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Introduction

A number of studies have demonstrated that increased 
levels of reactive oxygen species (ROS) are involved 
in the aging process (Droge 2013) and contribute to 
pathological changes in neurodegenerative disorders 
(Floyd 2002). The hippocampus is particularly 
vulnerable to oxidative damage during aging due to 
the reduced capacity of neurons to maintain redox 
homeostasis (Serrano 2004). Since the hippocampus 
is involved in certain forms of learning and memory 

consolidation (Morris 2006), oxidative damage of 
this brain area may cause impairment in cognitive 
functions (Serrano 2004). The maintenance of a 
normal redox state in hippocampal neurons, therefore, 
is important for the prevention of cognitive decline 
during aging.
Numerous studies indicate that exercise may play 
an important role against age-associated cognitive 
decline (Mattson 2000; Kramer 1999; Kayser 2003; 
Bergensen 2006; Ferrari 2007; Shin 2009; Train 
the brain study 2017). The principal modification 
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A B S T R A C T
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induced by regular exercise includes structural 
changes in the hippocampus, such as neurogenesis 
(Trejo 2001; Van Praag 1999; Okamoto 2012) and 
angiogenesis (Van der Borght 2009), which possibly 
contribute to functional improvement (Clark 2008). 
Unfortunately, the molecular mechanism underlying 
these exercise-induced structural changes is 
still unclear. It has been proposed that regular 
physical training induces an adaptation process in 
ROS-detoxifying systems, resulting in increased 
resistance of cells to oxidative challenges (Radak 
1999a; Franzoni 2005). Previous studies on rat brain 
showed that exercise training reduces thiobarbituric 
acid reactive substances (TBARS) content and 
the DNA oxidative-damage marker 8-hydroxy-2’-
deoxyguanosine, as well as increases superoxide 
dismutase (SOD) antioxidant activity and the total 
antioxidant capacity (TAC) (Nonato 2016; Mahjoub 
2016), thus protecting hippocampal cells against 
oxidative damage like some anticonvulsants and 
mood stabilizing drugs (Cui 2007; Mariotti 2010). 
Moreover, physical activity is able to influence 
neurotrophic factors (Mahjoub 2016) such as the 
brain-derived neurotrophic factor (BDNF) and 
the nerve growth factor (NGF), which modulate 
neuronal plasticity and survival by their protective 
effect against free-radical species and the increase 
in the activities of the antioxidant defences (Neeper 
1996; Spina 1992; Nisticò 1992).
The exercise-induced antioxidant status may be 
regulated by the expression of Sirtuins, proteins 
with multiple enzymatic activities, including NAD+-
dependent deacetylation (Koltai 2010). The NAD+ 
requirement for their enzymatic activity makes them 
sensors of the redox state of the cell and organism. 
Thus, sirtuins are major effectors in the cellular 
response to oxidative stress, acting to modulate 
cellular physiology under these conditions. Mammals 
have 7 sirtuins, denoted SIRT1 to 7 (Pallas 2008). 
Among these, the increase of SIRT1 activity in 
human cells can delay apoptosis and protects from 
oxidative stress (Howitz 2003), while SIRT3 responds 
to changes in mitochondrial redox status by altering 
the enzymatic activity of manganese superoxide 
dismutase (MnSOD) (Ozden 2011). It was recently 
reported that SIRT3 overexpression protects cultured 
motor neurons against the cell death-promoting effect 
of a SOD1 mutation that causes familial amyotrophic 
lateral sclerosis (ALS) (Song 2013) and protects mice 

against noise-induced hearing loss (Someya 2010), 
suggesting neuroprotective roles for SIRT3. However, 
the mechanisms that regulate the expression of SIRTs 
in neurons, and their potential roles in neuronal 
responses to stress are unknown. Thus, in the present 
study the impact of an exercise training protocol 
on oxidative stress biomarkers and SIRT and NGF 
expression in rat hippocampus was investigated.

Experimental Procedures

Animal care and training protocol
The experiments were conducted with eight 3-5-month-
old male Wistar albino rats (Charles River, Calco, 
Italy), weighing 280-300 g at the beginning of the 
study. Manipulation and animal care were performed 
in accordance with the guidelines of the Committee 
on Research Ethics of the IASP and Materials and 
with the Italian national law on the use of animals for 
research (DL116 / 92, application of Directive of the 
Council of European Communities 86/609 / EEC), and 
have been approved by the ethics committee of the 
University of Pisa (n. 00 Protocol 4896/2013).
The animals were used individually and maintained 
in conditions relaying standard constant temperature 
(24±1° C) and humidity (60±5%), food and water 
ad libitum and subjected to a circadian cycle of 
artificial light/dark of 12 hours.
We randomly assigned the rats to the following 
two experimental groups: untrained controls and 
one experimental group of exercise that underwent 
a 6-week moderate-intensity exercise training 
protocol for three times/week (Figure 1). In each 
exercise session, each animal was brought from 
the housing room to the training room, left for 15 
minutes, and then removed manually from the home 
cage and placed into a specially constructed training 
apparatus. The conditioning apparatus consisted of 
a plastic wheel, 42 cm in diameter, closed at the 
rear and perforated along the whole outer surface, 
so that air and light penetrated inside. A transparent 
plastic panel wheel delimited a corridor along which 
the animal was forced to walk, following the rotary 
movement of the wheel. On the panel there was 
an externally hinged access door (with magnetic 
closure) to allow the input and the output of the 
animal. A metallic pedestal, 36 cm high, held an iron 
rod, 40 cm long, centrally inserted in the wheel, to 
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support the entire structure and to allow the rotary 
movement around it, in both clockwise and schedule 
directions. A toothed belt connected to a step-by-
step electric motor (US Digital, Washington 98684, 
USA) induced the rotational movement, operated by 
a computerized system. The computerized system, 
through a particular software programmed into the 
LAB VIEW system (National Instruments SRL, 
Milan, Italy), allowed the operator to manage the 
rotary movement of the wheel by setting the direction 
of rotation (clockwise or counter clockwise), the 
speed of rotation (expressed in m/min), the rotation 
time (min) the distance travelled (m) and the data 
acquired in real time. Data recorded were stored on 
the table to be subsequently analysed offline.
The animals were habituated to the exercise room for 
1 week before the exercise: the first two days they 
were left free to explore and move around inside 
the wheel, which was not connected to the software. 
In the following days, the wheel was driven slowly 
(4-5 m/min) to allow the rat to coordinate their pace 
with the apparatus rotation speed. After 3-4 days of 
adaptation, the animals showed the ability to follow 
the movement of the wheel, walking continuously for 
30 minutes. They were exercised for 6 weeks (Krause 
2015), according to the following protocol: a) 3 
sessions per week, on alternate days; b) all training 
sessions always take place between 10 am and 3 
pm, to reduce circadian influences; c) the rat, at the 
beginning of the session, was left undisturbed and 
autonomous in its movement for the first 5 minutes, 
after which the operator started the motor-induced 
movement of the wheel; d) each training session had 
a duration of 30 minutes, during which the rotation 
speed was increased to 1 m/min, every 15 minutes. As 
schematically depicted in Figure 1, the speed reached 
at the end of each session was the speed with which 
the next session started. In this way, starting from 
an initial speed of 5 m/min (session 1), session after 
session, at the end of the fifth week, a speed of 20 m/
min was reached. The speed reached in session 15 
was also maintained during the last three sessions in 
the sixth week of training.
At the end of each training session, the animals were 
placed in their home cage and brought back into 
the enclosure. The sedentary rats, however, were 
taken to the training room with the trained rats, each 
session, but were left in their home cage for the 
entire duration of the workout.

One week after the last training session, all animals 
were sacrificed by cervical dislocation. Under sterile 
conditions and under a microbiological laminar flow 
hood, the brain was immediately removed from the 
skull, and kept on ice made from frozen saline; then 
the brain tissue was dissected in order to obtain 
sections of the hippocampus. Each tissue section 
was splitted into two samples: one was stored in 1.5 
ml eppendorf at -80° C to be subsequently used for 
the transcriptional analysis; the other sample was 
placed on ice and immediately homogenated to be 
used for the total oxyradical scavenging capacity 
(TOSC) assay. From different tissue samples, total 
RNA was extracted using the GenElute ™ extraction 
kit Mammalian Total RNA Miniprep Kit, RTN70 
(Sigma-Aldrich, St. Louis, MO, USA), as set forth by 
the company. The purified RNA samples were read 
by the Biowave DNA spectrophotometer (Biochrom 
WPA, Cambridge, UK) to measure the concentration 
and purity of the obtained RNA and then stored at 
-80 ° C for subsequent analyses. Finally, the integrity 
of extracted RNA was evaluated by electrophoresis.

qRT-PCR
The extracted RNA samples were pretreated with 
Amplification Grade DNase Kit (Sigma-Aldrich, St. 
Louis, MO, USA), to eliminate any contamination 
by DNA. Reverse transcription was performed using 
the kit iScripTMcDNA Synthesis Kit (BIO-RAD, 
Milan, Italy).
qRT-PCR was performed using the iQ ™ 
SYBR®Green Supermix kit (BIORAD, 
Milan, Italy). The primers used for the (GAPDH) 
glyceraldehyde 3-phosphate dehydrogenase 
(F: GATTTGGCCGTATCGGAC; R: 
GAAGACGCCAGTAGACTC) and β-actin 
(F: GGCTGTATTCCCCTCCATCG; R: 
CCAGTTGGTAACAATGCCATGT) were 
designed by using the Primer Express® Software 
v3.0.1 (Applied Biosystems®, Foster City, CA, 
USA), while for Sirt1, Sirt3 and NGF, primers 
reported in the literature were used (Cheung 2015; 
Zhang 2015). For the PCR reaction, the following 
mix was used: 50 ng of cDNA, 300 nM of each 
primer, 7.5 µl of Master Mix iQ SYBR Green 
Supermix and 5.6 µl of H2O DNase-free to a 
final volume of 15 µl. Samples were loaded in 
triplicate and the analysis was performed by the 
MiniOpticon Real-Time PCR Detection System 
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(BIO-RAD, Milan, Italy) and the Bio-Rad CFX 
Manager software. Cycling conditions included an 
initial denaturation (3 min at 95°C) followed by 40 
cycles of amplification and quantification (10 sec 
at 95°C, 60 sec at 59°C with a single fluorescent 
measurement at the end of each elongation step) 
and dissociation protocol (from 60°C to 95°C by 
1°C increments followed by a 30 sec hold and 
fluorescent measurement). Each target gene (SIRT1, 
SIRT3, and NGF) was amplified together with 
GAPDH and β-actin, as housekeeping genes. The 

relative evaluation of gene expression changes was 
performed by the 2–ΔΔCT method (Livak 2011). The 
data obtained for each sample in triplicate were 
represented in the graphs as means±SE.

Total Oxyradical Scavenging Capacity 
(TOSC) Assay

The plasma antioxidant capability (AOC) was 
assessed by the TOSC assay, a gas chromatographic 
assay for determining oxyradical scavenging capacity 
of biological fluids (Regoli 1999). Peroxyl radicals 

Fig. 1. - List of the eighteen exercise sessions of the six-week training protocol.
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were generated by the thermal homolysis of 20 
mM 2,20-azo-bisamidinopropane (ABAP) at 35°C 
in 100 mM potassium phosphate buffer, pH 7.4. 
Hydroxyl radicals were generated at 35°C by the 
iron plus ascorbate-driven Fenton reaction (1.8 mM 
Fe3+, 3.6 mM EDTA, and 180 mM ascorbic acid 
in 100 mM potassium phosphate buffer, pH 7.4). 
Peroxynitrite was generated from the decomposition 
of 3-morpholinosydnonimine N-ethylcarbamide (SIN-
1) in the presence of 0.2 mM a-cheto-g-(methylthiol) 
butyric acid (KMBA), 100 mM potassium 
phosphate buffer, pH 7.4, and 0.1 mM Diethylene 
Triamine Penta Acetic Acid (DTPA) at 35°C. The 
concentration of SIN-1 was varied to achieve an 
ethylene yield equivalent to the iron-ascorbate and 
ABAP systems. Reactions with 0.2 mM KMBA 
were carried out in 10 ml vials sealed with gas-tight 
Mininert1 valves (Supelco, Bellefonte, PA) in a final 
volume of 1 ml (Regoli 1999). Ethylene production 
was measured by gas-chromatographic analysis of 
200 ml aliquots taken from the headspace of vials 
at timed intervals during the course of the reaction. 
Analyses were performed with a Hewlett-Packard 
gas chromatograph (HP 7820A Series, Andoven, 
MA) equipped with a Supelco DB-1 (30 x 0.32 x 0.25 
mm) capillary column and a flame ionization detector 
(FID). The oven, injection and FID temperatures 
were respectively 35,160 and 220°C. Hydrogen was 
the carrier gas (flow rate of 1 ml/min) and a split 
ratio of 20:1 was used. Total ethylene formation was 
quantified from the area under the kinetic curves 
that best define the experimental points obtained for 
control reactions and after addition of plasma during 
the reaction. TOSC values were quantified from the 
equation TOSC = 100 - (SA/CA x 100), where SA 
and CA are the area under the curve (AUC) for sample 
and control reaction respectively. A TOSC value of 0 
corresponds to a sample with no scavenging capacity. 
A TOSC value of 100 is attributed to a compound that 
entirely suppresses the ethylene formation whereas 
a pro-oxidant compound shows a negative TOSC 
value. Consequently, antioxidants and pro-oxidant 
molecules can be distinguished by the obtained 
results. The linearity of the dose-response curve 
between hippocampal homogenate (µl) and the 
antioxidant response (TOSC value) was tested and 
good correlation coefficients (generally greater than 
0.9) were obtained at the different doses used to test 
the validity of our experiments. Each experiment was 

performed in triplicate to account for the intrinsic 
variability of the method. The results obtained with 
plasma were expressed in TOSC units. In our study, 
the coefficient of variation (CV) of the method ranged 
between 2% and 5% (Bianchi 2016).

Statistical Analysis

All the data were expressed as means±SE since they 
were normally distributed according to the method of 
Kolmogorov-Smirnov. Comparisons within groups 
were performed with nonparametric ANOVA for 
repeated measurements and the Bonferroni post-hoc 
test. The statistical analyses of the data obtained 
with the 2-ΔΔCT method and the TOSC assay were 
performed using the Student’s t test for unpaired 
data. Statistical significance was set at p <0.05. The 
analyses were conducted using the software Prism 
4.0 (GraphPad Software Inc., San Diego, CA, USA).

Results

At the end of the adaptation week (session 0 in Figure 
1) experimental animals had walked an average 
of 134.49 m, adapting to walk continuously for 
30 minutes. In general, the animals chose to walk 
following the anticlockwise direction of the wheel. In 
session 1, the rats travelled an average of 215.75 m, 
starting from an initial speed of 5 m/min, increased 
to 6 m/min in the last 15 minutes, thus increasing 
significantly, compared to the period of adaptation, the 
distance travelled (ANOVA for repeated measures, F 
(18,94) = 1125, p <0.0001; Bonferroni post hoc test, 
p <0.01). In session 2, the starting speed was 6 m/min, 
increased to 7 m/min; thus, the speed was gradually 
increased up to 20 m/min at the end of session 15, 
in which the rats travelled an average of 452.65 m. 
When the speed was increased above 20 m/min, the 
animal showed signs of fatigue; for this reason it was 
decided to maintain the increase achieved in session 
15 (19 m/min to 20 m/min), even in the last three 
training sessions. At the end of the sixth week, the 
animals were able to walk an average of 537.20 m 
(Figure 2), achieving a significantly greater distance 
at each subsequent session except for sessions 6, 8, 
11, 12, 14 and 15.
Since the literature suggests that exercise increases 
the transcriptional levels of neurotrophins, 
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particularly in the hippocampus (Mahjoub 2016), 
and that the exercise-induced antioxidant status 
may be regulated by the expression of Sirtuins 
(Koltai 2010), in the present study we investigated 
the levels of expression of the genes coding for 
NGF and for SIRT 1 and 3 in hippocampal tissue 
samples taken from trained and control rats. In 
trained rats compared to controls, the expression of 
NGF (1.912±0.243 vs 1.000±0.129; t-test, df = 31, 
t = 2.235; p = 0.032) was significantly increased 
(Figure 3). The expressions of SIRT1 (1.392±0.250 
vs 1.000±0.154; t test, df = 37, t = 0.812; p = 0.422) 
and SIRT3 (1.830±0.217 vs 1.000±0.123; t test, df 
= 43, t = 1.879, p = 0.067) were also increased, but 
they did not reach any statistical significance.
Previous studies on sirtuins have shown how some 
target molecules, through the deacetylase activity 
of these proteins, are involved in the modulation of 
the main antioxidant enzymes (Koltai 2010). This 
close connection between sirtuins and the reduction 
of oxidative stress led us to analyse the levels of 
antioxidant capacity in hippocampus tissue samples 
by TOSC assay (TOSCA). TOSCA analysis was 
performed to assess the scavenger capacity against 

peroxyl (ROO·), hydroxyl (·OH) radicals and against 
peroxynitrite derivatives (·ONOO). The trained rats 
exhibited a higher hippocampus antioxidant activity 
against peroxyl (1.567±0.085 vs 1.138±0.037; 
p = 0.0011, t = 3.754, df = 22) and hydroxyl 
(2.114±0.053 vs 1.936±0.05; p = 0.0367, t = 2.225, 
df = 22) radicals than sedentary rats (Figure 4). In 
addition, trained rats had a higher anti-peroxynitrite 
activity (1.99±0.048 vs 1.65±0.046; p <0.0001, t = 
4.742, df = 22) than sedentary rats (Figure 4).

Discussion

Our data show that moderate and constant physical 
activity is able to induce an increase of NGF 
expression and of antioxidant activity in the rat 
hippocampus.
From a physiological point of view, exercise may 
be considered as a stressor. Physical activity, in fact, 
induces oxidative stress as it disrupts the production 
of ROS at the expense of antioxidant capacity, 
which is proportional to the exercise intensity 
(Droge 2002). Depending on their concentration, 
location, and context, ROS may be either “friends” 

Fig. 2. - Distance reached by each animal after the eighteen test sessions.
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or “foes” according to the oxidant sensitivity of 
the iron- and myelin-rich central nervous system 
(CNS) (Camilletti-Moiron 2013). Conversely, 
physical exercise may also improve the reduction-
oxidation (redox) balance in the CNS by increasing 
the defensive mechanisms of antioxidants (Ristow 
2010; Falone 2012), cell signalling and survival 
(Mattson 2000), and trophic factor expression 
(Mattson 2000; Radak 2006). In our study, we 
directly evaluated by TOSC assay the antioxidant 
activity of hippocampal tissue samples from trained 
rats compared to control rats. This assay is able 
to measure the anti-radical scavenging capacity 
towards various ROS (peroxyl and hydroxyl radicals 
and peroxynitrate derivate). Our data showed a 
significant increase in the scavenger activity towards 
peroxyl and hydroxyl radicals and the derivatives 
of peroxynitrite, after training. The increase in the 
antioxidant activity towards the hydroxyl radicals is 
of particular importance: this kind of free radicals 
represents the most toxic and reactive form of ROS, 
against which cell antioxidant pathway counter only 
partially by the limited production of glutathione 
peroxidase (Lubrano 2015). In addition, clinical 
practice shows that the antioxidants available on 
the market have poor efficacy against these radical 
species (Niedzwiecki 2016); therefore, the fact that 
moderate and regular exercise develops a good 
antioxidant activity against hydroxyl radicals is of 
particular interest. Furthermore, the exercise-induced 
anti-peroxynitrite activity is very important in light 
of the damage that derivatives of peroxynitrite are 

able to induce. Peroxynitrite anion is formed from 
the diffusion-controlled reaction between the free 
radicals NO· and O

2
·– (k ~ 1010 M−1s−1) (Radi 

2002) and has been related to various pathologies 
of the cardiovascular and central nervous systems 
(Szabó 2007; Levrand 2006).
Regarding the molecular mechanisms that enable 
physical activity to reduce oxidative stress, our 
study examined the role of sirtuins and NGF.
Sirtuins are sensitive to changes in the levels of the 
available NAD+ and its intermediates (Dang 2014). 
Physical exercise increases the activity of sirtuins and 
consequently activates the activity of cell scavenging 
systems (SOD2, catalase, glutathione peroxidase, 
MnSOD) (Szabó 2007). Conversely, cellular aging 
reduces the activity of sirtuins (Chang 2014). 
Furthermore, the deacetylase activity of SIRT1 and 
SIRT3 is linked to the activity of the transcriptional 
coactivator of nuclear receptors PGC1α, which is a 
target molecule for SIRT1 and controls the transcription 
of SIRT3 (Kincaid 2013). In this cascade mechanism 
that affects SIRT1, SIRT3 and PGC1α, exercise would 
fit as an element that boosts the efficiency of the involved 
factors. However, it is not clear whether the activation of 
sirtuins depends on the increase in their gene expression, 
or on the increase in their deacetylase activity. Several 
literature studies describe the cellular localization, the 
ubiquity, the processes in which both these sirtuins are 
involved, the levels of their deacetylase activity (Pallas, 
2008; Dang, 2014), but not the modulation of their gene 
expression. Here, we compared the gene expression of 
SIRT1 and SIRT3 in the hippocampus of rats exercised 

Fig. 4. - Hippocampal tissue antioxidant activity towards 
hydroxyl radicals (ROO·), peroxyl radicals (·OH), and 
the peroxynitrite derivatives (·ONOO) in trained and 
control rats. *p<0.05.

Fig. 3. - Gene expression levels following the workout 
training in trained and control rats. *p=0.032.
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with regular moderate physical activity vs sedentary rats 
used as controls. In trained rats we observed a moderate 
increase in the expression of these two sirtuin genes that, 
however, did not reach any statistical significance. These 
findings, although preliminary, are very interesting and 
worthy to be replicated in a larger number of subjects.
We also investigated the expression of NGF, 
which is known to have stimulatory effects on 
differentiation, maintenance, and growth of neurons 
in peripheral and central nervous system (Cui 2007; 
Neeper 1996). We observed a significant increase of 
NGF gene expression in the hippocampus of trained 
rats compared to sedentary rats. With the exception 
of swimming exercise, performed 6 days per week 
for 4 weeks, that had no effect on NGF gene 
expression (Jiang 2014), previous studies found 
increases in NGF levels in several areas of the brain 
in response to aerobic exercise (Radak 2006). Our 
data confirm that aerobic physical activity increases 
NGF expression in rat hippocampus, probably by 
increasing the tissue antioxidant activity.
The hypothesis that exercise generally represents a 
protective factor for the entire body is no longer a 
hypothesis. Growing pieces of evidence in the scientific 
literature have been demonstrating that a moderate 
constant physical activity improves the quality of life, 
by inducing biochemical and physiological benefits 
throughout the body (Kramer 1999; Ferrari 2007; Train 
the brain study 2017; Franzoni 2005). In this work we 
observed that, in an adult animal model, a moderate 
and constant intensity workout over time contributes 
benefits also to the hippocampus, where it increases the 
expression of the gene coding for NGF and the specific 
antioxidant activity against all the radical species. 
Based on these results, we suggest that in adults, a 
regular physical exercise may counteract the effects of 
sedentary aging on hippocampal tissue, by increasing 
the antioxidant activity.
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