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Abstract

Several animal studies have showed the beneficial effects of physical exercise (PE) on brain function and health. Alzheimer’s
Disease (AD) is the most common type of dementia, characterized by the presence of aggregated extracellular amyloid-beta (A(3)
and neurofibrillary tangles, with progressive cognitive decline. Therapeutic approaches such as PE showed to be effective in
halting AD progression. Here, we present a systematic review about PE and AD. The search was carried out using the PubMed
and LILACS databases. The following keywords were used: Alzheimer; PE; animal model. All found studies adopted aerobic
exercise training as the PE protocol (100%). We identified running on treadmill as the most commonly used PE routine (62.5%).
The duration of each session, intensity, frequency, and period of training most used were 60 min/day (62.5%), moderate intensity
(87.5%), 5 days/week (62.5%), and 4 (37.5%) or 12 (37.5%) weeks, respectively. The AD animal models most used were the Tg
APP/PS1AE9 (25%), models based on i.c.v. infusion of ABOs (25%) and streptozotocin (25%). All protocols used rodents to
their experiments (100%), but mice were the most common (62.5%). Finally, the main results presented in all studies were
capable to reduce significantly AD consequences, such as reducing A3 or pro-inflammatory proteins levels (100%). The lack of
resistance training protocols in animal models of AD indicates a huge gap that should be investigated in future studies. We
suggest that PE protocols must be adapted according to the specie, lineage and life span of the animal.
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Introduction

Alzheimer’s Discase (AD) is the most common age-
dependent neurodegenerative disorder (Physicians 2020).
AD is characterized by an aggregated of extracellular
amyloid-beta (Af3) fibrils, which form plaques, and
hyperphosphorylated tau, which are known as neurofibrillary
tangles (Querfurth and Laferla 2010; Dubois et al. 2010). AD
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is also characterized by memory loss and impairment of cog-
nitive function, leading patients to death in 8§ years on average
(Querfurth and Laferla 2010; Ferreira and Klein 2011). AP
oligomers (A{30s), a common feature of AD, aggregate due to
a mechanism that involves amyloid precursor protein (APP),
which is found mainly in the synapses of neurons, and favors
their growth and accumulation through a self-propagating pro-
cess that seems to be mediated by inflammation (Fiiger et al.
2017). ABOs formation is completely dependent on the par-
ticipation of beta-secretase 1 (BACE-1), which can be found
mainly in neurons (Egan et al. 2018). The cytotoxic form of
ABOs are the ones with 40 or 42 amino acids (A[340-A342)
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(Brito-Moreira et al. 2017). Due to the impossibility of
performing cellular and molecular studies in living human
brain tissue, several different animal models have been devel-
oped to study AD interventions and treatments (Lourenco
et al. 2013; Forny-germano et al. 2014).

Several pharmacological and non-pharmacological treat-
ments, such as physical exercise (PE), have been tested in
animal models of AD (Batista et al. 2018; Tapia-Rojas et al.
2016). Researchers have questioned if healthy diets, PE, and
better life style can delay the progression of dementia (George
and Hemachandra Reddy 2019). There is no doubt that dietary
composition affects cognition in mouse models of AD
(Kadish et al. 2016). It has been reported that a paleolithic diet
with and without combined aerobic and resistance exercise
increases functional brain responses and hippocampal volume
(Stomby et al. 2017). However, PE is the cheapest and health-
iest non-pharmacological treatment that shows benefits when
used in AD animal models (Kachur et al. 2017; Shaik et al.
2018). The effects of PE on brain health and AD are thought to
reach the molecular level (neurogenesis, angiogenesis, and
synaptogenesis) by neurotrophins and growth factors, such
as the brain-derived neurotrophic factor (BDNF), the insulin-
like growth factor 1 (IGF-1), hormones and second messen-
gers (Cassilhas et al. 2016; Oskarsson et al. 2015). However,
these different benefits provided by PE practicing are fully
dependent on the type of exercise and its variables, such as
duration, intensity, and frequency (Wisloff et al. 2007; Roden
2012). The most common types of PE referred to scientific
literature are aerobic exercise training (AET) and resistance
exercise training (RET) (de Sousa 2018; Soares and de Sousa
2013). AET improves metabolism and cardiovascular func-
tions, while RET is supposed to improve strength, bone den-
sity, and to inhibit the consequences of aging (Soares and de
Sousa 2013). The purpose of this review is to highlight the
best protocols of PE for AD animal models, considering the
type of PE and the major training variables manipulation (du-
ration, intensity, and frequency). We also intend to develop a
framework to guide researchers on the choice of PE protocols
seen in AD animal models and suggest the replication of these
protocols for humans.

Alzheimer’s disease: General review and new
perspectives

AD is one of the most expensive and devastating disease
worldwide affecting the brain, leading to an impairment in
cognitive function and memory loss (Physicians 2020;
Ferreira et al. 2018). AD is considered a progressive dementia
with neuronal death and the presence of 2 main microscopic
neuropathological hallmarks: extracellular amyloid plaques
and intracellular neurofibrillary tangles (Dubois et al. 2010).
The A plaques usually develop firstly in the hippocampus,
and then spread to other brain areas, such as the temporal and
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frontal lobes, what could explain partially the deficits of
encoding memories, thinking, and decision making in AD
patients (Braak and Braak 1991).

Recent evidence reveals that human brain is an insulin-
sensitive organ and share similar physiology presenting most
of the molecular mechanisms of other mammals (Bomfim
et al. 2012; Talbot et al. 2012; Craft and Watson 2004).
Although the presence of plaques and tangles are considered
the main characteristic in scientific literature, a growing body
of evidence supports that inflammation and insulin resistance
are also important features in animal models of AD (Lacor
et al. 2007; De Felice et al. 2009). AROs seems to mediate
an inflammation process, mainly through gliosis activation,
that would lead to insulin resistance, synapse loss, and mem-
ory impairment in animal models of AD (Lourenco et al.
2013). Astrocytes and microglial activation trigger inflamma-
tory pathways that lead to insulin resistance in AD (Soreq
et al. 2017; Bhat et al. 2012). Another hallmark in animal
models of AD is the interference of reactive gliosis in synaptic
function (Kotilinek et al. 2002; De Felice and Ferreira 2014).
AD neurons present a significant change in spines size, shape,
density, and reduction of the dendritic tree resulting in struc-
tural changes that impair neuronal function and memory
(Camandola and Mattson 2017). Understanding the cellular
and molecular mechanisms of synapses dysfunction and
memory loss in AD is a public health challenge, and the de-
velopment of animal models represents an important tool to
understand this pathophysiology.

Physical exercise: Medicine to prevent Alzheimer's
disease

Epidemiological studies showed that physical activity (PA)
reduces the risk of AD, and low levels of PA is responsible
for about 13% of all AD cases (Scarmeas et al. 2009;
Scarmeas et al. 2011). On the other hand, a 25% increase in
PA could potentially prevent almost 1 million cases of AD
worldwide (Barnes and Yaffe 2011). It is well-known that PA
and/or PE are crucial for maintaining healthy body and brain
(Cassilhas et al. 2016; Di Liegro et al. 2020). The PA can be
considered as a consistent routine of body movement, such as
gardening or swiping the floor, that burns calories in higher
levels than a rest condition. PE includes planned and struc-
tured PA that aims to enhance muscular tone or endurance
capacity (Garber et al. 2011). Despite PA and PE present
different concepts, their outcomes frequently achieve a similar
overall benefit (Di Liegro et al. 2020; Garber et al. 2011,
Pedersen and Saltin 2015). The effects of PA and PE reduce
the risk of cardiovascular diseases, obesity, type 2 diabetes,
AD, and other diseases and chronic conditions (Di Liegro
et al. 2020; Pedersen and Saltin 2015). However, we did not
find studies comparing PA and PE, and whether they have any
effects with advanced stages of the disease condition.
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Nevertheless, PE has a greater level of complexity than PA
since it includes different types of exercise, such as AET and
RET, which are prescribed based on different variables, such
as volume, frequency, intensity, and duration (Garber et al.
2011). AET is characterized by the execution of exercises with
higher utilization and transport of oxygen, predominant re-
cruitment of red fibers, also known as type I fibers, or fibers
of slow contraction (Garber et al. 2011; Qaisar et al. 2016). On
the other hand, RET is characterized by the execution of ex-
ercises against external resistance, which might be the indi-
vidual’s body mass, air resistance, or elastic resistance, with
predominant recruitment of white fibers, also known as type |
fibers, or fibers of rapid contraction (Qaisar et al. 2016).

According to the World Health Organization (WHO) rec-
ommendations, older adults should perform RET at a mini-
mum weekly frequency of 2 days (World Health Organization
2017). Yet, AET, should be performed for at least 150 min at
moderate intensity, or for 75 min at high intensities, at least 5x
weekly (World Health Organization 2017; Haskell et al.
2007). Usually, mammals present similar physiologies, but
they are not equal at all, and life span differs to most of the
mammals (Dutta and Sengupta 2016). Different PE protocols
in animal models have been developed to study their benefits
on pathological hallmarks of AD. Here, we present a system-
atic review about PE protocols in animal models of AD. We
also suggest the best PE strategies based on the animal models
of AD found in this study.

Methodology

This is a systematic literature review. The adopted criteria
followed the scientific recommendations: definition of the
proposal, identification, and screening of studies in the scien-
tific databases, eligibility of the studies, inclusion of the stud-
ies, analysis, and reporting the results. The search was carried
out using the PubMed and LILACS databases in April 2020,
and the following keywords/descriptors were used according
to Medical Sub-Headings (MeSH) guidelines: Alzheimer; PE;
animal model. All terms were combined using the operator
“AND” in order to appear all keywords/descriptors in the
manuscripts.

Evaluation, selection and analysis of the studies

We followed a schedule to analyze all studies as described: (a)
looked for keywords/descriptors in the title of the manu-
scripts; (b) read the abstracts; (c) read the methodology ap-
plied; (d) full reading of the articles extracting information of
interest such as the article title, authors’ names and year of the
publication, AD model used, PE protocol, main results found.
We used as inclusion criteria studies: written in English, pub-
lished in the last 5 years between April-2015 and April-2020;

containing or referring to the keywords/descriptors in the title;
addressing animal models, which performed PE. It was
adopted as exclusion criteria review articles and studies: pub-
lished in other languages rather than English; not having the
keywords/descriptors in the title; not published in the last
5 years; using PA instead of PE; addressing human models
of PE; using PE combined with any type of medicines or
others non-pharmacological treatments in the animal model;
and for not using proper AD models, such as models that do
not lead to ABOs and/or hyperphophorylated tau accumula-
tion. Literature review studies, course completion papers, dis-
sertations, theses, and annals abstracts were also excluded.
The search resulted in the identification of 111 studies. After
applying the eligibility criteria, 90 studies were excluded.
Then, after reading the remaining 21 studies we excluded 2
review studies; 6 studies that used PA instead of PE; 3 studies
that used PE combined with any type of medicines or others
non-pharmacological treatments; 1 study that was published
firstly in 2014; and 1 study in which the model used did not
lead to AR and/or hyperphophorylated tau accumulation; the
hallmark of AD. Finally, we found 8 eligible studies to report
their results (Fig. 1).

Results

The main results found in this systematic review indicated the
usage of AET as the main PE intervention in animal models of
AD (Table 1).

Discussion

All studies found adopted AET as the PE protocol (100%)
(Lourenco et al. 2019; Wu et al. 2018; Lu et al. 2017,
Haskins et al. 2016; Moore et al. 2016; Koo et al. 2017;
Zhang et al. 2018; Alkadhi and Dao 2018). We identified
running (62.5%) swimming (25%) and spinning wheels
(12.5%) as the PE protocols performed in AD animal models,
with the running on treadmill being the most used (62.5%).
The duration of each session, intensity, frequency, and period
of training most used were 60 min/day (62.5%), moderate
intensity (87.5%), 5 days/week (62.5%), and 4 (37.5%) or
12 (37.5%) weeks, respectively (Lourenco et al. 2019; Wu
et al. 2018; Moore et al. 2016; Koo et al. 2017). There was
just one study that analyzed a low-intensity or high-intensity
PE protocol (12,5%) (Moore et al. 2016). The most used AD
models were the Tg APP/PSIAE9 (25%) and the models
based on i.c.v. injection of AROs (25%) or streptozotocin
(25%) (Lourenco et al. 2019; Wu et al. 2018; Lu et al. 2017,
Zhang et al. 2018; Alkadhi and Dao 2018). All animals in the
selected studies were rodents (rats or mice), but mice were the
most commonly used (62.5%) (Lourenco et al. 2019; Haskins
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et al. 2016; Moore et al. 2016; Koo et al. 2017; Zhang et al.
2018). Finally, the main results presented in all studies (100%)
were capable to reduce significantly AD consequences, such
as reducing Af3Os or pro-inflammatory proteins levels or
inhibiting cognitive decline or memory loss (Lourenco et al.
2019; Wu et al. 2018; Lu et al. 2017; Haskins et al. 2016;
Moore et al. 2016; Koo et al. 2017; Zhang et al. 2018;
Alkadhi and Dao 2018).

Irisin, a myokine recently discovered, is produced in re-
sponse to PE with an important function in the CNS
(Jedrychowski et al. 2015; Farshbaf et al. 2015). FNDCS is
a type | transmembrane protein regulated by peroxisome
proliferator-activated receptor-y coactivator 1o (PGC-1cx).
The residue of its cleavage, Irisin, induces some benefits in
mice, such as the browning of the white adipose tissue and the
protection against insulin resistance, a hallmark of AD
(Lourenco et al. 2019; Bostrom et al. 2012). Irisin has shown
to be extremely important to inhibit cognitive decline in dif-
ferent animal models of AD (Lourenco et al. 2019).

Physical exercise, Irisin and animal models of
Alzheimer’s disease

PE induces a variety of beneficial effects in the brain, such as
the enhancement in the blood flow to the hippocampi (brain
areas related to cognitive functions and memories), the in-
crease of synapses, plasticity, neurogenesis of dentate gyrus
(the major neurogenesis area in hippocampi), and changes in
the morphology of the dendrites and dendritic spines (Wrann
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et al. 2013). PE increases brain-derived neurotrophic factor
(BDNF), which acts through PGC-1«/FNDC5/Irisin pathway
leading to several effects on brain development, such as neu-
ronal cell survival, differentiation, migration, proliferation,
synaptogenesis, and plasticity (Wrann et al. 2013).

A recent study evaluated the effects of PE on the PGC-10/
FNDC5/Irisin pathway using different models of AD in mice
(Lourenco et al. 2019). AD was induced in C57BL/6 or Swiss
mice through i.c.v. injection of amyloid-beta oligomers,
which are responsible for building the amyloid plaques in
the brain of mammals. Amyloid plaques contribute to a dis-
ruption of synaptic plasticity and the development of insulin
resistance leading to cognitive decline and memory loss in
AD. Genetically modified models of AD in mice were also
used in this study, such as the APP/PS1 A E9 and APP/PS1
M146. Swiss mice performed a swimming training for 60 min,
5 days/week, during 5 weeks (the first week was considered to
be the familiarization period). C57BL/6 mice swam during
20 min, 3 weeks in groups of 4 because they are less resistant
to long periods of exercising, according to the authors com-
ments. APP/PS1AE9 mice were subjected to daily swimming
sessions for 1 week. C57BL/6 and APP/PS1AE9 received
intraperitoneal injections of anti-FNDCS5 antibody or nonspe-
cific IgG (5 png). Compared to the untrained animals, the
exercised Swiss mice, C57BL/6 and APP/PS1AE9 presented
lower cognitive and memory deficits when evaluated in the
novel object recognition task. Exercised C57BL/6 and APP/
PS1AE9 also presented higher synaptic plasticity when sub-
mitted to long term potentiation recordings. Interestingly,
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Table 1 Exercise effects on animal models of Alzheimer’s
Article Author/  AD model PE protocol Main results
Year
Exercise-linked FNDC5/Irisin Lourenco APOs intracerebroventricular ~ Swimming. 60 min/day x PE increased Irisin and BDNF
rescues synaptic plasticity and etal., (i.c.v.) C57BL/6 and Swiss 5 days/week x 5 weeks. levels, rescued synaptic
memory defects in Alzheimer’s 2019 mice. Transgenic (Tg) C57BL/6 and APP/PS1AE9 plasticity and blocked
models models were also used: swam 20 min/day x APO-induced memory im-
APP/PS1AE9 and APP/PSI S days/week x 3 weeks. pairment
M146L APP/PS1 M146L did not exer-
cise
Long-term treadmill exercise Zhang Tg APP/PS1AE9 mice Treadmill running. 30 min/day x PE reduced AOs, diminished
attenuates A3 burdens and etal., 6 days/week x 20 weeks astrocytes levels, and increased
astrocyte activation in 2018 neuronal density
APP/PS1 mouse model of
Alzheimer’s disease
Exercise decreases BACE and Alkadhi  AROs i.c.v. injection in Wistar Treadmill running. 10 m/min x  PE prevented the increase of
APP levels in the hippocampus ~ and rats 2 weeks followed by 3 AfROs, APP and BACE-1
of a rat model of Alzheimer’s Dao, sessions/day x 15 m/min x proteins, increased BDNF
disease 2018 2 weeks totalizing 4 weeks levels and preserved brain de-
velopment
Beneficial effects of exercise Wuetal,, Streptozotocin i.c.v. injection in Swimming. Started at 10 min/day PE inhibited cognitive decline,
pretreatment in a sporadic 2018 Sprague-Dawley rats with additional 10 min every AOs accumulation,
Alzheimer’s rat model 2 days, until the duration of inflammation, and oxidative
60 min/day at the 12th day, damage
S days/week x 4 weeks
Treadmill exercise exerts Luetal, Streptozotocin i.c.v. injection in Treadmill running. 8 m/min x PE suppressed the ABOs
neuroprotection and regulates 2017 Wistar rats 5 min, followed by 14 m/min accumulation, reduced
microglial polarization and x 5 min and, in the last week, pro-inflammatory mediators
oxidative stress in a 18 m/min x 20 min, levels and oxidative damage,
streptozotocin-induced rat 5 days/week x 4 weeks mitigated mitochondrial dys-
model of sporadic Alzheimer’s function and inhibited neuro-
disease nal apoptosis
Treadmill exercise decreases Koo Tg NSE/APPsw mice Treadmill running. 10 m/min x  PE inhibited the increase of
amyloid-f3 burden possibly via et al., 30 min/day in the first BACE-1, ABOs and cognitive
activation of SIRT-1 signaling 2017 2 weeks. Progressing to decline, increased SIRT-1
in a mouse model of 50 min/day for the next levels, and decreased neuro-
Alzheimer’s disease 2 weeks. In the last 8 weeks, toxicity
the speed was increased to
12 m/min x 60 min/day x
S days/week, totalizing
12 weeks
A spectrum of exercise training ~ Moore Tg2576 mice 2 treadmill protocols. Low PE reduced oxidative stress,
reduces soluble A in a et al., intensity = 15 m/min and soluble A4 and A4, by
dose-dependent manner in a 2016 high-intensity = 32 m/min at increasing the levels of 5
mouse model of Alzheimer’s 10% grade. Both protocols proteins (neprilysin, IDE,
disease performed 60 min/day x MMP9, LRP1, and HSP70),
5 days/week x 12 weeks which are involved in reducing
APOs formation
Early alterations in blood and Haskins  Tg triple mice (PS-1 M146V,  Spinning wheel. 8 m/min, PE restored the expression of
brain RANTES and MCP-1 etal, APP/PS1AE9, and 60 min/day, one group anti-inflammatory brain cyto-
expression and the effect of 2016 tau-P301L) exercised 1 day/week, and the kines delaying the develop-

exercise frequency in the
3xTg-AD mouse model of
Alzheimer’s disease

other 3 days/week x 12 weeks.

ment of AD by changes in
RANTES and MCP-1 expres-
sion

when the exercised animals received the anti-FNDCS5 anti-
body the beneficial effects of exercise in memory decline,
synaptic plasticity were abolished. These results unveil the
need of protocol adaptation according to the animal species
or lineage. Besides the actual importance of Irisin in AD this

was the only study evaluating the effects of irisin in AD

model.

Irisin is also related to an improved sensitization of the
insulin receptors (Gizaw et al. 2017). The brain is an insulin-
sensitive organ, and insulin signaling is impaired in the brains
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of AD experimental models and AD patients (Ferreira et al.
2018). Insulin resistance is considered to be one of the main
features of AD (Ferreira et al. 2018).

Insulin resistance, physical exercise and animal
models of Alzheimer’s disease

Insulin resistance involves molecular alterations in the
phosphoidilinositol-3- kinase (PI3K) pathway, such as re-
duced activity of the kinase linked to insulin receptor (IR)
and reduced phosphorylation levels of the substrates 1 and 2
of'the IR (IRS-1 and IRS-2) in tyrosine residues, which are the
IRS related to the management of glucose metabolism
(Lourenco et al. 2013; de Sousa 2018). PE is a non-
pharmacological and useful tool to prevent or treat the devel-
opment and consequences of AD in many animal models
(Lourenco et al. 2019; Wu et al. 2018; Lu et al. 2017,
Haskins et al. 2016; Moore et al. 2016; Koo et al. 2017;
Zhang et al. 2018; Alkadhi and Dao 2018).

None of the selected studies presented in Table 1 analyzed
insulin hormone, receptors or substrates, but all of them eval-
uated inflammatory proteins and/or A3 burden (Lourenco
et al. 2019; Wu et al. 2018; Lu et al. 2017; Haskins et al.
2016; Moore et al. 2016; Koo et al. 2017; Zhang et al. 2018;
Alkadhi and Dao 2018). It is well established that impaired
PI3K signaling is associated with cognitive decline and mem-
ory loss in animal models of AD (Lourenco et al. 2013; Batista
et al. 2018; De Felice et al. 2009; Figueiredo et al. 2013).
Another important information is that insulin resistance in
AD is mediated by inflammation through activation of mi-
croglia and astrocytes, increased levels of oxidative stress,
APP, BACE-1 and Af3 proteins. (Lourenco et al. 2019; Wu
et al. 2018; Lu et al. 2017; Haskins et al. 2016; Moore et al.
2016; Koo et al. 2017; Zhang et al. 2018; Alkadhi and Dao
2018).

Inflammation induces A3Os and hyperphosphorylated tau
accumulation (Tapia-Rojas et al. 2016). The capacity of pro-
inflammatory cytokines to induce cognitive decline and mem-
ory loss seems to be crucial for modulating learning and mem-
ory (Sousa et al. 2019).

Inflammation, physical exercise and animal models of
Alzheimer’s disease

It was evaluated the quantitativity presence of ABOs in 7
of the 8 studies, and it was showed a reduction of it in all
of them (Lourenco et al. 2019; Wu et al. 2018; Lu et al.
2017; Moore et al. 2016; Koo et al. 2017; Zhang et al.
2018; Alkadhi and Dao 2018). The study that did not
evaluate the presence of ABOs used a triple Tg mice of
AD, which is well established in scientific literature to
form AOs (Haskins et al. 2016). It is well known that
PE can be used as a medicine to treat several
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inflammatory processes in different physiological states,
pathologies and conditions (Pedersen and Saltin 2015;
Melo et al. 2019; Freitas et al. 2019). Nevertheless, how
PE acts at the cellular and molecular levels may change
depending on the disease, and thus PE protocols need to
be adapted according to the specie and lineage of the AD
animal model (Lourenco et al. 2019; Improta Caria et al.
2018).

Our results showed that treadmill running was the most
prevalent modality in the studies with AD animal models
and revealed to be an effective modality of exercise to inhibit
AD features and inflammation (Moore et al. 2016; Koo et al.
2017; Zhang et al. 2018; Alkadhi and Dao 2018). A study
conducted by Zhang et al. (2018) revealed that long-term
AET on treadmill diminished A30s load and increased neu-
ronal density. They also showed a reduction of gliosis in the
APP/PS1AE9 mice. AET revealed to be an effective thera-
peutic method in AD, modulating different signaling path-
ways, A3, neuronal density, and astrocyte levels. Another
study revealed that PE prevented the increase of A3, APP,
and BACE-1 proteins (Alkadhi and Dao 2018). Koo et al.
(2017) also showed that AET attenuated cognitive deficits
by reducing the levels of BACE-1 and A3 load through
SIRT-1 regulation. Finally, Moore et al. showed in Tg 2576
mice that, compared with low intensity running, high-intensity
running promotes reduction of oxidative stress and A4
levels in hippocampi and cortex, areas of the brain related with
memory (Moore et al. 2016).

Wau et al. 2018 evaluated rats that performed a swimming
protocol for 4 weeks, and thereafter, they received an i.c.v.
injection of streptozotocin to evaluate inflammation, oxidative
stress, and A3 burden (Wu et al. 2018). The prior exercise
prevents A3 aggregation, inflammation, and oxidative stress.
Another study also using i.c.v. injection of streptozotocin
evaluated the memory deficits, A3 aggregation, and inflam-
mation in rats that ran on a treadmill, 5 days/week for 4 weeks
(Lu et al. 2017). The authors also found that the PE protocol
applied reduced all AD features analyzed. Another study with
i.c.v. injection of streptozotocin to develop AD also found
similar positive results using a running protocol (Lu et al.
2017).

Haskins et al. used spinning wheels as the PE protocol
(Haskins et al. 2016). Tg triple mice performed the protocol
at moderate intensity once or 3 times a week and it was found
an improvement on monocyte chemotactic protein-1 (MCP-1)
and expressed and secreted T cells. The exercise performed 3
times a week was effective in restoring the expression of in-
flammatory brain cytokines, delaying the development of AD.
These data together indicate that moderate or high-intensity
PE protocols are capable of reducing and/or revert the nega-
tive consequences of the AD in animal models. Thus, PE can
manage the pro-inflammatory mechanisms that mediate the
cognitive ability and memory in AD experimental models.



Metab Brain Dis (2021) 36:85-95

91

Inflammation and animal models of Alzheimer’s disease

It is known that inflammation plays a crucial role in AD
(De Felice and Ferreira 2014). Although there are a few
animal models that do not mimic AD at all, even when
presenting severe inflammation (Ozbeyli et al. 2017;
Neves et al. 2016). For example, Ozbeyli et al. performed
a surgical technique and induced ovariectomy in rats iden-
tifying cognitive decline, which was prevented by PE.
The authors classified the ovariectomy procedure as an
AD-like model, but there was not identification of ABOs
and/or hyperphophorylated tau accumulation, which are
hallmarks in AD (Ozbeyli et al. 2017). Severe inflamma-
tion process, such as sepsis, also may lead to temporary
cognitive decline (Neves et al. 2016). It does not mean
that sepsis or ovariectomy are animal models of AD. It is
necessary the identification of plaques and tangles, cogni-
tive decline and/or memory loss, inflammation and/or in-
sulin resistance in order to classify the cognitive decline
as AD (Querfurth and Laferla 2010).

Tg APP/PSIAE9 and i.c.v. injection of APBOs, or
streptozotocin, are the most used animal models of AD
which mimic the features of this disease, such as A and
inflammation (Lourenco et al. 2019; Wu et al. 2018; Lu
et al. 2017; Zhang et al. 2018; Alkadhi and Dao 2018).
I.c.v. injection of ABOs demands an excellent know-how
of preparing AP derived diffusible ligands (ADDLs)
through manipulation of high performance liquid chroma-
tography (HPLC) system and a high level skill to operate
the stereotaxic equipment. This model shows some AD
features for a short period. There are no studies identify-
ing these features 30 days after the injection. The i.c.v.
injection of streptozotocin is not expensive and demands
just knowledge of how to inoculate the substance by
stereotaxis. Streptozotocin is also cheaper than ADDLs.
Although this model does not mimic many features of
AD, such as microtubules dysfunction that leads to the
development of hyperphosphorylated tau (Mahmoud
et al. 2016; De Felice et al. 2014). Tg models is more
expensive than other AD models, but it is worthy. For
example, Tg APP/PSIAE9 mimics the AD pathology
with similar features to the human disease (Moore et al.
2016; Ferreira and Gralle 2007). Because of the genetic
mutations, Tg models present permanently the AD fea-
tures, being mice, the main animals of these models.
Another possibility that should be investigated is the use
of different animal models, such as macaques, to study PE
protocols in AD.

Many factors need to be analyzed before prescribing PE
training in animal models. Several PE protocols varying in
frequency, intensity, and duration have been used. These var-
iables are not usually taken into consideration when the results
are interpreted.

Physical exercise training protocols in animal models
of Alzheimer’s disease

The variety of AET protocols in different AD models reveals
that there is not a common sense in the scientific literature
about the ideal frequency, intensity, and duration that should
be used. Although we identified studies with similar frequen-
cy, intensity, and duration. Nevertheless, these similar param-
eters of PE protocols were not performed to the same AD
models. The lack of a gold standard protocol and the use of
different animal models make it difficult the choice of the best
PE.

We found a higher prevalence of using mice instead of rats
to prescribe PE protocols as medicine in animal models of AD
(Lourenco et al. 2019; Haskins et al. 2016; Moore et al. 2016;
Koo etal. 2017; Zhang et al. 2018). Even identifying mouse as
the main model of AD used, there was not a conclusion about
the more adequate PE protocol for these animals. For exam-
ple, Zhang et al. (2018) used Tg APP/PS1AE9 mice running
6 days/week during 20 weeks. On the other hand, Lourenco
et al. (2019) used Tg APP/PS1IAE9 mice which swan for
20 min, during 5 days/week, for 3 weeks. Even presenting
completely different AET protocols, both studies ameliorated
AD at the Tg APP/PS1AE9 mice (Lourenco et al. 2019;
Zhang et al. 2018). Another study described a protocol where
the Tg2575 mice had to run 60 min/day, 5 days/week for
12 weeks, totalizing 3 months of training (Moore et al. 2016).

Finally, there was a PE protocol described by Lourenco
et al. (2019) that used only 3 weeks of training, which was
the shortest protocol applied in the Tg APP/PS1AE9 mice.
The frequency of the AET lasted just for 20 min in every
single session to the Tg APP/PS1AE9 mice. Nevertheless,
this might be the most suitable PE protocol to be used in Tg
models of AD. Thus, short and long-term exercise protocols
described in this review inhibited cognitive decline and mem-
ory loss in AD. The short and long-term PE have many phys-
iological benefits that can contribute to avoid the development
of dementia (Fig. 2).

It was not mentioned in any of the PE protocols of the
animal models of AD presented factors such as: the training
periodization, the variation of different cycles of physical
training (macrocycle, mesocycle and microcycle) and their
respective intensities and volumes, the shock and regenerative
training period. Certainly, these factors must be used when
prescribing PE training protocols for humans (Haskell et al.
2007; Forbes et al. 2015), so are not they necessary to others
mammals?

Links between physical exercise, inflammation, type 2
diabetes and Alzheimer’s disease

We have reported until now about the potential mechanisms
linking PE, inflammation and insulin resistance in AD
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Fig. 2 Short and long-term phys-
ical exercise physiological effects
in Alzheimer’s disease. The short-
term effects of PE are immediate
responses of the organism. The
long-term eftects of PE are more
related to lasting adaptations

Physical exercise

Short-term -----------

Increased heart rate
Increased breathing rate
Increased blood pressure

(Lourenco et al. 2019; Wu et al. 2018; Lu et al. 2017; Haskins
et al. 2016; Moore et al. 2016; Koo et al. 2017; Zhang et al.
2018; Alkadhi and Dao 2018). However, it is necessary to
discuss about their association with type 2 diabetes (T2D),
because these pathologies share some common mechanisms
(Biessels and Reagan 2015; Folch et al. 2019). There is a
hypothesis that AD could be a type 3 diabetes due to these
similarities (Folch et al. 2019). Inflammation and insulin re-
sistance are reported to be common features in AD and T2D
(Ferreira et al. 2018; De Felice and Ferreira 2014). Thus, it is
important to have good life habits to inhibit the progression or
the development of these common features in AD and T2D
(De Sousa et al. 2020). The regular practice of PE is a possi-
ble, cheap and non-pharmacological approach to achieve bet-
ter life habits.

The main role of insulin and its receptors in different brain
regions is mainly associated to the sustaining of synaptogen-
esis and neuronal plasticity (Folch et al. 2019). Peripheral
insulin resistance contributes to {3 cell death in the pancreas,
and the development of T2D-related comorbidities, which can
be prevented or inhibited by the regular practice of PE (de
Sousa 2018). Changes in glucose metabolism in both pathol-
ogies occur mainly by alterations on IRS-1 and IRS-2, which
are mediated by the activation of inflammatory mechanisms
(De Sousa et al. 2020). It seems that unhealthy life habits will
trigger inflammation and insulin resistance leading to cogni-
tive decline in AD and T2D, which can be prevented or treated
by PE.

Conclusions
The most suitable animal model of AD in studies with PE is

mice. Tg APP/PS1IAE9 was identified as the best model of
AD since it presents all features of the disease permanently.

@ Springer

» Common features «---------- Long-term

Lower resting heart rate

Cardiac hypertrophy

Increased maximum cardiac output
Increased stroke volume

Increased red blood cells
Increased number of alveoli
Increased vital capacity

Increased strenght

Increased bone density

The onset of fatigue is delayed

Inhibition of cognitive impairment
Inhibition of memory loss

AET was the only type of PE protocol found in the studies
using animal models of AD. Short and long-term exercise
protocols were capable to prevent cognitive decline and mem-
ory loss in AD. It seems that short and long-term PE are able
to counteract AD-related pathology in rodents. Nevertheless,
the lack of RET protocols in animal models of AD indicates a
huge gap that should be investigated in future studies. The
AET protocol most used was running on treadmill, 60 min/
day, 5 days/week for 4 or 12 weeks at moderate intensity. We
recommend the use in animal models of less duration and
frequency of the PE protocol, such as 50 min/day, 3 days/
week for no more than 2 weeks. We also advice the progres-
sion of PE protocol (increasing the intensity variables and
decreasing the volume variables) every 2 days to the animal
models. Finally, we suggest that PE protocols must be adapted
according to the specie, lineage and life span of the animal.
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