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Abstract
The aim of this study was to evaluate the effects of swimming in the brain and behavior of young and aged mice. Forty-eight 
male C57BL/6 J mice were randomly distributed into 4 groups (n = 12 per group, 3 and 18 months old). The subdivision 
of the groups was: 3 months-SED, 18 months-SED, 3 months-EXE, and 18 months-EXE. SED mice did not swim, while 
EXE mice performed the physical exercise protocol. Training was initiated 48 h after the adaptation week. Swimming 
sessions consisted of 30 min, with no overload, 5 days per week, for 4 weeks. After the exercise protocol, it was revealed 
working and spatial memory were impaired in the 18 months-SED group. Pre- and post-synaptic proteins were enhanced in 
the groups that swam when compared to the 3- and 8 months-SED groups. Lipid peroxidation was greater in the aged mice 
that did not perform the physical exercise protocol and might have contributed to the cognitive impairment in this group. 
In conclusion, an aerobic physical exercise protocol, performed through regular swimming sessions, inhibited cognitive 
impairment, memory loss and lipid peroxidation in the aged mice, while pre- and post-synaptic proteins were enhanced in 
the hippocampus of young and aged mice.
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Introduction

When faced with bioenergetic obstacles brought on by 
continual activity in neural circuits and ambient energetic 
stressors like physical exercise, brain cells typically adapt 

(Camandola & Mattson, 2017). These adaptive reactions 
take place at the cellular level by involving the creation of 
new synapses, the "strengthening" of preexisting ones, and 
the development of new neurons (Kandel, 2012). Bioener-
getic challenges seen in Alzheimer's disease and aging acti-
vate transcription factors at the molecular level, resulting in 
various metabolic, oxidative, excitotoxic, and proteotoxic 
stresses that are involved in the pathogenesis of several brain 
disorders and different conditions (Camandola & Matt-
son, 2017). On the contrary, the physical exercise, also an 
intermittent bioenergetic challenge, can contribute to delay 
aging-related factors (De Sousa et al., 2021a, 2021b).

One of the main causes of diminished autonomy in the 
aging population is brain and cognitive deficits that come 
with natural aging process and sedentary lifestyle (Albinet 
et al., 2016). Nevertheless, it has been reported that aero-
bic exercise, which improves cardiorespiratory fitness, may 
be useful in mitigating or even reversing the rate of these 
age-related cognitive and cerebral deficits (De la Rosa et al., 
2019; Sousa et al., 2021a, 2021b). Animal models subject 
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to different type of physical exercises, such as resistance or 
aerobic training, have shown to be able to reverse or inhibit 
cognitive decline and memory loss in different conditions 
and diseases (De Sousa et al., 2020a, 2020b, 2020c). Besides 
the experimental studies using animal models have been suc-
cessfully reversing dementia-related conditions and diseases 
through physical exercise protocols (Li et al., 2019) the same 
has not been seen in humans.

There are different type of memories, such as working 
and spatial memories, that can be stimulated through differ-
ent mechanisms when using aerobic or resistance training 
(Cassilhas et al., 2012). Aerobic training is a type of physical 
exercise that involves mainly cardiovascular conditioning 
and, therefore, is also called “cardio” program. Swimming 
and running are well-known types of aerobic training. Aero-
bic training activates more oxidative fibers, while resistance 
training activates more glycolytic fibers (Pearen et al., 2012). 
Despite the brain size when compared to the rest of the body, 
the brain is responsible for consuming approximately 20% 
of the oxygen consumed by the body. Therefore, aerobic 
exercise protocols, such as swimming, can bring greater 
physiological benefits to it (Nonato et al., 2016).

In order to process information, healthy synaptic termi-
nals send signals between cells (Leshchyns’Ka et al., 2015). 
As we age, there are fewer synapses and fewer impulses 
are transmitted by them what might favor the development 
of several conditions and neurodegenerative diseases, espe-
cially the ones related to cognitive function, memory, and 
behavior (Bečanović et al., 2021). Physical exercise has been 
used as a non-pharmacological tool that can delay or avoid 
the negative age-related physiological outcomes (Graham 
et al., 2019). We hypothesized that a physical exercise inter-
vention would impact pre- and post-synaptic proteins and 
there would be consequences on the cognitive function and 
memory in an animal model of aging. Here, we evaluated the 
effects of an aerobic physical exercise protocol in the brain 
and behavior of young and aged mice.

Methods

Animals

Experimental procedures were conducted in accordance 
with the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health (NIH Publica-
tion, 1996), and authorized by the local Animal Use Ethics 
Committee at the Federal University of Jequitinhonha and 
Mucuri Valleys. Mice were acquired from our university 
mouse colony and housed in plastic cages with no more than 
4 mice per cage at 22 °C on a 12:12 h light–dark cycle, with 
free access to standard rodent chow and water. We chose to 
work with 3- and 18- months old mice for multiple reasons. 

At 3 months old, mice are young adults and, therefore, even 
the animals that do not exercise should not present cognitive 
impairment and memory loss (Freitas et al., 2019). Thus, 
3 months old mice that perform exercise should not present 
differences in cognitive and memory tasks to the 3 months 
old that does not exercise because they are too young either 
to have memory deficits or to enhance cognitive function and 
memory just because of the physical exercise. However, at 
18 months of age, mice are old, and one of the consequences 
of this aging condition is the possibility of developing cogni-
tive decline and memory loss, which could be inhibited by 
the regular practice of physical exercise (De la Rosa et al., 
2019; Sousa et al., 2021a, 2021b). By using 3 months and 
18 months old mice we have not only paired controls but also 
some expected responses like cognitive decline in the aged 
mice that do not exercise that will help to understand better 
how the pre- and post-synaptic mechanisms are affected by 
the physical exercise.

It is also important to discuss and mention that most sci-
entists take sample size for granted and, as a rule, employ 10 
(ten) mice per group. However, scientists must think about 
using a scientific justification to choose the sample size for 
every study (Charan & Kantharia, 2013). Just saying that the 
number of mice chosen was based on previous studies is not 
enough either. Usually, sample size can be determined by 
using dedicated software. It should be noted that an experi-
ment is obviously powerful if it successfully rejects the null 
hypothesis, but a false-positive result is also possible. Con-
versely, a study may not have had enough power or there 
may not have been a significant enough treatment effect to 
warrant detecting it if it is unable to reject the null hypoth-
esis (Festing, 2018; Serdar et al., 2021). The sole goal of a 
power analysis, which is the probability of finding an effect, 
is to plan experiments that will enable the detection of effect 
size, which is the expected mean difference between the 
groups, is big enough to be of scientific relevance (Festing, 
2018). For example, for most experimental studies if you 
have 12 animals per group you should have an excellent sam-
ple size, power analysis and effect size. However, it is impor-
tant to reaffirm that sample size will depend on the research 
question and study design, and the calculations when plan-
ning and before starting a study are necessary (Charan & 
Kantharia, 2013; Dell et al., 2002; Festing, 2018; Serdar 
et al., 2021). Therefore, the correct or incorrect choice of 
the sample size affects the hypothesis and the study design, 
and that’s why, according to our hypothesis, we used 12 mice 
per group in our study to guarantee the best possible results.

Physical Exercise Protocol

Male C57BL/6J mice were randomly distributed into 4 
groups (n = 12 per group). The subdivision of the groups 
is presented as follows: 3 months-SED, 3 months-EXE, 
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18 months-SED, 18 months-EXE. All groups were exposed 
to the room environment where the swimming protocol 
occurred for the same amount of time. The exercised groups 
swam for 30 min each. While the 3 months-EXE group was 
swimming for 30 min, the 3 months-SED group was kept in 
the same room, but the animals did not perform the physical 
exercise protocol. The same routine was done with the other 
2 groups: while the 18 months-EXE group was swimming 
for 30 min, the 18 months-SED group was kept in the same 
room, but the animals did not perform the physical exercise 
protocol.

Animals were familiarized with the swimming exercise 
for 1 (one) week. Animals went through an adaptation week, 
and they swam 10 min on the first day, 15 min on the second 
day, 20 min on the third day, 25 min on the fourth day, and 
30 min on the 5th day, followed by 48 h rest before start-
ing the swimming protocol. The training protocol consisted 
of swimming sessions with a duration of 30 min, with no 
overload, 5 days per week (Monday to Friday), for 4 weeks. 
Animals swam in groups of six animals in a plastic pool 
(60 cm depth × 150 cm diameter). The water temperature 
was always kept at approximately 24 °C. The same expe-
rienced researcher always conducted the experiments. The 
physical exercise protocol was adapted from De Sousa et al., 
2020a, 2020b, 2020c (De Sousa et al., 2020a, 2020b, 2020c).

Behavioral Tasks

Animals performed a battery of behavioral tasks 24 h after 
the last swimming session. We evaluated locomotor activity, 
anxious profile, working and spatial memories. All tasks and 
their respective sessions were performed 24hs apart from 
each other. We used the Noldus Etho Vision XT V.16 video 
tracking system (Leesburg, VA, USA) to record test data. 
After the behavioral tasks their brain was harvested, and the 
hippocampus was collected for western blot analysis, lipid 
peroxidation and redox state parameters (Fig. 1).

Open Field Task (OFT)

OFT is used to assess both rodent locomotor activity and 
anxiety-like behavior. The apparatus to perform this task 
is an arena that is 50 cm (length) × 50 cm (width) × 38 cm 
(height), made from white high density and non-porous plas-
tic. The mouse was placed in the middle of the arena while 
tracking its movement for a ten-minute period. We measured 
total distance traveled along with other parameters such as 
time spent in central area, which evaluate locomotor activity 
and anxious profile, respectively, as previously described 
(De Sousa et al., 2020a, 2020b, 2020c).

Novel Object Recognition (NOR)

The task was carried out in the same arena used for the open 
field task. This task aims to evaluate the working memory. 
Initially, animals are allowed to freely explore the arena 
for 5 min (habituation phase). One hour later, the training 
phase consists of a 5 min session. Animals were placed 
at the center of the arena in the presence of two identical 
objects, with one being on the left and the other on the right 
side of the arena, with equal distances between them and the 
arena’s walls. Then, the amount of time spent exploring each 
object was recorded. Sniffing and touching the object were 
considered as exploratory behavior. The arena was cleaned 
with 70% ethanol between all the trials. One hour after the 
training, the animals were replaced in the arena for the test 
session, which also lasts 5 min. During the test session, one 
of the objects was replaced by a new one, and the amount of 
time spent exploring old and new objects was measured. If 
the mice did not spend a significant amount of time explor-
ing the new object is an indicator of cognitive decline and 
memory loss. All the animals needed to explore both objects 
for a total period of no less than 2 s, otherwise they would be 
excluded from further analysis. The results were expressed 
as a percentage of time exploring the novel object (De Sousa 
et al., 2020a, 2020b, 2020c).

Fig. 1  Experimental design timeline. The first familiarization session 
lasted for 10 min, and sessions duration were increased by 5 min/day 
until reached a total of 30 min on the 5th day (last day of the adapta-
tion week). Training protocol was initiated 48 h after the last day of 
the familiarization week. The exercise protocol consisted of 30 min 
of swimming, 5  days per week for 4  weeks. Thereafter, mice went 

under behavioral tasks. At the end of the behavioral tasks the ani-
mals were euthanized, and their brain harvested. Hippocampus was 
collected for western blot assays, lipid peroxidation and redox state 
analysis. Min  minutes, OFT  open field task, NOR  novel object recog-
nition task, DOR displaced object recognition task, WB  western blot, 
MDA  malondialdehyde, FRAP ferric-reducing antioxidant power
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Displacement Object Recognition (DOR)

The major difference between the NOR task and the DOR 
recognition task occurs on the day of testing, when for the 
DOR one object is displaced to a novel location. The main 
measure is the time spent in exploration of the two objects 
at test. Both tasks were based on a rodent's innate preference 
for novelty. However, here the object is moved in the space. 
Thus, this task evaluates primarily the spatial memory. All 
the animals needed to explore both objects for a total period 
of no less than 2 s, otherwise they would be excluded from 
further analysis. Animals that remember the original training 
experience will preferentially explore the displaced object 
relative to the non-displaced object.

Western Blot

Levels of proteins were determined from the hippocampus 
of the mice by Western blot analysis. Hippocampal tissue 
was homogenized and lysed using 1 × RIPA Buffer with 
protease and phosphatase inhibitors. Protein concentra-
tion was determined by a bicinchoninic acid (BCA) protein 
quantification kit (Bio-Rad). Total protein lysates (30 μg) 
were separated in equal volume on 4–12% prepared gels. 
Proteins were subsequently transferred to an Immuno-Blot 
polyvinylidene fluoride membrane (PVDF cat. # 1620177) 
in transfer buffer 20% methanol. Membranes were blocked 
for 1 h in the tris buffered saline (TBS) containing 0.1% 
Tween-20 (TBS-T) and 5% bovine serum albumin (BSA). 
Primary and secondary antibodies were prepared in TBS-T 
5% BSA. Primary antibody incubations were done overnight 
at 4 °C, and secondary antibody incubations were done at 
room temperature for 1 h. Membranes were developed using 
super signal west Femto chemiluminescent detection kit 
(Thermo Scientific). The following primary antibodies were 
used: AKT (1:1000, Cell Signaling Technology, cat. #4060), 
phospho-AKT (Thr308) (1:1000, Cell Signaling Technology, 
cat. #13038), PKA (1:1000, Cell Signaling Technology, cat. 
#5842), phospho-PKA (1:1000, Cell Signaling Technology, 
cat. #4781), PSD95 (1:1000, Cell Signaling Technology, cat. 
# 2507), Synaptophysin (1:1000, Cell Signaling Technology, 
cat. #5461), β-Actin (1:1000, Cell Signaling Technology, 
cat. #3700). We used secondary antibodies goat anti-rabbit 
and goat anti-mouse IgG conjugated with Horseradish Per-
oxidase (1:5.000 and 1:10.000 dilution, Jackson Immuno 
Research Laboratories, Inc, US). To quantify the bands, we 
used the software Image J.

Lipid Peroxidation and Redox State

Quantification of thiobarbituric acid reactive substances 
(TBARS) was used to evaluate lipid peroxidation. The 
formation of TBARS during an acid-heating reaction 

was determined at 532  nm based on a standard curve 
with known concentrations of malondialdehyde (MDA) 
(1,1,3,3-tetramethoxypropane) (Sigma, MO, USA). The 
amount of MDA produced was interpreted as the TBARS 
levels. Results are expressed as nmol of MDA per mg protein 
(nmol.MDA/mg protein). TAC was estimated by the ferric-
reducing antioxidant power (FRAP) assay. Sample capac-
ity to reduce the ferric-tripyridyltriazine [Fe(III)-TPTZ] 
complex to ferrous tripyridyltriazine [Fe(II)-TPTZ] was 
measured at 550 nm. A standard curve of known concentra-
tions of FeSO4 was used to estimate FRAP (nM FeSO4/mg 
protein). All measurements were performed in triplicate, as 
previously described (Freitas et al., 2019; Melo et al., 2019).

Statistical Analysis

We used the Noldus Etho Vision XT V.16 video tracking 
system (Leesburg, VA, USA) to record behavioral test data. 
Data were analyzed to behavioral, molecular and biochemi-
cal assays using GraphPad Prism (version 9.00 for Mac OS 
X, GraphPad Software, San Diego, CA, USA), and presented 
as mean ± standard error of the mean (s.e.m). One-way 
analysis of variance (ANOVA) corrected for multiple com-
parisons using Tukey post-hoc was employed to compare 
data among the groups. We adopted a significant result as 
*p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.001.

Results

Working and Spatial Memory Were Impaired Due 
to Aging

The behavioral tasks (Fig. 2a) were the first analysis done 
after the physical exercise protocol was finished. Aged mice 
that did not exercise showed cognitive decline and memory 
loss in the working and spatial memory tasks when com-
pared to all the groups (Fig. 2e, f). Locomotor activity was 
reduced in the aged mice that did not exercise, but there 
was not significant difference among the groups (Fig. 2b). 
The animals did not show any differences in the anxious 
profile either (Fig. 2c). As expected, the training session 
did not show differences between the objects and groups 
revealing that there were not any preferences for any of the 
objects (Fig. 2d). Together, these data indicate that aged 
mice that did not exercise presented memory impairment. 
These data corroborate our group previous finding showing 
that healthy young animals won’t show cognitive impair-
ment or improvement after physical exercise (Freitas et al., 
2019), while memory loss will be inhibited in aged mice that 
exercise (Yao et al., 2024).

Next, we decided to evaluate memory-related proteins 
due to the behavioral deficits seen in the working and spatial 
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memories, NOR and DOR tasks, respectively. We chose to 
evaluate synaptophysin, PSD95, PKA and pPKA, and AKT 
and pAKT because it has been shown that these are main 
biomarkers related to changes in cognitive function and 
memory (De Sousa et al., 2020a, 2020b, 2020c; Gylys et al., 
2004; Kandel, 2012).

Pre‑ and Post‑synaptic Proteins are Enhanced 
in the Groups that Performed the Physical Exercise 
Protocol Compared to the Aged Mice that Did Not 
Exercise

Pre-synaptic biomarker, synaptophysin, was enhanced in 
both exercised groups, 3 months-EXE and 18 months-EXE, 
when compared to the young and aged mice that did not 
exercise (Fig. 3a, b). Similarly, post-synaptic biomarker, 
PSD95, was also enhanced in both exercised groups when 
compared to the non-exercised groups (Fig. 3a, c). No sig-
nificant differences were seen when comparing young and 
aged mice that did not exercise, despite the levels of the 
pre- and post-synaptic biomarkers being slightly lower in the 
18 months-SED group. These results together indicate that 

pre- and post-synaptic proteins are enhanced in the groups 
that performed the physical exercise protocol, independently 
of their age, when compared to the young and aged mice 
that did not exercise. In a recent published manuscript, the 
authors revealed that treadmill moderate-intensity exercise 
routine improved spatial memory and synaptic function in 
the hippocampus of SAMP8 mice, an animal model of aging 
(Guo et al., 2023). Then, the authors concluded that enhanc-
ing synaptic function could be a strong mechanism through 
which aerobic exercise enhances memory retention, what is 
a very similar result to our current findings.

Phospho‑PKA and Phospho‑AKT Are Not 
Significantly Altered

The pathway that involves phosphorylation of PKA (pPKA) 
is one of the regulators of memory (Kandel, 2012). However, 
we did not find any statistical differences among the groups, 
besides a clear enhancement of it in the aged mice group 
that exercised (Fig. 4a, b). When comparing 18 months-EXE 
with 18 months-SED, and 3 months-EXE with 3 months-
SED we can see that there is an increase in pPKA, even 

Fig. 2  Spatial and working memory are impaired in aged mice that 
do not exercise. a Representative scheme of behavioral tasks. b Total 
distance traveled (m) in the OFT. c Time spent in center in the OFT. 
d Time spent in the left object (%) during the training session of 
NOR. e Time spent in the novel object (%) during the test session of 
NOR. f Time spent in the displaced object (%) during the test ses-

sion of DOR. Mice groups that exercised are presented in blue bars 
and single blue points represent the result for each mouse, and groups 
that did not exercised are shown in black bars with single black 
points representing the result for each mouse. Values are shown as 
mean ± s.e.m (n = 12/group), *p < 0.05, **p < 0.01
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if it is not significant. Insulin resistance is known as one 
of the possible causes for cognitive decline and memory 
loss, whereas the phosphorylation of AKT (pAKT) plays 
an important role (De Sousa, 2018). Nevertheless, no dif-
ferences were found by comparing all the group’s results 
(Fig. 4a, c). Similarly to what was seen in pPKA, when 
comparing the levels of pAKT of 18 months-EXE with 
18 months-SED, and 3 months-EXE with 3 months-SED 
we can see that there is an increase in pAKT, even if it is not 
significant. Together, these results indicate that the improve-
ment in memory tasks happened mainly due to the enhance-
ment of the levels of pre- and post-synaptic proteins.

It has been recently shown that a long-term running exer-
cise, which lasted for 5 months could improve the spatial 
memory and enhancing the AKT levels in developing mice 
(Wan et al., 2024). We suggest that despite not being statisti-
cally significant, the mentioned differences in pAKT when 
comparing 18 months-SED, which presented reduction on 
its levels, with 18 months-EXE and 3 months-EXE may 
have contributed to avoid cognitive decline and memory 
loss. In addition, our protocol lasted just for 4 weeks, and if 
the mice are exposed to more time of swimming probably 
the pAKT levels will increase. It has also been reported that 
mice subjected to treadmill running for just 21 days and 
that had restraint stress applied for 9 days within the period 
of the exercise regimen inhibited the enhancement of the 
ratio pPKA/PKA in basal lateral amygdala what contrib-
uted to avoid the development of an anxious profile (Leem 
et al., 2019). Conversely, another recent study pointed out 
that pPKA level was enhanced after a swimming protocol 
of 60 min/day, 6 days/week for 6 weeks in the hippocampus 
of aged rats, what contributed to a better spatial memory 
(Jin et al., 2024). It seems that pPKA will be enhanced 

Fig. 3  Physical exercise improves pre- and post-synaptic proteins in 
the hippocampus of young and aged mice. a Representative bands for 
synaptophysin, PSD95 and β-Actin, which is our control protein used 
for normalization. b Hippocampal protein levels for synaptophysin, 
and c PSD95. Mice groups that exercised are presented in red bars 

and single red points represent the result for each mouse, and groups 
that did not exercised are shown in black bars with single black 
points representing the result for each mouse. Values are shown as 
mean ± s.e.m (n = 6–8/group), *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 4  No significant changes were seen in pPKA and pAKT in the 
hippocampus of young and aged mice. a Representative bands for 
pPKA, PKA, pAKT, AKT, and β-Actin. Phosphorylated proteins 
were normalized by the total level of the same protein, and β-Actin 
is also shown. b Hippocampal protein levels for pPKA/PKA, and c 
pAKT/AKT. Mice groups that exercised are presented in pink bars 
and single pink points represent the result for each mouse, and groups 
that did not exercised are shown in black bars with single black 
points representing the result for each mouse. Values are shown as 
mean ± s.e.m (n = 6–8/group), *p < 0.05, **p < 0.01
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or diminished accordingly to the brain area, and with the 
exercise intervention protocol (i.e., intensity, duration, fre-
quency), and the previous or induced condition or disease of 
the animal model. This is a topic that still needs to be better 
studied and elucidated in the future.

Lipid Peroxidation is Greater in Aged Mice that Does 
Not Exercise

It is known that the development of lipid peroxidation, oxi-
dative stress and inflammation might be changed by physi-
cal exercise and can contribute to cell death and memory 
changes (De la Rosa et al., 2019; Yang & Stockwell, 2016). 
Lipid peroxidation was greater in the aged mice that did 
not perform the physical exercise protocol (Fig. 5a). In 
our study, the antioxidant mechanisms were present in the 
young-exercised group (Fig. 5b) when compared to the 
18 months-SED group. Besides not being statistically sig-
nificant, we can also see higher levels of the antioxidant 
mechanisms in the aged mice who exercised when compared 
to the aged mice that did not exercise (Fig. 5b). Here, we 
have shown that there was an enhancement of the activity of 
the antioxidant defense in the 3 months-EXE group, and that 
there was lipid peroxidation in the 18 months-SED group. 
This greater lipid peroxidation might have contributed to the 
memory impairment. It has been shown that aerobic exer-
cise training reduced magnetic resonance imaging (MRI) 
detected abnormalities, insulin resistance and markers of 
oxidative stress and inflammation in old  ApoE−/− mice 

(Chirico et al., 2016). In this study, the authors used young 
and old  ApoE−/− mice, a similar approach to our study, and 
revealed the protective effect of exercise on neurovascular 
damage in these old mice, what corroborates our current 
findings.

Discussion

In the present study, we revealed that young and aged mice 
after 4 weeks of swimming develop several neuroprotective 
mechanisms to inhibit the impairment of the cognitive func-
tion, memory loss, pre- and post-synaptic deficits, and lipid 
peroxidation. The results also showed an improvement of the 
redox state in young mice that exercised when compared to 
aged mice that did not. However, no significant changes were 
seen in locomotor activity, and anxiety. These results sug-
gested that exercise rescues age-related memory impairment.

Learning tasks were the first behavioral systems to be 
analyzed aiming to elucidate the neural circuits that medi-
ate the change on these behaviors and the critical synaptic 
sites where they may occur (Kandel, 2012). NOR and DOR 
tasks are two well-known behavioral tasks that are used to 
measure performance and relative well-being with the hip-
pocampus, a brain area, playing a crucial role in memory 
and cognition. Both tasks take advantage of mice’s innate 
preference for novelty to look for objects that they have not 
encountered before or that were moved from their origi-
nal positions (Denninger et al., 2018). However, the main 
difference between the two memory tasks is that the DOR 
focuses primarily on spatial learning, which relies mostly 
on hippocampus activity. The NOR relies on several brain 
regions when it comes to working memory, with one of its 
main brain areas involved being the hippocampus. Here, we 
showed that physical exercise had a neuroprotective effect 
in young and aged C57BL/6 mice.

Recent studies from our group showed that a high-
intensity resistance training (De Sousa et al., 2020a, 2020b, 
2020c) or high-intensity interval training (HIIT) (Freitas 
et al., 2019). Can induce changes in cognitive function and 
positive physiological effects that contributed to preserving 
cognition. Different types of physical exercise and protocols, 
which may vary in intensity, frequency and duration, have 
been successfully used to reverse and inhibit several negative 
outcomes of a vast number of conditions and diseases, such 
as in type 2 diabetes (Heled et al., 2005), obesity (de Lima 
et al., 2021), Alzheimer’s disease (Alkadhi & Dao, 2018), 
infections (De Sousa et al., 2020a, 2020b, 2020c), among 
many others (de Araujo et al., 2012; Fiorelli et al., 2019). 
Keeping physically active can be determinant whereas you 
will or not develop neurodegenerative diseases when get-
ting older (Pedersen & Saltin, 2015). Investing in a healthy 

Fig. 5  Lipid peroxidation is greater in the hippocampus of aged 
mice that do not exercise. a MDA (nmol MDA/mg protein) level 
from whole brain lysates, and b FRAP (nm  FeSO4/mg protein). 
Mice groups that exercised are presented in orange bars and single 
orange points represent the result for each mouse, and groups that did 
not exercised are shown in black bars with single black points repre-
senting the result for each mouse. Values are shown as mean ± s.e.m 
(n = 8/group), *p < 0.05, **p < 0.01
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lifestyle is the cheapest and best approach to try to minimize 
the risks of aging with a bad health condition.

Loss of synaptic proteins and synaptic damage are vastly 
correlated with cognitive decline and memory loss (George 
& Hemachandra Reddy, 2019). There are several pathways 
that can potently reduce synaptic plasticity and inhibit hip-
pocampal long-term potentiation (Gong et  al., 2003), a 
master regulator of cognitive function and memory, such as 
oxidative stress and inflammatory mechanisms (Wang et al., 
2019). It is well-known that physical exercise can prevent the 
loss of synaptic proteins and increase the levels of memory-
related proteins, and also increase neurogenesis, mainly in 
hippocampus (Park et al., 2018). In the present study, the 
physical exercise protocol adopted was capable of signifi-
cantly enhancing the level of pre- and post-synaptic proteins 
in the hippocampus of young and aged mice that exercised 
when compared to the ones that did not exercise. To our 
knowledge, this is the first study to use swimming as the 
physical exercise type and to compare changes in behavior 
and in memory-related proteins in young and aged mice.

There are hundreds of genes that are acutely regulated by 
synaptic activity, which may involve different mechanisms 
such as the cAMP/PKA-dependent activation (Hasel et al., 
2017). PKA consists of two regulatory subunits that inhibit 
two catalytic subunits, which are the active phophorylating 
portions of the enzyme, and when the level of cAMP rises in 
the organism, the cAMP binds to the PKA regulatory subu-
nits what leads it to undergo a conformational change that 
activates the catalytic subunits, and allows it to phospho-
rylate its substrates (Kandel, 2012). The cAMP-dependent 
PKA signaling cascade is a ubiquitous pathway targeting 
downstream a vast number of neuromodulators (Plattner 
et al., 2015).

It also has been reported that insulin resistance in the 
brain could be triggered by significant reduction in pAKT 
levels (De Sousa, 2018). The phosphatidylinositol 3 kinase 
(PI3K)-protein kinase B (AKT) pathway is involved in sev-
eral roles like cell growth and proliferation, survival, and 
intracellular trafficking (Qiao et al., 2018). It is known that 
AKT phosphorylation can trigger mitochondrial biogen-
esis, enhance ATP production, and inhibit apoptosis medi-
ated neuronal death. AKT is also known for its interactivity 
with cAMP/PKA pathway activation being both pathways, 
PI3K/AKT and cAMP/PKA, associated with cognitive and 
memory improvement (Ahmed et al., 2021).

In the present study, besides not having significantly 
higher levels of pPKA and pAKT in the hippocampus of 
the aged-exercised group, there is a clear enhancement of 
the pAKT levels in the 3 months-EXE and 18 months-EXE 
groups when compared to the 18 months-SED group. We 
suggest that this enhancement was enough to contribute 
to preserve the cognitive function and contributed to the 
improvement of pre- and post-synaptic proteins levels and 

avoid memory loss in the aged mice. Nevertheless, there are 
another components that have been indicated to be present 
in conditions that might lead to cognitive decline such as 
oxidative stress, and inflammation (de Oliveira et al., 2022).

Finally, lipid peroxidation is related to a vast number of 
pathologies and conditions, such as the development of fer-
roptosis, a new form of cell death (Latunde-Dada, 2017). 
The lipid peroxidation process occurs when free radicals 
or oxidants attack lipids, but especially polyunsaturated 
fatty acids. Phospholipids are abundant in brain tissues, and 
these phospholipids can be oxidized to lipid peroxidation 
(Garcia et al., 2005). It is known that physical exercise can 
inhibit lipid peroxidation and oxidative stress mechanisms 
(Cifuentes et al., 2010; Freitas et al., 2019). In our study, 
we showed that 18 months-SED mice presented significant 
higher lipid peroxidation levels when compared to the other 
groups, what certainly might have contributed to the cogni-
tive decline and memory impairment. However, when eval-
uating the antioxidant mechanisms, we also observed that 
just the 3 months-EXE group had a significant improvement 
when compared to the 18 months-SED group.

Although the study presents interesting and promisor find-
ings, there are some limitations that need to be addressed. 
Since the study was performed in male mice the current 
results of this study should not be applied to female mice. 
We used the whole hippocampus for our molecular and bio-
chemical analyses and the expressed results can’t be limited 
to a specific hippocampal area, such as the dentate gyrus, 
CA1, CA2, or CA3. Physical exercise protocols are more 
complex than physical activity interventions. This occurs 
because physical exercise may include different modalities 
(i.e., swimming, running, cycling, etc.) performed at dif-
ferent intensities (i.e., low, moderate, high) with multiple 
different combinations of frequency, duration, and volume. 
Therefore, the results can’t be compared to high-intensity 
exercise interventions, for example. Finally, animal models 
may be a useful tool to study several types of interventions 
and their consequences in many conditions and diseases to 
find out possible hints that lead to the discoveries of a pos-
sible cure or attenuation of the symptoms of a specific con-
dition or pathology. However, animal models, such as mice, 
are not humans and do not present the same physiology and, 
therefore, the results of this or any study with animal models 
should not be translated directly to humans. Clinical trials 
need always to be performed to confirm or not findings made 
by using animal models.

Conclusion

Aerobic physical exercise inhibits cognitive impairment, 
and memory loss in aged mice, and enhances pre- and post-
synaptic biomarkers in the hippocampus of young and aged. 
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Not incorporating physical exercise into the routine can lead 
to lipid peroxidation in aged mice. These results suggest 
a strong potential for physical exercise therapeutics, what 
could save a lot of money from the public safes that are spent 
every year to treat diseases in the population that could be 
avoided just by adopting a healthy and active lifestyle.
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