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Despite the extensive knowledge of the beneficial effects of physical exercise,

a sedentary lifestyle is still a predominant harm in our society. Sedentarism

is one of the major modifiable risk factors for metabolic diseases such as

diabetes mellitus, obesity and neurological disorders, including Alzheimer’s

disease (AD)–characterized by synaptic failure, amyloid protein deposition

and memory loss. Physical exercise promotes neuroprotective effects through

molecules released in circulation and mediates the physiological crosstalk

between the periphery and the brain. This literature review summarizes the

current understanding of the roles of exerkines, molecules released during

physical exercise, as systemic and central factors that mediate the beneficial

effects of physical exercise on cognition. We highlight the neuroprotective

role of irisin—a myokine released from the proteolytic cleavage of fibronectin

type III domain-containing protein 5 (FNDC5) transmembrane protein. Lastly,

we review evidence pointing to physical exercise as a potential preventative

and interventional strategy against cognitive decline in AD.

KEYWORDS

Alzheimer’s disease (AD), physical exercise, exerkines, irisin, cognition,
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Introduction

A challenging lifestyle modification that is critically needed for modern societies
consists in decreasing sedentary habits (Pratt et al., 2014; Trost et al., 2014). Unlike
our ancestors who lived as nomads hunting and acquiring their food, our moving from
the countryside to the city as modern society caused changes in the human diet and
propitiated sedentary behavior. The progressive and continuous change over the decades
has been increasingly associated with alterations in systemic and brain healthy aging,
favoring the development of diseases that are linked to an increased risk of dementia
(De Felice et al., 2022). In this context, a recent study observed that the prevalence of
dementia in the indigenous population of Tsimane and Moseten Amerindian of the
Bolivian Amazon, who live a subsistence lifestyle, hunting, gathering food from the
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forest, and fishing, was one of the lowest compared with the
majority population of the world. These observations evidence
that a physically active lifestyle may be a critical factor in
establishing improved body and brain health (Gatz et al., 2022).

Indeed, the association between a healthy lifestyle and
physical activity is not recent. Galen’s (150 or 130-201 AC)
studies were among the first to exemplify the close relationship
between medicine and sports. In Ancient Greece, athletes were
prepared physically and physiologically by trainers. In addition,
Hippocrates, known as the “Father of Medicine,” was a pioneer
in prescribing exercise and diet to patients (Masters, 1976;
Tipton, 2015).

Despite growing scientific evidence of the beneficial
effects of physical exercise, according to the World Health
Organization (WHO), one in four adults doesn’t exercise the
minimum stipulated by global recommendations. It is estimated
that four to five million deaths per year could be avoided if
the global population was more physically active (World Health
Organization [WHO], 2022). While many factors can contribute
to the development and progression of Alzheimer’s disease
(AD), physical inactivity has been increasingly considered to
be important in favoring the high incidence of the AD cases
(Blair, 2009; Pratt et al., 2014; Reiman, 2014). Physical inactivity
favors the surge of several cardiovascular and metabolic diseases,
such as hypertension, diabetes, and obesity, which have been
associated to increase the risk of developing AD (MacIntosh
et al., 2010; Felice, 2013; Clarke et al., 2018). Conversely, a well-
established factor is that interventions in active lifestyles, such as
exercising regularly, could reduce cognitive decline and improve
overall health during aging.

Herein, we review the molecular mechanisms underlying
the neuroprotective actions of exercise that make it a potential
preventative and interventional strategy against cognitive
decline in AD. We discuss the role of exerkines, signaling
molecules released by different tissues in response to acute
and/or chronic exercise that exerts their effects through
endocrine, paracrine and/or autocrine manners – as systemic
and central mediators that contribute to the beneficial effects
of exercise in cognition, including the fibronectin type III
domain-containing protein 5 (FNDC5)/irisin, cathepsin B
(CTSB), 3-Hydroxybutyrate (3OHB), lactate, interleukin-6 (IL-
6), and brain-derived neurotrophic factor (BDNF). We highlight
the role of FNDC5/irisin as a myokine associated with
neuroprotective effects in AD. Overall, we present mounting
evidence that helps to explain why physical activity is beneficial
to healthy brain aging.

Alzheimer’s disease
pathophysiology

Alzheimer’s disease is a progressive neurodegenerative
disease and is the main form of dementia in the world. Changes

in mood, personality, hallucinations, and memory loss are the
most recognized symptoms of AD (Masters et al., 2015). AD is a
highly prevalent disease associated with aging. It is estimated to
have a rise in prevalence in the following decades (Association,
2013; Alzheimer’s Dement, 2020). Age is the central risk factor
for AD, and growing evidence suggests that dietary and lifestyle
changes are leading to a faster and more significant increase in
the incidence of AD. In addition, common diseases in modern
life, such as diabetes mellitus, obesity, and depression, have been
identified as strong risk factors for AD establishment at older
ages (Daviglus et al., 2011; Selkoe, 2012; Ledo et al., 2013, 2016;
De Felice et al., 2014; Lloret et al., 2019; Jayaraj et al., 2020).

The main hallmarks of AD pathology comprise amyloid-
beta (Aβ) plaque accumulation, Aβ oligomer (AβO)
formation and tangle formation formed by abnormally
hyperphosphorylated tau, known as neurofibrillary tangles
(NFTs) (Masters et al., 2015). These histopathological
alterations are associated with the severity of the disease.
As AD progresses, amyloid plaques and NFTs aggregates
accumulate in many brain regions, including areas critical
for cognition. Neurodegeneration, neuroinflammation, and
synaptic loss are key features of the disease (Masters et al., 2015;
Alzheimer’s Dement, 2020).

Considering the complexity of the AD spectrum and the
lack of efficient pharmacological therapies, the interest in non-
pharmacological strategies is being increasingly investigated.
Due to this presently scenario, physical exercise is displayed as
a potential adjunctive therapy. Physical exercise is an attractive
approach that conducts a beneficial effect on mental and
physical health. Physical exercise can be defined as a structured,
repetitive, and planned activity that aims to improve or maintain
physical fitness (Caspersen et al., 1985; Masters et al., 2015).

Neurological benefits of physical
exercise

Growing evidence from human and mouse studies
shows that exercise can modulate multiple mechanisms
associated with brain and periphery functions. Amongst these
mechanisms, we will highlight the effects of exercise on altered
processes in the AD brain. Exercise stimulates hippocampal
volume, neurogenesis, vascular function, and growth factors
cascades. Also, physical exercise is associated with decreases in
hippocampal atrophy, neuroinflammation, and amyloid plaque
load (Ahlskog et al., 2011; Erickson et al., 2012; Liu et al., 2012;
Braskie et al., 2014; Yang et al., 2014; Tarumi et al., 2019).

The neuroprotective processes stimulated by physical
exercise have been well-investigated in mouse models of AD
and humans. From an anatomical standpoint, the hippocampal
volume shrinks 1–2% yearly in older adults without dementia
(Pratt et al., 2014) and decreased hippocampal volume is
associated with cognitive impairment (Armstrong et al., 2020).
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Aerobic exercise has been shown to prevent brain volume
reductions associated with oldness (Colcombe and Kramer,
2003). Another study showed that a 1-year aerobic exercise
intervention can reverse hippocampal volume loss in late
adulthood, enhancing volume and cognition (Erickson
et al., 2011). Decreased brain volume is associated with AD
progression (Cha et al., 2004; Fotenos et al., 2005, 2008).
Several studies have focused on evaluating the effects of
exercise on brain volume, especially in the hippocampus
(Firth et al., 2018), a brain area affected in AD. An analysis
performed during 6 months with randomized older women
suffering from probable mild cognitive impairments showed
that aerobic training significantly increased hippocampal
volume (Ten Brinke et al., 2014). Tarumi and colleagues
also examined aerobic training in patients diagnosed with
amnestic mild cognitive impairment for 12 months. In amyloid-
positive patients, aerobic exercise reduced hippocampal
atrophy (Tarumi et al., 2019). Consistently, exercise influences
hippocampal functional connectivity strengthening and
rewiring neuronal networking (Ten Brinke et al., 2014;
Voss et al., 2019).

The neuroprotective processes stimulated by physical
exercise have been well-investigated in mouse models. Studies
report that exercise attenuates the cognitive decline in
behavioral tests, such as spatial learning and memory, contextual
memory, passive avoidance, novel object recognition (NOR),
and recognition memory (Vaynman et al., 2004; Van Praag et al.,
2005; Radak et al., 2006; Schweitzer et al., 2006; O’Callaghan
et al., 2007; Ma et al., 2017; Lourenco et al., 2019; Voss et al.,
2019). Furthermore, a central question in studying the effects
of physical exercise on the brain concerns the best regimen
that could improve the benefits. A comparative study evaluated
the impact of 1-month and 2-month voluntary running in 3-
month-old TgCRND8 mice (Maliszewska-Cyna et al., 2016).
While both protocols improved memory, only the 2-month
intervention protocol showed hippocampal neurogenesis and
reduced plaque load. These data indicate that extended
intervention would be preferable to favor neuroprotective
pathways (Maliszewska-Cyna et al., 2016).

Physical exercise has been shown to stimulate neurogenesis,
a process that is inhibited in animal models of AD. In
APP/PS1 [mice harboring the Swedish amyloid precursor
protein (APP) mutation and deletion of the exon 9 of presenilin-
1] transgenic mice, treadmill exercise enhanced learning and
memory possibly by adjusting the amyloid precursor protein
(APP) proteolytic pathway. However more studies are needed to
better elucidate how newborn cells act. Notably, after 12 weeks,
treadmill exercise significantly rose the number of proliferating
cells in both wild-type mice and APP/PS1 transgenic mice (Yu
et al., 2021). Interestingly, Choi and co-workers showed that
combining adult hippocampal neurogenesis induced genetically
and pharmacologically together with BDNF mimic exercise
ameliorated the cognitive defect in AD transgenic 5xFAD.

Additionally, this protocol reduced Aβ load and elevated
levels of BDNF, IL-6 and FNDC5 (Choi et al., 2018). Also,
exercise-induced hippocampal neurogenesis is associated with
the stimulation of mechanisms linked to synaptic plasticity,
learning, and memory (Van Praag et al., 1999a; Trejo et al.,
2001; Fabel et al., 2003; Klempin et al., 2013). In mice,
voluntary running increased neurogenesis, inducing changes in
cell proliferation. Neurogenesis is more evident in the dentate
gyrus, where long-term potentiation (LTP) and short-term
potentiation are increased (Blumenthal et al., 1991; Van Praag
et al., 1999a,b; Chatzi et al., 2019). Indeed, the improvement
in hippocampal neurogenesis was shown to contribute to
synaptic plasticity (Van Praag et al., 2005; Ma et al., 2017),
promoting synapse formation, strengthening, and function
(Cotman et al., 2007).

Innumerous studies evaluated the main hallmarks
involved in the pathophysiology of AD. Tapias-Rojas and
colleagues showed that voluntary exercise decreased Aβ

burden, Thioflavin-S-positive plaques and Aβ oligomers in
the APPswe/PS1dE9 mice, a transgenic mouse model of AD
(Tapia-Rojas et al., 2016). In addition, APPswe/PS1dE9 mice
showed decreases in the levels of tau phosphorylation (Tapia-
Rojas et al., 2016). Likewise, treadmill exercise decreased soluble
Aβ1-42 levels and the deposits of Aβ in the hippocampus and
cerebral cortex of 3xTg-AD mice, a triple transgenic mouse
model of AD (Cho et al., 2015). Thomas et al. (2020) further
showed that exercise training decreased amyloid plaque load in
Tg2576 mice. Together these findings demonstrate that exercise
may exert its beneficial actions in the brain by modulating
disease-associated factors.

Alzheimer’s disease development is related to metabolic,
hypertension, and cardiovascular diseases (MacIntosh et al.,
2010; Felice, 2013; Clarke et al., 2018). Exercise reduces
peripheral risk factors by inducing growth factors cascades
(Trejo et al., 2001; Fabel et al., 2003; Petersen and Pedersen,
2005). A common mechanism underlying the effects of exercise
in peripheral and brain disorders might be associated with
inflammation, which can impair growth factor signaling both
systematically and centrally. Studies demonstrated that physical
exercise reduces the levels of GFAP+ cells and lower microglial
activation in transgenic APPswe/PS11E9 mice (Tapia-Rojas
et al., 2016; Zhang et al., 2018). In the Tg2576 mouse model,
3 weeks of voluntary wheel running decreased the levels of
pro-inflammatory interleukin-1β (IL-1β) and tumor necrosis
factor α (TNF-α) (Nichol et al., 2008; Parachikova et al.,
2008). The anti-inflammatory actions of exercise are thought
to improve the brain redox status, thereby ameliorating the
pathophysiological hallmarks of AD (García-Mesa et al., 2011;
Garciá-Mesa et al., 2015). Therefore, current evidence indicates
that during physical activity, the release of systemic and central
molecules may contribute to the beneficial effects of exercise
on the central nervous system (CNS) (Cotman et al., 2007;
Safdar and Tarnopolsky, 2018).
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The neuroprotective potential of
exerkines

Recent studies have been trying to identify and better
comprehend the possible mechanisms underlying the positive
effects of exercise and the potential to treat diseases. Currently,
exerkines are under discussion as they might be key components
responsible for orchestrating the beneficial effects of exercise
(Gupta et al., 2021; Chow et al., 2022).

A multitude of organs, cells and tissues release those factors,
including skeletal muscle (myokines), white adipose tissue
(adipokines), liver (hepatokines), and neurons (neurokines)
(Chow et al., 2022). Understanding the role of exerkines
in the physiological and biological response to exercise is
essential to better understand their possible role in treating
diseases. However, endless questions remain poorly understood.
Therefore, growing studies are focusing on the investigation
of exerkines and their mechanisms of action in multiple
organ systems. In this following section, we aim to elucidate
the mechanisms by which exerkines have been described to
mediate the neuroprotective effects of exercise. Herein, we
provide information about six exerkines: IL-6, CTSB, 3OHB,
lactate, BDNF, and FNDC5/irisin (Figure 1) (Supplementary
Table 1).

IL-6

Primarily, interleukin-6 (IL-6) was recognized for its pro-
inflammatory effects. Specifically, in AD patients, elevated IL-
6 levels in the brain and the blood are associated with the
severity of dementia (Huell et al., 1995; Kálmán et al., 1997).
Recent data provided by Lyra e Silva et al. (2021) demonstrated
that brain IL-6 signaling is upregulated and mediates memory
impairment in AD mouse models. Additionally, elevated IL-
6 adhesive to senile plaque inclusion levels was found in
immunohistochemistry of AD patients (Licastro et al., 2003;
Erickson and Banks, 2011).

Despite having a pro-inflammatory role, IL-6 has been
shown to be involved differently in physiological and
pathological conditions. A study demonstrated that human
skeletal muscle contraction releases considerable amounts of
IL-6 into the bloodstream during physical exercise (Steensberg
et al., 2000). A notion emerged that IL-6 released by skeletal
muscle could have a role in the metabolic adaptations
promoted by exercise (Gleeson, 2000; Keller et al., 2001;
Steensberg et al., 2001). Indeed, IL-6 has been assigned the
role of energy sensor (Pedersen et al., 2004; Ruderman et al.,
2006; Hoene and Weigert, 2007; Pedersen, 2012), allowing
glycemic control by stimulating the oxidation of glucose (Carey
et al., 2006) and fatty acid oxidation (Van Hall et al., 2003;
Petersen et al., 2005).

From a CSN perspective, studies found that exercise
modulates the inflammatory profile of cytokines in Tg2576
AD’S transgenic mice (Parachikova et al., 2008). Furthermore,
another study evaluated increases in the concentration of
pro-inflammatory cytokines in the plasma and cerebrospinal
fluid (CSF) of 198 AD patients before and after a 16-
week intervention protocol and showed increased IL-6
plasma levels in the exercised group compared to controls
(Jensen et al., 2019).

Cathepsin B

Cathepsin B (CTSB), a cysteine protease, is an exercise-
induced muscle secretory factor linked to hippocampal
functions (Pedersen, 2019). Moon et al. (2016) demonstrated
that CTSB crosses the blood-brain barrier in mice, mediating
a central increase in BDNF and doublecortin (DCX). Both
proteins are related to neuroprotective effects, especially in
hippocampal neurogenesis and neuronal migration. Moreover,
14 or 30 days of running increased both skeletal, and
muscular expression of the CTSB gene and CTSB protein
levels in mice plasma. Interestingly, exercise could not
enhance neurogenesis and improve spatial memory in CTSB
knockout mice. CTSB protein levels in plasma were also
enhanced in rhesus monkeys and humans subjected to
4 months of treadmill training. A complex figure (CF) drawing
recall test was performed, and those with higher plasma
levels of CTBS obtained higher test scores (Moon et al.,
2016). Additionally, in hippocampal progenitor cells, CTSB
administration was able to increase the expression of BDNF
mRNA and BDNF protein levels and DCX protein levels
(Moon et al., 2016).

In the context of AD, studies with hAPP mice have shown
that CTSB has an anti-amyloidogenic action, decreasing Aβ

plaque deposition in mice hippocampus and cortex. CTSB
can act by proteolytic cleavage, originating alternatives Aβ

peptides with less amyloidogenic tendencies (Mueller-Steiner
et al., 2006). In CTSB knockout mice (CTBS−/−), Aβ levels
and amyloid plaque deposition were increased when compared
to wild type mice (CTSB+/+) (Mueller-Steiner et al., 2006).
In accordance with these findings, lower levels of cystatin-C
(CysC), an CTSB inhibitor, were associated with reduced soluble
Aβ levels and plaque load in hAPP-J20 mice (Sun et al., 2008).
Controversially, other CTSB inhibitors such as CA074Me and
E64d were able to reduce amyloid plaque deposition in the
brain of London APP mice expressing the wild type β-secretase
site of APP (Hook et al., 2008). These two inhibitors were
also effective in diminishing brain levels of Aβ40 and Aβ42
and improving spatial memory capability in the Morris water
maze test (MWM) (Hook et al., 2008). Altogether, these findings
suggest a positive correlation between cathepsin B and the
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FIGURE 1

The crosstalk between the periphery and the brain stimulated by physical exercise. (1) During physical exercise, peripheral tissues secrete
exerkines, such as irisin, IL-6, CTSB, 3OHB, and lactate which mediate the beneficial effects of exercise (2). These exerkines cross the BBB (3),
increase BDNF levels, hippocampal volume and neurogenesis, and decrease neuroinflammation (4). As a result, improved synaptic plasticity and
memory occurs. Figure was created with BioRender.com.

benefits of exercise in hippocampal function, as well as a defining
role, although not well-comprehended yet, in the modulation of
amyloid plaques.

3-Hydroxybutyrate

Exerkines are not exclusively proteins. Other types of
molecules that participate in regulating metabolic energy
expenditure are also stimulated by vigorous exercise and other
physiological conditions that reduce plasma glucose levels.

Posterior to the mobilization and beta-oxidation of fatty acids,
there is a hepatic production of ketone bodies, mainly 3-
Hydroxybutyrate (3OHB) (Marosi et al., 2016). 3OHB can
cross the blood brain barrier (BBB) and act as an energy
source for neurons when extracellular glucose levels in the
brain are insufficient to maintain neuronal function (Pedersen,
2019; Valenzuela et al., 2020). Marosi et al. demonstrated
that 3OHB could activate the BDNF gene promoter IV in
cerebral cortical neurons through a signaling pathway that
involves transcription factor nuclear kappa B (NF-κB) and
histone acetyltransferase p300. All three components seem to
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be needed to observe the positive effects since NF-κB and
p300 inhibitors were capable of suppressing 3OHB induced
BDNF gene expression. This expression is also dependent on
extracellular glucose levels. In a low glucose concentration
(1 mM), 3OHB stimulated BDNF expression, contrary to high
glucose concentrations (10 mM), where the results were not
perceived. In addition, 3OHB circulating levels correlated to
hippocampal BDNF levels in mice subjected to 6 weeks of
voluntary exercise and were higher than the same parameters
in sedentary mice (Marosi et al., 2016).

In cultured hippocampal neurons from rat embryos
that were exposed to 5 µM of Aβ1–42 for 14 h, treatment
with 4 mM of D-β-Hydroxybutyrate was capable of
ameliorating Aβ1–42 toxicity, doubling the number of
surviving cells and increasing cell size and neurite outgrowth,
when compared to neurons that were exposed only to
Aβ1–42 (Kashiwaya et al., 2000). Interestingly, a study
found that AD patients have significantly lower levels of
β-Hydroxybutyrate (BHB) in their brain tissue and red
blood cells, when compared to control groups (Shippy et al.,
2020). The same study demonstrated that 5XFAD mice
treated with BHB enriched water had a significantly lower
percentage area and volume covered by amyloid-β plaques,
in comparison to 5XFAD mice that received untreated
water (Shippy et al., 2020). With respect to behavioral and
cognitive performances, treatment with ketone bodies BHB
and acetoacetate (ACA) improved APP mice response to
morris water maze (MWM) and NOR tests (Yin et al.,
2016). APP + ketones mice performance in the MWM was
closer to wild type mice than APP untreated mice. In the
NOR test, APP + ketones mice spent more time exploring
the novel objects, when compared to APP untreated mice
(Yin et al., 2016).

These findings suggest that 3OHB could also be responsible
for BDNF increase in physical exercise. Since BDNF plays a
critical role in regulating hippocampal-dependent memory,
3OHB could contribute to its neuroprotective properties
in neurodegenerative diseases, such as AD and other
forms of dementia.

Lactate

Lactate is the central molecule produced by anaerobic
metabolism in the human body (Goodwin et al., 2007). It
is highly stimulated by red blood cells since they don’t have
mitochondria to perform oxidative phosphorylation and by
myocytes in intense exercise, when oxygen levels are too low
to maintain aerobic metabolism (Stallknecht et al., 1998). Most
of the lactate produced is released in the circulation, where
some tissues can convert it back to pyruvate and use it to
form glucose, such as the liver and the heart. Lactate can also
cross the BBB and be used as an energy source in the brain,

similar to ketone bodies (Valenzuela et al., 2020). According to
recent studies, lactate also promotes BDNF expression in the
hippocampus by inducing the activation of Sirtuin1 deacetylase
(SIRT1). SIRT1 interacts with transcriptional coactivator
Peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1-α), which regulates the secretion of myokine
FNDC5/irisin, already known to elevate BNDF expression (El
Hayek et al., 2019). To examine whether this increase in
BDNF was linked to improved learning and spatial memory
formation, Hayek and colleagues performed the MWM test in
wild-type control and lactate receiving mice (180 mg/kg). The
second group had a better performance in the trial, showing
that increased BDNF plays a role in hippocampal learning
and memory formation (El Hayek et al., 2019). Together,
these data support the importance of exercise-induced lactate
production, which culminates with higher hippocampal BDNF
expression. Since the hippocampus is essential to memory
function, and memory loss is a critical symptom of AD,
lactate could play an important role in its prevention and
future treatments.

Brain-derived neurotrophic factor

The exerkines cited above seem to act through a similar
manner. They are secreted into circulation peripherally, cross
the BBB and stimulate the production and expression of
BDNF in the CNS. BDNF is part of the neurotrophin
family, meaning it plays an essential role in neuronal
differentiation and survival, synaptic integrity, brain plasticity
and memory function (Piepmeier and Etnier, 2015). BDNF
is highly expressed in the hippocampus, a brain area that is
closely related to learning and memory formation. Patients
diagnosed with AD, a disease marked by memory deficits, have
lower BDNF levels concentrations in blood and in the CNS
(Valenzuela et al., 2020).

BDNF production is stimulated by acute physical exercise,
both in healthy adults and in AD patients (Valenzuela et al.,
2020). Since BDNF has also been shown to promote the
growth and proliferation of hippocampus cells, physical exercise
could indirectly mediate these effects. Aerobic exercise training
for three months could increase hippocampal volume in
human trials (Pedersen, 2019). Considering the decrease in
brain volume in AD patients, Erickson et al. suggested a
correlation between this decrease, peripheral measures of
BDNF (pBDNF) and memory in older adults. Individuals were
tested with spatial memory tasks. The older participants, who
had lower concentrations of pBDNF, had worse performance
on the test and a smaller hippocampus when compared
to the younger group. However, low levels of pBDNF
were associated with worse test performance and a smaller
hippocampus, independently of the participants’ age (Erickson
et al., 2010). These results converge with the extensive
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literature surrounding the importance of exercise and BDNF on
cognitive performance.

The role of FNDC5/irisin in Alzheimer’s
disease

FNDC5/irisin is another recently described exerkine that
was shown by our group to have neuroprotective roles in AD
models (Lourenco et al., 2019). FNDC5 is composed of a signal
peptide at the N-terminus composed of 29 amino acids (aa),
a fibronectin III (FN III) domain with 94 aa, an undefined
fragment with 28 aa, a transmembrane domain with 19 aa, and
a hydrophobic domain at the C-terminus having 39 aa and the
gene FNDC5 is located on the p arm of the human chromosome
(Boström et al., 2012). FNDC5 has a crystallographic structure
that indicates a dimeric conformation with great potential to be
a membrane receptor (Schumacher et al., 2013). Although the
enzymes involved in the cleavage of FNDC5 are not elucidated,
irisin is known to be the secreted form (Boström et al., 2012).

Irisin is an N-terminal fragment composed of 112 aa
residues, polypeptide hormone produced by skeletal muscle
and released into the bloodstream during physical activity
as a cleavage product of the FNDC5 (Boström et al., 2012).
Schumacher et al. (2013) visualized by crystallography the
conformation of monomeric and dimeric form irisin as an
antiparallel B-plated sheet. Mouse, rat and human irisin are
100% identical (Schumacher et al., 2013). Irisin is predicted to
have a 12 kDa molecular weight. However, it is important to
notice irisin undergoes post-translational modifications, such
as as glycosylation, which modifies the final molecular weight
observed in western blotting (Albrecht et al., 2020). Therefore,
more studies are needed to investigate the glycosylation process
of FNDC5/irisin.

Firstly, from a physiological standpoint, FNDC5/irisin was
identified to regulate metabolism. Through the transcriptional
PPARγ (peroxisome proliferator-activated receptor gamma)
coactivator 1α (PGC1-α)/FNDC5 pathway, irisin participates in
energy metabolism, activating thermogenic functions in adipose
tissue, mitochondrial biogenesis, and in the programming of
genes, such as uncoupling protein 1 (UCP-1) and cell death
inducing DFFA like effector A (CIDEA) (Boström et al., 2012).
Irisin also participates in bone-strengthening via the integrin
αVβ5 in fat and bone (Kim et al., 2018).

Selectively, exercise induces hippocampal FNDC5, and
BDNF expression in a mechanism dependent on PPARγ

coactivator 1α (PGC-1α) (Wrann et al., 2013). As well as a
knockdown of FNDC5 reduced the central BDNF expression
(Severinsen and Pedersen, 2020). These findings suggest that
FNDC5 may have a neuromodulatory role, mediating the
beneficial effects of exercise on brain functions and cognition.
Since the hippocampus is a brain region involved in learning and
memory, irisin could be related to AD. Our group demonstrated

reduced levels of FNDC5/irisin in the brain of AD patients
and AD mouse models (Lourenco et al., 2019). Interestingly,
boosting irisin levels using adenoviral vectors or recombinant
irisin protected against memory impairment in AD mouse
models. Moreover, blockade of either peripheral or brain irisin,
using anti-FNDC5/irisin neutralizing antibody, prevented the
neuroprotective effects of the physical exercise on memory
and synaptic plasticity, indicating that irisin mediates the
neuroprotective actions of exercise in the brain of AD mouse
models (Lourenco et al., 2019). Irisin levels were further found
to be positively correlated with cognitive performance and
BDNF levels and inversely correlated with Aβ levels in humans
(Lourenco et al., 2020).

Although the mechanisms underlying the actions of
the FNDC5/irisin are not totally elucidated, our group
demonstrated that FNDC5/irisin stimulated the cyclic
Adenosine Monophosphate/protein kinase B/cAMP response
element-binding protein (cAMP/PKA/CREB) pathway in mice
and human brain slices (Wrann et al., 2013; Lourenco et al.,
2019). Of relevance, PGC-1α stimulated by FNDC5/irisin
indicates that irisin is an important myokine that participates
in the communication between the muscle and the brain
(Wrann et al., 2013; Lourenco et al., 2019; de Freitas et al.,
2020). Integrin αVβ5 was suggested to be a receptor for
irisin. Kim and collaborators identified that irisin promotes
bone strengthening via the integrin αVβ5 in fat and bone
(Kim et al., 2018). Further, Yu et al. (2019) described that
irisin concentrations decrease upon rat cardiomyocytes to an
inhibitor of disintegrin and metalloproteinase (ADAM) family
members, thereby suggesting a possible protease candidate
for FNDC5 processing. Recently, an elegant study showed
that irisin post-treatment ameliorated neuroinflammation
and neuronal apoptosis underlying mechanism involving
integrin αVβ5/AMPK pathway (Wang et al., 2022). Together,
findings suggest irisin as an important myokine that
participates in the communication between the muscle
and the brain. Additional studies are warranted to better
elucidate the role of irisin in different aspects of physiology
and pathology.

On the other hand, although the discoveries about myokine
irisin are promising in the peripheral and central fields, many
questions have to be resolved. The meta-analysis aimed to
identify the long-term effect of physical activity on blood levels
and detailed that among 33 studies, the level increased into
circulation 23x and decreased 10x (Jandova et al., 2021). The
meta-analysis reviewed that physical exercise increases irisin
blood levels. However, the long-term effect depends on the
type of physical exercise. Overall results so far are still limited
and more research on the effects of different types of exercise
and exercise protocols on peripheral and central levels of
irisin will importantly contribute to the understanding of the
roles of irisin in health and disease (Albrecht et al., 2020;
Jandova et al., 2021).
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In addition, it is important to note the current limitations
in detecting irisin. The molecular weight of FNDC5 and irisin
appears to be different in tissues due to the glycosylation,
and different bands may appear in the western blottings.
Many studies detected the molecular weight range from 22
to 30 kDa of the FNDC5 in different species (Roca-Rivada
et al., 2013; Brenmoeh et al., 2014; Löffler et al., 2015; Zügel
et al., 2016). Our group confirmed four immune-reactive
bands of FNDC5 in mouse samples in the range between
27 and 75 kDa by mass spectrometry. Furthermore, Albrecht
et al. (2015) detected specific FNDC5 bands by western
blotting in murine, bovine, and human muscle, but not in
humans. Also, the reliability of irisin levels measured with
commercial enzyme-linked immunosorbent assay (ELISA) has
been posed. Therefore, the current gold standard protocol
for irisin quantification and detection is mass spectrometry
(Albrecht et al., 2020).

Exercise as a
non-pharmacological therapeutic
approach for Alzheimer’s disease

Alzheimer’s disease is a progressive, complex, multifactorial
neurodegenerative disease that remains with no cure. Despite
scientific advances in understanding the pathophysiology of AD,
most of the results obtained in clinical trials are disappointing.
There is an urgent need to develop strategies aimed at
preventing the progression of the disease and at reversing
cognitive impairment in AD patients.

Over the last decades, few treatments have been approved
(Tariot et al., 2004; Noetzli and Eap, 2013; Parsons et al.,
2013). The first two classes of medications approved for
patient use, cholinesterase inhibitors and N-methyl-D-aspartate
(NMDA) receptor antagonists, are used in symptomatic patients
that have already developed moderate to severe AD and are
limited to alleviating symptoms but don’t stop the progression
of the disease. Recently, second-generation therapies became
more popular, targeting disease-modifying factors such as
Aβ and tau, the two main disease hallmarks responsible for
AD progression (Masters et al., 2015). Classes of antibodies
aimed at targeting Aβ were highly warranted in the field
(Farlow et al., 2012; Sevigny et al., 2016). However, their
clinical efficiency is still a controversy (Fillit and Green, 2021;
Knopman et al., 2021).

The development of new therapeutics should encompass the
complex nature of AD pathology and must be less aggressive
and invasive, probably depending on the identification of
new molecular mechanisms. Therefore, the next generation
of therapy should be able to interfere with the disease at
the early stages before symptoms have appeared. Combining
multiple healthy lifestyle factors seem to be a promising

strategy. As we delineate in this review, exercise could
be a critical non-invasive intervention. U.S. Pointer is
developing a multicenter randomized clinical trial to protect
brain health through lifestyle intervention, aiming to reduce
the risk of cognitive defects. The purpose is to test the
effectiveness of lifestyle changes (NCT03688126) in protecting
brain health.

It is important to take into consideration that strategies
including physical exercise as a non-pharmacological treatment
in AD are challenging, as a long-term commitment would be
needed, and it can be difficult to engage individuals with mild
cognitive impairment or AD in this type of therapy. Another
challenge consists in determining the ideal type of exercise, i.e.,
aerobic exercise, endurance, that would be preferable to increase
the levels of exerkines in humans. Total intervention period,
minutes per week, dementia symptoms stage, and patient age
are amongst many of the variables that need to be considered to
develop the best treatment protocol.

Although physical exercise is an essential complementary
treatment, AD affects mainly older populations that
commonly suffer from mobility issues, making it harder
for these patients to exercise. Interestingly, a Brazilian
group implemented a virtual reality-based physical exercise
with exergames in institutionalized older adults. Virtual
simulation showed mental and physical health benefits,
especially in short-term memory and mobility (Monteiro-
Junior et al., 2017). This experiment is limited, and further
studies should better indicate the potential beneficial
effects of exergames.

In conclusion, exerkines are a group of promising molecules
that may underlie the beneficial effects of exercise in individuals
with AD (Chow et al., 2022). However, more studies are
needed to investigate the signaling pathways of exerkines,
providing a deeper understanding of neuroprotective effects of
physical exercise. Our recent findings indicate that increased
FNDC5/irisin signaling, whether through physical exercise or
pharmacologically, aimed to mimetize the effects of exercise,
may benefit AD patients (Lourenco et al., 2019). In addition,
a recent interesting study suggested that extracellular vesicles
(EVs) could orchestrate the multisystem benefits promoted
by exercise, mediating the communication between tissues,
and resulting in a metabolic improvement (Whitham et al.,
2018). Future studies from this exciting field are highly
warranted to improve our comprehension of how physical
exercise is capable to exert its neuroprotective actions
in the CNS.

Author contributions

FD conceived the idea and edited the manuscript for review.
TR and JD contributed to the idea, delineated and wrote the
manuscript. All authors approved the submitted version.

Frontiers in Aging Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnagi.2022.965190
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-965190 August 25, 2022 Time: 14:19 # 9

Rody et al. 10.3389/fnagi.2022.965190

Funding

This work was supported by grants from the Brazilian
funding agencies Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq; 467546/2014-2 to FD)
and Fundação Carlos Chagas Filho de Amparo à
Pesquisa do Estado do Rio de Janeiro (FAPERJ; 202.944/
2015 to FD).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnagi.2022.965190/full#supplementary-material

References

Ahlskog, J. E., Geda, Y. E., Graff-Radford, N. R., and Petersen, R. C. (2011).
Physical exercise as a preventive or disease-modifying treatment of dementia and
brain aging. Mayo Clin. Proc. 86, 876–884. doi: 10.4065/mcp.2011.0252

Albrecht, E., Norheim, F., Thiede, B., Holen, T., Ohashi, T., Schering, L., et al.
(2015). Irisin - a myth rather than an exercise-inducible myokine. Sci. Rep. 5, 1–10.
doi: 10.1038/srep08889

Albrecht, E., Schering, L., Buck, F., Vlach, K., Schober, H. C., Drevon, C. A.,
et al. (2020). Irisin: Still chasing shadows. Mol. Metab. 34, 124–135. doi: 10.1016/j.
molmet.2020.01.016

Alzheimer’s Dement (2020). 2020 Alzheimer’s disease facts and figures.
Alzheimers Dement. 16, 391–460. doi: 10.1002/alz.12068

Armstrong, N. M., An, Y., Shin, J. J., Williams, O. A., Doshi, J., Erus, G., et al.
(2020). Associations between cognitive and brain volume changes in cognitively
normal older adults. Neuroimage 223:117289. doi: 10.1016/j.neuroimage.2020.
117289

Association, A. (2013). Alzheimer’s disease facts and figures. Alzheimer’s Dement
9, 208–245. doi: 10.1016/j.jalz.2013.02.003

Blair, S. N. (2009). Physical inactivity: The biggest public health problem of the
21st century. Br. J. Sports Med. 43, 1–2.

Blumenthal, J. A., Emery, C. F., Madden, D. J., Coleman, R. E., Riddle, M. W.,
Schniebolk, S., et al. (1991). Effects of exercise training on cardiorespiratory
function in men and women >60 years of age. Am. J. Cardiol. 67, 633–639.
doi: 10.1016/0002-9149(91)90904-Y

Boström, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C., et al. (2012).
A PGC1-α-dependent myokine that drives brown-fat-like development of white
fat and thermogenesis. Nature 481, 463–468. doi: 10.1038/nature10777

Braskie, M. N., Boyle, C. P., Rajagopalan, P., Gutman, B. A., Toga, A. W., Raji,
C. A., et al. (2014). Physical activity, inflammation, and volume of the aging brain.
Neuroscience 273, 199–209. doi: 10.1016/j.neuroscience.2014.05.005

Brenmoeh, J., Albrecht, E., Komolka, K., Schering, L., Langhammer, M.,
Hoeflich, A., et al. (2014). Irisin is elevated in skeletal muscle and serum of mice
immediately after acute exercise. Int. J. Biol. Sci. 10, 338–349. doi: 10.7150/ijbs.
7972

Carey, A. L., Steinberg, G. R., Macaulay, S. L., Thomas, W. G., Holmes,
A. G., Ramm, G., et al. (2006). Interleukin-6 increases insulin-stimulated glucose
disposal in humans and glucose uptake and fatty acid oxidation in vitro via
AMP-activated protein kinase. Diabetes 55, 2688–2697. doi: 10.2337/db05-1404

Caspersen, C. J., Powell, K. E., and Christenson, G. M. (1985). Physical activity,
exercise, and physical fitness: Definitions and distinctions for health-related
research synopsis. Public Health Rep. 100, 126–131.

Cha, R. H., Tangalos, E. G., Petersen, R. C., Jack, C. R., Shiung, M. M., Gunter,
J. L., et al. (2004). Comparison of different MRI brain atrophy rate measures with
clinical disease progression in AD. Neurology 62, 591–600. doi: 10.1212/01.WNL.
0000110315.26026.EF

Chatzi, C., Zhang, Y., Hendricks, W. D., Chen, Y., Schnell, E., Goodman, R. H.,
et al. (2019). Exercise-induced enhancement of synaptic function triggered by the
inverse BAR protein. Elife 8, 1–18. doi: 10.7554/eLife.45920

Cho, J., Shin, M. K., Kim, D., Lee, I., Kim, S., and Kang, H. (2015). Treadmill
running reverses cognitive declines due to Alzheimer disease. Med. Sci. Sports
Exerc. 47, 1814–1824. doi: 10.1249/MSS.0000000000000612

Choi, S. H., Bylykbashi, E., Chatila, Z. K., Lee, S. W., Pulli, B., Clemenson, G. D.,
et al. (2018). Combined adult neurogenesis and BDNF mimic exercise effects on
cognition in an Alzheimer’s mouse model. Science 361:6406. doi: 10.1126/science.
aan8821

Chow, L. S., Gerszten, R. E., Taylor, J. M., Pedersen, B. K., van Praag, H., Trappe,
S., et al. (2022). Exerkines in health, resilience and disease. Nat. Rev. Endocrinol.
18, 273–289. doi: 10.1038/s41574-022-00641-2

Clarke, J. R., Ribeiro, F. C., Frozza, R. L., De Felice, F. G., and Lourenco, M. V.
(2018). Metabolic dysfunction in Alzheimer’s disease: From basic neurobiology
to clinical approaches. J. Alzheimer’s Dis. 64, S405–S426. doi: 10.3233/JAD-
179911

Colcombe, S., and Kramer, A. F. (2003). Fitness effects on the cognitive function
of older adults: A meta-analytic study. Psychol. Sci. 14, 125–130. doi: 10.1111/1467-
9280.t01-1-01430

Cotman, C. W., Berchtold, N. C., and Christie, L. A. (2007). Exercise builds brain
health: Key roles of growth factor cascades and inflammation. Trends Neurosci. 30,
464–472. doi: 10.1016/j.tins.2007.06.011

Daviglus, M. L., Plassman, B. L., Pirzada, A., Bell, C. C., Bowen, P. E., Burke, J. R.,
et al. (2011). Risk factors and preventive interventions for alzheimer disease: State
of the science. Arch. Neurol. 68, 1185–1190. doi: 10.1001/archneurol.2011.100

De Felice, F. G., Gonçalves, R. A., and Ferreira, S. T. (2022). Impaired insulin
signalling and allostatic load in Alzheimer disease. Nat. Rev. Neurosci. 23, 215–230.
doi: 10.1038/s41583-022-00558-9

De Felice, F. G., Lourenco, M. V., and Ferreira, S. T. (2014). How does brain
insulin resistance develop in Alzheimer’s disease? Alzheimer’s Dement 10, S26–S32.
doi: 10.1016/j.jalz.2013.12.004

de Freitas, G. B., Lourenco, M. V., and De Felice, F. G. (2020). Protective
actions of exercise-related FNDC5/Irisin in memory and Alzheimer’s disease.
J. Neurochem. 2020, 602–611. doi: 10.1111/jnc.15039

El Hayek, L., Khalifeh, M., Zibara, V., Abi Assaad, R., Emmanuel, N., Karnib,
N., et al. (2019). Lactate mediates the effects of exercise on learning and memory
through sirt1-dependent activation of hippocampal brain-derived neurotrophic
factor (BDNF). J. Neurosci. 39, 2369–2382. doi: 10.1523/JNEUROSCI.1661-18.
2019

Erickson, K. I., Prakash, R. S., Voss, M. W., Chaddock, L., Heo, S., McLaren,
M., et al. (2010). Brain-derived neurotrophic factor is associated with age-
related decline in hippocampal volume. J. Neurosci. 30, 5368–5375. doi: 10.1523/
JNEUROSCI.6251-09.2010

Frontiers in Aging Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnagi.2022.965190
https://www.frontiersin.org/articles/10.3389/fnagi.2022.965190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.965190/full#supplementary-material
https://doi.org/10.4065/mcp.2011.0252
https://doi.org/10.1038/srep08889
https://doi.org/10.1016/j.molmet.2020.01.016
https://doi.org/10.1016/j.molmet.2020.01.016
https://doi.org/10.1002/alz.12068
https://doi.org/10.1016/j.neuroimage.2020.117289
https://doi.org/10.1016/j.neuroimage.2020.117289
https://doi.org/10.1016/j.jalz.2013.02.003
https://doi.org/10.1016/0002-9149(91)90904-Y
https://doi.org/10.1038/nature10777
https://doi.org/10.1016/j.neuroscience.2014.05.005
https://doi.org/10.7150/ijbs.7972
https://doi.org/10.7150/ijbs.7972
https://doi.org/10.2337/db05-1404
https://doi.org/10.1212/01.WNL.0000110315.26026.EF
https://doi.org/10.1212/01.WNL.0000110315.26026.EF
https://doi.org/10.7554/eLife.45920
https://doi.org/10.1249/MSS.0000000000000612
https://doi.org/10.1126/science.aan8821
https://doi.org/10.1126/science.aan8821
https://doi.org/10.1038/s41574-022-00641-2
https://doi.org/10.3233/JAD-179911
https://doi.org/10.3233/JAD-179911
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1016/j.tins.2007.06.011
https://doi.org/10.1001/archneurol.2011.100
https://doi.org/10.1038/s41583-022-00558-9
https://doi.org/10.1016/j.jalz.2013.12.004
https://doi.org/10.1111/jnc.15039
https://doi.org/10.1523/JNEUROSCI.1661-18.2019
https://doi.org/10.1523/JNEUROSCI.1661-18.2019
https://doi.org/10.1523/JNEUROSCI.6251-09.2010
https://doi.org/10.1523/JNEUROSCI.6251-09.2010
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-965190 August 25, 2022 Time: 14:19 # 10

Rody et al. 10.3389/fnagi.2022.965190

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock,
L., et al. (2011). Exercise training increases size of hippocampus and improves
memory. Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi: 10.1073/pnas.
1015950108

Erickson, K. I., Weinstein, A. M., and Lopez, O. L. (2012). Physical activity. brain
Plasticity, and Alzheimer’s disease. Arch. Med. Res. 43, 615–621. doi: 10.1016/j.
arcmed.2012.09.008

Erickson, M. A., and Banks, W. A. (2011). Cytokine and chemokine responses
in serum and brain after single and repeated injections of lipopolysaccharide:
Multiplex quantification with path analysis. Brain Behav. Immun. 25, 1637–1648.
doi: 10.1016/j.bbi.2011.06.006

Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., et al. (2003).
VEGF is necessary for exercise-induced adult hippocampal neurogenesis. Eur. J.
Neurosci. 18, 2803–2812. doi: 10.1111/j.1460-9568.2003.03041.x

Farlow, M., Arnold, S. E., Van Dyck, C. H., Aisen, P. S., Snider, B. J.,
Porsteinsson, A. P., et al. (2012). Safety and biomarker effects of solanezumab in
patients with Alzheimer’s disease. Alzheimer’s Dement. 8, 261–271. doi: 10.1016/j.
jalz.2011.09.224

Felice, F. G. (2013). Alzheimer ’ s disease and insulin resistance?: Translating
basic science into clinical applications. J. Clin. Invest. 123, 531–539. doi: 10.1172/
JCI64595

Fillit, H., and Green, A. (2021). Aducanumab and the FDA — where are we now?
Nat. Rev. Neurol. 17, 129–130. doi: 10.1038/s41582-020-00454-9

Firth, J., Stubbs, B., Vancampfort, D., Schuch, F., Lagopoulos, J., Rosenbaum,
S., et al. (2018). Effect of aerobic exercise on hippocampal volume in humans:
A systematic review and meta-analysis. Neuroimage 166, 230–238. doi: 10.1016/
j.neuroimage.2017.11.007

Fotenos, A. F., Mintun, M. A., Snyder, A. Z., Morris, J. C., and Buckner, R. L.
(2008). Brain volume decline in aging. Arch. Neurol. 65, 113–120. doi: 10.1001/
archneurol.2007.27

Fotenos, A. F., Snyder, A. Z., Girton, L. E., Morris, J. C., and Buckner, R. L.
(2005). Normative estimates of cross-sectional and longitudinal brain volume
decline in aging and AD. Neurology 64, 1032–1039. doi: 10.1212/01.WNL.
0000154530.72969.11

Garciá-Mesa, Y., Colie, S., Corpas, R., Cristòfol, R., Comellas, F., Nebreda,
A. R., et al. (2015). Oxidative stress is a central target for physical exercise
neuroprotection against pathological brain aging. J. Gerontol. Ser. A Biol. Sci. Med.
Sci. 71, 40–49. doi: 10.1093/gerona/glv005

García-Mesa, Y., López-Ramos, J. C., Giménez-Llort, L., Revilla, S., Guerra, R.,
Gruart, A., et al. (2011). Physical exercise protects against Alzheimer’s disease in
3xTg-AD mice. J. Alzheimer’s Dis. 24, 421–454. doi: 10.3233/JAD-2011-101635

Gatz, M., Mack, W. J., Chui, H. C., Law, E. M., Barisano, G., Sutherland, M. L.,
et al. (2022). Prevalence of dementia and mild cognitive impairment in indigenous
bolivian forager-horticulturalists. Alzheimer’s Dement 2021, 1–12. doi: 10.1002/alz.
12626

Gleeson, M. (2000). Interleukins and exercise. J. Physiol. 529:1. doi: 10.1111/j.
1469-7793.2000.00001.x

Goodwin, M. L., Harris, J. E., Hernández, A., and Gladden, L. B. (2007). Blood
lactate measurements and analysis during exercise: A guide for clinicians. J. Diab.
Sci. Technol. 1, 558–569. doi: 10.1177/193229680700100414

Gupta, R., Khan, R., and Cortes, C. J. (2021). Forgot to exercise? Exercise derived
circulating myokines in Alzheimer’s disease: A perspective. Front. Neurol. 12:1–10.
doi: 10.3389/fneur.2021.649452

Hoene, M., and Weigert, C. (2007). The role of interleukin-6 in insulin
resistance, body fat distribution and energy balance. Obes Rev. 9, 20–29. doi:
10.1111/j.1467-789X.2007.00410.x

Hook, V. Y. H., Kindy, M., and Hook, G. (2008). Inhibitors of cathepsin B
improve memory and reduce β-amyloid in transgenic Alzheimer disease mice
expressing the wild-type, but not the Swedish mutant, β-secretase site of the
amyloid precursor protein. J. Biol. Chem. 283, 7745–7753. doi: 10.1074/jbc.
M708362200

Huell, M., Strauss, S., Volk, B., Berger, M., and Bauer, J. (1995). Interleukin-
6 is present in early stages of plaque formation and is restricted to the brains
of Alzheimer’s disease patients. Acta Neuropathol. 89, 544–551. doi: 10.1007/
BF00571510

Jandova, T., Buendía-Romero, A., Polanska, H., Hola, V., Rihova, M., Vetrovsky,
T., et al. (2021). Long-term effect of exercise on Irisin blood levels—systematic
review and meta-analysis. Healthc 9, 1–17. doi: 10.3390/healthcare9111438

Jayaraj, R. L., Azimullah, S., and Beiram, R. (2020). Diabetes as a risk factor for
Alzheimer’s disease in the middle east and its shared pathological mediators. Saudi.
J. Biol. Sci. 27, 736–750. doi: 10.1016/j.sjbs.2019.12.028

Jensen, C. S., Bahl, J. M., Østergaard, L. B., Høgh, P., Wermuth, L., Heslegrave,
A., et al. (2019). Exercise as a potential modulator of inflammation in patients with
Alzheimer’s disease measured in cerebrospinal fluid and plasma. Exp. Gerontol.
121, 91–98. doi: 10.1016/j.exger.2019.04.003

Kálmán, J., Juhász, A., Laird, G., Dickens, P., Járdánházy, T., Rimanóczy, Á,
et al. (1997). Serum interleukin-6 levels correlate with the severity of dementia
in down syndrome and in Alzheimer’s disease. Acta Neurol. Scand. 96, 236–240.
doi: 10.1111/j.1600-0404.1997.tb00275.x

Kashiwaya, Y., Takeshima, T., Mori, N., Nakashima, K., Clarke, K., and Veech,
R. L. (2000). D-β-hydroxybutyrate protects neurons in models of Alzheimer’s and
Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 97, 5440–5444. doi: 10.1073/pnas.
97.10.5440

Keller, C., Steensberg, A., Pilegaard, H., Osada, T., Saltin, B., Pedersen, B. K.,
et al. (2001). Transcriptional activation of the IL-6 gene in human contracting
skeletal muscle: influence of muscle glycogen content. FASEB J. 15, 2748–2750.
doi: 10.1096/fj.01-0507fje

Kim, H., Wrann, C. D., Jedrychowski, M., Vidoni, S., Kitase, Y., Nagano, K., et al.
(2018). Irisin mediates effects on bone and fat via αV integrin receptors. Cell 175,
1756–1768.e17.

Klempin, F., Beis, D., Mosienko, V., Kempermann, G., Bader, M., and
Alenina, N. (2013). Serotonin is required for exercise-induced adult hippocampal
neurogenesis. J. Neurosci. 33, 8270–8275. doi: 10.1523/JNEUROSCI.5855-12.2013

Knopman, D. S., Jones, D. T., and Greicius, M. D. (2021). Failure to demonstrate
efficacy of aducanumab: An analysis of the EMERGE and ENGAGE trials as
reported by biogen, december 2019. Alzheimer’s Dement 17, 696–701. doi: 10.1002/
alz.12213

Ledo, J. H., Azevedo, E. P., Beckman, D., Ribeiro, F. C., Santos, L. E., Razolli,
D. S., et al. (2016). Cross talk between brain innate immunity and serotonin
signaling underlies depressive-like behavior induced by Alzheimer’s amyloid-β
oligomers in mice. J. Neurosci. 36, 12106–12116. doi: 10.1523/JNEUROSCI.1269-
16.2016

Ledo, J. H., Azevedo, E. P., Clarke, J. R., Ribeiro, F. C., Figueiredo, C. P., Foguel,
D., et al. (2013). Amyloid-β oligomers link depressive-like behavior and cognitive
deficits in mice. Mol. Psychiatry 18, 1053–1054. doi: 10.1038/mp.2012.168

Licastro, F., Grimaldi, L. M. E., Bonafè, M., Martina, C., Olivieri, F., Cavallone,
L., et al. (2003). Interleukin-6 gene alleles affect the risk of Alzheimer’s disease
and levels of the cytokine in blood and brain. Neurobiol. Aging 24, 921–926.
doi: 10.1016/s0197-4580(03)00013-7

Liu, R. U. I., Sui, X., Laditka, J. N., Church, T. S., Colabianchi, N., Hussey,
J. I. M., et al. (2012). Cardiorespiratory fitness as a predictor of dementia mortality
in men and women. Med. Sci. Sport Exerc. 28, 253–259. doi: 10.1249/MSS.
0b013e31822cf717

Lloret, A., Monllor, P., Esteve, D., Cervera-Ferri, A., and Lloret, M. A. (2019).
Obesity as a risk factor for Alzheimer’s disease: Implication of leptin and
glutamate. Front. Neurosci. 13:1–8. doi: 10.3389/fnins.2019.00508

Löffler, D., Müller, U., Scheuermann, K., Friebe, D., Gesing, J., Bielitz, J., et al.
(2015). Serum irisin levels are regulated by acute strenuous exercise. J. Clin. End.
Metab. 100, 1289–1299. doi: 10.1210/jc.2014-2932

Lourenco, M. V., Frozza, R. L., de Freitas, G. B., Zhang, H., Kincheski,
G. C., Ribeiro, F. C., et al. (2019). Exercise-linked FNDC5/irisin rescues synaptic
plasticity and memory defects in Alzheimer’s models. Nat. Med. 25, 165–175.
doi: 10.1038/s41591-018-0275-4

Lourenco, M. V., Ribeiro, F. C., Sudo, F. K., Drummond, C., Assunção, N.,
Vanderborght, B., et al. (2020). Cerebrospinal fluid irisin correlates with amyloid-
β, BDNF, and cognition in Alzheimer’s disease. Alzheimer’s Dement Diagnosis
Assess. Dis. Monit. 12, 1–5. doi: 10.1002/dad2.12034

Lyra e Silva, N. M., Gonçalves, R. A., Pascoal, T. A., Lima-Filho, R. A. S.,
Resende, E., Vieira, E. L. M., et al. (2021). Pro-inflammatory interleukin-6
signaling links cognitive impairments and peripheral metabolic alterations in
Alzheimer’s disease. Trans. Psychiatry 11:1. doi: 10.1038/s41398-021-01349-z

Ma, C. L., Ma, X. T., Wang, J. J., Liu, H., Chen, Y. F., and Yang, Y. (2017).
Physical exercise induces hippocampal neurogenesis and prevents cognitive
decline. Behav. Brain Res. 317, 332–339. doi: 10.1016/j.bbr.2016.09.067

MacIntosh, B. J., Shirzadi, Z., Atwi, S., Detre, J. A., Dolui, S., Bryan, R. N.,
et al. (2010). Metabolic and vascular risk factors are associated with reduced
cerebral blood flow and poorer midlife memory performance. Hum. Brain Mapp.
41, 855–864. doi: 10.1002/hbm.24844

Maliszewska-Cyna, E., Xhima, K., and Aubert, I. A. (2016). Comparative study
evaluating the impact of physical exercise on disease progression in a mouse model
of Alzheimer’s disease. J. Alzheimer’s Dis. 53, 243–257. doi: 10.3233/JAD-150660

Marosi, K., Kim, S. W., Moehl, K., Scheibye-Knudsen, M., Cheng, A., Cutler,
R., et al. (2016). 3-hydroxybutyrate regulates energy metabolism and induces

Frontiers in Aging Neuroscience 10 frontiersin.org

https://doi.org/10.3389/fnagi.2022.965190
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1016/j.arcmed.2012.09.008
https://doi.org/10.1016/j.arcmed.2012.09.008
https://doi.org/10.1016/j.bbi.2011.06.006
https://doi.org/10.1111/j.1460-9568.2003.03041.x
https://doi.org/10.1016/j.jalz.2011.09.224
https://doi.org/10.1016/j.jalz.2011.09.224
https://doi.org/10.1172/JCI64595
https://doi.org/10.1172/JCI64595
https://doi.org/10.1038/s41582-020-00454-9
https://doi.org/10.1016/j.neuroimage.2017.11.007
https://doi.org/10.1016/j.neuroimage.2017.11.007
https://doi.org/10.1001/archneurol.2007.27
https://doi.org/10.1001/archneurol.2007.27
https://doi.org/10.1212/01.WNL.0000154530.72969.11
https://doi.org/10.1212/01.WNL.0000154530.72969.11
https://doi.org/10.1093/gerona/glv005
https://doi.org/10.3233/JAD-2011-101635
https://doi.org/10.1002/alz.12626
https://doi.org/10.1002/alz.12626
https://doi.org/10.1111/j.1469-7793.2000.00001.x
https://doi.org/10.1111/j.1469-7793.2000.00001.x
https://doi.org/10.1177/193229680700100414
https://doi.org/10.3389/fneur.2021.649452
https://doi.org/10.1111/j.1467-789X.2007.00410.x
https://doi.org/10.1111/j.1467-789X.2007.00410.x
https://doi.org/10.1074/jbc.M708362200
https://doi.org/10.1074/jbc.M708362200
https://doi.org/10.1007/BF00571510
https://doi.org/10.1007/BF00571510
https://doi.org/10.3390/healthcare9111438
https://doi.org/10.1016/j.sjbs.2019.12.028
https://doi.org/10.1016/j.exger.2019.04.003
https://doi.org/10.1111/j.1600-0404.1997.tb00275.x
https://doi.org/10.1073/pnas.97.10.5440
https://doi.org/10.1073/pnas.97.10.5440
https://doi.org/10.1096/fj.01-0507fje
https://doi.org/10.1523/JNEUROSCI.5855-12.2013
https://doi.org/10.1002/alz.12213
https://doi.org/10.1002/alz.12213
https://doi.org/10.1523/JNEUROSCI.1269-16.2016
https://doi.org/10.1523/JNEUROSCI.1269-16.2016
https://doi.org/10.1038/mp.2012.168
https://doi.org/10.1016/s0197-4580(03)00013-7
https://doi.org/10.1249/MSS.0b013e31822cf717
https://doi.org/10.1249/MSS.0b013e31822cf717
https://doi.org/10.3389/fnins.2019.00508
https://doi.org/10.1210/jc.2014-2932
https://doi.org/10.1038/s41591-018-0275-4
https://doi.org/10.1002/dad2.12034
https://doi.org/10.1038/s41398-021-01349-z
https://doi.org/10.1016/j.bbr.2016.09.067
https://doi.org/10.1002/hbm.24844
https://doi.org/10.3233/JAD-150660
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-965190 August 25, 2022 Time: 14:19 # 11

Rody et al. 10.3389/fnagi.2022.965190

BDNF expression in cerebral cortical neurons. J. Neurochem. 139, 769–781. doi:
10.1111/jnc.13868

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and
Cummings, J. L. (2015). Alzheimer’s disease. Nat. Rev. Dis. Prim. 1, 1–18. doi:
10.1038/nrdp.2015.56

Masters, D. W. (1976). The ancient greek origins of sports medicine. Br. J. Sports
Med. 1976, 196–202. doi: 10.1136/bjsm.10.4.196

Monteiro-Junior, R. S., Rodrigues, V. D., Campos, C., Paes, F., Murillo-
Rodriguez, E., Maranhão-Neto, G. A., et al. (2017). The role of physical activity on
mood state and functional skills of elderly women. Clin. Pract. Epid. Ment. Heal.
13, 125–133.

Moon, H. Y., Becke, A., Berron, D., Becker, B., Sah, N., Benoni, G., et al. (2016).
Running-induced systemic cathepsin B secretion is associated with memory
function. Cell Metab. 24:2. doi: 10.1016/j.cmet.2016.05.025

Mueller-Steiner, S., Zhou, Y., Arai, H., Roberson, E. D., Sun, B., Chen, J.,
et al. (2006). Antiamyloidogenic and neuroprotective functions of cathepsin B:
Implications for Alzheimer’s disease. Neuron 51, 703–714. doi: 10.1016/j.neuron.
2006.07.027

Nichol, K. E., Poon, W. W., Parachikova, A. I., Cribbs, D. H., Glabe, C. G., and
Cotman, C. W. (2008). Exercise alters the immune profile in Tg2576 Alzheimer
mice toward a response coincident with improved cognitive performance and
decreased amyloid. J. Neuroinflam. 5, 1–15. doi: 10.1186/1742-2094-5-13

Noetzli, M., and Eap, C. B. (2013). Pharmacodynamic, pharmacokinetic and
pharmacogenetic aspects of drugs used in the treatment of alzheimer’s disease.
Clin. Pharm. 52, 225–241.

O’Callaghan, R. M., Ohle, R., and Kelly, ÁM. (2007). The effects of forced
exercise on hippocampal plasticity in the rat: A comparison of LTP, spatial- and
non-spatial learning. Behav. Brain Res. 176, 362–366. doi: 10.1016/j.bbr.2006.
10.018

Parachikova, A., Nichol, K. E., and Cotman, C. W. (2008). Short-term exercise in
aged Tg2576 mice alters neuroinflammation and improves cognition. Neurobiol.
Dis. 30, 121–129. doi: 10.1016/j.nbd.2007.12.008

Parsons, C. G., Danysz, W., Dekundy, A., and Pulte, I. (2013). Memantine
and cholinesterase inhibitors: Complementary mechanisms in the treatment of
Alzheimer’s disease. Neuro. Res. 24, 358–369.

Pedersen, B. K. (2012). Muscular interleukin-6 and its role as an energy sensor.
Med. Sci. Sports Exerc. 44, 392–396. doi: 10.1249/MSS.0b013e31822f94ac

Pedersen, B. K. (2019). Physical activity and muscle–brain crosstalk. Nat. Rev.
Endocrinol. 15, 383–392.

Pedersen, B. K., Steensberg, A., Fischer, C., Keller, C., Keller, P., Plomgaard,
P., et al. (2004). The metabolic role of IL-6 produced during exercise: Is IL-6 an
exercise factor? Proc. Nutr. Soc. 63, 263–267. doi: 10.1079/PNS2004338

Petersen, A. M. W., and Pedersen, B. K. (2005). The anti-inflammatory effect of
exercise. J. Appl. Physiol. 98, 1154–1162.

Petersen, E. W., Carey, A. L., Sacchetti, M., Steinberg, G. R., Macaulay, S. L.,
Febbraio, M. A., et al. (2005). Acute IL-6 treatment increases fatty acid turnover
in elderly humans in vivo and in tissue culture in vitro. Am. J. Physiol. Endocrinol.
Metab. 288, 155–163. doi: 10.1152/ajpendo.00257.2004

Piepmeier, A. T., and Etnier, J. L. (2015). Brain-derived neurotrophic factor
(BDNF) as a potential mechanism of the effects of acute exercise on cognitive
performance. J. Sport. Heal. Sci. 4, 14–23. doi: 10.1016/j.jshs.2014.11.001

Pratt, M., Norris, J., Lobelo, F., Roux, L., and Wang, G. (2014). The cost of
physical inactivity: Moving into the 21st century. Br. J. Sports Med. 48, 171–173.
doi: 10.1136/bjsports-2012-091810

Radak, Z., Toldy, A., Szabo, Z., Siamilis, S., Nyakas, C., Silye, G., et al. (2006). The
effects of training and detraining on memory, neurotrophins and oxidative stress
markers in rat brain. Neurochem. Int. 49, 387–392. doi: 10.1016/j.neuint.2006.02.
004

Reiman, E. M. (2014). Alzheimer’s disease and other dementias: Advances in
2013. Lancet Neurol. 13, 3–5.

Roca-Rivada, A., Castelao, C., Senin, L. L., Landrove, M. O., Baltar, J., Crujeiras,
A. B., et al. (2013). FNDC5/Irisin is not only a myokine but also an adipokine.
PLoS One 8:1–10. doi: 10.1371/journal.pone.0060563

Ruderman, N. B., Keller, C., Richard, A. M., Saha, A. K., Luo, Z., Xiang, X., et al.
(2006). Interleukin-6 regulation of AMP-activated protein kinase: Potential role
in the systemic response to exercise and prevention of the metabolic syndrome.
Diabetes 55:2. doi: 10.2337/db06-s007

Safdar, A., and Tarnopolsky, M. A. (2018). Exosomes as mediators of the
systemic adaptations to endurance exercise. Cold Spring Harb Lab Press. 8:
a029827.

Schumacher, M. A., Chinnam, N., Ohashi, T., Shah, R. S., and Erickson, H. P.
(2013). The structure of Irisin reveals a novel intersubunit β-sheet fibronectin
type III (FNIII) dimer: Implications for receptor activation. J. Biol. Chem. 288,
33738–33744. doi: 10.1074/jbc.M113.516641

Schweitzer, N. B., Alessio, H. M., Berry, S. D., Roeske, K., and Hagerman, A. E.
(2006). Exercise-induced changes in cardiac gene expression and its relation to
spatial maze performance. Neurochem. Int. 48, 9–16. doi: 10.1016/j.neuint.2005.
08.006

Selkoe, D. J. (2012). Preventing alzheimer’s disease. Science 337, 1488–1492.

Severinsen, M. C. K., and Pedersen, B. K. (2020). Muscle–organ crosstalk: The
emerging roles of myokines. End. Rev. 41, 594–609.

Sevigny, J., Chiao, P., Bussière, T., Weinreb, P. H., Williams, L., Maier, M., et al.
(2016). The antibody aducanumab reduces Aβ plaques in Alzheimer’s disease.
Nature 537, 50–56. doi: 10.1038/nature19323

Shippy, D. C., Wilhelm, C., Viharkumar, P. A., Raife, T. J., and Ulland,
T. K. (2020). β-hydroxybutyrate inhibits inflammasome activation to attenuate
Alzheimer’s disease pathology. J. Neuroinflam. 17, 1–12. doi: 10.1186/s12974-020-
01948-5

Stallknecht, B., Vissing, J., and Galbo, H. (1998). Lactate production and
clearance in exercise. effects of training. a mini-review. Scand. J. Med. Sci. Sport. 8,
127–131. doi: 10.1111/j.1600-0838.1998.tb00181.x

Steensberg, A., Febbraio, M. A., Osada, T., Schjerling, P., Van Hall, G., Saltin,
B., et al. (2001). Interleukin-6 production in contracting human skeletal muscle is
influenced by pre-exercise muscle glycogen content. J. Physiol. 537, 633–639.

Steensberg, A., Van Hall, G., Osada, T., Sacchetti, M., Saltin, B., and Pedersen,
B. K. (2000). Production of interleukin-6 in contracting human skeletal muscles
can account for the exercise-induced increase in plasma interleukin-6. J. Physiol.
529, 237–242.

Sun, B., Zhou, Y., Halabisky, B., Lo, I., Cho, S. H., Mueller-Steiner, S., et al.
(2008). Cystatin C-cathepsin B axis regulates amyloid beta levels and associated
neuronal deficits in an animal model of Alzheimer’s disease. Neuron 60, 247–257.
doi: 10.1016/j.neuron.2008.10.001

Tapia-Rojas, C., Aranguiz, F., Varela-Nallar, L., and Inestrosa, N. C. (2016).
Voluntary running attenuates memory loss, decreases neuropathological changes
and induces neurogenesis in a mouse model of Alzheimer’s disease. Brain Pathol.
26, 62–74. doi: 10.1111/bpa.12255

Tariot, P. N., Farlow, M. R., Grossberg, G. T., Graham, S. M., McDonald, S.,
and Gergel, I. (2004). Memantine treatment in patients with moderate to severe
Alzheimer disease already receiving donepezil: A randomized controlled trial.
J. Am. Med. Assoc. 291, 317–324.

Tarumi, T., Rossetti, H., Thomas, B. P., Harris, T., Tseng, B. Y., Turner, M.,
et al. (2019). Exercise training in amnestic mild cognitive impairment: A one-year
randomized controlled trial. J. Alzheimer’s Dis. 71, 421–433. doi: 10.3233/JAD-
181175

Ten Brinke, L. F., Bolandzadeh, N., Nagamatsu, L. S., Hsu, C. L., Davis, J. C.,
Miran-Khan, K., et al. (2014). Aerobic exercise increases hippocampal volume in
older women with probable mild cognitive impairment: A 6-month randomised
controlled trial. Br. J. Sports Med. 49, 248–254. doi: 10.1136/bjsports-2013-093184

Thomas, R., Zimmerman, S. D., Yuede, K. M., Cirrito, J. R., Tai, L. M., Timson,
B. F., et al. (2020). Exercise training results in lower amyloid plaque load and
greater cognitive function in an intensity dependent manner in the tg2576 mouse
model of alzheimer’s disease. Brain Sci. 10, 1–14. doi: 10.3390/brainsci10020088

Tipton, C. M. (2015). The history of “exercise is medicine” in ancient
civilizations. Adv. Physiol. Educ. 38, 109–117. doi: 10.1152/advan.00136.2013

Trejo, J. L., Carro, E., and Torres-Alemán, I. (2001). Circulating insulin-like
growth factor I mediates exercise-induced increases in the number of new neurons
in the adult hippocampus. J. Neurosci. 21, 1628–1634. doi: 10.1523/JNEUROSCI.
21-05-01628.2001

Trost, S. G., Blair, S. N., and Khan, K. M. (2014). Physical inactivity remains the
greatest public health problem of the 21st century: Evidence, improved methods
and solutions using the “7 investments that work” as a framework. Br. J. Sports
Med. 48, 169–170. doi: 10.1136/bjsports-2013-093372

Valenzuela, P. L., Castillo-García, A., Morales, J. S., de la Villa, P., Hampel, H.,
Emanuele, E., et al. (2020). Exercise benefits on Alzheimer’s disease: State-of-the-
science. Ageing Res. Rev. 62:101108. doi: 10.1016/j.arr.2020.101108

Van Hall, G., Steensberg, A., Sacchetti, M., Fischer, C., Keller, C., Schjerling, P.,
et al. (2003). Interleukin-6 stimulates lipolysis and fat oxidation in humans. J. Clin.
Endocrinol. Metab. 88, 3005–3010.

Van Praag, H., Christie, B. R., Sejnowski, T. J., and Gage, F. H. (1999a). Running
enhances neurogenesis, learning, and long-term potentiation in mice. Proc. Natl.
Acad. Sci. U.S.A. 96, 13427–13431. doi: 10.1073/pnas.96.23.13427

Frontiers in Aging Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnagi.2022.965190
https://doi.org/10.1111/jnc.13868
https://doi.org/10.1111/jnc.13868
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1136/bjsm.10.4.196
https://doi.org/10.1016/j.cmet.2016.05.025
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.1186/1742-2094-5-13
https://doi.org/10.1016/j.bbr.2006.10.018
https://doi.org/10.1016/j.bbr.2006.10.018
https://doi.org/10.1016/j.nbd.2007.12.008
https://doi.org/10.1249/MSS.0b013e31822f94ac
https://doi.org/10.1079/PNS2004338
https://doi.org/10.1152/ajpendo.00257.2004
https://doi.org/10.1016/j.jshs.2014.11.001
https://doi.org/10.1136/bjsports-2012-091810
https://doi.org/10.1016/j.neuint.2006.02.004
https://doi.org/10.1016/j.neuint.2006.02.004
https://doi.org/10.1371/journal.pone.0060563
https://doi.org/10.2337/db06-s007
https://doi.org/10.1074/jbc.M113.516641
https://doi.org/10.1016/j.neuint.2005.08.006
https://doi.org/10.1016/j.neuint.2005.08.006
https://doi.org/10.1038/nature19323
https://doi.org/10.1186/s12974-020-01948-5
https://doi.org/10.1186/s12974-020-01948-5
https://doi.org/10.1111/j.1600-0838.1998.tb00181.x
https://doi.org/10.1016/j.neuron.2008.10.001
https://doi.org/10.1111/bpa.12255
https://doi.org/10.3233/JAD-181175
https://doi.org/10.3233/JAD-181175
https://doi.org/10.1136/bjsports-2013-093184
https://doi.org/10.3390/brainsci10020088
https://doi.org/10.1152/advan.00136.2013
https://doi.org/10.1523/JNEUROSCI.21-05-01628.2001
https://doi.org/10.1523/JNEUROSCI.21-05-01628.2001
https://doi.org/10.1136/bjsports-2013-093372
https://doi.org/10.1016/j.arr.2020.101108
https://doi.org/10.1073/pnas.96.23.13427
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-965190 August 25, 2022 Time: 14:19 # 12

Rody et al. 10.3389/fnagi.2022.965190

Van Praag, H., Kempermann, G., and Gage, F. H. (1999b). Running increases
cell proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci.
2, 266–270.

Van Praag, H., Shubert, T., Zhao, C., and Gage, F. H. (2005). Exercise enhances
learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685.

Vaynman, S., Ying, Z., and Gomez-Pinilla, F. (2004). Hippocampal BDNF
mediates the efficacy of exercise on synaptic plasticity and cognition. Eur. J.
Neurosci. 20, 2580–2590. doi: 10.1111/j.1460-9568.2004.03720.x

Voss, M. W., Soto, C., Yoo, S., Sodoma, M., Vivar, C., and van Praag,
H. (2019). Exercise and hippocampal memory systems. Trends Cogn. Sci. 23,
318–333.

Wang, Y., Tian, M., Tan, J., Pei, X., Lu, C., Xin, Y., et al. (2022). Irisin ameliorates
neuroinflammation and neuronal apoptosis through integrin αVβ5/AMPK
signaling pathway after intracerebral hemorrhage in mice. J. Neuroinflam. 19,
1–20. doi: 10.1186/s12974-022-02438-6

Whitham, M., Parker, B. L., Friedrichsen, M., Hingst, J. R., Hjorth, M.,
Hughes, W. E., et al. (2018). Extracellular vesicles provide a means for tissue
crosstalk during exercise. Cell Metab. 27, 237–251.e4. doi: 10.1016/j.cmet.2017.
12.001

World Health Organization [WHO] (2022). Available online at: https://www.
who.int/health-topics/physical-activity#tab=tab_1 (accessed March 29, 2022)

Wrann, C. D., White, J. P., Salogiannnis, J., Laznik-bogoslavski, D., Wu, J., Ma,
D., et al. (2013). Exercise induces hippocampal BDNF through a PGC-1α/FNDC5
pathway. Cell Metab. 18, 617–632.

Yang, S. Y., Weng, P. H., Chen, J. H., Chiou, J. M., Lew-Ting, C. Y., Chen, T. F.,
et al. (2014). Leisure activities, apolipoprotein E e4 status, and the risk of dementia.
J. Formos Med. Assoc. 114, 1216–1224.

Yin, J. X., Maalouf, M., Han, P., Zhao, M., Gao, M., Dharshaun, T., et al. (2016).
Ketones block amyloid entry and improve cognition in an Alzheimer’s model.
Neurobiol. Aging 39, 25–37. doi: 10.1016/j.neurobiolaging.2015.11.018

Yu, H., Zhang, C., Xia, J., and Xu, B. (2021). Treadmill exercise ameliorates adult
hippocampal neurogenesis possibly by adjusting the app proteolytic pathway in
app/ps1 transgenic mice. Int. J. Mol. Sci. 22:17. doi: 10.3390/ijms22179570

Yu, Q., Kou, W., Xu, X., Zhou, S., Luan, P., Xu, X., et al. (2019). FNDC5/Irisin
inhibits pathological cardiac hypertrophy. Clin. Sci. 133, 611–627.

Zhang, J., Guo, Y., Wang, Y., Song, L., Zhang, R., and Du, Y. (2018). Long-
term treadmill exercise attenuates Aβ burdens and astrocyte activation in APP/PS1
mouse model of Alzheimer’s disease. Neurosci. Lett. 666, 70–77. doi: 10.1016/j.
neulet.2017.12.025

Zügel, M., Qiu, S., Laszlo, R., Bosnyák, E., Weigt, C., Müller, D., et al. (2016).
The role of sex, adiposity, and gonadectomy in the regulation of irisin secretion.
Endocrine 54, 101–110. doi: 10.1007/s12020-016-0913-x

Frontiers in Aging Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnagi.2022.965190
https://doi.org/10.1111/j.1460-9568.2004.03720.x
https://doi.org/10.1186/s12974-022-02438-6
https://doi.org/10.1016/j.cmet.2017.12.001
https://doi.org/10.1016/j.cmet.2017.12.001
https://www.who.int/health-topics/physical-activity#tab=tab_1
https://www.who.int/health-topics/physical-activity#tab=tab_1
https://doi.org/10.1016/j.neurobiolaging.2015.11.018
https://doi.org/10.3390/ijms22179570
https://doi.org/10.1016/j.neulet.2017.12.025
https://doi.org/10.1016/j.neulet.2017.12.025
https://doi.org/10.1007/s12020-016-0913-x
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	The emerging neuroprotective roles of exerkines in Alzheimer's disease
	Introduction
	Alzheimer's disease pathophysiology
	Neurological benefits of physical exercise
	The neuroprotective potential of exerkines
	IL-6
	Cathepsin B
	3-Hydroxybutyrate
	Lactate
	Brain-derived neurotrophic factor
	The role of FNDC5/irisin in Alzheimer's disease

	Exercise as a non-pharmacological therapeutic approach for Alzheimer's disease
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


