.o.: months old.
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and malachite green following release from SERCA-
mediated ATP hydrolysis [43, 44]. Briefly, the reagent to
quantify Pi was prepared by mixing 1 vol of 10% (w/v)
ammonium molybdate in 4M HCl with 3 vol 0.2% (w/v)
malachite green in 4M HCl. The reaction medium, com-
posed by 2mM EDTA, 10mM CaCl2, 2mM MgCl2, and
2mM ATP, was mixed to malachite green/ammonium
molybdate dye reagent, and then the reaction was started
with the addition of 300μg protein/mL of membranes resus-
pension. When Pi was complexed with ammonium molyb-
date and malachite green in 4M HCl, it creates a green
color which was quantified by reading the absorbance spec-
trophotometrically at 660 nm and compared to a standard
curve of known Pi concentrations (0–15 nmols of PO4

−2 from
NaPO4). The color formation was monitored for 5min, the Pi
concentration at every minute was calculated using a stan-
dard curve, and the differences are considered the activity
of Ca2+ ATPase pump [44]. All the reactions were repeated
in the presence of thapsigargin (100 nM), an inhibitor of
the SERCA family of Ca2+ pumps [45], to differentiate
SERCA activity from any other ATP-dependent activity that
could interfere with the measurement.

2.3.4. Determination of Calpain Activity. The activity of cal-
pain [46, 47] was measured in total homogenates from gas-
trocnemius muscle, by a chemiluminescence assay using a
calpain protease assay kit (Calpain-Glo Protease Assay®;
Promega, Madison, WI, USA). The assay provides a prolumi-
nescent calpain substrate, in a buffer system optimized for
calpain and luciferase activities. During the assay, calpain
cleavage of the substrate generates a glow-type luminescent
signal produced by the luciferase reaction. In this homoge-
neous, coupled-enzyme format, the signal is proportional to
the amount of calpain activity present in the sample [48].
Muscle homogenates were prepared as described above,
diluted to a concentration of 6.25mg/mL in 10mM KH2PO4
buffer, pH7.4 in 0.9% NaCl, and finally processed according
to the manufacturer’s instructions. Results were expressed as
calpain activity/mg of muscle tissue.

2.3.5. Preparation of Samples for Electron Microscopy (EM).
EDL muscles were dissected from sacrificed animals,
pinned on a Sylgard dish, fixed at room temperature with
3.5% glutaraldehyde in 0.1M sodium cacodylate (NaCaCo)
buffer (pH7.2), and then stored in the fixative at 4°C.
Small bundles of fixed tissue were then postfixed, embed-
ded, stained en bloc, and sectioned for EM as described
previously [49]. Ultrathin sections (~50 nm) were then
cut in a Leica Ultracut R microtome (Leica Microsystem,
Austria) using a Diatome diamond knife (Diatome Ltd.
CH-2501 Biel, Switzerland). Sections were examined at
60 kV (after double staining with uranyl acetate and lead
citrate) with a FP 505 Morgagni Series 268D electron
microscope (FEI Company, Brno, Czech Republic),
equipped with a Megaview III digital camera (Munster,
Germany) and Soft Imaging System (Munster, Germany).

2.3.6. Quantitative EM Analysis of Mitochondrial Volume
and Damage. (A) Mitochondrial volume was determined

using the well-established stereology point-counting tech-
nique [50, 51] in EM micrographs collected from transverse
sections of samples at 8900× magnification. Briefly, after
superimposing an orthogonal array of dots at a spacing of
0.20μm to the electron micrographs, the ratio between num-
bers of dots falling within mitochondrial profiles and total
number of dots covering the whole image was used to calcu-
late the relative fiber volume occupied by mitochondria. (B)
In the same set of micrographs, the number of severely dam-
aged mitochondria was evaluated and reported as percentage
of the total number. Mitochondria with one of the following
ultrastructural alterations were classified as severely dam-
aged: (a) presenting disruption of the external membrane,
(b) presence of internal vacuolization and/or disrupted inter-
nal cristae, and (c) containing myelin figures.

2.3.7. Cytochrome c Oxidase Activity. Cytochrome c oxidase
activity was measured in isolated mitochondria from gastroc-
nemius muscles, by a colorimetric assay kit (Cytochrome c
Oxidase Assay Kit; Sigma-Aldrich, St. Louis, MO, USA)
based on the observation of the decrease in absorbance at
550 nm of ferrocytochrome c caused by its oxidation to ferri-
cytochrome c by cytochrome c oxidase [52]. All samples used
in the assay had the same amount of protein (300μg protein/
mL), and the results were expressed as cytochrome c oxidase
activity (U/mL× 10−3).

2.3.8. Oxidative Stress Measurements. Protein carbonyl group
formation is a classic and immediate biomarker of oxidative
modification to proteins [53, 54]. Here, carbonyl protein
content was measured with a modified version of a protocol
previously described [53]. Briefly, TA (50mg/mL) was
homogenized in 50mM of phosphate buffer, 1mM ethylene-
diaminetetraacetic acid, pH7.4. Samples were then centri-
fuged at 600×g for 10min at 4°C. A volume of 200μL of
2,4-dinitrophenylhydrazine (DNPH) was added to 200μL
of supernatant and incubated at room temperature. After
30min of incubation, 100% trichloroacetic acid (TCA) was
added and samples were placed on ice for 5min and then
spinned at maximal speed for 2min. Supernatants were dis-
carded, while pellets were washed in cold acetone and placed
at −20°C for 5min. Then, acetone was carefully removed, and
pellets were resuspended in 0.5mL 6M guanidine hydrochlo-
ride to be spectrophotometrically read at 375nm. To calcu-
late the protein carbonyl content, the following formula was
used: C= [(OD 375nm)/6.364× 100] nmol/well, where
6.364 is the extinction coefficient using the enclosed 96-well
plates in mM (=22mM−1 cm−1× 0.2893 cm path length in
well). Results were expressed as nmol carbonyl/mg of total
protein, which were quantified in each sample at 280nm.

Oxidation of fatty acids forms conjugated dienes that
absorb UV light at 230 to 235nm. Measurement of dienes
is a useful index of peroxidation in pure lipids or isolated
lipoproteins and has the advantage that it measures early
stages in peroxidation [55]. Muscle homogenate and SR ves-
icles were dispensed in concentration of 20μg/mL protein in
solution with 10mM phosphate buffer containing 1% Lubrol
[56]. The absorption spectrumwas then recorded. The rate of
conjugated diene formation was estimated according to the
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lipid oxidation index, A233nm/A215nm, which provides a sensi-
tive method for determination of lipid peroxidation [57].

2.4. Statistical Analysis. The statistical analysis is reported in
the legend of each figure. Mean± SD was used when variabil-
ity representative values are needed (higher number of sam-
ples/animals), while mean± SEM was used to represent
precision of a measurement (lower number of samples/
animals).

3. Results

3.1. Aerobic Training Increased Functional Output and
Aerobic Capacity of CASQ1-Null Mice. Before the 2 months
training protocol, and two days after the last training session,
body weight and grip strength were evaluated in each mouse
(Table 1). Body weight between WT and CASQ1-null mice,
although slightly lower in the latter at both 2 and 4 months
of age, was not significantly different. Significant differences
were observed for the functional output, as the grip strength
test revealed that untrained CASQ1-null mice were about
60% weaker than age-matched WT at both 2 and 4 months
of age. On the other hand, the maximum speed reached dur-
ing the incremental test was surprisingly higher in CASQ1-
null mice: this last result is likely due to the increased number
and volume of mitochondria in CASQ1-null muscles (see
below; see also [27]). Two months of aerobic training (2 to
4 months of age; see Figure 1), while did not change the aver-
age body weight of CASQ1-null mice, significantly improved
both functional parameters: (a) the grip strength output nor-
malized by weight increased from 3.0± 0.8 g/g of body weight
in untrained CASQ1-null to 4.8± 1.1 g/g of body weight in
trained CASQ1-null and (b) the maximum speed reached
during the incremental test was slightly higher in trained
than in untrained CASQ1-null mice, respectively, 32.5± 3.9
versus 28.1± 2.7m/min.

As lactate accumulation/removal ratio is considered a
good marker of aerobic capacity [58, 59], we subjected all
mice at 4 months of age to a 28-minute constant load test
(at 85% of the maximal speed reached during the incremental
test) and measured the lactate accumulation in the blood-
stream every 7 minutes (Figure 2(a)). WT mice displayed a
typical lactate accumulation curve, increasing from baseline
(0.09± 0.30mmol/L) to a peak at the 14th minute of 2.87

± 0.90mmol/L, followed by a plateau. On the other hand,
the lactate levels in the bloodstream in untrained CASQ1-
null mice (1.11± 0.46 at baseline) reached a peak of 3.38
± 1.10mmol/L at the 14th minute, but then declined in the
second part of the experiment. This decay was even greater
in trained CASQ1-null mice, with a peak of 2.10
± 0.73mmol/L at 7th minute followed by a constant decline.
Indeed, the blood lactate concentration at the end of the con-
stant load test (28th minute; dashed line in Figure 2(a))
exhibited a reduction compared to WT mice of, respectively,
~39% and ~70% in untrained and trained CASQ1-null
animals (Figure 2(b)).

3.2. Aerobic Training Decreased Mitochondrial Damage and
Improved Mitochondrial Function in CASQ1-Null Mice. In
EDL fibers of WT mice, mitochondria are usually positioned
at the I band in proximity of Z lines (Figures 3(a)–3(c) black
arrows; see [60]). Healthy mitochondria usually exhibit an
electron dense dark matrix (inset in Figure 3(a)), while when
damaged, they would appear swollen and with a clear matrix
[61]. A first qualitative assessment suggested that damaged
mitochondria were more numerous in untrained CASQ1-
null than in WT mice (Figure 3(b), empty arrows), but again
rare in trained CASQ1-null mice (Figure 3(c)). The visual
observations were supported by the quantitative analysis: (i)
the relative volume occupied by mitochondria and (ii) the
percentage of mitochondria presenting structural alterations
were significantly higher in untrained CASQ1-null (6.6
± 0.6% and 21.6± 3.8%) than in WT mice (3.9± 0.4% and
5.8± 1.4%) (Figures 3(d) and 3(e)). On the other hand, in
trained CASQ1-null mice, while the relative volume occupied
by mitochondria did not change significantly compared to
untrained CASQ1-null mice (6.2± 0.6% versus 6.6± 0.6%),
the percentage of damaged mitochondria was significantly
reduced to a value close to that observed in WT muscles
(8.6± 1.4% versus 5.8± 1.4%; see above) (Figures 3(d) and
3(e)). The structural improvement of mitochondrial struc-
ture would also suggest improved functional properties of
mitochondria. Indeed, when we measured cytochrome c oxi-
dase activity, we found that it was decreased in untrained
CASQ1-null mice (0.05± 0.006U/mL) compared to WT
(0.076± 0.01U/mL), but rescued to values closer to those of
WT following training (0.067± 0.006U/mL; Figure 3(f)).
The data collected in the analysis of mitochondria could have

Table 1: Body weight and functional output of mice before and after training.

Pretraining
(2 months of age)

Posttraining
(4 months of age)

WT
(n = 7)

CASQ1-null
(n = 21)

Untrained Trained
WT

(n = 7)
CASQ1-null
(n = 14)

CASQ1-null
(n = 7)

Body weight (g) 24.6± 2.9 23.6± 2.5 29.9± 2.8 27.0± 2.9 25.7± 3.0
Grip strength normalized (peak force g/g weight) 9.7± 1.5 3.9± 1.6∗ 7.9± 1.7 3.0± 0.8† 4.8± 1.1#

Max. speed in the incremental test (m/min) 24.8± 3.1 27.8± 3.0∗ 24.0± 2.1 28.1± 2.7† 32.5± 3.9#

Data are shown as mean ± SD. ∗p < 0 05 compared to age-matched WT, as evaluated by two-tailed unpaired Student’s t-test for the 95% confidence intervals;
†p < 0 05 when compared to WT at 4 months, and #p < 0 05 compared to untrained CASQ1-null, as evaluated by one-way ANOVA followed by Tukey’s post
hoc test. All groups were tested for normal distribution by Kolmogorov-Smirnov test and outlier detection by Grubb’s test.
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implications for (i) the improved functional output (Table 1)
and (ii) the higher capability of trained CASQ1-null mice to
remove lactate (Figure 2).

3.3. Aerobic Training Protects Male CASQ1-Null Mice from
Heat-Induced Sudden Death by Reducing Hyperthermia.
Three days after the constant load test, all mice were
subjected to a heat challenge in an environmental chamber
(41°C for 1h). Consistent with previous publications [21,
23], mortality rate during the heat stress protocol was signifi-
cantly higher in CASQ1-null than in WT mice: 86% versus
18%, respectively (Figures 4(a) and 4(b)). Though, the mortal-
ity rate of CASQ1-null mice was reduced to only 16% after two
months of aerobic training (Figures 4(a) and 4(b)). As a typical
MH crisis is characterized by an abnormal rise in body tem-
perature, namely, hyperthermia [1], we also monitored the
core temperature throughout the entire duration of the heat
challenge. Whereas core temperature raised in all animals
(including WT) during the experiment, this increase was sig-
nificantly greater in untrained CASQ1-null mice than in the
other two groups of animals tested (Figure 4(c)). Specifically,
the temperature calculated at 45th minute of the protocol, that
is the average time-to-onset of hyperthermic crises in CASQ1-
null mice [18, 23], was (i) on average 1.85°C higher in
untrained CASQ1-null than in WT mice (Figure 4(d)) and
(ii) on average 1.79°C lower in trained CASQ1-null than in
untrained CASQ1-null mice, close to the temperature
observed in WT animals (Figure 4(d)).

3.4. Aerobic Training Normalizes IVCT in CASQ1-Null EDL
Muscles. Intact EDL muscles were dissected from all mice
and subjected to IVCT, the gold standard for the diagnosis
of MH susceptibility in humans [62, 63]. Basal force of EDL

muscles was measured during exposure to increasing con-
centrations of caffeine, a potent agonist of RyR1 that triggers
release of Ca2+ from the SR. Force is displayed in Figures 5(a)
and 5(b) as absolute and relative basal tension, respectively.
While no differences in the specific basal tension were
recorded among the three groups of animals in the absence
of caffeine (7.9± 0.4mN/mm2, 7.8± 0.2mN/mm2, and 8.0
± 0.4mN/mm2 for WT untrained and trained CASQ1-null
mice, resp.), when exposed to the IVCT protocol, EDL
muscles from untrained CASQ1-null mice exhibited a
greater caffeine sensitivity compared to those observed from
WT (Figure 5). Specifically, EDL muscles from untrained
CASQ1-null mice started to develop tension already at
10mM and reached a final tension value of 12.5± 0.4mN/
mm2 at 22mM of caffeine. Two months of aerobic training
normalized the responsiveness to caffeine of CASQ1-null
EDL muscles to values similar to that observed in WT: at
22mM of caffeine, the specific basal tension reached by
EDL muscles from WT and trained CASQ1-null mice was
9.7± 0.3mN/mm2 and 10.4± 0.3mN/mm2, respectively
(Figure 5(a)). In Figure 5(b), force is displayed as relative
basal tension normalized to control conditions (no caffeine)
during the exposure to increasing concentrations of caffeine.

3.5. Calpain Activity Was Reduced in Muscles of Trained
CASQ1-Null Mice. Cytosolic Ca2+ levels have been shown
to be slightly elevated in CASQ1-null fibers [18, 21, 23]
and may lead to an increased need of Ca2+ removal from
the cytosol [37, 64]. For this reason, we measured SERCA
activity in microsomal membranes of gastrocnemius mus-
cles, estimated as production of Pi in the presence of ATP
(Figure 6(a)). Our results showed that the rate of Pi gener-
ated in untrained CASQ1-null samples was significantly
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Figure 2: Accumulation of lactate in the bloodstream during constant load test. (a) Lactate accumulation in the blood during a 28-minute
constant load test (at 85% of maximal speed reached during the incremental test). The vertical dashed line represents the time point in
which final blood lactate concentration (plotted in panel (b)) was evaluated. #p < 0 05, as evaluated by two-way ANOVA (differences
among paired curves); ∗p < 0 05, CASQ1-null versus WT, and ∗∗p < 0 05, CASQ1-null versus CASQ1-null trained, as evaluated by
Bonferroni’s post hoc test (indicating differences among the same time point). (b) Average blood lactate concentration at the end of
incremental test (28th minute; dashed line in panel (a)). Data are given as mean± SD; ∗p < 0 05, as evaluated by one-way ANOVA
followed by Tukey’s post hoc test. n=number of mice.
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higher (32%) compared to that generated in WT. To demon-
strate that this Pi generation was specifically dependent on
the activity of SERCA, the same microsomes were treated with
thapsigargin (TG, 100nM), a noncompetitive inhibitor of
SERCA [45]: after TG treatment, all samples exhibited a signif-
icant decay to ~1.0nmol Pi∙mg protein−1∙min−1, supporting
the view of a different rate of SERCA activity in WT versus
CASQ1-null fibers (Figure 6(a)). Though, SERCA activity
was not reduced by aerobic training in CASQ1-null muscle.
However, as increased levels of cytosolic Ca2+ may also result
in an enhanced activation of proteolysis pathways [46], we also
measured the total calpain activity, one of the most important
nonlysosomal classes of proteases in skeletal muscle fibers,
which is activated by chronic high Ca2+ levels [46, 65]. In this
case, calpain activity, measured in total homogenates of gas-
trocnemius muscles, that was 2.7-fold higher in untrained
CASQ1-null than WT specimens, was significantly lowered
in trained CASQ1-null samples (Figure 6(b)).

3.6. Oxidative Stress Was Reduced by Aerobic Training in
Muscles of CASQ1-Null Mice. Oxidative stress has been

shown to be elevated in CASQ1-null muscles [23]. To
determine if aerobic exercise improved the capabilities of
skeletal muscle to reduce oxidative damage, we evaluated
(i) levels of carbonyl proteins (carbonyl protein content
is an important biomarker of oxidative modification of
proteins [53, 54]) and (ii) diene conjugates in total
homogenates of TA muscle and in SR-and-mitochondria
membranes of gastrocnemius muscles (diene conjugates
are a by-product of lipid peroxidation chain, which is an
indicator of structural oxidative modification to mem-
branes [55]). The results obtained from these experiments
revealed that (a) total carbonyl protein content was abnor-
mally elevated in total muscle homogenates of untrained
CASQ1-null compared to that of WT mice, while lowered
of about 39% in muscles of trained CASQ1-null mice
(Figure 7(a)); (b) levels of diene conjugates were signifi-
cantly increased either in total homogenates or in isolated
mitochondria and SR membranes obtained from untrained
CASQ1-null compared to WT muscles but reduced of
about 40% in all three preparations obtained from trained
CASQ1-null muscles (Figures 7(b)–7(d)).
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Figure 3: Structural and quantitative analysis of mitochondria. (a–c) Representative electron micrographs (longitudinal sections) of EDL
fibers where small black arrows point to healthy mitochondria (see enlargements in (a) and (c)), while empty arrows point to damaged
mitochondria (see enlargement in (b)). Scale bars in (a–c), 1μm; insets, 0.1μm. (d) Quantitative analysis of the relative fiber volume
occupied by mitochondria. (e) Quantitative analysis of damaged mitochondria calculated as percentage of total. (f) Cytochrome c oxidase
activity assayed in TA muscles. Data in (d) and (e) are shown as mean± SEM; ∗p < 0 05, as evaluated by two-tailed unpaired Student’s t-
test for the 95% confidence intervals. Data in (f) are shown as mean± SD; ∗p < 0 05, as evaluated by one-way ANOVA followed by
Tukey’s post hoc test. n=number of fibers analyzed (in panels (d) and (e)) and number of mice (in panel (f)).
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4. Discussion

In the last ten years, compelling evidence has been collected
in animal models to demonstrate that EHS shares common
molecular mechanisms with classic MH susceptibility, the
reaction caused by exposure to halogenated anesthetics.
Indeed, we and others have shown that knock-in mice carry-
ing mutations in RYR1 linked to MH in humans (RYR1Y522S/
WT mice) and CASQ1-null mice trigger lethal crises when
exposed to anesthetics, heat, and also physical exertion [16–
18, 21]. The molecular events leading to rhabdomyolysis of
skeletal fibers during hyperthermic crises in both mouse
models involve Ca2+ leak from RyR1 and excessive produc-
tion of ROS/RNS, which then feeds a feedforward cycle that
promotes additional SR Ca2+ release [24]. We demonstrated
that this cycle can be interrupted by administration of

antioxidants (N-acetylcysteine and trolox) [23, 24]. Here,
we tested if aerobic training (Figure 1) can break the vicious
cycle triggered by overproduction of ROS/RNS by boosting
endogenous antioxidant defenses and, hence, prevent heat-
strokes in CASQ1-null mice exposed to high environmental
temperatures.

4.1. Main Findings of the Study. Our results show that aero-
bic training (a) protects mice from hyperthermic episodes,
lowering both the increase in core temperature in vivo and
the responsiveness of intact EDL muscles during IVCT
(Figures 4 and 5), and (b) reduces oxidative stress, hence
reducing mitochondrial damage (Figures 3, 6, and 7).
Additionally, we also show that aerobic training had
improved in vivo muscle performance, as shown by higher
grip strength and maximal speed reached in the
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Figure 4: Mortality rate and measurements of core temperature in mice exposed to heat stress. (a) Incidence of sudden and delayed deaths
(i.e., within 24 h after challenge) following exposure to the heat stress protocol (41°C for 1 h); ∗p < 0 05, as evaluated by two-tailed Fisher’s
exact test. (b) Table showing (i) the number of mice tested during the heat challenge and (ii) the experimental outcome. (c) Increase in
absolute core temperature, recorded every 5minutes during exposure to the heat stress protocol: dashed vertical line represents the mean
time-to-onset of lethal crises in CASQ1-null mice; ∗p < 0 05, trained CASQ1-null versus both WT and trained CASQ1-null mice, as
evaluated by two-way ANOVA followed by Bonferroni’s post hoc test. (d) Average core temperature in mice at 45th minute of the heat
stress protocol (dashed line in panel (c)). Data in (c) and (d) are given as mean± SD; ∗p < 0 05, as evaluated by one-way ANOVA
followed by Tukey’s post hoc test. n=number of mice (in panel (d)).
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incremental test and by the reduced lactate accumulation
in the bloodstream during the constant load test (Table 1
and Figure 2). These main points are discussed below in
the same order.

4.1.1. Protection from Lethal EHS Episodes. The training
program in CASQ1-null mice resulted in a striking protec-
tion from heat-induced lethal episodes, with the survival rate
raising from 17% in untrained to 83% in trained CASQ1-null

mice (Figure 4). The protective effect of aerobic training is
likely the direct result of (i) a reduced rise in core tempera-
ture (i.e., hyperthermia) in trained versus untrained
CASQ1-null animals (Figure 4) and (ii) a normalized IVCT
(Figure 5), which is an indirect, but quite reliable, measure-
ment of Ca2+ handling, as muscle tension directly correlates
with intracellular Ca2+ concentration. The fact that intracel-
lular Ca2+ levels are slightly elevated in CASQ1-null mice
has been demonstrated and discussed in depth in several
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Figure 5: Caffeine dependence of basal tension in isolated EDL muscles during IVCT. (a) Specific basal tension of intact EDL muscles,
recorded during exposure to increasing concentrations of caffeine. (b) Relative basal tension normalized to control conditions (no
caffeine), during exposure to increasing concentrations of caffeine (same EDL muscles shown in panel (a)). Data are given as means
± SEM; ∗p < 0 05, as evaluated by ANOVA repeated measures, followed by Tukey’s post hoc test for the pairwise comparisons. n=number
of mice tested.
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Figure 6: Measurements of SERCA and calpain activities. (a) SERCA activity assayed in microsomes isolated from gastrocnemius muscles in
the absence and presence of 100 nM of thapsigargin (TG). (b) Calpain activity assayed in gastrocnemius muscles total homogenates. Data are
given as mean± SD; ∗p < 0 05, as evaluated by one-way ANOVA followed by Tukey’s post hoc test. n=number of mice.
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previous publications [18, 21, 23, 61]. The elevated intracel-
lular Ca2+ levels in untrained CASQ1-null muscles are here
underlined both by IVCT (see above) and by increased
SERCA and calpain activities (Figure 6). Indeed, both
SERCA and calpain have been demonstrated to have their
activities increased under conditions in which myoplasmic
Ca2+ concentration is elevated [46, 47, 66]. Although aer-
obic training did not reduce the activity of SERCA, it
did lower that of calpain, an effect that could contribute
to several aspects presented in this work (see below).

4.1.2. Protection from Oxidative Stress and Damage. Aerobic
training resulted in a striking protection from heat-induced
lethal episodes in CASQ1-null mice (Figure 4). Noticeable,
a similar protection against EHS was also achieved treating
CASQ1-null animals with antioxidants [23], or with estro-
gens [67], the primary female sex steroid hormones which
have been shown to exhibit antioxidant properties [68–71].
Here we show that aerobic training, similarly to antioxidants
and estrogens, reduces oxidative stress in CASQ1-null mice.

Specifically, we demonstrated that protein carbonylation
and diene conjugate formation, well-established markers of
oxidative damage to proteins [53] and of lipid peroxidation
[55], are greatly reduced in CASQ1-null mice subjected to
aerobic training (Figure 7). This effect is possibly achieved,
thanks to the increased endogenous antioxidant protection,
as lipid peroxidation is strongly influenced by endogenous
antioxidant defenses [55, 56]. The fact that aerobic train-
ing reduces oxidative stress is not surprising: the training
protocol used in the present study (Figure 1) was indeed
demonstrated to increase aerobic capacity and to counter-
act protein and lipid oxidative modifications in skeletal
muscles of heart failure-bearing animals [34]. In addition,
many investigators have reported that exercise training
boosts antioxidant defenses [33, 34, 72–74] while decreas-
ing lipid peroxidation [29] and oxidative modifications to
proteins and RNA [55].

4.1.3. Adaptations of CASQ1-Null Mice to Exercise. Muscle
function and lactate production were evaluated in all three
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Figure 7: Oxidative modifications in proteins and membranes. Protein oxidation levels assayed by carbonyl protein content (a) and lipid
peroxidation levels assayed by diene conjugate levels (b) in total homogenates from TA muscles. (c, d) Oxidative modifications assayed by
diene conjugate levels in SR microsomes and in mitochondria isolated from gastrocnemius muscles. Data are given as mean± SD; ∗p <
0 05, as evaluated by one-way ANOVA followed by Tukey’s post hoc test. n=number of mice.
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groups of mice (Table 1) and allowed to determine differ-
ences caused by adaptation of muscle to lack of CASQ1
(control CASQ1-null versus WT) and to training (control
versus trained CASQ1-null). While grip strength test indi-
cated that control CASQ1-null mice are weaker than age-
matched WT (Table 1), a result in accordance with data
previously published [23, 61], the maximal speed reached
during the incremental test was greater in knockout ani-
mals. While surprising, this finding is possibly explained
by the much greater content of mitochondria in muscle
fibers from CASQ1-null mice (Figure 3 and [27]) and by
the higher capability of knockout animals to remove
lactate from their bloodstream (Figure 2). On the other
hand, not surprising was the fact that aerobic training in
CASQ1-null mice improved both the grip strength and
the performance in the incremental test (Table 1). The
improved capabilities of CASQ1-null following training
may be the direct result of (i) the reduced blood lactate
accumulation (Figure 2) and of (ii) the improved mito-
chondrial structure and function (Figure 3).

4.2. Altered Mitochondria Are a Potential Source of Excessive
Oxidative Stress. Generation of free radicals inside the cells
may arise from multiple sources, including mitochondria
[75]. The enzyme cytochrome c oxidase is a transmembrane
protein found in the inner mitochondrial membrane, crucial
for ATP synthesis [52], a process that can produce superox-
ide anion (O2

•−) [76]. Production of oxidative species may
increase once mitochondria are damaged [76, 77]. Indeed,
in untrained CASQ1-null muscle fibers, mitochondria are
more frequently damaged than in WT while activity of cyto-
chrome c is reduced and oxidative stress is elevated (Figures 3
and 7). In previous publications, we already showed elevated
mitochondrial damage and increased levels of superoxide
dismutase 1 and 2, respectively, the cytosolic and the mito-
chondrial isoforms [23, 67]. Present data also show that aer-
obic training in CASQ1-null mice reduces mitochondrial
damage while increasing cytochrome c oxidase activity, likely
as the consequence of reduced calpain activity (Figure 6) and
oxidative stress (Figure 7). In turn, improved mitochondrial
structure could also contribute to the improved muscle per-
formance (Table 1).

4.3. Closing Remarks. In latest years, global warming has
become reason of health concern [78, 79] because of (a) the
increased frequency and severity of unusual heat waves (i.e.,
period of abnormally high temperatures and humidity) [78]
and (b) a dramatic rise in the mortality rate due to heat-
related illnesses during these heat waves [80, 81]. The impact
of heat waves is especially severe in urban areas and well doc-
umented in literature (more than 1000 scientific reports).
Surprisingly, these reports indicate that 95% of human
deaths due to natural hazards are caused by hot and humid
weather [82, 83]. The 2003 heat wave in France, one of the
better described in literature, was accompanied by an excess
mortality of exceptional magnitude: 14,947 excess deaths
for the period of August 4–18. Interestingly, mortality rate
of the population returned to its normal level starting on
August 19 [84]. Also striking was the rate of mortality in

the 1995 heat wave in Chicago [81]. A recent report indicates
that the effects of high temperatures over consecutive days
on human health are quite similar to those caused by sin-
gle unusually hot days [85]. Even if several factors may
contribute to the death caused by high environmental
temperatures (age, preexisting disease, urban residence,
isolation, poverty, and air pollution), the most common
cause of death attributable to heat is dehydration, heat
cramps and exhaustion, and hyperthermia, that is, in one
word EHS [85]. EHS is life-threatening mainly because
skeletal muscle represents a high percentage of the human
body mass, and even rhabdomyolysis of a small percentage
of fibers will cause a significant modification of the blood
parameters, which in turn may challenge heart and kidney
functions [1]. Understanding the molecular mechanisms
underlying EHS, and dissect which molecular pathways
must be interrupted to prevent/revert crises, is crucial.
Also urgent is the development of (a) drugs to be used
in emergency situations and (b) life habits that may pre-
vent the triggering of EHS in hot weather. Here we have
shown that in CASQ1-null mice, which are susceptible to
both exertional and environmental heatstroke [18, 21,
23], aerobic training significantly reduced the mortality
rate during exposure to heat by lowering oxidative stress.
This knowledge may help in the future to develop guide-
lines for those populations on earth that are frequently
exposed to high environmental temperatures, hence to
the risk of EHS.
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The current study examined the effect of aging and long-term wheel-running on the expression of heat shock protein (HSP), redox
regulation, and endoplasmic reticulum (ER) stress markers in tibialis anterior (T.A.) and soleus muscle of mice. Male mice were
divided into young (Y, 3-month-old), old-sedentary (OS, 24-month-old), and old-exercise (OE, 24-month-old) groups. The OE
group started voluntary wheel-running at 3 months and continued until 24 months of age. Aging was associated with a higher
thioredoxin-interacting protein (TxNiP) level, lower thioredoxin-1 (TRX-1) to TxNiP ratio—a determinant of redox regulation
and increased CHOP, an indicator of ER stress-related apoptosis signaling in both muscles. Notably, GRP78, a key indicator of
ER stress, was selectively elevated in T.A. Long-term exercise decreased TxNiP in T.A. and soleus muscles and increased the
TRX-1/TxNiP ratio in soleus muscle of aged mice. Inducible HSP70 and constituent HSC70 were upregulated, whereas CHOP
was reduced after exercise in soleus muscle. Thus, our data demonstrated that aging induced oxidative stress and activated ER
stress-related apoptosis signaling in skeletal muscle, whereas long-term wheel-running improved redox regulation, ER stress
adaptation and attenuated ER stress-related apoptosis signaling. These findings suggest that life-long exercise can protect against
age-related cellular stress.

1. Introduction

Ageing is associated with the accumulation of anatomical
and molecular changes that promote muscle atrophy, which
is associated with a number of chronic diseases [1]. One of
the most important steps in the prevention of age-related
diseases and in the promotion of healthy aging is to increase
knowledge of the molecular mechanisms associated with
aging; it is also crucial to reveal how a healthy lifestyle,
including regular physical exercise, may improve these
processes. Cellular senescence is associated with impaired
calcium homeostasis, mitochondrial dysfunction, aberrant
redox control of cellular signaling, elevated oxidative and

endoplasmic reticulum (ER) stress, a dysregulated unfolded
protein response (UPR), and altered protein homeostasis
[2]. Although the production of reactive oxygen species
(ROS) is essential in physiological homeostasis and optimal
muscle contraction, in times of oxidative stress, the increased
ROS production can disrupt redox regulation of protein
turnover, leading to increased protein misfolding and aggre-
gation [3, 4]. While sustained deviation from redox homeo-
stasis and activation of ER stress have been claimed to
promote the development of aged-related diseases [3, 5],
there is limited direct evidence to support this hypothesis.

The endogenous thiols including the glutathione (GSH)
and thioredoxin (TRX) systems together with thioredoxin-
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interacting protein (TxNiP), an endogenous inhibitor of
TRX, are critical components of redox signaling and in the
regulation of protection against oxidative stress [6]; they have
also been associated with the regulation of UPR [7]. It has
been shown that the GSH concentration is decreased during
aging in skeletal muscle [8–10]. To date, there is limited
information available regarding the effect of aging on the
TRX system; in the only publication on this issue, the TRX
protein content was higher in skeletal muscle of old mice
compared with their younger counterparts [11]. To the best
of our knowledge, age-dependent changes in the TxNiP
system in skeletal muscle have not been investigated.

In the ER, lumen protein folding and homeostasis are
carried out by chaperones and oxidatively folding enzymes
including glucose-regulated protein 78 (GRP78, also known
as BiP), and 94 (GRP94), calnexin, and thiol-disulfide
oxidoreductase—protein disulphide isomerase (PDI), which
belongs to the TRX superfamily [3]. During aging, the func-
tional efficiency of ER chaperones declines, resulting in an
accumulation of unfolded or misfolded proteins [12]. This
process induces ER stress and leads to an activation of the
UPR. The UPR system resolves ER stress by activating several
signaling pathways aiming to restore protein homoeostasis
by (1) increasing the synthesis of protein chaperones, (2)
enhancing protein folding capacity, (3) stimulating protein
degradation, and (4) decreasing protein production [3].
Additionally, cytoplasmic and mitochondrial chaperones,
the heat shock proteins (HSPs), play a critical role in protein
folding, intracellular trafficking of proteins, as well as dealing
with proteins denatured by heat and metabolic stresses
[13, 14]. It is known that aging suppresses HSP responses
in skeletal muscle [15]. Chung and Ng [16] have detected
increased HSP basal levels in the skeletal muscle of old rats,
which can be linked to increased oxidative stress in sedentary
muscle [17]. Several studies have reported that HSPs play an
important role in apoptotic regulation. It has been demon-
strated that a reduction in the level of HSP70 leads to ER
and sarcoplasmic reticulum (SR) stress signaling and apopto-
sis induction in the skeletal muscle of aged mice [18]. The
mitochondrial protein, HSP60, is also involved in antiapop-
totic regulation [19]. Therefore, changes in HSP expression
may influence apoptosis in skeletal muscle during aging.

Several age-related diseases are associated with chronic
ER stress or impairment in UPR and HSP responses; these
are reflected in overexpression of the transcription factor
CCAAT-enhancer-binding protein homologous protein-
(CHOP-) mediated, ER-originated proapoptotic signaling
pathways [3]. Numerous studies have described induction
of ER stress and ER stress signaling apoptosis pathways
during aging. Levels of GRP78, PDI, and CHOP are increased
in skeletal muscle tissues of old animals as compared to youn-
ger animals [16, 18]. On the other hand, O’Leary et al. [20]
detected a 17-fold increase in CHOP protein expression,
whereas a marginal decrease in GRP78 protein expression
was observed in extensor digitorum longus (EDL) muscle of
aged mice compared to younger animals. In addition, there
are other studies reporting a reduction in the GRP78 level
and an increase in the CHOP level during aging in various tis-
sues including the brain [21], liver, kidney, heart, and spleen

[22]. The rather sketchy information in the literature regard-
ing ER stress and ER stress-related apoptosis in skeletal mus-
cle during aging underlines the need for further studies in
order to achieve a more thorough understanding of the topic.

Regular exercise improves the physical capacity and
reduces the risk of developing chronic and age-related dis-
eases [21, 22] by improving the metabolic state, antioxidant
protection, and redox regulation [23]. Tarpenning et al.
[24] examined the changes in the skeletal muscle of master
athletes, who exercised regularly for 20 years. Lifelong train-
ing was reported to slow down aging-associated skeletal
muscle fiber atrophy and prevent the reduction in muscular
strength. Notably, acute intensive exercise induces the pro-
duction of ROS that can evoke macromolecular damage,
oxidative stress, ER stress, and activation of the UPR [6].
On the other hand, regular exercise training results in
adaptations in antioxidant defense and improves redox
signaling [6] to protect cells against stress-related diseases,
thus delaying the aging processes [25]. In addition, the
UPR, which is activated by exercise in skeletal muscles, may
exert protective effects against ER stress and can promote
metabolic adaptation to physical activity [26]. Long-term
exercise was reported to upregulate HSP production in
skeletal muscle [15, 25], which would be beneficial in coping
with oxidative stress, ER stress, and ER stress-related apopto-
sis. Nevertheless, the ability to induce HSPs in aged skeletal
muscle is compromised, which may impair the exercise-
mediated adaptation processes [27].

There is only limited information available on the associ-
ation of aging and exercise training concerning oxidative
stress, ER (SR) stress, UPR, and/or ER stress-related apopto-
sis in skeletal muscle. The question of whether exercise
training can reduce metabolic stress and apoptosis in skeletal
muscle by increasing chaperone expressions and improving
redox regulation has not been answered adequately. Our
hypothesis is based on the fact that there is an age-induced
disruption of redox regulation, increased redox ER stress,
and ER stress-related apoptosis, and that long-term exercise
can exert protective effects against these processes. The
novelty of our study is that we investigated the key molecular
markers associated with redox state, ER stress, and apoptosis
in skeletal muscle of old animals in a life-long running model
and compared them to young animals. Moreover, we
determined age-related and exercise-induced changes in
two types of skeletal muscle tissue: soleus, mostly composed
of slow-twitch, aerobic muscle fibers, and tibialis anterior
(T.A.), mostly consisting of fast-twitch glycolytic muscle
fibers in order to reveal possible fiber specific changes.

2. Materials and Methods

2.1. Animals and Design. Three-month-old male ICR mice
(CLEA Japan Inc., Tokyo, Japan) were maintained under
standard conditions (24± 1°C; 12 h light–dark cycle) and
had free access to food (CLEA Japan, CE-2, 3449 kcal/kg)
and water. Male mice were used in order to avoid postmeno-
pausal effects such as severe changes of sex hormones and
osteoporosis in this life-long study. All mice were divided
into three groups: young (Y, n = 12), old sedentary (OS,
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n = 5), and old exercise (OE, n = 5). Mice from the Y
group were sacrificed at 3 months age to obtain T.A.
and soleus muscle samples. The mice in the OS and OE
groups were maintained in individual wire mesh cages
(90× 220× 90mm). The mice from the OE group had free
access to an activity wheel (628mm circumference, 50mm
wide running surface of wire mesh; Shinano Instruments,
Tokyo, Japan) from 3 to 24 months of age. Muscle samples
from the mice in OS and OE group were collected when the
mice were 24-month-old.

The mice were sacrificed with an overdose of pento-
barbital sodium (60mg/kg body weight intraperitoneally).
The mice from the OE group were sacrificed 2 days after
the last wheel-running session to rule out any effect of
acute exercise. The T.A. and soleus muscles were removed,
weighed, immediately frozen in liquid nitrogen, and stored
at −80°C for later homogenization and biochemical assays.
The experimental protocol was approved by the University
Animal Experiment Committee and conducted in accor-
dance with the Tohoku Institute of Technology guidelines
for the Care and Use of Laboratory Animals.

2.2. Sample Preparation and Western Blot Analysis. Muscle
samples were homogenized in eight volumes of lysis buffer
(pH7.4) containing 10mM NaCl, 1.5mM MgCl2, 20mM
HEPES, 20% glycerol, 0.1% Triton X-100, 5% protease inhib-
itor cocktail, 0.5% PMSF, and 1.5% phosphatase inhibitor
cocktail 2 (Sigma-Aldrich, St. Louis, MO, USA). Cytosolic
extracts from samples were centrifuged at 2500 rpm for
10min at +4°C. Supernatants containing cytosolic proteins
were aliquoted prior to further measurements. Protein
concentrations were measured by using the BCA protein
assay kit (Thermo Fisher, Rockford, IL, USA). Western blot
procedures were as previously reported [13], proteins were
separated by SDS-PAGE, transferred to a nitrocellulose
membrane (Millipore, Bedford, Mass., USA), and incubated
for 1 hour at +37°C in blocking buffer (100mM Tris,
154mM NaCl, 5% nonfat dry milk). After treating with the
antibodies listed below overnight at +4°C, the membranes
were washed 4 times per 5min with Tris-buffered saline
containing 0.1% Tween 20 and incubated in secondary
antibodies (antimouse IgG, 35521; anti-rabbit IgG, 35571;
anti-rat IgG, A-21096, Thermo Fisher, Rockford, IL, USA)
for 30min in room temperature. GAPDH (sc-25778) was
used as internal standard. Proteins were visualized with the
Odyssey Imaging System (LI-COR Biosciences Inc., Lincoln,
NB, USA) and quantified using Odyssey software.

2.3. Primary Antibodies. Antibodies against heat shock pro-
tein 25 (HSP25, SPA-801), heat shock protein 60 (HSP60,
SPA-806), heat shock protein 70 (HSP70, SPA-810), heat
shock protein 90 (HSP90, SPA-835), glucose-regulated pro-
tein 78 (GRP78, SPA-826), and glucose-regulated protein
75 (GRP75, SPA-825) were purchased from Enzo Life
Sciences Inc., (Farmingdale, NY, USA). The antibody against
cytosolic thioredoxin-1 (TRX-1, ATRX-06) was purchased
from IMCO Corp (Stockholm, Sweden), thioredoxin-
interacting protein (TxNiP, K0205-3) from MBL (Medical
and Biological Laboratories Co. Ltd, Nagoya, Japan), and

4-hydroxy-2-nonenal (4-HNE, HNE11-S) from Alpha Diag-
nostic IntI Inc. (San Antonio, TX, USA). Antibodies against
CCAAT/enhancer-binding protein homologous protein
(CHOP, L63F7) and protein disulfide isomerase (PDI,
C81H6) were purchased from Cell Signaling Technology
(Danvers, MA, USA). The antibody against GAPDH (sc-
25778) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA).

2.4. Protein Carbonyls. The level of protein carbonyls, a
marker of protein oxidative damage, was measured from
plasma samples after derivatization with dinitrophenylhy-
drazine using an ELISA method previously described with
modifications [28]. The maximal intra-assay CV for pro-
tein carbonyls was 5.9% and the maximal inter-assay CV
was 9.2%.

2.5. Lipid Hydroperoxide Assay. Lipid hydroperoxides (LPO)
in muscle tissue were determined as described previously
[29]. This method is based on oxidation of Fe II to Fe III by
lipid hydroperoxides under acidic conditions, followed by
complexation of Fe III by xylenol orange.

2.6. Statistical Analyses. All data are expressed as the
mean± SEM. The statistical significance of the data was
determined using one-way analysis of variance (ANOVA)
with a posthoc test (LSD). The equality of variances was
analyzed with Levene’s test. The nonparametric Mann–
Whitney test was applied for nonhomogenously distributed
data. Spearman’s test was used for correlation analysis. Statis-
tical analyses were performed with SPSS software version
21.0, and the level of significance was set at p < 0 05.

3. Results

No significant differences in bodymass were observed among
the groups [30]. The total food intake was 15% higher in OE
group compared to the old-sedentary OS group [30]. The
T.A. mass and T.A. mass/body mass were significantly lower
in old mice, while wheel-running partly restored age-related
decreases in T.A. mass (unpublished data). Notably, soleus
mass and soleus mass/body mass were significantly lower in
the OS group than in the Y group. Furthermore, those in
the OE group were significantly higher than in the OS group,
thereby indicating the efficiency of wheel-running [30].

3.1. Effects of Aging on Redox Regulation, HSP Expression, ER
Stress, and UPR in Skeletal Muscle. Ageing remarkably
increased TxNiP protein expression by 261.8% in the fast-
twitch glycolytic T.A. muscle fibers and by 530.2% in the
slow-twitch, aerobic soleus muscle fibers over the level in Y
mice (p < 0 01, Figure 1). In OS mice, the level of TRX-1
expression was slightly increased by 57.7% in T.A. muscle
(p > 0 05) and by 54.5% (p > 0 05) in soleus muscle com-
pared to Y mice (Figure 1). Notably, we detected a decrease
in the TRX-1/TxNiP ratio by 37.6% in T.A. muscle (p <
0 05) and by 77.6% in soleus muscle (p < 0 05) in OS mice
compared to Y mice (Figure 1). We observed no significant
changes in the level of protein carbonyls, 4-HNE adduct
(lipid peroxidation marker), and lipid hydroperoxides (LPO)
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(Table 1) in skeletal muscle of old mice as compared to
the young mice.

Moderate reductions were observed in the GRP75
(27.5%, p < 0 05) and HSC70 (32.5%, p < 0 05) expression

levels in soleus muscle of OS mice as compared to the Y mice
(Figure 2). However, aging did not affect the expression levels
of HSP25, HSP60, and HSP70 proteins in T.A. or soleus
skeletal muscles (Table 1, Figure 2).

To understand the cellular stress state of aged mice in
view of ER stress and UPR, we tested the levels of GRP78
chaperone, PDI, and CHOP proteins (Figure 3). In T.A.
muscle of OS mice, the level of GRP78 expression was
increased by 53.9% (p < 0 05) compared to Y mice, whereas
the GRP78 level was not changed in soleus muscle. PDI
protein levels remained unaltered in OS mice in both
T.A. and soleus muscles compared to Y mice. In OS mice,
the level of the ER stress-related apoptosis marker CHOP
was significantly elevated in T.A. muscle (p < 0 01) by
302.1% and in soleus muscle (p ≤ 0 001) by 1199.8% com-
pared to Y mice.

3.2. Effects of Long-Term Exercise on Redox Regulation and
HSP Expression in Skeletal Muscle of Old Mice. Long-term
exercise decreased the TxNiP level in both muscle types in
the aged mice (Figure 1)—in T.A. by 50.9% (p > 0 05) and
in soleus muscle by 76.4% (p < 0 05). The TRX-1/TxNiP ratio
was increased by 26.3% in T.A. (p > 0 05) and by 190.4% in
soleus muscle (p > 0 05) of OE mice compared to OS mice
(Figure 1). Moreover, after long-term exercise, the level of
the 4-HNE adduct (lipid peroxidation marker) declined by
39.3% (p < 0 05) compared to OS control mice in T.A. mus-
cle (Table 1). Our findings did not reveal any significant
effects of long-term exercise on the LPO and amounts of
protein carbonyls, a marker of oxidative damage in proteins,
in skeletal muscle. (Table 1). In addition, no significant
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Figure 1: Effect of aging and voluntary wheel-running on the following redox regulation markers; thioredoxin-1 (TRX-1), thioredoxin-
interacting protein (TxNiP), and TRX-1/TxNiP ratio in T.A. and soleus muscles of mice. White bars: young 3-month-old mice; black bars:
OS sedentary 24-month-old mice; diagonal-striped bars: OE 24-month-old mice after 21 months’ voluntary wheel-running. Data are
mean± SEM. n = 12 for Y, n = 5 for OS, and n = 5 for OE. Difference due to age: ∗p < 0 05, ∗∗p < 0 01. Difference due to exercise: #p < 0 05.

Table 1: Effect of aging and long-term voluntary wheel-running
on the levels of 4-hydroxynonenal adducts (4-HNE), lipid
hydroperoxides (LPO), protein carbonyls, and heat shock proteins
in T.A. and soleus mice muscles.

Levels of 4-HNE adducts, LPO, protein carbonyls, and heat shock
proteins

Y OS OE

T.A.

4-HNE 1.00± 0.04 0.88± 0.11 0.54± 0.013#

LPO 1.00± 0.01 1.21± 0.01 1.26± 0.02
Protein carbonyls 1.00± 0.01 1.02± 0.01 1.04± 0.01

HSP25 1.00± 0.08 1.14± 0.23 1.14± 0.10
HSP60 1.00± 0.05 1.05± 0.12 1.28± 0.11
HSP90 1.00± 0.10 1.38± 0.24 1.14± 0.07

Soleus

4-HNE 1.00± 0.13 0.76± 0.18 1.07± 0.16
LPO 1.00 0.94 0.95

Protein carbonyls 1.00± 0.01 1.01± 0.01 1.01± 0.01
HSP25 1.00± 0.06 1.08± 0.54 1.55± 0.19
HSP60 1.00± 0.07 0.71± 0.07 0.72± 0.05
HSP90 1.00± 0.07 0.89± 0.42 1.19± 0.13

Data are mean ± SEM. Groups are as follows: Y, young 3-month-old
mice; OS, sedentary 24-month-old mice; OE, 24-month-old mice after 21
months of voluntary wheel-running. n = 12 for Y, n = 5 for OS, and n = 5
for OE. Difference due to exercise: #P < 0 05.
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changes in the TRX-1 protein level were observed in both
T.A. and soleus muscles after long-term exercise in OE mice
as compared to OS mice (Figure 1).

We next examined mitochondrial HSP protein expres-
sions—HSP60 protein and GRP75 chaperone. When
compared to OS muscles, the exercise-trained T.A. muscle
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Figure 2: Effect of aging and voluntary wheel-running on the expressions of HSP70, HSC70, and GRP75 heat shock proteins in T.A. and
soleus muscles of mice. Groups and bars are as in Figure 1. Data are mean± SEM. n = 12 for Y, n = 5 for OS, and n = 5 for OE. Difference
due to age: ∗p < 0 05. Difference due to exercise: #p < 0 05, ##p < 0 01.
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Figure 3: Effect of aging and voluntary wheel-running on ER stress and UPR markers GRP78, PDI, and CHOP in T.A. and soleus muscles of
mice. Groups and bars are as in Figure 1. Data are mean± SEM. n = 12 for Y, n = 5 for OS, and n = 5 for OE. Difference due to age: ∗p < 0 05,
∗∗p < 0 01, ∗∗∗p ≤ 0 001. Difference due to exercise: #p < 0 05.
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of old mice showed a marginal increase (21.6%, p > 0 05) in
HSP60 protein expression and a more significant increase
(41.1%, p < 0 01) in GRP75 protein expression (Table 1,
Figure 2). The levels of these twomitochondrial HSP proteins
strongly correlated with each other in T.A. muscle of old
mice (r = 0 867; p < 0 01). At the same time, we did not
observe any changes in these markers in soleus muscle of
trained mice.

Several changes were observed in stress-inducible HSP70,
HSP25, and housekeeping HSC70 proteins in soleus muscle
of OE mice. After exercise, the level of HSP25 was slightly
increased (43.1%, p > 0 05) in soleus muscle of old mice
(Table 1). The expression of HSC70 was also significantly
increased in soleus muscle of OE mice by 64.8% (p < 0 01)
compared to OS mice (Figure 2). The expression of HSP70
in soleus muscle was also higher (118.5%, p < 0 05) in OE
mice compared to OS mice (Figure 2). However, we did not
observe any evidence that long-term exercise induced any
significant changes in the expression levels of HSP25,
HSC70, and HSP70 proteins in T.A.

3.3. Effects of Long-Term Exercise on ER Stress and UPR in
Skeletal Muscle of Old Mice. To understand the effect of 21
months’ wheel-running exercise on ER stress and UPR in
skeletal muscle of old mice, we measured the levels of
GRP78, PDI, and CHOP. Marginal upregulations of GRP78
(13.7%, p > 0 05) and PDI (9.4%, p > 0 05) proteins were
observed to occur upon long-term exercise in T.A. muscle
of OE mice (Figure 3). Furthermore, the levels of these two
ER stress-related proteins remained unaltered in soleus mus-
cle of OE mice compared to OS mice. Despite nonsignificant
changes in GRP78 expression, the ER stress-related apoptotic
marker CHOP was clearly attenuated by 74.5% (p < 0 05) in
soleus muscle of trained old mice compared to their OS
counterparts. The level of CHOP seemed to be lower
(35.2%, p > 0 05) in T.A. muscle of the OE mice.

3.4. Correlation Analysis. We calculated the correlations
among all studied cellular stress markers. Table 2 lists
the most significant correlations between redox regulation
markers and ER stress markers.

4. Discussion

The present study describes a significant age-related suppres-
sion of antioxidant defense, impairment of redox regulation,
an increase of ER stress and ER stress-related apoptosis,
which are partly restored by long-term voluntary exercise.

The TRX system plays a crucial role in redox signaling
and antioxidant defense. Under oxidative stress conditions,
TRX exerts protective effects against apoptosis [6]; con-
versely, TxNiP inhibits the TRX system and promotes
apoptosis. Thioredoxin-interacting protein directly binds to
TRX and suppresses its reducing activity, and thus a lower
TRX/TxNiP ratio may be a determinant of disrupted redox
regulation and related disorders [31]. Furthermore, a dys-
function of thiol redox circuits, including TRX system, has
been proposed to be the main cause of impaired redox
homeostasis and dysregulation of cellular processes [6]. The

present study is the first to determine changes in the TRX-
TxNiP system in skeletal muscle of old mice. Notably, we
observed a significant increase in the TxNiP protein content
in both soleus and T.A. muscles of old animals. An important
new finding was that aging significantly decreased the TRX-
1/TxNiP ratio in both type of skeletal muscle tissues. The
observed increases in the levels of TRX-1 (over 50%) in both
skeletal muscle types in response to aging did not quite
achieve statistical significance, possibly due to limited num-
ber of animals and the subsequent lack of statistical power.
A previous study demonstrated a significant increase in the
TRX-1 content in T.A. muscle of 28-month-old mice when
compared with 6-month-old mice [11]. Despite the changes
in TRX-1/TxNiP ratio and TxNIP and TRX-1 levels, no
difference in protein carbonyl and 4-HNE protein adduct
levels were observed between young and old sedentary ani-
mals. The lack of difference in oxidatively modified protein
levels can be explained by their increased removal. The
accumulation of oxidatively damaged proteins is also
known to induce proteasome activity intended to achieve
their removal [32]. Furthermore, we observed 21–26%
increases of the lipid peroxidationmarker LPO in old animals
in T.A. muscle; however, these increases did not reach statis-
tical significance. Nevertheless, our data collectively revealed
increased TxNiP levels and a lower TRX-1/TxNiP ratio in
aged animals that may explain the redox dysregulation and
consequent cellular dysfunctions that occur during aging.

We evaluated the levels of ER stress and ER stress-specific
apoptosis markers during aging and after voluntary exercise.
The level of GRP78 significantly increased in T.A. but not in
soleus muscle upon aging. GRP78 is a purely ER-located
chaperone and its increased levels reflect an upstream stimu-
lation of the unfolded protein response; unexpectedly,
GRP78 levels increased only in T.A. muscle with aging. On
the other hand, it has also been reported that during aging,
the increased anabolic resistance and the downregulation of
the protein folding capacity are more prominent in the soleus
muscle compared to other types of skeletal muscle [33].
Nevertheless, a minor increase in the level of PDI—a key
enzyme responsible for oxidative protein folding during ER
stress and UPR—was observed in soleus and T.A. muscles
upon aging. Furthermore, CHOP expression was remarkably
increased in both soleus (13-fold) and T.A. (fourfold) muscles
with aging. These findings of increased CHOP expression
with aging are consistent with a previous study which demon-
strated a significant upregulation of GRP78 and CHOP in the

Table 2: Correlations between ER stress and redox regulation
markers in the T.A. and soleus muscles of mice.

ER
stress

Redox
regulation

Correlation
coefficient

p value

T.A./soleus muscle T.A./soleus muscle

GRP78 TRX-1 0.479/0.728 0.018/0.001

PDI TRX-1 0.505/0.789 0.012/0.001

CHOP TxNiP 0.791/0.629 0.001/0.002

CHOP TRX-1-TxNiP −0.579/−0.687 0.004/0.001

Correlation analysis was performed by Spearman’s test. Correlation data was
obtained from all studied mice (n = 22). Significance level was set at p < 0 05.
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soleus muscle of 32-month-old rats as compared to 6-month-
old rats [18]. Moreover, Hwee et al. [34] reported a significant
increase in the expressions of GRP78, PDI, and CHOP in
gastrocnemius muscle of 24-month-old mice in compari-
son with 6-month-old mice. Interestingly, a recent study
indicated that CHOP levels were higher in both T.A.
and soleus muscles of old mice, while the GRP78 expres-
sion demonstrated skeletal muscle type-dependent diverse
changes during aging [33]. Therefore, regardless of the
diversity, the results presented by others and us imply
that there is an age-induced activation of UPR and ER
stress-related apoptosis signaling in skeletal muscle.

In order to clarify the association of impaired chaperone
function with increased ER (SR) stress in aging, we examined
HSP levels in skeletal muscle as a function of age. The levels
of mitochondrial chaperone GRP75 protein and constitu-
tively expressed cytosolic HSC70 declined in soleus muscle
upon aging. We did not detect any significant changes in
the expression level of HSP25, HSP60, and HSP70 proteins
in both T.A. and soleus muscles during aging. Various
studies have reported somewhat conflicting age-related HSP
expression changes in skeletal muscle. Valls et al. [35] stated
that aging did not induce changes in HSP27 and HSP70 levels
in skeletal muscle. In addition, there were no differences in
the levels of HSP70 in skeletal muscles including the soleus,
plantaris, and gastrocnemius muscles in aged rats [36]. Other
studies have demonstrated conflicting results; a significant
decrease in HSP70 expression without any change in the
expression level of HSC70 in soleus muscle of aged rats
[18] or even increased levels of HSP25, HSP60, and HSP70
in skeletal muscle of old rats compared to adult rats [16].
The discrepancies of these results may be due to differences
in the age of animals and species used for the studies. Based
on our results, we can only postulate that age-induced distur-
bances in redox regulation may impair HSP functions and
reduce the level of HSPs.

The present study focused on the protective effect of
long-term exercise in mice; our animals were trained for
21 months, the majority of their lifespan. One major find-
ing was that there was a remarkable decrease in TxNiP pro-
tein content in soleus muscle of trained mice compared to
nontrained controls. Although a similar decrease (over
50%) in TxNiP levels was observed, the effect of long-
term exercise training on TxNiP levels did not quite reach
statistical significance in the T.A. muscle. This may be
due to the small sample size and variations in the results
due to the semiquantitative nature of Western blot tech-
niques. In addition, consistent with the HSP responses, it
is also expected that the influence of aerobic exercise on
redox regulation would be more prominent in a muscular
tissue consisting of mainly slow oxidative muscle fibers.
The existing information on the effect of regular exercise
on tissue TxNiP levels is, however, scanty. In the only pub-
lication in the literature, there was no exercise-mediated
effect on the TxNiP level in the rat brain even though there
was an increase in the level of TRX-1 protein [37]. Never-
theless, because brain tissue is not actively involved in the
metabolic changes during exercise, caution is needed when
making a direct comparison of the responses of muscle and

brain tissue to exercise. Notably, we detected an increase in
the TRX-1/TxNiP ratio in skeletal muscle in response to
long-term exercise. Recent reports suggest that an increase
in TRX together with a decrease in TxNiP expression could
help to prevent various pathologies (reviewed recently by
Yoshihara et al. [31]). In addition, we examined the levels
of protein carbonyls and 4-HNE adducts, utilized as markers
of protein oxidation and lipid peroxidation, respectively, in
mice skeletal muscle. After long-term voluntary exercise,
the amounts of 4-HNE adducts significantly decreased in
T.A. muscle of OE mice, whereas there was no change in
the protein carbonyls. These results are consistent with a pre-
vious study, which observed a decrease of lipid peroxidation
levels after regular exercise training [23, 35]. Based on our
findings, we suggest that life-long exercise improves the
antioxidant TRX system and TRX-1/TxNiP ratio, which pro-
mote resistance to oxidative stress and could be protective
against several pathologies related to aging.

A major focus of the current study was to explore ER
stress and its association to redox regulation and oxidative
stress in response to aging and long-term exercise. Markers
of ER stress and UPR, GRP78 and PDI, were not signifi-
cantly influenced in skeletal muscles by long-term exercise.
In the existing literature, several studies have demonstrated
that ER stress markers remain unaltered or are even sup-
pressed after moderate regular exercise training, while a sin-
gle bout of exercise with moderate intensity was reported to
induce UPR activation [24, 36, 38]. We observed a minor
upregulation of GRP78 and PDI proteins after long-term
exercise in T.A. muscle of OE mice. In contrast, the level of
these two ER stress-related proteins tended to decrease in
soleus muscle of OE mice compared to OS. On the other
hand, exercise induced a remarkable attenuation of the ER
stress-related apoptosis marker CHOP in soleus muscle of
aged mice. The level of CHOP also was observed to be lower
in T.A. muscle in response to long-term exercise. These find-
ings are consistent with previous studies, that is, significant
reductions were demonstrated in the levels of CHOP mRNA
in gastrocnemius muscle of rats after treadmill running exer-
cise [23]. Moreover, in support of the relationship between
ER stress and redox regulation disorders, the levels of CHOP
and TxNiP protein were strongly correlated in T.A. and
soleus muscles of all the studied mice. Although TxNiP
has been demonstrated to induce apoptosis through acti-
vation of apoptosis-stimulating kinase 1 (ASK1) [39], here
we report for the first time, a direct association between
TxNiP and the ER stress-related apoptosis marker, CHOP.
Our results are also in agreement with a recent study which
provided direct evidence of the association of TxNiP with
PDI activity and ER stress [40]. In addition, the TRX-1/
TxNiP ratio correlated negatively and strongly with the
level of CHOP in T.A. and soleus muscles. Therefore, our
data demonstrates that lower TxNiP levels can be protective
against ER stress-related apoptosis, and furthermore, that
exercise training can be useful through decreasing TxNiP
levels and improving the TRX-1/TxNiP ratio. We conclude
that long-term exercise may lead to ER stress adaptation in
skeletal muscle and exert protective effects against future
stress and ER stress-related apoptosis.

7Oxidative Medicine and Cellular Longevity



Furthermore, we examined the effect of long-term
exercise on HSP levels in skeletal muscle tissue of mice. As
compared to OS mice, we observed an increase in GRP75
protein content (41.1%) in T.A. but not in soleus muscle of
OE mice. Moreover, we detected a significant upregulation
of stress-inducible HSP70 (118.5%), and constitutively
expressed HSC70 (64.8%) proteins in soleus muscle after
long-term exercise, while in T.A. muscle, these increases
did not reach statistical significance. We postulate that simi-
lar to the changes we detected in the redox-regulation
markers in response to long-term exercise, the difference in
the upregulation of stress-inducible HSPs between soleus
and T.A. muscles can be attributed to the difference in their
metabolic properties; soleus muscle mostly contains slow
oxidative fibers, whereas T.A. mostly contains fast glycolytic
fibers [41]. There is a greater recruitment of soleus muscle
to moderate aerobic exercise such as voluntary wheel-
running. Furthermore, exercise-induced metabolic demands
and ROS production are higher in soleus muscle, which
ultimately result in the induction of HSPs [42]. Enhanced
HSP levels in response to different types of exercise in various
skeletal muscles have been well demonstrated. Increases in
HSP70 expression after moderate treadmill endurance train-
ing in soleus and T.A. muscles of rats were recently reported
[42]. The protein levels of HSP72 and HSP25 increased in
T.A. muscle of old mice after resistance training [43] and in
gastrocnemius muscles of adult mice after voluntary wheel-
running [44]. Therefore, in agreement with previous studies,
we observed an increase of HSP levels, particularly the
constituent HSC70 levels, in response to long-term exercise
in old animals. On the other hand, the voluntary exercise
training used in our study resulted in a lower extent increase
of inducible HSP levels when compared to the situation
where more strenuous exercise protocols have been adopted.
Moreover, the lower extent of HSP increase after long-term
exercise can be associated with a compromised adaptive
mechanism of HSP expression in old individuals, as com-
pared to young animals and adults [27].

5. Conclusion

Collectively, the current study demonstrated that increased
ER stress and ER stress-related apoptosis marker and impair-
ment of the redox regulation system and HSP functions are
associated with a sedentary lifestyle of old mice and that these
changes occur in a muscle type-specific manner. At the same
time, life-long exercise appeared to improve redox regulation
and HSP defense, as well as to cause a reduction in the TxNiP
level, leading to ER stress adaptation and attenuation of ER
stress-related apoptosis in skeletal muscle. These findings
provide further evidence that life-long exercise has a protec-
tive effect against age-related cellular stress processes.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

Mustafa Atalay and Shuzo Kumagai equally contributed to
this study and are shared last authors.

Acknowledgments

The study was supported by grants from Academy of Finland
(TM-15-9664), Centre for International Mobility (TM-16-
10086), Sigrid Juselius Foundation (TD1304), and COST
Actions (CA16112). The authors thank Taina Vihavainen
for the skillful technical assistance.

References

[1] J. M. Argilés, N. Campos, J. M. Lopez-Pedrosa, R. Rueda, and
L. Rodriguez-Mañas, “Skeletal muscle regulates metabolism
via interorgan crosstalk: roles in health and disease,” Journal
of the American Medical Directors Association, vol. 17, no. 9,
pp. 789–796, 2016.

[2] L. Deldicque, “Endoplasmic reticulum stress in human skeletal
muscle: any contribution to sarcopenia?,” Frontiers in Physiol-
ogy, vol. 4, no. 236, pp. 1–9, 2013.

[3] M. K. Brown and N. Naidoo, “The endoplasmic reticulum
stress response in aging and age-related diseases,” Frontiers
in Physiology, vol. 3, p. 263, 2012.

[4] J. J. Hulmi, J. Hentilä, K. C. DeRuisseau et al., “Effects of
muscular dystrophy, exercise and blocking activin receptor
IIB ligands on the unfolded protein response and oxidative
stress,” Free Radical Biology & Medicine, vol. 99, pp. 308–
322, 2016.

[5] M. A. Bouzid, E. Filaire, A. McCall, and C. Fabre, “Radical oxy-
gen species, exercise and aging: an update,” Sports Medicine,
vol. 45, no. 9, pp. 1245–1261, 2015.

[6] Z. Radak, Z. Zhao, E. Koltai, H. Ohno, andM. Atalay, “Oxygen
consumption and usage during physical exercise: the balance
between oxidative stress and ROS-dependent adaptive signal-
ing,” Antioxidants & Redox Signaling, vol. 18, no. 10,
pp. 1208–1246, 2013.

[7] D. R. Feleciano, K. Arnsburg, and J. Kirstein, “Interplay
between redox and protein homeostasis,” Worm, vol. 5,
no. 2, article e1170273, 2016.

[8] L. Mosoni, D. Breuille, C. Buffiere, C. Obled, and P. P. Mirand,
“Age-related changes in glutathione availability and skeletal
muscle carbonyl content in healthy rats,” Experimental Geron-
tology, vol. 39, no. 2, pp. 203–210, 2004.

[9] I. Rebrin, M. J. Forster, and R. S. Sohal, “Association between
life-span extension by caloric restriction and thiol redox state
in two different strains of mice,” Free Radical Biology &
Medicine, vol. 51, no. 1, pp. 225–233, 2011.

[10] M. J. Jackson, “Interactions between reactive oxygen species
generated by contractile activity and aging in skeletal muscle?,”
Antioxidants & Redox Signaling, vol. 19, no. 8, pp. 804–
812, 2013.

[11] I. Dimauro, T. Pearson, D. Caporossi, and M. J. Jackson, “In
vitro susceptibility of thioredoxins and glutathione to redox
modification and aging-related changes in skeletal muscle,”
Free Radical Biology & Medicine, vol. 53, no. 11, pp. 2017–
2027, 2012.

8 Oxidative Medicine and Cellular Longevity



[12] N. Naidoo, “ER and aging—protein folding and the ER stress
response,” Ageing Research Reviews, vol. 8, no. 3, pp. 150–
159, 2009.

[13] M. Atalay, N. K. J. Oksala, D. E. Laaksonen et al., “Exercise
training modulates heat shock protein response in diabetic
rats,” Journal of Applied Physiology, vol. 97, no. 2, pp. 605–
611, 2004.

[14] M. Atalay, N. Oksala, J. Lappalainen, D. E. Laaksonen, C. K.
Sen, and S. Roy, “Heat shock proteins in diabetes and wound
healing,” Current Protein & Peptide Science, vol. 10, no. 1,
pp. 85–95, 2009.

[15] S. K. Calderwood, A. Murshid, and T. Prince, “The shock of
aging: molecular chaperones and the heat shock response in
longevity and aging – a mini-review,” Gerontology, vol. 55,
no. 5, pp. 550–558, 2009.

[16] L. Chung and Y. C. Ng, “Age-related alterations in expression
of apoptosis regulatory proteins and heat shock proteins in
rat skeletal muscle,” Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease, vol. 1762, no. 1, pp. 103–
109, 2006.

[17] A. C. Kayani, J. P. Morton, and A. McArdle, “The exercise-
induced stress response in skeletal muscle: failure during
aging,” Applied Physiology, Nutrition, and Metabolism, vol. 33,
no. 5, pp. 1033–1041, 2008.

[18] T. Ogata, S. Machida, Y. Oishi, M. Higuchi, and I. Muraoka,
“Differential cell death regulation between adult-unloaded
and aged rat soleus muscle,” Mechanisms of Ageing and
Development, vol. 130, no. 5, pp. 328–336, 2009.

[19] S. R. Kirchhoff, S. Gupta, and A. A. Knowlton, “Cytosolic heat
shock protein 60, apoptosis, and myocardial injury,” Circula-
tion, vol. 105, no. 24, pp. 2899–2904, 2002.

[20] M. F. O'Leary, A. Vainshtein, S. Iqbal, O. Ostojic, and
D. A. Hood, “Adaptive plasticity of autophagic proteins
to denervation in aging skeletal muscle,” American Journal
of Physiology-Cell Physiology, vol. 304, no. 5, pp. C422–
C430, 2013.

[21] N. Naidoo, M. Ferber, M. Master, Y. Zhu, and A. I. Pack,
“Aging impairs the unfolded protein response to sleep depri-
vation and leads to proapoptotic signaling,” The Journal of
Neuroscience, vol. 28, no. 26, pp. 6539–6548, 2008.

[22] S. G. Hussain and K. V. A. Ramaiah, “Reduced eIF2α phos-
phorylation and increased proapoptotic proteins in aging,”
Biochemical and Biophysical Research Communications,
vol. 355, no. 2, pp. 365–370, 2007.

[23] K. Kim, Y. H. Kim, S. H. Lee, M. J. Jeon, S. Y. Park, and K. O.
Doh, “Effect of exercise intensity on unfolded protein response
in skeletal muscle of rat,” The Korean Journal of Physiology &
Pharmacology, vol. 18, no. 3, pp. 211–216, 2014.

[24] K. M. Tarpenning, M. Hamilton-Wessler, R. A. Wiswell, and
S. A. Hawkins, “Endurance training delays age of decline in
leg strength and muscle morphology,” Medicine & Science in
Sports & Exercise, vol. 36, no. 1, pp. 74–78, 2004.

[25] I. A. Samjoo, A. Safdar, M. J. Hamadeh, S. Raha, and M. A.
Tarnopolsky, “The effect of endurance exercise on both
skeletal muscle and systemic oxidative stress in previously
sedentary obese men,” Nutrition & Diabetes, vol. 3, no. 9,
article e88, 2013.

[26] J. Wu, J. L. Ruas, J. L. Estall et al., “The unfolded protein
response mediates adaptation to exercise in skeletal muscle
through a PGC-1α/ATF6α complex,” Cell Metabolism, vol. 13,
no. 2, pp. 160–169, 2011.

[27] P. Castrogiovanni and R. Imbesi, “Oxidative stress and skeletal
muscle in exercise,” Italian Journal of Anatomy and Embryol-
ogy, vol. 117, no. 2, pp. 107–117, 2012.

[28] N. K. J. Oksala, H. Paimela, E. Alhava, and M. Atalay, “Heat
shock preconditioning induces protein carbonylation and
alters antioxidant protection in superficially injured guinea
pig gastric mucosa in vitro,” Digestive Diseases and Sciences,
vol. 52, no. 8, pp. 1897–1905, 2007.

[29] S. Kinnunen, N. Oksala, S. Hyyppä et al., “α-Lipoic acid
modulates thiol antioxidant defences and attenuates exercise-
induced oxidative stress in standardbred trotters,” Free Radical
Research, vol. 43, no. 8, pp. 697–705, 2009.

[30] M. Suwa, T. Ishioka, J. Kato et al., “Life-long wheel running
attenuates age-related fiber loss in the plantaris muscle of mice:
a pilot study,” International Journal of Sports Medicine, vol. 37,
no. 6, pp. 483–488, 2016.

[31] E. Yoshihara, S. Masaki, Y. Matsuo, Z. Chen, H. Tian, and
J. Yodoi, “Thioredoxin/Txnip: redoxisome, as a redox switch
for the pathogenesis of diseases,” Frontiers in Immunology,
vol. 4, p. 514, 2014.

[32] Z. Radák, M. Sasvári, C. Nyakas, J. Pucsok, H. Nakamoto, and
S. Goto, “Exercise preconditioning against hydrogen peroxide-
induced oxidative damage in proteins of rat myocardium,”
Archives of Biochemistry and Biophysics, vol. 376, no. 2,
pp. 248–251, 2000.

[33] S. Chalil, N. Pierre, A. D. Bakker et al., “Aging related ER stress
is not responsible for anabolic resistance in mouse skeletal
muscle,” Biochemical and Biophysical Research Communica-
tions, vol. 468, no. 4, pp. 702–707, 2015.

[34] D. T. Hwee, L. M. Baehr, A. Philp, K. Baar, and S. C. Bodine,
“Maintenance of muscle mass and load-induced growth in
muscle RING finger 1 null mice with age,” Aging Cell,
vol. 13, no. 1, pp. 92–101, 2014.

[35] M. R. Beltran Valls, D. J. Wilkinson, M. V. Narici et al.,
“Protein carbonylation and heat shock proteins in human
skeletal muscle: relationships to age and sarcopenia,” The Jour-
nals of Gerontology Series A: Biological Sciences and Medical
Sciences, vol. 70, no. 2, pp. 174–181, 2015.

[36] H. Naito, S. K. Powers, H. A. Demirel, and J. Aoki, “Exercise
training increases heat shock protein in skeletal muscles
of old rats,” Medicine and Science in Sports and Exercise,
vol. 33, no. 5, pp. 729–734, 2001.

[37] Z. Lappalainen, J. Lappalainen, N. K. J. Oksala et al., “Diabetes
impairs exercise training-associated thioredoxin response and
glutathione status in rat brain,” Journal of Applied Physiology,
vol. 106, no. 2, pp. 461–467, 2009.

[38] P. Demakakos, M. Hamer, E. Stamatakis, and A. Steptoe,
“Low-intensity physical activity is associated with reduced risk
of incident type 2 diabetes in older adults: evidence from the
English Longitudinal Study of Ageing,” Diabetologia, vol. 53,
no. 9, pp. 1877–1885, 2010.

[39] J. Zhou and W. J. Chng, “Roles of thioredoxin binding protein
(TXNIP) in oxidative stress, apoptosis and cancer,”Mitochon-
drion, vol. 13, no. 3, pp. 163–169, 2013.

[40] S. Lee, S. Min Kim, J. Dotimas et al., “Thioredoxin‐interacting
protein regulates protein disulfide isomerases and endoplas-
mic reticulum stress,” EMBO Molecular Medicine, vol. 6,
no. 6, pp. 732–743, 2014.

[41] B. Egan and J. R. Zierath, “Exercise metabolism and the
molecular regulation of skeletal muscle adaptation,” Cell
Metabolism, vol. 17, no. 2, pp. 162–184, 2013.

9Oxidative Medicine and Cellular Longevity



[42] P. M. Abruzzo, F. Esposito, C. Marchionni et al., “Moderate
exercise training induces ROS-related adaptations to skeletal
muscles,” International Journal of Sports Medicine, vol. 34,
no. 8, pp. 676–687, 2013.

[43] Z. Murlasits, R. G. Cutlip, K. B. Geronilla, K. M. K. Rao,
W. F. Wonderlin, and S. E. Alway, “Resistance training
increases heat shock protein levels in skeletal muscle of
young and old rats,” Experimental Gerontology, vol. 41,
no. 4, pp. 398–406, 2006.

[44] K. A. Huey and B. M. Meador, “Contribution of IL-6 to the
Hsp72, Hsp25, and αβ-crystallin responses to inflammation
and exercise training in mouse skeletal and cardiac muscle,”
Journal of Applied Physiology, vol. 105, no. 6, pp. 1830–
1836, 2008.

10 Oxidative Medicine and Cellular Longevity



Research Article
Effects of Nordic Walking on Oxidant and Antioxidant
Status: Levels of Calcidiol and Proinflammatory Cytokines in
Middle-Aged Women

Wanda Pilch ,1 Łukasz Tota ,2 Anna Piotrowska ,1 Ewa Śliwicka ,3

Olga Czerwińska-Ledwig ,1 Roxana Zuziak ,1 and Łucja Pilaczyńska-Szcześniak 3

1Department of Cosmetology, Faculty of Physiotherapy, University of Physical Education, Cracow, Poland
2Department of Physiology and Biochemistry, Faculty of Physical Education and Sport, University of Physical Education,
Cracow, Poland
3Department of Hygiene, Poznań University of Physical Education, Poznań, Poland

Correspondence should be addressed to Anna Piotrowska; anna.piotrowska@awf.krakow.pl

Received 2 November 2017; Revised 3 January 2018; Accepted 9 January 2018; Published 20 March 2018

Academic Editor: Yong Zhang

Copyright © 2018 Wanda Pilch et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objectives. Nordic walking (NW) is relatively new and popular type of physical exercise with less studied effects than other sports
activities. The aim of the study was to analyze possible changes in somatic indices, oxidant and antioxidant status, interleukins, and
calcidiol levels in middle-aged women after a 12-week NW training program. Study Design. In this study, we examined the effects of
NW training on selected measures and changes in body weight, fat mass, and calcidiol levels.Methods. The study group consisted of
13 women (46± 4.2 years), who took part in trainings. Before and after the training program, some anthropometric indices were
determined and selected biochemical parameters were measured in blood. Results. NW training led to a significant decrease of
the total body mass and fat mass and to an increase in lean body mass (p < 0 05). It also contributed to a significant increase in total
antioxidative status (TAS) and calcidiol levels (p < 0 05). Before training, a reverse correlation between IL-6 and total oxidative
capacity (TOC) levels (p < 0 05) was found, while after training between IL-6 and calcidiol levels (p ≤ 0 001). Conclusions.
12-week NW training undertaken by premenopausal women not only has a positive effect on body composition but also
on the plasma antioxidative capacity.

1. Introduction

The impact of physical activity on health has been a subject of
extensive interest in recent years. There has been a visible rise
in the number of people undertaking various forms of
physical activity, including Nordic walking. Regular physical
exercise, regardless of individuals’ age, does contribute to
maintaining good health and improving physical fitness
and, in particular, in maintaining appropriate body mass
[1–3]. Visceral fat functions as an endocrine and paracrine
organ secreting a number of adipokines and cytokines that
might contribute to the development of metabolic diseases
[4, 5]. It is also associated with hepatic and peripheral insulin
resistance [6–8].

It is well known that physical activity improves muscle
mass, regardless of one’s age, and has a positive effect on
muscle strength [9]. Skeletal muscles constitute a highly spe-
cialized tissue which features excellent plasticity in response
to external stimuli, for example, training. Depending on their
type, physical exercises induce a number of phenotypic and
physiological changes such as mitochondrial biogenesis,
muscle fiber transformation, angiogenesis, improvement of
insulin sensitivity, and cytoprotection [10]. Physical exercise
stimulates the production of reactive oxygen species (ROS),
which may have positive or negative effects on health,
depending on their level, exposure time, and one’s physical
fitness. Physically active individuals display a higher level of
adaptation and are, to a greater extent, less susceptible to
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the adverse effects of the ROS. In women, a lower lean body
mass results from a reduction of skeletal muscle mass which
is visible between 30 and 50 years of age and intensifies in
postmenopausal women [11]. According to Fulle et al. [12],
reactive oxygen and nitrogen species (RONS) may induce a
reduction in muscle mass and strength due to changes in
the functioning of the mitochondrial respiratory chain,
with aging muscles becoming more susceptible to exercise-
induced oxidative stress [13], as evidenced by increased lipid
peroxidation, protein oxidation, and DNA damage.

Vitamin D is necessary for maintaining the structural
integrity and function of muscles [14]. Wiseman [15] showed
that both 1,25-dihydroxycholecalciferol [1,25 (OH)2D3]
and ergocalciferol (vitamin D2) functioned as membrane
antioxidants protecting the cell membrane from damage
by free radicals.

In view of the above, it remains paramount to choose
training loads that would ensure a balance between the
production of RONS and maintaining proper muscle mass
and good physical fitness [16]. One such training type can
be Nordic walking—a fitness walking activity performed with
special walking poles. Nordic walking significantly engages
the upper body muscles which usually remain passive during
regular walking [17].

The present study aimed at an analysis of possible
changes in somatic indices, oxidative stress, and inflamma-
tory markers, as well as calcidiol blood levels in middle-aged
women after a 12-week Nordic walking training program.

2. Methods

2.1. Participants. The study sample consisted of 13 women
aged between 40 and 50 years (mean± SD: 46± 4.2), and
body height was between 158 and 170 cm (mean± SD:
164.9 ± 5.4). The participants were required to submit a
medical confirmation of fitness to perform physical exercise.
They were asked not to receive any pharmacological treat-
ment (for hypertension, hyperlipidemia, or hormonal) or
take antioxidative and other dietary supplements for at least
four weeks prior to the commencement of the study. The
women were also required to abstain from alcohol consump-
tion for at least two weeks before and during the trial. All
participants were also asked to maintain their regular dietary
habits and fill in the International Physical Activity Ques-
tionnaire (IPAQ, abridged version) [18] concerning their
physical activity. IPAQ is a questionnaire containing ques-
tions about the person’s activity in the last 7 days. The subject
responds to the questions whether and how much time
she/he performed in the last week of activity with high
and moderate intensity, in addition to how much time is
spent daily in sitting and walking. IPAQ questionnaire
responses are converted into three categories: 1 means
low physical activity; 2, moderate; and 3, high. Women
whose level of physical activity was insufficient to achieve
at least moderate (2) were qualified for the study.

In accordance with the Declaration of Helsinki, the
participants had been informed about the purpose and
methods of the study and the possibility to discontinue their
participation at any given stage of the trial as well as they gave

their written consent to participate. The study was officially
approved by the Bioethical Commission of the Regional
Physicians’Chamber (approval number 137/KBL/OIL/2013).

2.2. Training Program. The Nordic walking training classes
lasted 12 weeks, fromMarch to May, and encompassed three
90-minute sessions a week under an instructor’s supervision.
Each woman took part in 36 training sessions. Before the
commencement of the training program, the women had
attended three instruction classes on the proper Nordic
walking technique. The length of the walking poles was
individually adjusted for each participant [17].

Each training session took place in the morning and
comprised three parts: warmup (15.0± 2.0min), main part
(60.0± 4.2min), and cooldown (15.0± 1.2min). The warmup
consisted of stretching exercises and walking exercises with
the poles, preparing the body for the main training part
which included aerobic, continuous, and interval walking
exercise in different terrains. The cooldown phase included
relaxation exercises.

The participants kept training diaries, and after each
session recorded the length of the covered distance and
training intensity assessed with a heart rate monitor (Polar
RS400, Finland). The training volume was presented as the
covered distance (km) during training.

The selection of exercise intensity assumed maximal
mobilization of body fat reserves during regular training.
An effective use of energy resources in the form of free fatty
acids (FFA) was to be obtained at an exercise intensity of
50± 1.2% HRmax in the main part of the first mesocycle,
60± 2.3% in the second mesocycle, and 65± 3.1% in the
third mesocycle.

HRmax was estimated according to the formula:
HRmax=211−0.64 (years) [19], which amounted to 181.9 ±
2.7 bpm for the study group. In the main part of each train-
ing session, the women maintained the designated heart
rate, which was monitored with a Sport Tester.

According to the data supplied by the Institute of
Meteorology and Water Management in Warsaw in 2014,
the sum of insolation for the city of Kraków and suburban
areas in March was in the range between 110 and 120 hours
and in April 140–160 hours and was approximately 10–30
hours higher than the long-term average for years 1971–
2000. In May, the total insolation equals to 200–220 hours,
which was also 10–30 hours more than the long-term average
for this month.

2.3. Somatic Measurements. The body composition measure-
ments were taken before and after the training program, in
the morning in a fasting state. The women’s body composi-
tion was assessed using bioelectrical impedance analysis
(Jawon Medical, IOI 353, South Korea) and body height
(BH) with an anthropometer (Martin, USA). Other measure-
ments included body mass (BM), percent body fat (F%),
fat mass (FM), lean body mass (LBM), and body mass
index (BMI).

2.4. Biochemical Analysis. A day before the commencement
of training and a day after its completion, blood samples were
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drawn from the participants’ antecubital vein in accordance
with all safety standards. The samples were collected into
EDTA blood collection tubes (6ml BD Vacutainer® EDTA
tubes, Franklin Lakes, NJ, U.S.A.) in order to extract blood
plasma and separately for blood serum (6ml BD Vacutainer
Serum tubes, Franklin Lakes, NJ, U.S.A.). Blood samples for
serum obtainment were collected into tubes containing
coagulation activator which after 20 minutes of clotting at
room temperature were centrifuged at RCF 1000×g for
15 minutes at 4°C (MPW 351R, Poland), and the obtained
serum was stored at a temperature of −20°C until the time of
determination. All stages of serum preparation were con-
ducted in an acrylic glovebox station for anaerobic work
(MBRAUN,MB GB 2202, Germany) with the use of nitrogen
(Linde Gaz, Poland) in order to prevent oxidation of sample
components. We did not note hemolysis or lipemia in any of
the samples. Total antioxidant status (TAC) and total oxida-
tive capacity (TOC) of the plasma were determined with the
use of commercial diagnostic kits (DM P-4100, DM P-4200,
LDN Labor Diagnostika Nord GmbH & Co., Germany).
Interleukin-6 (IL-6), interleukin-1β (IL-1β), and calcidiol
[25-(OH)D] levels were measured in blood serum using
ELISA immunoenzymatic test kit (EIA-4640, EIA-4437,
EIA-5396, DRG Instruments GmbH, Germany).

2.5. Statistical Analysis. The results were presented as arith-
metic means and standard deviations (±SD). Conformity
with normal distribution was checked with the Shapiro-
Wilk test. The training-induced changes were checked with
Student’s t-test for dependent variables or the Mann–
Whitney U test. The correlations between the studied
variables were assessed using Pearson’s correlation coeffi-
cient for variables with normal distribution. Spearman’s
rank correlation test was used for variables that did not com-
ply with normal distribution. The level of significance was
set at p < 0 05. STATISTICA 10.0 software (StatSoft Inc.,
Tulsa, OK, U.S.A.) was used for all statistical calculations.

3. Results

Tables 1–4 show the results of the study. Table 1 presents
the basic anthropometric characteristics of participants
and statistical analysis results. The 12-week Nordic walking
training program did cause a significant reduction in partic-
ipants’ body mass and fat mass (Δ=−2.5± 1.7, p = 0 0001;
Δ=−3.8± 1.7, p = 0 03, resp.) and a significant increase in
lean body mass (Δ=1.3± 0.5, p = 0 04). Table 2 shows the
mean total distance covered by the women in particular
training mesocycles.

Table 3 shows changes in the concentration of selected
biochemical markers. The Nordic walking training program
contributed to a significant increase in the TAS and calcidiol
levels (p = 0 007 and p = 0 008, resp.).

The measurement before the training program revealed
a reverse correlation between IL-6 concentration and TOC
(r = −0 70, p = 0 046), and the measurement after the train-
ing program revealed a reverse correlation between IL-6
level and calcidiol (r = −0 91, p = 0 001). The correlations
of selected results are shown in Table 4.

4. Discussion

In the present study, Nordic walking training, conducted
three times a week for 12 weeks, was sufficient to increase
physical performance, measured by the increment of covered
distance in equal time (Table 2), and brought about a
reduction in participants’ body mass, fat mass and mean
BMI and a simultaneous increase in lean body mass (LBM)
(Table 1). The last increase is most probably an effect of
applied resistive exercises as parts of the Nordic walking
training. According to Ryan et al. [20], the use of such

Table 1: Selected somatic indices in the studied women.

Baseline After 12 weeks Δ p

BM (kg) 63.8± 7.2 61.3± 5.8∗ −2.5± 1.7 0.0001

LBM (kg) 43.7± 3.2 45.0± 3.1∗ +1.3± 0.5 0.04

FM (kg) 20.1± 3.1 16.3± 2.9∗ −3.8± 1.7 0.03

BMI (kg·m−2) 23.4± 2.5 22.3± 1.8∗ −1.1± 0.5 0.02

BH: body height; BM: body mass; LBM: lean body mass; FM: fat mass;
BMI: body mass index. ∗p < 0 05.

Table 2: Training volume in particular training mesocycles.

Mesocycle 1 Mesocycle 2 Mesocycle 3

Covered distance (km) 5.5± 0.2 6.5± 0.3 7.8± 0.5

Table 3: Levels of selected biochemical markers in the studied
women.

Baseline After training Δ p

IL-1β (pg·ml−1) 2.6± 1.3 2.0± 0.6 −0.6± 1.1 0.13

IL-6 (pg·ml−1) 48.0± 15.1 44.0± 11.0 −4.0± 13.6 0.37

TOC (μmol·l−1) 0.08± 0.03 0.09± 0.05 +0.01± 0.05 0.67

TAS (μmol·l−1) 1.1± 0.4 1.6± 0.2∗ +0.5± 0.4 0.007

25(OH)D3
(ng·ml−1)

23.8± 5.7 27.2± 4.9∗ +3.5± 2.6 0.008

IL-1β: interleukin-1β; IL-6: interleukin-6; TOC: total oxidative capacity;
TAS: total antioxidative status. ∗p < 0 05.

Table 4: Correlations between selected biochemical and somatic
parameters.

r p

Δ 25(OH)D3 versus BM baseline 0.75 0.008

Δ 25(OH)D3 versus BM after training 0.80 0.003

Δ 25(OH)D3 versus Δ BM 0.50 0.120

Il-6 baseline versus TOC baseline −0.70 0.046

Il-6 after training versus 25(OH)D3 after training −0.91 0.001

Δ: difference between baseline and after training measurements, r: Pearson
correlation coefficient. n = 13.
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exercises in women exerts a positive influence on muscle
endurance. They noted that a 16-week resistance training
program in women (60min, 3 times a week) applied to
different muscle groups (arms, legs, chest, spine, and
abdomen) resulted in an increase in muscle strength of the
arms by 36–65% and that of the legs by 32–98%, despite a
reduction in body mass and BMI (p < 0 05). Moreover,
Ogawa et al. [21] found that the 12-week, low-intensity,
resistance exercise training program caused an increase of
muscle mass in elderly women.

In our study, the positive effects of Nordic walking were
also confirmed by the lower oxidative stress levels and higher
enzymatic and nonenzymatic antioxidative capacity in the
blood of middle-aged individuals. The present study revealed
a significant increase in the TAS levels (Table 3), which is in
accordance with the results of our previous study [22] and
Takahashi et al. [23]. A similar rise in TAS, following a
six-week aerobic dancing training of moderate intensity
in women aged 30–55 years, was noted by Leelarungrayub
et al. [24]. The increased TAS levels observed in the present
study with no concurrent changes in the TOC levels
(Table 3) can be explained by the notion of hormesis pro-
posed by Masoro [25], which assumes that even insignificant
oxidative stress (associated with systematic physical activity)
causes adaptative changes in different cell types and increases
their antioxidative potential. Regular physical exercise leads
to a rise in endogenous antioxidants levels, which are able
to neutralize free radicals [10]. As a result, the cells become
less susceptible to damage associated with acute oxidative
stress. It appears then that even a small, chronic oxidative
stress associated with training inducing a repeated increase
in ROS improves the body’s antioxidative defense, as noted
by Finkel and Holbrook [26].

IL-1β, IL-6, and TNF-α are cytokines released most
quickly in response to exercise stimuli [27]. The molecular
mechanisms of the restoration of damaged muscle involve
increases in IL-1, IL-6, and IL-10 [28]. IL-1β stimulates the
synthesis of brain-derived neurotrophic factor (BDNF)
which regulates the proliferation, differentiation, and survival
of neurons and enhances the production of ROS taking part
in gene expression [29]. IL-6 is a multidirectional cytokine
which activates T lymphocytes, regulates the growth and
diversity of B lymphocytes, and stimulates the hepatic secre-
tion of molecular chaperones HSP (heat shock proteins),
whose expression increases when the cells are exposed to
stress factors, for example, high temperature or ROS [30].
IL-6 takes part in energy processes through regulation of
glucose and FFA blood levels. IL-6 also stimulates lipolysis
in the adipose tissue, elevates the blood levels of triglycerides
and FFA, and enhances the β-oxidation of fatty acids in
muscle cells [31]. The present study did not reveal changes
in the levels of the examined cytokines; however, their role
in the coordination of inflammatory and regenerative pro-
cesses during muscle restoration, as indicated by Philippou
et al. [32], should not be excluded. This is confirmed by a
negative correlation between TOC and IL-6 in the initial
measurement. Zembroń-Łacny et al. [33] found a high posi-
tive correlation between ROS markers and IL-6, which not
only points to the role of ROS in the secretion of IL-6

regulation but also to its antioxidant modulation. On the
other hand, Ogawa et al. [21] showed that low-intensity
exercise training reduced levels of inflammatory markers
and cytokines. These changes and also the inverse correlation
between percentage changes in subscapular muscle thickness
and percentage changes in CRP and TNFα suggest that
low-intensity resistance training is beneficial for preventing
sarcopenia in aged sedentary women.

The fact that Nordic walking does not induce inflamma-
tion in working muscles is indicated by a reverse correlation
between IL-6 and 25(OH)D after the completion of the
training program. Other authors showed that vitamin D
deficiency contributed to the losses of muscle mass and
strength [34, 35], which is related to a reduction of vitamin
D receptors (VDR) in muscles [36]. Vitamin D has also
anti-inflammatory properties, and its deficiency is associated
with more severe inflammation. Schleithoff et al. [37] found
that vitamin D3 supplementation contributed to a decreased
secretion of proinflammatory factors such as CRP, TNF-α,
and IL-6.

After finishing the 12-week Nordic walking training
program, the increase in blood 25(OH)D level (up to
27.2± 4.9 ng·ml−1) was observed. The opposite phenomenon
was observed in our previous study evaluating the effect of a
6-week long training conducted in the autumn-winter period
(October–December) [38]. A decrease in vitamin D level was
also observed after 32-week Nordic walking training in the
study of Kortas et al. [39]. Despite the increased numbers
of hours of sunshine during the months when the training
was now conducted and maintaining current eating habits,
the ultimate calcidiol level was still below the recommended
standard values and it appears that external supplementation
of this vitamin is needed.

In the planning of endurance efforts for middle-aged
people, it is useful to introduce heart rate monitors, which
in our group helped to enforce the intensity of march in the
main part in the first mesocycle 50± 1.2% HRmax (average
distance covered during classes 5.5± 0.2 km), in the second
60± 2.3% HRmax (average distance covered during the
course 6.5± 0.3 km), and in the third 65± 3.1% HRmax
(average distance covered during the course 7.8± 0.5 km),
as it was shown in Table 2. An important role in the genera-
tion of biochemical and somatic changes in participants of
the study was generated by the standardization of trainings
understood by regularity of attending classes, individualiza-
tion resulting from continuous HR measurement, instructor
control of both the technique of performing movement as
well as maintaining correct HR values, and increasing the
marching intensity in subsequent mesocycles.

5. Conclusions

In conclusion, the results of the present study corroborate
those concerning the impact of Nordic walking on body
composition and some biochemical markers obtained in
other studies. A 12-week Nordic walking training undertaken
by premenopausal women not only had a positive effect on
body composition but also on plasma antioxidative capacity.
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However, it cannot replace adequate dietary intake or substi-
tution of vitamin D.

The use of heart rate monitors in each participant
contributed to the individualization of conducted health
training. Thanks to monitoring the heart rate during classes,
instructors could precisely adjust the speed of march to the
planned heart rate, all the while taking care of the proper
technique of Nordic walking.
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