
 International Journal of 

Molecular Sciences

Review

Physical Activity Alleviates Cognitive Dysfunction of
Alzheimer’s Disease through Regulating the mTOR
Signaling Pathway

Xianjuan Kou 1, Dandan Chen 2 and Ning Chen 1,*
1 Tianjiu Research and Development Center for Exercise Nutrition and Foods, Hubei Key Laboratory of

Exercise Training and Monitoring, College of Health Science, Wuhan Sports University, Wuhan 430079,
China; kouxianjuan@126.com

2 Graduate School, Wuhan Sports University, Wuhan 430079, China; chendandan950310@163.com
* Correspondence: nchen510@gmail.com; Tel./Fax: +86-27-6784-6140

Received: 26 February 2019; Accepted: 27 March 2019; Published: 29 March 2019
����������
�������

Abstract: Alzheimer’s disease (AD) is one of the most common aging-related progressive
neurodegenerative disorders, and can result in great suffering for a large portion of the aged
population. Although the pathogenesis of AD is being elucidated, the exact mechanisms are still
unclear, thereby impeding the development of effective drugs, supplements, and other interventional
strategies for AD. In recent years, impaired autophagy associated with microRNA (miRNA)
dysfunction has been reported to be involved in aging and aging-related neurodegenerative diseases.
Therefore, miRNA-mediated regulation for the functional status of autophagy may become one
of the potent interventional strategies for AD. Mounting evidence from in vivo AD models has
demonstrated that physical activity can exert a neuroprotective role in AD. In addition, autophagy
is strictly regulated by the mTOR signaling pathway. In this article, the regulation of the functional
status of autophagy through the mTOR signaling pathway during physical activity is systematically
discussed for the prevention and treatment of AD. This concept will be beneficial to developing novel
and effective targets that can create a direct link between pharmacological intervention and AD in
the future.
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1. Introduction

Alzheimer’s disease (AD) is an insidious, age-dependent progressive neurodegenerative disorder
characterized by deficits in cognitive function. The pathological changes of AD are diffuse atrophy of
the cerebral cortex, deepening of cortical sulci, and narrowing of cerebral gyri, in which the loss of
neurons, the extracellular deposition of amyloid-beta (Aβ) peptide as senile plaques (SPs), and the
formation of neurofibrillary tangles (NFTs) are characteristic [1,2]. Up to now, a series of studies on the
pathogenesis of AD have been conducted, and several hypotheses including Aβ cascade [3], abnormal
tau phosphorylation [4], increased apolipoprotein E (APOE) [5], and neuroinflammation [6] have
been widely recognized. However, no hypothesis has been completely elucidated on the complex
pathological changes of AD.

Autophagy as an evolutionary-conserved process can maintain normal physiological events
or regulate the progression of a series of diseases through sequestering mis-folded/toxic proteins
in autophagosomes, thus executing its cytoprotective role [7,8]. Growing evidence demonstrates
that autophagic capacity to degrade harmful proteins in cells declines with increasing age [9,10].
Moreover, dysfunctional autophagy has also been linked to several aging-related neurodegenerative
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diseases including AD [11–19]. Previous studies have documented the critical role of autophagy in the
pathogenesis of AD, including Aβ production or deposition, Aβ precursor protein (APP) metabolism,
and neuronal death [20,21]. Furthermore, insufficient or reduced autophagic activity can lead to the
formation of harmful protein aggregates, which results in increased reactive oxygen species (ROS),
cell death, and neurodegeneration [22]. As a result, autophagy has a crucial role in the regulation
of longevity.

Mammalian target of rapamycin (mTOR) regulates a series of physiological processes. On the one
hand, mTOR plays an important role in different cellular processes including cell survival, protein
synthesis, mitochondrial biogenesis, proliferation, and cell death [23,24]. On the other hand, the mTOR
signaling pathway can execute an important role in memory reconsolidation and maintaining synaptic
plasticity for memory formation, due to its regulatory function for protein synthesis in neurons [25].
Moreover, mTOR also can interact with upstream signal components, such as growth factors, insulin,
PI3K/Akt, 5′-adenosine monophosphate-activated protein kinase (AMPK), and glycogen synthase
kinase 3 (GSK-3) [26,27]. Currently, although the molecular mechanisms responsible for AD remain
unclear, more and more studies have confirmed the involvement of dys-regulated mTOR signaling in
AD [28,29]. Activated mTOR signaling is a contributor to the progression of AD and is coordinated with
both the pathological and clinical manifestations of AD [30]. Furthermore, there is a close relationship
between mTOR signaling and the presence of Aβ plaques, NFTs, and cognitive impairment in clinical
presentation [31–33]. Therefore, the development of mTOR inhibitors may be useful for the prevention
and treatment of AD.

It has been reported that regular physical activity can improve brain health and provide cognitive
and psychological benefits [34]. Mechanically, regular exercise training is related to the inhibition of
oxidative stress and apoptotic signaling, thus effectively executing neuroprotection [35]. Previous
studies have demonstrated that treadmill or voluntary wheel running is beneficial for the improvement
of behavioral capacity, and can promote the dynamic recycling of mitochondria, thereby improving
the health status of mitochondria in brain tissues [36]. Moreover, other studies have demonstrated
that regular exercise has a beneficial effect on the structure, metabolism, and function of human and
rodent brains [37,38]. Interestingly, our recent study has also documented that the brain aging of
D-gal-induced aging rats can be noticeably attenuated by eight-week swimming training, due to the
rescuing of impaired autophagy and abnormal mitochondrial dynamics in the presence of miR-34a
mediation [39]. Therefore, physical activity is regarded as an effective approach against AD. The aim
of this article is to overview the potential of physical activity as a preventive or therapeutic strategy
for AD through regulating the mTOR signaling pathway. In this article, we summarize the main
features of AD pathogenesis, the regulatory roles of mTOR in AD, and the preventive or therapeutic
implications of targeting the mTOR signaling pathway with physical activity or exercise intervention.

2. The mTOR Signaling Pathway

2.1. The mTOR Signaling Pathway and Autophagy

mTOR can be divided into two different functional complexes: mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2). These mTOR complexes are localized in the center of complex
signaling pathways that are activated by growth factor signals or intracellular stress. mTOR can
undergo self-phosphorylation via its own serine/threonine kinases, and can regulate the synthesis
of other proteins by activating p70-S6K phosphorylation [40]. Similarly, as the first downstream
substrate of mTOR, 4E-BP1 is a translational repressor that inhibits the translation initiation associated
with eukaryotic translation initiation factor 4E (eIF4E). Under normal conditions, 4E-BP1 presents
in a de-phosphorylation state in combination with eIF4E to form a complex. Under the stimulation
of growth signals, 4E-BP1 can be inactivated due to the phosphorylation of mTOR, and p-4E-BP1
can be detached from eIF4E, thereby losing the inhibition of eIF4E [41]. When mTOR is activated,
it can phosphorylate its key downstream molecules such as 4EBP1 and S6K1 to promote protein
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synthesis [42]. Furthermore, mTOR is also involved in the regulation of autophagy. Previous studies
have demonstrated that the hyperactivation of mTOR can reduce autophagy and directly contribute to
hyperphosphorylation and aggregation of tau protein [43,44].

Two mTOR complexes have different sensitivity to rapamycin. The mTORC1 is a rapamycin-
sensitive complex and the mTORC2 is a rapamycin-independent complex. The mTORC1 can inhibit
autophagy under the condition of sufficient nutrients and energy through phosphorylating Unc51-like
kinase 1 (ULK1) and autophagy-related gene 13 (Atg13), which is essential for the formation of
pre-autophagosomal structures [45]. Usually, mTOR regulates autophagy [46]. The inhibition of
mTORC1 induces autophagy while its activation suppresses autophagy. Consistent with a previous
study, the treatment with rapamycin in Alzheimer’s transgenic mice (P301S mice) activates autophagy
and suppresses tau hyperphosphorylation to prevent the aggregation of tau protein [47]. Therefore,
mTOR inhibitors may have a protective role against AD. In addition, prolonged rapamycin treatment
can inhibit Akt activity in many types of cells by suppressing mTORC2 assembly [48]. Since Akt
positively regulates mTORC1, the phosphorylation of Akt by mTORC2 can stimulate the function of
mTORC1, thereby inhibiting autophagy. In addition, mTOR also regulates protein synthesis in neurons
at the translational level by phosphorylating several intracellular targets. One finding in invertebrates
indicates that mTOR-dependent translational control is critical for synaptic plasticity and learning
and memory reconsolidation [25]. The studies using various models have also confirmed mTOR as a
critical signaling pathway for synaptic plasticity [49]. Considering its regulatory roles, mTOR could be
a promising target for suppressing the neurodegenerative process and rescuing the adult brain from
pathological changes.

A series of studies have demonstrated that the activation of autophagy can exert a neuroprotective
function; in contrast, deficient autophagy or impaired autophagic flux can result in neurological
damage in most neurological disorders [21,50,51]. For example, the deficiency of autophagy-related
gene Beclin1 in cultured neurons and transgenic mice provokes the deposition of Aβ, whereas its
overexpression attenuates accumulation of Aβ [18]. Growing evidence has shown that lysosomal
system defects are the key pathogenic factors in AD; thus, selectively restoring lysosomal function
in mouse AD models can alleviate deficient cognitive capacity and synaptic function [52,53]. It has
been reported that autophagic flux is altered in patients with AD, and the administration of autophagy
enhancer rapamycin may alleviate cognitive impairment and Aβ neuropathology in APP/PS1
mouse models [54]. Consistent with these opinions, one recent report [55] has demonstrated that
autophagic sequestration is stimulated in patients at the early stage of AD, while lysosomal clearance
is progressively declining and autophagic flux is gradually hindered due to the lack of the substrate
clearance. Previous studies have shown that rapamycin, a selective inhibitor of TORC1, can attenuate
Aβ accumulation and inhibit tau phosphorylation in AD mouse models [56]. On the contrary,
mTORC2 seems to indirectly suppress autophagy through phosphorylating Akt, thereby resulting in
the activation of Akt/mTORC1 signaling [57]. Recent studies have also demonstrated that chronic
intervention using rapamycin can retard the progression of AD-like deficits and decrease Aβ level by
inducing autophagy in the mouse model with overexpression of human APP [58].

2.2. Activated mTOR Signaling Triggers Aβ Generation and Induces the Failure of Aβ Clearance

AD is a progressive neurodegenerative disease caused by the accumulation of toxic proteins that
leads to neural damage and cell death [51]. A large number of studies have shown that the activation
of mTOR is an enhancer of Aβ generation and deposition [31,59]. Under normal conditions, Aβ is
degraded by the autophagic-lysosomal pathway, thus participating in protein quality control and the
removal of aberrant forms of protein. mTOR also modulates the metabolism of APP by regulating
β- and γ-secretases. Different animal and cell models have also provided evidence that excessive
mTOR activity increases the activity of β- and γ-secretases, thus leading to the generation of Aβ
plaques and the activation of mTOR related to the malfunction of Aβ elimination from the brain,
since mTOR-mediated inhibition of autophagy could lead to the accumulation of Aβ [33,54,60]. The role
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of mTOR-dependent autophagy dysfunction has been previously reported in a variety of neurological
and neuropsychiatric disorders [61–65]. Increasing studies have proven that mTOR activation leads
to the failure of Aβ removal from the brain, since the dysfunction of autophagy triggered by mTOR
facilitates the process of Aβ generation and weakens its clearance [33,54,60]. In the 3xTg mouse
model with AD, autophagy induced by rapamycin has been reported to ameliorate cognitive deficits
through inhibiting mTOR signaling [66]. Chronic treatment with rapamycin reduces the progression
of AD by inducing autophagy, which, in turn, reduces Aβ level in the mouse model with human
APP [58]. Apart from this, the relationship between the immaturity of autophagolysosomes and the
accumulation of autophagic vacuoles (AVs) that can contribute to the generation of Aβ has also been
confirmed. In this case, the activation of mTOR signaling alters the autophagic process, thus leading to
the accumulation of immature forms of AVs [67].

2.3. mTOR Activation Induces Hyperphosphorylation of Tau Protein

Tau is a microtubule-binding protein that promotes microtubule assembly and stabilization
to form a stable cytoskeletal system. In contrast, the ability of hyperphosphorylated tau protein
(pathological tau protein) to bind to microtubules is significantly reduced, thereby losing the ability to
promote microtubule assembly and maintain microtubule stability, disrupting the cytoskeletal system,
and impairing the normal function of neurons [4]. Wild-type tau in vivo can result in synaptic loss,
whereas the deletion of tau can rescue Aβ-induced neurotoxicity at the synapse [68–70]. The chronic
stress and mTOR-dependent inhibition of autophagy can lead to the accumulation of tau aggregates in
P301L-tau-expressing mice and cells, which is validated by molecular, pharmacological, and behavioral
analysis [71], suggesting that dys-regulated generation, phosphorylation, and aggregation of tau might
be the key events for triggering neuronal degeneration in AD. Currently, little is known about the
upstream intracellular effectors accounting for these molecular events in the process of tau deposition,
but mTOR has been proposed. The signaling pathway mediated by mTOR kinase regulates protein
homeostasis via facilitating protein translation [47]. The abnormal mTOR signaling can be observed
in an AD brain [72]. Recent evidence indicates that tau can mediate learning and memory deficits in
animal models with AD [68], suggesting that reducing tau level may represent a valid therapeutic
approach. mTOR and its downstream p70S6K have been reported to be higher in human AD brains [73].

Growing evidence has shown that mTOR links to aging from lower organisms to mammals.
For example, genetically increasing mTOR signaling can upregulate tau level and promote tau
phosphorylation, but reducing mTOR signaling with rapamycin can ameliorate tau pathology and
rescue motor deficits in a mouse model of tauopathy [74,75]. Consistent with in vivo experiment,
in vitro results suggest that mTOR signaling regulates tau phosphorylation [43] and the activation
of mTOR enhances tau-induced neurodegeneration in a Drosophila model of tauopathy [76].
Tau phosphorylation is dynamically regulated by mTOR. Numerous scientific data support the key role
of mTOR in the tau-related pathological progress, thus implying that the activity of mTOR determines
the abnormal hyperphosphorylation of tau and the formation of NFTs [47,56]. mTOR signaling
activation increases abnormal phosphorylation of tau, while inhibiting mTOR attenuates abnormal
phosphorylation of tau. Consistent with the above reports, a transgenic mouse model subjected to
treatment with rapamycin revealed alleviated cognitive impairment and reduced accumulation of Aβ
plaques and NFTs due to the induction of autophagy [77,78]. Therefore, mTOR is an effective preventive
or therapeutic target for AD by regulating tau phosphorylation and controlling the autophagic
signal pathway.

3. The Alteration of miRNAs in AD and Aging-Related Diseases

MicroRNAs (miRNAs), small non-coding RNAs with a length of 18–25 nucleotides, usually
downregulate the expression of mRNA and protein upon targeting specific mRNAs, and are
involved in complex post-transcriptional regulatory networks and the maintenance of healthy cellular
functions [79–82]. Approximately 70% of known miRNAs enriched in the brain are involved in critical
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roles, including neuronal development and differentiation, synaptic plasticity, and the pathogenesis of
neurodegenerative disorders [83]. The expression of some miRNAs is dynamically regulated during
brain development, neurogenesis, and neuronal maturation [84]. In recent years, growing evidence
has demonstrated that abnormal patterns of miRNAs are linked with most aging or aging-related
neurodegenerative diseases [83,85]. In APP/PS1 mice, miR-99b-5p and miR-100-5p are reported to
be decreased and increased at early and late disease stages compared with age-matched wild-type
mice, respectively [86]. In addition, miR-99b-5p and miR-100-5p are reported to affect neuron survival
by targeting mTOR, which is consistent with previous studies in cancer [87–89]. The defensive effect
of miR-200b or miR-200c on Aβ-induced toxicity in AD models are observed, which is evidenced by
the relieving of impaired spatial learning and memory induced by intracerebroventricular injection
of oligomeric Aβ after the treatment of miR-200b or miR-200c [90]. Mechanically, the miR-200b/c
could suppress the downstream effector of mTOR, S6K1. Chronic cerebral hypoperfusion (CCH) is
a high-risk factor for vascular dementia and AD. Similar to a previous study, some miRNAs have
also been validated to regulate autophagy-related signal pathways [39]. It is reported that the level of
miR-96 is significantly increased in a CCH rat model established by two-vessel occlusion (2VO), and the
inhibition of miR-96 can attenuate the cognitive impairment. Furthermore, miR-96 antagomir injection
can attenuate the number of LC3 and Beclin1-positive autophagosomes in 2VO rats. In contrast,
the overexpressed miR-96 can downregulate mTOR protein levels in 2VO rats and primary culture
cells [91]. These findings suggest that miR-96 may play a key role in autophagy under CCH by
regulating mTOR signaling. Since pathological changes occurring in AD and Parkinson’s diseases (PD)
brains are reflected in cerebrospinal fluid (CSF) composition, CSF represents an optimal biomarker
source of neurodegenerative diseases. One study [92] related to CSF miRNAs has reported that
74 miRNAs are downregulated and 74 miRNAs are upregulated in AD patients when compared with
controls based on a 1.5-fold change threshold. The study identified a set of genes involved in the
regulation of tau and Aβ signal pathways in AD, with mTOR and BACE1 being targeted by the CSF
miRNAs. Another study [93] has demonstrated that miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p
are significantly overexpressed in CSF exosomes from PD and AD patients. Bioinformatic analysis
has demonstrated that mTOR signaling, ubiquitin-mediated proteolysis, dopaminergic synapses,
and glutamatergic synapses are the most prominent pathways, with differential exosomal miRNA
patterns associated with the development of PD and AD. These results have demonstrated that CSF
miRNA molecules are reliable biomarkers with fair robustness in regard to specificity and sensitivity in
differentiating PD and AD patients from healthy controls. Among these processes, the mTOR signaling
pathway is an important target.

The roles of miRNAs in APP and Aβ production, synaptic remodeling, neuron survival, and glia
cell activation have also been identified [94,95]. miRNAs, including miR-130a, miR-20a, miR-29a,
miR-106b, miR-128a, miR-125b, and miR-let-7c, have been reported to be downregulated in aged
individuals and in different human and animal cell aging models [85,96,97]. In the brain, miR-29 is
reported to target BACE1, and the deregulation of miR-29b results in an increase of apoptosis in AD.
The overexpression of miR-29 in humans and transgenic mice could decrease endogenous BACE1
levels and increase Aβ production [79]. MiR-107 also targets BACE1, and can induce cell cycle arrest,
because cell cycle re-entry is an early event in AD pathogenesis [98]. Of course, there are some
brain-specific miRNAs that participate in tau hyperphosphorylation, the physiological regulation of
APP expression, and the generation and deposit of Aβ. The expression of extracellular signal-regulated
kinase 1 (ERK1) is a direct tau kinase. Some miR-15 family members can target ERK1 to be involved in
tau hyperphosphorylation [79]. For example, as a neuron-specific miRNA, the expression of mature
miR-124 is reduced in a subset of AD patients [99]. Downregulation of miR-124 can result in the altered
splicing of APP and promote the conversion of APP to Aβ. Similarly, the downregulation of miR-17,
miR-101, and miR-16a also promotes accumulation of APP [33,37]. Previous studies have documented
that the abnormally low expression of miR-16 could potentially lead to the accumulation of APP
protein in the embryo of SAMP8 mice and BALb/c mice, suggesting APP as a target of miR-16 [100].
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The miR-101 and miR-106 can also target APP, in turn, resulting in an elevated generation and
accumulation of Aβ [101]. miR-455-3p is found to be significantly upregulated in serum samples,
postmortem brains, mouse models, and cell lines of AD [102]. Recent evidence has shown that
circulating miR-455-3p is upregulated in AD postmortem brains when compared with healthy control
samples [81], suggesting that miR-455-3p may be a potential biomarker for AD. The miR-206 regulating
brain-derived neurotrophic factor (BDNF) is markedly increased in AD model mice [103]. Because
changes in gene expression and splicing of APP are associated with the generation and deposition of
Aβ, specific neuronal miRNAs can regulate APP splicing. Therefore, the scanning and identification of
miRNAs in the future could provide an important new insight and elucidation in the initiation and
progression of AD. Nevertheless, the roles of far more miRNAs still remain enigmatic in AD etiology.

4. The Role of Physical Activity in AD

Physical activity not only affects skeletal muscle, but also has an important effect on the phenotype
of the brain. The brain has high sensitivity to exercise, so that exercise in rodent models is easy to drive
the neurogenesis within hippocampal and dentate gyrus (DG) areas, thus leading to enhanced learning
and memory capabilities. Defining the optimal preventive strategy according to type, duration,
and intensity of physical activity is a key practical question. In this article, the roles of physical activity
as a potential preventive intervention against AD are summarized, which will be beneficial to exploring
optimal exercise prescriptions for the prevention and treatment of AD, and providing references for
developing novel and effective targets for the prevention and treatments of AD in the future.

4.1. Physical Activity is Beneficial for the Improvement of Learning and Memory Capacity

Cognitive decline has increasingly been reported in correlation with human aging [104].
This age-related decline of cognitive capacity also occurs in mice [105]. Some animal studies [106–108]
demonstrate that cognitive impairment can occur in the absence of Aβ deposition and NFTs. However,
several researchers have shown that a physically active lifestyle can modify cognitive decline in both
humans and mice [109,110]. Moreover, regular physical activity can improve brain health and provide
cognitive and psychological benefits. Physical activity has been shown to improve mental health and
cognition, including in patients with AD [34]. Regular exercise may also improve different cognitive
domains, such as memory and executive function, in older-age individuals with dementia and AD [111].
Different animal models with AD have displayed encouraging results from voluntary exercise training.
It has been found that voluntary wheel running for 16 weeks could result in an improved capacity
for exploring novel objects in a recognition memory paradigm when compared with forced exercise
and sedentary controls in a Tg2576 mouse model [112]. In a transgenic APOE4 animal model aged
10–12 months, voluntary wheel running for six weeks promotes the more-noticeable recovery of
cognitive impairment when compared to sedentary counterparts [113]. In addition, five-month
voluntary wheel running has been demonstrated to decrease Aβ plaques in hippocampal tissue and
improve learning capacity [114]. Tg2576 mice at the age of 17–19 months used as a mouse model of
AD reveal a significant cognitive impairment and neuropathology consistent with AD; Kathryn [115]
has found that wheel running intervention for three consecutive weeks effectively improved memory,
thereby making the mouse models indistinguishable from wild-type mice on all tasks. A previous
study using a TgCRND8 mouse model with AD also demonstrated that five-month voluntary wheel
running begun at the age of one month improved cognitive performance when compared to the
sedentary control group, which supports the hypothesis that an exercise-induced improvement in
cognitive capacity if exercise is begun at the young age, prior to the AD pathogenesis. Furthermore,
voluntary wheel running for 10 weeks can significantly delay cognitive decline in APPswe/PS1∆E9
mouse models when compared with the sedentary controls [116]. Similarly, physical activity has been
shown to produce positive effects on brain plasticity and regional gray matter volume [117].
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4.2. Physical Activity Increases Neurogenesis

Reduced neurogenesis has been reported in different transgenic or knock-in mice with Swedish
mutation of the APP or PS1 gene, or in double-transgenic mice with APP and PS1 genes. Exercise is
beneficial for multiple pathways and can increase neurogenesis. Clinical exercise trials in normal aging
populations have shown increased brain volume [118] following exercise. A previous study reported
that voluntary wheel running for 10 weeks presented an enhanced level of hippocampal neurogenesis
in APPswe-PS1∆E9 mice [116]. Interestingly, an age-dependent promoting effect from voluntary
wheel running on neurogenesis in hippocampal tissues of 18-month-old APP23 AD mouse model
has been confirmed, but no promoting effect on neurogenesis in six-month-old control mice [119],
suggesting that voluntary physical activity has the ability to upregulate cell proliferation and neuronal
differentiation in AD brain.

4.3. Physical Activity Enhances Structural and Synaptic Plasticity in Hippocampus

Synaptic plasticity is the biological process of neurons with specific characteristics of changing
their synaptic strength to communicate with others for the purpose of learning and memory capacity.
Usually, two forms of synaptic plasticity can be measured in the hippocampus. Long-term potentiation
(LTP) [120] is in charge of memory formation, depending on protein synthesis and kinase activation,
which can be regarded as the major biological mechanisms for understanding the learning and memory
processes. In contrast, long-term depression (LTD) is associated with memory clearance or forgetting.
At a cellular level, the impairment of learning and memory in AD is associated with a decrease in LTP
and an increase in LTD.

Currently, LTP is recognized as a valuable tool for evaluating therapeutic interventions for
disorders of the central nervous system due to its close correlation with learning and memory.
Previous findings have shown that Aβ oligomers can inhibit LTP in various hippocampal areas
involved in learning and memory processes [114,121,122]. It is well documented that regular exercise
can produce a positive effect on cognition and synaptic plasticity. Treadmill exercise can increase
expression of LTP as the field excitatory postsynaptic potential (fEPSP) slope increases; it can also spike
amplitude in DG both in vivo and in vitro, and enhance synaptic plasticity through lowering the LTP
threshold [123,124]. In agreement with previous findings, long-term voluntary wheel running for two
to four months has been confirmed to significantly increase the process of neuronal survival in female
adult C57BL/6 mice, while concurrently enhancing synaptic plasticity and learning and memory
performance, as demonstrated through a Morris water maze (MWM) test [125]. However, LTP could
not be produced by a six-month voluntary wheel running treatment in 3xTg-AD animals, and regular
exercise only reveals the weak protection from the impairment of LTP induction at the CA1-medial
prefrontal cortex synapse [126]. More recently, studies on the effects of exercise on bidirectional
plasticity have emerged, and it is reported that forced exercise has an evident effect on LTP in the CA1
region of hippocampus in the rats with sleep deprivation and aging and neurodegenerative diseases,
but not in healthy rats [127,128].

4.4. Physical Activity Regulates Abnormal miRNAs

Currently, it is still difficult to predict whether the observed abnormal miRNA levels in humans
are the cause or consequence of AD progression. Studies of miRNA-expression profiles in AD mouse
models may be helpful to address these questions. Previous studies have shown that regular exercise
can regulate the expression of miRNAs; however, the underlying mechanisms are still unclear [129].
Our recent findings have demonstrated that miR-34a is significantly increased in AD models when
compared with the control; however, eight-week swimming training alleviates the abnormal expression
of miR-34a in an AD rat model [39]. Neuroinflammation is a high risk of AD, and Toll-like receptor 4
(TLR4) participates in inflammatory responses. Aerobic exercise can significantly alter the expression
of inflammatory cytokines and reduce vascular TLR4 levels in APOE-null mice through upregulating
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miR-146a and miR-126 and downregulating miR-155 [130]. Similarly, aerobic exercise can downregulate
miR-143 level in cardiac tissue [131]. In addition, miRNAs such as miR-22, miR-101a, miR-720,
and miR-721 have also been identified in murine brains during the aging process [132]. These findings
suggest that miRNAs regulated by aerobic exercise may play an important role in AD. Therefore,
aerobic exercise may regulate the expression of the above miRNAs, which should be helpful to prevent
the progression of AD. Although studies on exercise to improve AD by regulating miRNAs are still
at the stage of infancy, and numerous questions remain unanswered, whether or not miRNAs can
be used for the diagnosis of AD depends on an elucidation of the precise characterization, specific
distribution, and accurate regulation of miRNAs during the progression of AD. Therefore, further
exploration of targets, regulatory networks, and functions is highly desired. Moreover, the scanning
and identification of miRNAs during exercise intervention of AD will open a novel avenue for the
diagnosis, prevention, and therapy of AD.

5. Clinical Studies of Physical Activity in AD

In addition to animal studies, a large prospective study has concluded that regular exercise in
AD patients delays the onset of dementia and AD [133]. Human APOE maintains synaptic integrity
in the CNS, and its allele APOE4 is associated with an early age of onset and increased risk of
AD. Several human studies have shown the interactive effects of exercise and the APOE genotype
on cognitive decline. Most studies have confirmed that the protective effects of exercise are more
robust in carriers of the ε4 allele [134–137]. In particular, the impact of low activity is stronger in
individuals carrying the APOE4 allele. For example, individuals participating at least twice a week
in a leisure-time physical activity have 50% lower odds of dementia when compared with sedentary
persons. However, there are inconsistent results about the effects of physical activity in patients with
AD, and some studies claim that there is a negative correlation between physical activity and cognitive
decline [136,138], while other studies report no relationship [139]. According to previous reports,
leisure-time physical activity at midlife twice a week can delay the occurrence of AD for two decades
in APOE4 carriers [136], whereas physical activity at the late stage of aging has shorter-term beneficial
effects in APOE4 non-carriers [140]. Consistent with the above findings, previous studies on patients
with mild cognitive impairment or neurological symptoms suggest that physical activity may still
have some benefits in the prodromal or early stage of AD. Moreover, physical activity has a greater
protective effect against AD and dementia in women than in men [138].

6. mTOR as a New Target for the Prevention and Treatment of AD During Physical Activity?

As reported above, mTOR seems to be an interesting candidate target for the regulation of AD,
and the role of physical activity as a neuroprotective agent is well recognized. Some literature has also
reported that mTOR is a regulatory target of AD during physical activity.

mTOR signaling is dynamically regulated by upstream components including PI3K/Akt, AMPK,
mitogen-activated protein kinase (MAPK), p53, liver kinase B1 (LKB1), erb-b2 receptor tyrosine
kinase 2 (ERBB2), insulin receptor substrate 1 (IRS-1), phosphatase and tensin homolog (PTEN),
GSK-3, and insulin/insulin-like growth factor 1 (IGF-1). PI3K/Akt, AMPK, GSK-3, insulin/IGF-1,
and AMPK play a critical role in regulating the generation of Aβ and the aberrant phosphorylation
of tau [27,50,141,142]. PI3K-Akt can activate mTOR-mediated biosynthetic processes, whereas it also
can also simultaneously repress autophagic degradation. Previous findings have demonstrated that
aberrant activation of neuronal PI3K/Akt/mTOR signaling is an early pathogenesis in the brain of AD
individuals and a major candidate for pathophysiological change of Aβ. In addition, the abnormal
PI3K/Akt/mTOR signaling pathway has been shown to contribute to the development of AD [27].
Based on the relationship between upstream components of mTOR signaling and autophagy, physical
activity should be beneficial to the prevention and alleviation of AD through regulating PI3K/Akt and
AMPK signaling.
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According to previous reports, the hyperactivation of mTOR can suppress autophagy, which
directly contributes to hyperphosphorylation and the aggregation of tau protein [43,44]. Thus,
the inhibition of mTOR represents one of the major mechanisms benefitting the pathogenesis of
AD in the presence of physical activity. Of course, the effect of exercise on mTOR activity depends on
the type and intensity of exercise. Jeong et al. [143] have reported abnormal mTOR phosphorylation
and impaired autophagy, such as decreased Beclin1 and LC3B, and increased p62 in the cerebral cortex
of NSE/htau23 transgenic mice. Interestingly, 12-week treadmill exercise intervention significantly
improves learning and cognitive capacity of NSE/htau23 transgenic mice. Mechanically, abnormal
mTOR, impaired autophagy, and the hyperphosphorylation and aggregation (Ser199/202, Ser404,
Thr231, PHF-1) of tau protein are improved upon exercise intervention. Meanwhile, Antonella
has observed a strong activation of the mTOR signaling pathway, and an increase in two mTOR
downstream targets, p70S6K and 4EBP1, in both amnestic mild cognitive impairment (MCI) and
AD patients when compared with that of the controls [144]. Interestingly, p70S6K and 4EBP1 are
dramatically increased in AD, and are also positively correlated with tau phosphorylation [145,146],
thus the activation of p70S6K and 4EBP1 has been identified as a contributor to hyperphosphorylated
tau. In contrast, the significant autophagy impairment has also been found. These findings suggest
that the alteration of mTOR signaling and autophagy occurs at the early stage of AD. Consistent
with previous findings, one study has established a relationship between mTOR signal activation
and AD, and a possible correlation of mTOR activation with the degree of cognitive impairment
in AD [147]. Besides regulating autophagy and mTOR, 12-week treadmill exercise from the age of
24 months has been reported to markedly suppress Aβ-dependent neuronal cell death and upregulate
the expression of NGF, BDNF, and phosphor-CREB in the hippocampal tissue of Tg mice [148].
Furthermore, treadmill exercise may specifically repress GSK-3α/β activity via elevated PI3K and
Akt phosphorylation in hippocampal tissue. In a 20-week high-fat diet (HFD) rat model, eight-week
treadmill exercise significantly decreased tau hyperphosphorylation and aggregation, while increasing
insulin signaling-related protein activity [149]. The above findings suggest that treadmill exercise can
provide a therapeutic potential to inhibit tau, Aβ-42, and neuronal-death signal pathways. Therefore,
treadmill exercise may be beneficial in prevention or treatment of AD.

AMPK, as a key enzyme for energy metabolism, regulates cellular metabolism to maintain energy
homeostasis in response to the reduction of intracellular ATP levels. AMPK is activated when cellular
ADP level is increased with the accompanying changes in cellular energy status [150]. AMPK has been
implicated in aging and neurodegenerative diseases [151,152]. In addition, AMPK also participates in
the regulation of Aβ level and limits the generation of Aβ by inducing autophagy [141,153]. Increasing
data have demonstrated the close relationship between AMPK signaling and major hallmarks of
AD [154–157]. T2MD is a risk factor for AD, and diabetic populations at the midlife stage carry a
1.5-times higher risk for developing AD than those diagnosed with T2DM at a late stage in life [158].
Impaired insulin sensing in the brain, diabetes, and metabolic syndrome (MetS) are associated with the
pathogenesis of AD, MCI, and other neurological disorders [159]. One recent study [160] demonstrated
that mixed intervention, such as nutritional ketosis combined with high-intensity interval training
(HIIT) (in order to inhibit mTOR signaling) for 10 weeks, can significantly reduce HgA1c, fasting insulin,
and insulin resistance, as well as restore memory function, improve neuroplasticity, and normalize
MetS biomarkers of patients via activating the AMPK signaling pathway. This finding suggests that
mTOR suppression and AMPK induction may functionally halt neurological disease progression
and restore early-stage memory loss. In addition, previous studies have reported mTOR as a target
of physical activity in triple-negative breast cancer (TNBC), and physical activity at moderate to
vigorous intensity induces the inhibition of PI3K-Akt-mTOR signaling and slows the growth of TNBC
cells [161–163].

Up to now, the underlying mechanisms of physical activity for mediating these benefits have
remained unclear. The neurophysiological effects of physical activity and regular exercise are thought to
be mediated by various molecular mechanisms, including the upregulation of BDNF, IGF-1, and related
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molecules such as Ca2+/calmodulin-dependent protein kinase II (CaMKII) and calcineurin, which are
associated with learning and memory functions and can, in turn, enhance brain plasticity and improve
performance of memory tasks. Forced treadmill running for five days can induce an increase of
BDNF protein level within the brain tissues of animals by 70%, which is associated with the increased
activation of BDNF receptors and subsequent mTORC1 signaling in hippocampal tissue [144]. Another
study has also explored the effect of regular exercise on the upregulation of BDNF, the phosphorylation
of BDNF receptors such as tropomyosin-related-kinase (Trk), and the activation of PI3K/Akt [145].
Reelin is an extracellular, secreted glycoprotein that is essential for neuronal migration, synaptic
plasticity, and brain development. During the development of the brain, regular exercise increases the
production of reelin [146]. In addition, regular exercise can shift the redox state of the brain. Previous
studies have also confirmed the minimal change of lipid peroxidation in hippocampal tissue after
regular exercise training [37]. Interestingly, BDNF also possesses metabotropic properties besides its
neurotrophic effect. BDNF can upregulate expression of AMPK, ubiquitous mitochondrial creatine
kinase (uMtCK), and uncoupling protein 2 (UCP2) [164]. Thus, it is reasonable to suggest that low
expression or activity of BDNF can significantly lead to the alteration of these metabolic factors,
thus eventually disrupting learning and memory functions. Meanwhile, AMPK, as an activator of
autophagy, can slow down the progression of AD [153]. According to the data that the Aβ level
in an AD brain is determined by the overall functional status of autophagy, AMPK activation can
facilitate the triggering of autophagy and promote lysosomal degradation of Aβ through suppressing
mTOR signaling.

In this review, we have reported that physical activity not only can attenuate cognitive impairment,
but also inhibit the generation of Aβ in different AD models. What is more important, physical activity
can induce autophagy in AD rats and mice. Furthermore, physical activity can significantly decrease
expression of PI3K, p-Akt, and mTOR at the protein level, respectively. Taken together, AMPK/mTOR
signaling may improve insufficient energy metabolism and execute the clearance of Aβ and NFTs via
the autophagy signal pathway. Physical activity can inhibit Aβ generation and induce autophagy by
downregulating the PI3K/Akt/mTOR signaling pathway, and further can reveal a neuroprotective
effect. It seems that physical activity might be a candidate as a neuroprotective agent for AD treatment
by inducing autophagy.

7. Conclusions and Future Perspectives

AD is one of the leading aging-related diseases worldwide due to its high rate of mortality
and disability. Taking into account the scarcity of effective therapy for AD, developing novel and
effective preventive or therapeutic exercise-based strategies based on these novel biological targets
is highly desirable. Not all of these studies on regular exercise or physical activity have clearly
elucidated a beneficial effect on AD, but regular exercise or physical activity should still be a potent
preventive or treatment strategy of AD. Physical activity can alleviate cognitive dysfunction of AD
through suppressing mTOR signaling pathways and rescuing abnormal expression of miRNAs, thereby
regulating the dysfunctional status of autophagy, tau hyperphosphorylation, and the accumulation
of Aβ and NFTs, and ultimately mitigating AD. However, the relationship among regular exercise or
physical activity, mTOR suppression, neurogenesis and synaptic plasticity, and rescuing abnormal
microRNAs still needs to be further explored in brain tissues, as summarized in Figure 1. Meanwhile,
mTOR could be considered as the preventive and therapeutic target to develop novel and effective
intervention strategies for AD and other neurodegenerative diseases.

How does regular exercise or physical activity initiate these neuroprotective effects in the CNS? Up
to date, this is an intriguing question with no definitive answers. Now, the challenge is to address the
cause-consequence relationship between miRNA dys-regulation and AD pathogenesis, and whether
the changes in miRNA expression can contribute to AD pathogenesis. Therefore, future works for
establishing the link with certainty are highly desired. Meanwhile, the following aspects should
be conducted: (1) optimal exercise intervention should be screened according to behavioral results;
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(2) target miRNAs in serum and hippocampal tissue during exercise intervention of AD should be
screened and identified; (3) the manner in which physical activity regulates target miRNAs and
autophagy for regulating AD should be further explored and elucidated.Int. J. Mol. Sci. 2019, 20, 1591 11 of 19 

 

 

Figure 1. Physical activity as an mTOR suppressor can alleviate cognitive dysfunction and rescue 
abnormal miRNAs in AD for regulating functional status of autophagy, tau hyperphosphorylation, 
and the accumulation of Aβ and NFTs, thus accomplishing the mitigation of AD. Meanwhile, mTOR 
could be considered as the preventive and therapeutic target to develop novel and effective 
intervention strategies for AD and other neurodegenerative diseases. The solid arrows present the 
activation and the dotted arrows present the suppression, as well as question symbols presents the 
uncertainty.  

Author Contributions: N.C. designed the outline of the manuscript. X.K., D.C. and N.C. collected the literatures. 
N.C. and X.K. wrote the manuscript, and N.C. reviewed and polished the manuscript, as well as X.K., D.C. and 
N.C. finally reviewed and approved the manuscript. 

Funding: This work was financially supported by the National Natural Science Foundation of China (No. 
81601228), National Science and Technology Program (2018YFF0300601-1), and Donghu Scholar Program from 
Wuhan Sports University to X.K., as well as the National Natural Science Foundation of China (No. 81571228), 
Hubei Superior Discipline Group of Physical Education and Health Promotion, and Outstanding Youth 
Scientific and Research Team (No. T201624) from Hubei Provincial Department of Education and Chutian 
Scholar Program and Innovative Start-Up Foundation from Wuhan Sports University to N.C. 

Conflicts of Interest: These authors have declared no conflict of interest. 

References 

1. Hyman, B.T.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Carrillo, M.C.; Dickson, D.W.; Duyckaerts, 
C.; Frosch, M.P.; Masliah, E.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the 
neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 2012, 8, 1–13. 

2. Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, 
M.P.; Masliah, E.; Mirra, S.S.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the 
neuropathologic assessment of Alzheimer’s disease: A practical approach. Acta Neuropathol. 2012, 123, 1–
11. 

3. Karran, E.; De Strooper, B. The amyloid cascade hypothesis: Are we poised for success or failure? J. 
Neurochem. 2016, 139, 237–252. 

4. Krishnamurthy, P.K.; Johnson, G.V. Mutant (R406W) human tau is hyperphosphorylated and does not 
efficiently bind microtubules in a neuronal cortical cell model. J. Biol. Chem. 2004, 279, 7893–7900. 

5. Leoni, V. The effect of apolipoprotein E (ApoE) genotype on biomarkers of amyloidogenesis, tau pathology 
and neurodegeneration in Alzheimer’s disease. Clin. Chem. Lab. Med. 2011, 49, 375–383. 

6. Ferretti, M.T.; Bruno, M.A.; Ducatenzeiler, A.; Klein, W.L.; Cuello, A.C. Intracellular Abeta-oligomers and 
early inflammation in a model of Alzheimer’s disease. Neurobiol. Aging 2012, 33, 1329–1342. 

7. Chen, N.; Karantza-Wadsworth, V. Role and regulation of autophagy in cancer. Biochim. Biophys. Acta 2009, 

Figure 1. Physical activity as an mTOR suppressor can alleviate cognitive dysfunction and rescue
abnormal miRNAs in AD for regulating functional status of autophagy, tau hyperphosphorylation, and
the accumulation of Aβ and NFTs, thus accomplishing the mitigation of AD. Meanwhile, mTOR could
be considered as the preventive and therapeutic target to develop novel and effective intervention
strategies for AD and other neurodegenerative diseases. The solid arrows present the activation and
the dotted arrows present the suppression, as well as question symbols presents the uncertainty.

Author Contributions: N.C. designed the outline of the manuscript. X.K., D.C. and N.C. collected the literatures.
N.C. and X.K. wrote the manuscript, and N.C. reviewed and polished the manuscript, as well as X.K., D.C. and
N.C. finally reviewed and approved the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(No. 81601228), National Science and Technology Program (2018YFF0300601-1), and Donghu Scholar Program
from Wuhan Sports University to X.K., as well as the National Natural Science Foundation of China (No. 81571228),
Hubei Superior Discipline Group of Physical Education and Health Promotion, and Outstanding Youth Scientific
and Research Team (No. T201624) from Hubei Provincial Department of Education and Chutian Scholar Program
and Innovative Start-Up Foundation from Wuhan Sports University to N.C.

Conflicts of Interest: These authors have declared no conflict of interest.

References

1. Hyman, B.T.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Carrillo, M.C.; Dickson, D.W.; Duyckaerts, C.;
Frosch, M.P.; Masliah, E.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 2012, 8, 1–13. [CrossRef]

2. Montine, T.J.; Phelps, C.H.; Beach, T.G.; Bigio, E.H.; Cairns, N.J.; Dickson, D.W.; Duyckaerts, C.; Frosch, M.P.;
Masliah, E.; Mirra, S.S.; et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease: A practical approach. Acta Neuropathol. 2012, 123, 1–11.
[CrossRef]

3. Karran, E.; De Strooper, B. The amyloid cascade hypothesis: Are we poised for success or failure? J. Neurochem.
2016, 139, 237–252. [CrossRef]

4. Krishnamurthy, P.K.; Johnson, G.V. Mutant (R406W) human tau is hyperphosphorylated and does not
efficiently bind microtubules in a neuronal cortical cell model. J. Biol. Chem. 2004, 279, 7893–7900. [CrossRef]

http://dx.doi.org/10.1016/j.jalz.2011.10.007
http://dx.doi.org/10.1007/s00401-011-0910-3
http://dx.doi.org/10.1111/jnc.13632
http://dx.doi.org/10.1074/jbc.M311203200


Int. J. Mol. Sci. 2019, 20, 1591 12 of 19

5. Leoni, V. The effect of apolipoprotein E (ApoE) genotype on biomarkers of amyloidogenesis, tau pathology
and neurodegeneration in Alzheimer’s disease. Clin. Chem. Lab. Med. 2011, 49, 375–383. [CrossRef]
[PubMed]

6. Ferretti, M.T.; Bruno, M.A.; Ducatenzeiler, A.; Klein, W.L.; Cuello, A.C. Intracellular Abeta-oligomers and
early inflammation in a model of Alzheimer’s disease. Neurobiol. Aging 2012, 33, 1329–1342. [CrossRef]

7. Chen, N.; Karantza-Wadsworth, V. Role and regulation of autophagy in cancer. Biochim. Biophys. Acta 2009,
1793, 1516–1523. [CrossRef]

8. Cuervo, A.M.; Bergamini, E.; Brunk, U.T.; Droge, W.; Ffrench, M.; Terman, A. Autophagy and aging:
The importance of maintaining “clean” cells. Autophagy 2005, 1, 131–140. [CrossRef]

9. Salminen, A.; Kaarniranta, K. Regulation of the aging process by autophagy. Trends Mol. Med. 2009, 15,
217–224. [CrossRef] [PubMed]

10. Rubinsztein, D.C.; Marino, G.; Kroemer, G. Autophagy and aging. Cell 2011, 146, 682–695. [CrossRef]
[PubMed]

11. Li, L.; Zhang, X.; Le, W. Autophagy dysfunction in Alzheimer’s disease. Neurodegener. Dis. 2010, 7, 265–271.
[CrossRef] [PubMed]

12. Wong, E.; Cuervo, A.M. Autophagy gone awry in neurodegenerative diseases. Nat. Neurosci. 2010, 13,
805–811. [CrossRef]

13. Kumar, A.; Dhawan, A.; Kadam, A.; Shinde, A. Autophagy and Mitochondria: Targets in Neurodegenerative
Disorders. CNS Neurol. Disord. Drug Targets 2018, 17, 696–705. [CrossRef] [PubMed]

14. Limanaqi, F.; Biagioni, F.; Gambardella, S.; Ryskalin, L.; Fornai, F. Interdependency Between Autophagy
and Synaptic Vesicle Trafficking: Implications for Dopamine Release. Front. Mol. Neurosci. 2018, 11, 299.
[CrossRef] [PubMed]

15. Ferrucci, M.; Biagioni, F.; Ryskalin, L.; Limanaqi, F.; Gambardella, S.; Frati, A.; Fornai, F. Ambiguous Effects
of Autophagy Activation Following Hypoperfusion/Ischemia. Int. J. Mol. Sci. 2018, 19, 2765. [CrossRef]

16. Martin, D.D.; Ladha, S.; Ehrnhoefer, D.E.; Hayden, M.R. Autophagy in Huntington disease and huntingtin
in autophagy. Trends Neurosci. 2015, 38, 26–35. [CrossRef] [PubMed]

17. Natale, G.; Lenzi, P.; Lazzeri, G.; Falleni, A.; Biagioni, F.; Ryskalin, L.; Fornai, F. Compartment-dependent
mitochondrial alterations in experimental ALS, the effects of mitophagy and mitochondriogenesis. Front. Cell
Neurosci. 2015, 9, 434. [CrossRef] [PubMed]

18. Salminen, A.; Kaarniranta, K.; Kauppinen, A.; Ojala, J.; Haapasalo, A.; Soininen, H.; Hiltunen, M. Impaired
autophagy and APP processing in Alzheimer’s disease: The potential role of Beclin 1 interactome.
Prog. Neurobiol. 2013, 106–107, 33–54. [CrossRef] [PubMed]

19. Pan, T.; Kondo, S.; Le, W.; Jankovic, J. The role of autophagy-lysosome pathway in neurodegeneration
associated with Parkinson’s disease. Brain 2008, 131, 1969–1978. [CrossRef]

20. Kou, X.; Chen, N. Resveratrol as a natural autophagy regulator for prevention and treatment of Alzheimer’s
disease. Nutrients 2017, 9, 927.

21. Yu, W.H.; Cuervo, A.M.; Kumar, A.; Peterhoff, C.M.; Schmidt, S.D.; Lee, J.H.; Mohan, P.S.; Mercken, M.;
Farmery, M.R.; Tjernberg, L.O.; et al. Macroautophagy–a novel Beta-amyloid peptide-generating pathway
activated in Alzheimer’s disease. J. Cell Biol. 2005, 171, 87–98. [CrossRef] [PubMed]

22. Chen, N.; Karantza, V. Autophagy as a therapeutic target in cancer. Cancer Biol. Ther. 2011, 11, 157–168.
[CrossRef]

23. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.
[CrossRef]

24. Hung, C.M.; Garcia-Haro, L.; Sparks, C.A.; Guertin, D.A. mTOR-dependent cell survival mechanisms.
Cold Spring Harb. Perspect. Biol. 2012, 4, a008771. [CrossRef]

25. Parsons, R.G.; Gafford, G.M.; Helmstetter, F.J. Translational control via the mammalian target of rapamycin
pathway is critical for the formation and stability of long-term fear memory in amygdala neurons. J. Neurosci.
2006, 26, 12977–12983. [CrossRef]

26. Gouras, G.K. mTOR: At the crossroads of aging, chaperones, and Alzheimer’s disease. J. Neurochem. 2013,
124, 747–748. [CrossRef] [PubMed]

27. O’neill, C. PI3-kinase/Akt/mTOR signaling: Impaired on/off switches in aging, cognitive decline and
Alzheimer’s disease. Exp. Gerontol. 2013, 48, 647–653. [CrossRef]

http://dx.doi.org/10.1515/CCLM.2011.088
http://www.ncbi.nlm.nih.gov/pubmed/21388338
http://dx.doi.org/10.1016/j.neurobiolaging.2011.01.007
http://dx.doi.org/10.1016/j.bbamcr.2008.12.013
http://dx.doi.org/10.4161/auto.1.3.2017
http://dx.doi.org/10.1016/j.molmed.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19380253
http://dx.doi.org/10.1016/j.cell.2011.07.030
http://www.ncbi.nlm.nih.gov/pubmed/21884931
http://dx.doi.org/10.1159/000276710
http://www.ncbi.nlm.nih.gov/pubmed/20551691
http://dx.doi.org/10.1038/nn.2575
http://dx.doi.org/10.2174/1871527317666180816100203
http://www.ncbi.nlm.nih.gov/pubmed/30113005
http://dx.doi.org/10.3389/fnmol.2018.00299
http://www.ncbi.nlm.nih.gov/pubmed/30186112
http://dx.doi.org/10.3390/ijms19092756
http://dx.doi.org/10.1016/j.tins.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25282404
http://dx.doi.org/10.3389/fncel.2015.00434
http://www.ncbi.nlm.nih.gov/pubmed/26594150
http://dx.doi.org/10.1016/j.pneurobio.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23827971
http://dx.doi.org/10.1093/brain/awm318
http://dx.doi.org/10.1083/jcb.200505082
http://www.ncbi.nlm.nih.gov/pubmed/16203860
http://dx.doi.org/10.4161/cbt.11.2.14622
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://dx.doi.org/10.1101/cshperspect.a008771
http://dx.doi.org/10.1523/JNEUROSCI.4209-06.2006
http://dx.doi.org/10.1111/jnc.12098
http://www.ncbi.nlm.nih.gov/pubmed/23278352
http://dx.doi.org/10.1016/j.exger.2013.02.025


Int. J. Mol. Sci. 2019, 20, 1591 13 of 19

28. Gharibi, B.; Farzadi, S.; Ghuman, M.; Hughes, F.J. Inhibition of Akt/mTOR attenuates age-related changes in
mesenchymal stem cells. Stem Cells 2014, 32, 2256–2266. [CrossRef] [PubMed]

29. Yang, F.; Chu, X.; Yin, M.; Liu, X.; Yuan, H.; Niu, Y.; Fu, L. mTOR and autophagy in normal brain aging and
caloric restriction ameliorating age-related cognition deficits. Behav. Brain Res. 2014, 264, 82–90. [CrossRef]
[PubMed]

30. Paccalin, M.; Pain-Barc, S.; Pluchon, C.; Paul, C.; Besson, M.N.; Carret-Rebillat, A.S.; Rioux-Bilan, A.; Gil, R.;
Hugon, J. Activated mTOR and PKR kinases in lymphocytes correlate with memory and cognitive decline in
Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 2006, 22, 320–326. [CrossRef]

31. Cai, Z.; Zhao, B.; Li, K.; Zhang, L.; Li, C.; Quazi, S.H.; Tan, Y. Mammalian target of rapamycin: A valid
therapeutic target through the autophagy pathway for Alzheimer’s disease? J. Neurosci. Res. 2012, 90,
1105–1118. [CrossRef]

32. Pozueta, J.; Lefort, R.; Shelanski, M.L. Synaptic changes in Alzheimer’s disease and its models. Neuroscience
2013, 251, 51–65. [CrossRef]

33. Lafay-Chebassier, C.; Paccalin, M.; Page, G.; Barc-Pain, S.; Perault-Pochat, M.C.; Gil, R.; Pradier, L.; Hugon, J.
mTOR/p70S6k signalling alteration by Abeta exposure as well as in APP-PS1 transgenic models and in
patients with Alzheimer’s disease. J. Neurochem. 2005, 94, 215–225. [CrossRef]

34. Kaliman, P.; Parrizas, M.; Lalanza, J.F.; Camins, A.; Escorihuela, R.M.; Pallas, M. Neurophysiological and
epigenetic effects of physical exercise on the aging process. Ageing Res. Rev. 2011, 10, 475–486. [CrossRef]

35. Marques-Aleixo, I.; Santos-Alves, E.; Balca, M.M.; Moreira, P.I.; Oliveira, P.J.; Magalhaes, J.; Ascensao, A.
Physical exercise mitigates doxorubicin-induced brain cortex and cerebellum mitochondrial alterations and
cellular quality control signaling. Mitochondrion 2016, 26, 43–57. [CrossRef] [PubMed]

36. Rees, P.S.; Davidson, S.M.; Harding, S.E.; McGregor, C.; Elliot, P.M.; Yellon, D.M.; Hausenloy, D.J.
The mitochondrial permeability transition pore as a target for cardioprotection in hypertrophic
cardiomyopathy. Cardiovasc. Drugs Ther. 2013, 27, 235–237. [CrossRef] [PubMed]

37. Radak, Z.; Ihasz, F.; Koltai, E.; Goto, S.; Taylor, A.W.; Boldogh, I. The redox-associated adaptive response of
brain to physical exercise. Free Radic. Res. 2014, 48, 84–92. [CrossRef] [PubMed]

38. van Praag, H.; Fleshner, M.; Schwartz, M.W.; Mattson, M.P. Exercise, energy intake, glucose homeostasis,
and the brain. J. Neurosci. 2014, 34, 15139–15149. [CrossRef] [PubMed]

39. Kou, X.; Li, J.; Liu, X.; Chang, J.; Zhao, Q.; Jia, S.; Fan, J.; Chen, N. Swimming attenuates d-galactose-induced
brain aging via suppressing miR-34a-mediated autophagy impairment and abnormal mitochondrial
dynamics. J. Appl. Physiol. 2017, 122, 1462–1469. [CrossRef]

40. Burnett, P.E.; Barrow, R.K.; Cohen, N.A.; Snyder, S.H.; Sabatini, D.M. RAFT1 phosphorylation of the
translational regulators p70 S6 kinase and 4E-BP1. Proc. Natl. Acad. Sci. USA 1998, 95, 1432–1437. [CrossRef]

41. Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926–1945. [CrossRef]
42. Connolly, E.; Braunstein, S.; Formenti, S.; Schneider, R.J. Hypoxia inhibits protein synthesis through a

4E-BP1 and elongation factor 2 kinase pathway controlled by mTOR and uncoupled in breast cancer cells.
Mol. Cell. Biol. 2006, 26, 3955–3965. [CrossRef] [PubMed]

43. Meske, V.; Albert, F.; Ohm, T.G. Coupling of mammalian target of rapamycin with phosphoinositide
3-kinase signaling pathway regulates protein phosphatase 2A- and glycogen synthase kinase-3 -dependent
phosphorylation of tau. J. Biol. Chem. 2008, 283, 100–109. [CrossRef] [PubMed]

44. Caccamo, A.; Maldonado, M.A.; Majumder, S.; Medina, D.X.; Holbein, W.; Magri, A.; Oddo, S. Naturally
secreted amyloid-beta increases mammalian target of rapamycin (mTOR) activity via a PRAS40-mediated
mechanism. J. Biol. Chem. 2011, 286, 8924–8932. [CrossRef]

45. Mizushima, N. The role of the Atg1/ULK1 complex in autophagy regulation. Curr. Opin. Cell Biol. 2010, 22,
132–139. [CrossRef]

46. Shirooie, S.; Nabavi, S.F.; Dehpour, A.R.; Belwal, T.; Habtemariam, S.; Arguelles, S.; Sureda, A.; Daglia, M.;
Tomczyk, M.; Sobarzo-Sanchez, E.; et al. Targeting mTORs by omega-3 fatty acids: A possible novel
therapeutic strategy for neurodegeneration? Pharmacol. Res. 2018, 135, 37–48. [CrossRef]

47. Caccamo, A.; Magri, A.; Medina, D.X.; Wisely, E.V.; Lopez-Aranda, M.F.; Silva, A.J.; Oddo, S. mTOR regulates
tau phosphorylation and degradation: Implications for Alzheimer’s disease and other tauopathies. Aging Cell
2013, 12, 370–380. [CrossRef]

http://dx.doi.org/10.1002/stem.1709
http://www.ncbi.nlm.nih.gov/pubmed/24659476
http://dx.doi.org/10.1016/j.bbr.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24525424
http://dx.doi.org/10.1159/000095562
http://dx.doi.org/10.1002/jnr.23011
http://dx.doi.org/10.1016/j.neuroscience.2012.05.050
http://dx.doi.org/10.1111/j.1471-4159.2005.03187.x
http://dx.doi.org/10.1016/j.arr.2011.05.002
http://dx.doi.org/10.1016/j.mito.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26678157
http://dx.doi.org/10.1007/s10557-013-6447-z
http://www.ncbi.nlm.nih.gov/pubmed/23380984
http://dx.doi.org/10.3109/10715762.2013.826352
http://www.ncbi.nlm.nih.gov/pubmed/23870001
http://dx.doi.org/10.1523/JNEUROSCI.2814-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25392482
http://dx.doi.org/10.1152/japplphysiol.00018.2017
http://dx.doi.org/10.1073/pnas.95.4.1432
http://dx.doi.org/10.1101/gad.1212704
http://dx.doi.org/10.1128/MCB.26.10.3955-3965.2006
http://www.ncbi.nlm.nih.gov/pubmed/16648488
http://dx.doi.org/10.1074/jbc.M704292200
http://www.ncbi.nlm.nih.gov/pubmed/17971449
http://dx.doi.org/10.1074/jbc.M110.180638
http://dx.doi.org/10.1016/j.ceb.2009.12.004
http://dx.doi.org/10.1016/j.phrs.2018.07.004
http://dx.doi.org/10.1111/acel.12057


Int. J. Mol. Sci. 2019, 20, 1591 14 of 19

48. Sarbassov, D.D.; Ali, S.M.; Sengupta, S.; Sheen, J.H.; Hsu, P.P.; Bagley, A.F.; Markhard, A.L.; Sabatini, D.M.
Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB. Mol. Cell 2006, 22, 159–168.
[CrossRef] [PubMed]

49. Cammalleri, M.; Lutjens, R.; Berton, F.; King, A.R.; Simpson, C.; Francesconi, W.; Sanna, P.P. Time-restricted
role for dendritic activation of the mTOR-p70S6K pathway in the induction of late-phase long-term
potentiation in the CA1. Proc. Natl. Acad. Sci. USA 2003, 100, 14368–14373. [CrossRef] [PubMed]

50. Maiese, K.; Chong, Z.Z.; Shang, Y.C.; Wang, S. mTOR: On target for novel therapeutic strategies in the
nervous system. Trends Mol. Med. 2013, 19, 51–60. [CrossRef] [PubMed]

51. Zemke, D.; Azhar, S.; Majid, A. The mTOR pathway as a potential target for the development of therapies
against neurological disease. Drug News Perspect. 2007, 20, 495–499. [CrossRef]

52. Lee, J.H.; McBrayer, M.K.; Wolfe, D.M.; Haslett, L.J.; Kumar, A.; Sato, Y.; Lie, P.P.; Mohan, P.; Coffey, E.E.;
Kompella, U.; Mitchell, C.H.; et al. Presenilin 1 Maintains Lysosomal Ca(2+) Homeostasis via TRPML1 by
Regulating vATPase-Mediated Lysosome Acidification. Cell Rep. 2015, 12, 1430–1444. [CrossRef] [PubMed]

53. Yang, D.S.; Stavrides, P.; Mohan, P.S.; Kaushik, S.; Kumar, A.; Ohno, M.; Schmidt, S.D.; Wesson, D.W.;
Bandyopadhyay, U.; Jiang, Y.; et al. Therapeutic effects of remediating autophagy failure in a mouse model
of Alzheimer disease by enhancing lysosomal proteolysis. Autophagy 2011, 7, 788–789. [CrossRef] [PubMed]

54. Li, L.; Zhang, S.; Zhang, X.; Li, T.; Tang, Y.; Liu, H.; Yang, W.; Le, W. Autophagy enhancer carbamazepine
alleviates memory deficits and cerebral amyloid-beta pathology in a mouse model of Alzheimer’s disease.
Curr. Alzheimer Res. 2013, 10, 433–441. [CrossRef] [PubMed]

55. Bordi, M.; Berg, M.J.; Mohan, P.S.; Peterhoff, C.M.; Alldred, M.J.; Che, S.; Ginsberg, S.D.; Nixon, R.A.
Autophagy flux in CA1 neurons of Alzheimer hippocampus: Increased induction overburdens failing
lysosomes to propel neuritic dystrophy. Autophagy 2016, 12, 2467–2483. [CrossRef]

56. Caccamo, A.; Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Molecular interplay between mammalian
target of rapamycin (mTOR), amyloid-beta, and tau: Effects on cognitive impairments. J. Biol. Chem. 2010,
285, 13107–13120. [CrossRef] [PubMed]

57. Oh, W.J.; Jacinto, E. mTOR complex 2 signaling and functions. Cell Cycle 2011, 10, 2305–2316. [CrossRef]
58. Pierce, A.; Podlutskaya, N.; Halloran, J.J.; Hussong, S.A.; Lin, P.Y.; Burbank, R.; Hart, M.J.; Galvan, V.

Over-expression of heat shock factor 1 phenocopies the effect of chronic inhibition of TOR by rapamycin and
is sufficient to ameliorate Alzheimer’s-like deficits in mice modeling the disease. J. Neurochem. 2013, 124,
880–893. [CrossRef] [PubMed]

59. Chen, T.J.; Wang, D.C.; Chen, S.S. Amyloid-beta interrupts the PI3K-Akt-mTOR signaling pathway that could
be involved in brain-derived neurotrophic factor-induced Arc expression in rat cortical neurons. J. Neurosci.
Res. 2009, 87, 2297–2307. [CrossRef] [PubMed]

60. Son, S.M.; Song, H.; Byun, J.; Park, K.S.; Jang, H.C.; Park, Y.J.; Mook-Jung, I. Altered APP processing in
insulin-resistant conditions is mediated by autophagosome accumulation via the inhibition of mammalian
target of rapamycin pathway. Diabetes 2012, 61, 3126–3138. [CrossRef] [PubMed]

61. Ryskalin, L.; Limanaqi, F.; Frati, A.; Busceti, C.L.; Fornai, F. mTOR-Related Brain Dysfunctions in
Neuropsychiatric Disorders. Int. J. Mol. Sci. 2018, 19, 2226. [CrossRef]

62. Costa-Mattioli, M.; Monteggia, L.M. mTOR complexes in neurodevelopmental and neuropsychiatric
disorders. Nat. Neurosci. 2013, 16, 1537–1543. [CrossRef]

63. Fan, Q.W.; Weiss, W.A. Inhibition of PI3K-Akt-mTOR signaling in glioblastoma by mTORC1/2 inhibitors.
Methods Mol. Biol. 2012, 821, 349–359. [PubMed]

64. Ryskalin, L.; Lazzeri, G.; Flaibani, M.; Biagioni, F.; Gambardella, S.; Frati, A.; Fornai, F. mTOR-Dependent
Cell Proliferation in the Brain. BioMed Res. Int. 2017, 2017, 7082696. [CrossRef] [PubMed]

65. Wong, M. Mammalian target of rapamycin (mTOR) pathways in neurological diseases. Biomed. J. 2013, 36,
40–50. [CrossRef] [PubMed]

66. Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Inducing autophagy by rapamycin before, but not after,
the formation of plaques and tangles ameliorates cognitive deficits. PLoS ONE 2011, 6, e25416. [CrossRef]
[PubMed]

67. Boland, B.; Kumar, A.; Lee, S.; Platt, F.M.; Wegiel, J.; Yu, W.H.; Nixon, R.A. Autophagy induction and
autophagosome clearance in neurons: Relationship to autophagic pathology in Alzheimer’s disease.
J. Neurosci. 2008, 28, 6926–6937. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2006.03.029
http://www.ncbi.nlm.nih.gov/pubmed/16603397
http://dx.doi.org/10.1073/pnas.2336098100
http://www.ncbi.nlm.nih.gov/pubmed/14623952
http://dx.doi.org/10.1016/j.molmed.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23265840
http://dx.doi.org/10.1358/dnp.2007.20.8.1157618
http://dx.doi.org/10.1016/j.celrep.2015.07.050
http://www.ncbi.nlm.nih.gov/pubmed/26299959
http://dx.doi.org/10.4161/auto.7.7.15596
http://www.ncbi.nlm.nih.gov/pubmed/21464620
http://dx.doi.org/10.2174/1567205011310040008
http://www.ncbi.nlm.nih.gov/pubmed/23305067
http://dx.doi.org/10.1080/15548627.2016.1239003
http://dx.doi.org/10.1074/jbc.M110.100420
http://www.ncbi.nlm.nih.gov/pubmed/20178983
http://dx.doi.org/10.4161/cc.10.14.16586
http://dx.doi.org/10.1111/jnc.12080
http://www.ncbi.nlm.nih.gov/pubmed/23121022
http://dx.doi.org/10.1002/jnr.22057
http://www.ncbi.nlm.nih.gov/pubmed/19301428
http://dx.doi.org/10.2337/db11-1735
http://www.ncbi.nlm.nih.gov/pubmed/22829447
http://dx.doi.org/10.3390/ijms19082226
http://dx.doi.org/10.1038/nn.3546
http://www.ncbi.nlm.nih.gov/pubmed/22125077
http://dx.doi.org/10.1155/2017/7082696
http://www.ncbi.nlm.nih.gov/pubmed/29259984
http://dx.doi.org/10.4103/2319-4170.110365
http://www.ncbi.nlm.nih.gov/pubmed/23644232
http://dx.doi.org/10.1371/journal.pone.0025416
http://www.ncbi.nlm.nih.gov/pubmed/21980451
http://dx.doi.org/10.1523/JNEUROSCI.0800-08.2008


Int. J. Mol. Sci. 2019, 20, 1591 15 of 19

68. Roberson, E.D.; Scearce-Levie, K.; Palop, J.J.; Yan, F.; Cheng, I.H.; Wu, T.; Gerstein, H.; Yu, G.Q.; Mucke, L.
Reducing endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer’s disease mouse
model. Science 2007, 316, 750–754. [CrossRef]

69. Rapoport, M.; Dawson, H.N.; Binder, L.I.; Vitek, M.P.; Ferreira, A. tau is essential to beta -amyloid-induced
neurotoxicity. Proc. Natl. Acad. Sci. USA 2002, 99, 6364–6369. [CrossRef] [PubMed]

70. Ittner, L.M.; Gotz, J. Amyloid-beta and tau–a toxic pas de deux in Alzheimer’s disease. Nat. Rev. Neurosci.
2011, 12, 65–72. [CrossRef] [PubMed]

71. Silva, J.M.; Rodrigues, S.; Sampaio-Marques, B.; Gomes, P.; Neves-Carvalho, A.; Dioli, C.; Soares-Cunha, C.;
Mazuik, B.F.; Takashima, A.; Ludovico, P.; et al. Dysregulation of autophagy and stress granule-related
proteins in stress-driven tau pathology. Cell Death Differ. 2018. [CrossRef] [PubMed]

72. Griffin, R.J.; Moloney, A.; Kelliher, M.; Johnston, J.A.; Ravid, R.; Dockery, P.; O’Connor, R.; O’Neill, C.
Activation of Akt/PKB, increased phosphorylation of Akt substrates and loss and altered distribution of
Akt and PTEN are features of Alzheimer’s disease pathology. J. Neurochem. 2005, 93, 105–117. [CrossRef]
[PubMed]

73. Pei, J.J.; Bjorkdahl, C.; Zhang, H.; Zhou, X.; Winblad, B. p70 S6 kinase and tau in Alzheimer’s disease.
J. Alzheimers Dis. 2008, 14, 385–392. [CrossRef]

74. Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, J.F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; Wilkinson, J.E.;
Frenkel, K.; Carter, C.S.; et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice.
Nature 2009, 460, 392–395. [CrossRef]

75. Selman, C.; Tullet, J.M.; Wieser, D.; Irvine, E.; Lingard, S.J.; Choudhury, A.I.; Claret, M.; Al-Qassab, H.;
Carmignac, D.; Ramadani, F.; et al. Ribosomal protein S6 kinase 1 signaling regulates mammalian life span.
Science 2009, 326, 140–144. [CrossRef]

76. Khurana, V.; Lu, Y.; Steinhilb, M.L.; Oldham, S.; Shulman, J.M.; Feany, M.B. TOR-mediated cell-cycle
activation causes neurodegeneration in a Drosophila tauopathy model. Curr. Biol. 2006, 16, 230–241.
[CrossRef] [PubMed]

77. Cai, Z.; Chen, G.; He, W.; Xiao, M.; Yan, L.J. Activation of mTOR: A culprit of Alzheimer’s disease?
Neuropsychiatr. Dis. Treat. 2015, 11, 1015–1030. [CrossRef]

78. Spilman, P.; Podlutskaya, N.; Hart, M.J.; Debnath, J.; Gorostiza, O.; Bredesen, D.; Richardson, A.; Strong, R.;
Galvan, V. Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-beta levels in
a mouse model of Alzheimer’s disease. PLoS ONE 2010, 5, e9979. [CrossRef]

79. Delay, C.; Mandemakers, W.; Hebert, S.S. MicroRNAs in Alzheimer’s disease. Neurobiol. Dis. 2012, 46,
285–290. [CrossRef]

80. Fan, J.; Kou, X.; Yang, Y.; Chen, N. MicroRNA-regulated proinflammatory cytokines in sarcopenia.
Med. Inflamm. 2016, 2016, 1438686. [CrossRef]

81. Kumar, S.; Reddy, P.H. MicroRNA-455-3p as a Potential Biomarker for Alzheimer’s Disease: An Update.
Front. Aging Neurosci. 2018, 11, 41. [CrossRef]

82. Zhang, S.; Chen, N. Regulatory role of microRNAs in muscle atrophy during exercise intervention. Int. J.
Mol. Sci. 2018, 19, 405. [CrossRef]

83. Müller, M.; Perrone, G.; Kuiperij, H.B.; Verbeek, M.M. Expression of five miRNA targets in hippocampus and
cerebrospinal fluid in Alzheimer’s disease. Alzheimers Dement. J. Alzheimers Assoc. 2012, 8, P273. [CrossRef]

84. Kapsimali, M.; Kloosterman, W.P.; de Bruijn, E.; Rosa, F.; Plasterk, R.H.; Wilson, S.W. MicroRNAs show a
wide diversity of expression profiles in the developing and mature central nervous system. Genome Biol.
2007, 8, R173. [CrossRef] [PubMed]

85. Hackl, M.; Brunner, S.; Fortschegger, K.; Schreiner, C.; Micutkova, L.; Muck, C.; Laschober, G.T.;
Lepperdinger, G.; Sampson, N.; Berger, P.; et al. miR-17, miR-19b, miR-20a, and miR-106a are downregulated
in human aging. Aging Cell 2010, 9, 291–296. [CrossRef] [PubMed]

86. Ye, X.; Luo, H.; Chen, Y.; Wu, Q.; Xiong, Y.; Zhu, J.; Diao, Y.; Wu, Z.; Miao, J.; Wan, J. MicroRNAs
99b-5p/100-5p Regulated by Endoplasmic Reticulum Stress are Involved in Abeta-Induced Pathologies.
Front. Aging Neurosci. 2015, 7, 210. [CrossRef] [PubMed]

87. Sun, D.; Lee, Y.S.; Malhotra, A.; Kim, H.K.; Matecic, M.; Evans, C.; Jensen, R.V.; Moskaluk, C.A.; Dutta, A.
miR-99 family of MicroRNAs suppresses the expression of prostate-specific antigen and prostate cancer cell
proliferation. Cancer Res. 2011, 71, 1313–1324. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1141736
http://dx.doi.org/10.1073/pnas.092136199
http://www.ncbi.nlm.nih.gov/pubmed/11959919
http://dx.doi.org/10.1038/nrn2967
http://www.ncbi.nlm.nih.gov/pubmed/21193853
http://dx.doi.org/10.1038/s41418-018-0217-1
http://www.ncbi.nlm.nih.gov/pubmed/30442948
http://dx.doi.org/10.1111/j.1471-4159.2004.02949.x
http://www.ncbi.nlm.nih.gov/pubmed/15773910
http://dx.doi.org/10.3233/JAD-2008-14405
http://dx.doi.org/10.1038/nature08221
http://dx.doi.org/10.1126/science.1177221
http://dx.doi.org/10.1016/j.cub.2005.12.042
http://www.ncbi.nlm.nih.gov/pubmed/16461276
http://dx.doi.org/10.2147/NDT.S75717
http://dx.doi.org/10.1371/journal.pone.0009979
http://dx.doi.org/10.1016/j.nbd.2012.01.003
http://dx.doi.org/10.1155/2016/1438686
http://dx.doi.org/10.3389/fnagi.2018.00041
http://dx.doi.org/10.3390/ijms19020405
http://dx.doi.org/10.1016/j.jalz.2012.05.731
http://dx.doi.org/10.1186/gb-2007-8-8-r173
http://www.ncbi.nlm.nih.gov/pubmed/17711588
http://dx.doi.org/10.1111/j.1474-9726.2010.00549.x
http://www.ncbi.nlm.nih.gov/pubmed/20089119
http://dx.doi.org/10.3389/fnagi.2015.00210
http://www.ncbi.nlm.nih.gov/pubmed/26635599
http://dx.doi.org/10.1158/0008-5472.CAN-10-1031
http://www.ncbi.nlm.nih.gov/pubmed/21212412


Int. J. Mol. Sci. 2019, 20, 1591 16 of 19

88. Li, X.J.; Luo, X.Q.; Han, B.W.; Duan, F.T.; Wei, P.P.; Chen, Y.Q. MicroRNA-100/99a, deregulated in acute
lymphoblastic leukaemia, suppress proliferation and promote apoptosis by regulating the FKBP51 and
IGF1R/mTOR signalling pathways. Br. J. Cancer 2013, 109, 2189–2198. [CrossRef] [PubMed]

89. Xu, C.; Zeng, Q.; Xu, W.; Jiao, L.; Chen, Y.; Zhang, Z.; Wu, C.; Jin, T.; Pan, A.; Wei, R.; et al. miRNA-100
inhibits human bladder urothelial carcinogenesis by directly targeting mTOR. Mol. Cancer Ther. 2013, 12,
207–219. [CrossRef]

90. Higaki, S.; Muramatsu, M.; Matsuda, A.; Matsumoto, K.; Satoh, J.I.; Michikawa, M.; Niida, S. Defensive
effect of microRNA-200b/c against amyloid-beta peptide-induced toxicity in Alzheimer’s disease models.
PLoS ONE 2018, 13, e0196929. [CrossRef] [PubMed]

91. Liu, P.; Liu, P.; Wang, Z.; Fang, S.; Liu, Y.; Wang, J.; Liu, W.; Wang, N.; Chen, L.; Wang, J.; Zhang, H.; Wang, L.
Inhibition of MicroRNA-96 Ameliorates Cognitive Impairment and Inactivation Autophagy Following
Chronic Cerebral Hypoperfusion in the Rat. Cell Physiol. Biochem. 2018, 49, 78–86. [CrossRef] [PubMed]

92. Denk, J.; Boelmans, K.; Siegismund, C.; Lassner, D.; Arlt, S.; Jahn, H. MicroRNA Profiling of CSF Reveals
Potential Biomarkers to Detect Alzheimer’s Disease. PLoS ONE 2015, 10, e0126423. [CrossRef] [PubMed]

93. Gui, Y.; Liu, H.; Zhang, L.; Lv, W.; Hu, X. Altered microRNA profiles in cerebrospinal fluid exosome in
Parkinson disease and Alzheimer disease. Oncotarget 2015, 6, 37043–37053. [CrossRef] [PubMed]

94. Kocerha, J.; Kauppinen, S.; Wahlestedt, C. microRNAs in CNS disorders. Neuromol. Med. 2009, 11, 162–172.
[CrossRef] [PubMed]

95. Schratt, G. microRNAs at the synapse. Nat. Rev. Neurosci. 2009, 10, 842–849. [CrossRef] [PubMed]
96. Noren Hooten, N.; Abdelmohsen, K.; Gorospe, M.; Ejiogu, N.; Zonderman, A.B.; Evans, M.K. microRNA

expression patterns reveal differential expression of target genes with age. PLoS ONE 2010, 5, e10724.
[CrossRef]

97. Zhang, H.; Yang, H.; Zhang, C.; Jing, Y.; Wang, C.; Liu, C.; Zhang, R.; Wang, J.; Zhang, J.; Zen, K.; et al.
Investigation of microRNA expression in human serum during the aging process. J. Gerontol. A Biol. Sci.
Med. Sci. 2015, 70, 102–109. [CrossRef]

98. Wang, W.X.; Rajeev, B.W.; Stromberg, A.J.; Ren, N.; Tang, G.; Huang, Q.; Rigoutsos, I.; Nelson, P.T.
The expression of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease
progression through regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J. Neurosci. 2008,
28, 1213–1223. [CrossRef] [PubMed]

99. Smith, P.; Al Hashimi, A.; Girard, J.; Delay, C.; Hebert, S.S. In vivo regulation of amyloid precursor protein
neuronal splicing by microRNAs. J. Neurochem. 2011, 116, 240–247. [CrossRef]

100. Liu, W.; Liu, C.; Zhu, J.; Shu, P.; Yin, B.; Gong, Y.; Qiang, B.; Yuan, J.; Peng, X. MicroRNA-16 targets
amyloid precursor protein to potentially modulate Alzheimer’s-associated pathogenesis in SAMP8 mice.
Neurobiol. Aging 2012, 33, 522–534. [CrossRef]

101. Hebert, S.S.; Horre, K.; Nicolai, L.; Bergmans, B.; Papadopoulou, A.S.; Delacourte, A.; De Strooper, B.
MicroRNA regulation of Alzheimer’s Amyloid precursor protein expression. Neurobiol. Dis. 2009, 33,
422–428. [CrossRef]

102. Kumar, S.; Vijayan, M.; Reddy, P.H. MicroRNA-455-3p as a potential peripheral biomarker for Alzheimer’s
disease. Hum. Mol. Genet. 2017, 26, 3808–3822. [CrossRef]

103. Lee, S.T.; Chu, K.; Jung, K.H.; Kim, J.H.; Huh, J.Y.; Yoon, H.; Park, D.K.; Lim, J.Y.; Kim, J.M.; Jeon, D.; et al.
miR-206 regulates brain-derived neurotrophic factor in Alzheimer disease model. Ann. Neurol. 2012, 72,
269–277. [CrossRef]

104. Schafer, D. No old man ever forgot where he buried his treasure: Concepts of cognitive impairment in old
age circa 1700. J. Am. Geriatr. Soc. 2005, 53, 2023–2027. [CrossRef]

105. Williams, A.F.; Gagnon, J. Neuronal cell Thy-1 glycoprotein: Homology with immunoglobulin. Science 1982,
216, 696–703. [CrossRef]

106. Mucke, L.; Masliah, E.; Yu, G.Q.; Mallory, M.; Rockenstein, E.M.; Tatsuno, G.; Hu, K.; Kholodenko, D.;
Johnson-Wood, K.; McConlogue, L. High-level neuronal expression of abeta 1-42 in wild-type human
amyloid protein precursor transgenic mice: Synaptotoxicity without plaque formation. J. Neurosci. 2000, 20,
4050–4058. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjc.2013.562
http://www.ncbi.nlm.nih.gov/pubmed/24030073
http://dx.doi.org/10.1158/1535-7163.MCT-12-0273
http://dx.doi.org/10.1371/journal.pone.0196929
http://www.ncbi.nlm.nih.gov/pubmed/29738527
http://dx.doi.org/10.1159/000492844
http://www.ncbi.nlm.nih.gov/pubmed/30134226
http://dx.doi.org/10.1371/journal.pone.0126423
http://www.ncbi.nlm.nih.gov/pubmed/25992776
http://dx.doi.org/10.18632/oncotarget.6158
http://www.ncbi.nlm.nih.gov/pubmed/26497684
http://dx.doi.org/10.1007/s12017-009-8066-1
http://www.ncbi.nlm.nih.gov/pubmed/19536656
http://dx.doi.org/10.1038/nrn2763
http://www.ncbi.nlm.nih.gov/pubmed/19888283
http://dx.doi.org/10.1371/journal.pone.0010724
http://dx.doi.org/10.1093/gerona/glu145
http://dx.doi.org/10.1523/JNEUROSCI.5065-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18234899
http://dx.doi.org/10.1111/j.1471-4159.2010.07097.x
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.034
http://dx.doi.org/10.1016/j.nbd.2008.11.009
http://dx.doi.org/10.1093/hmg/ddx267
http://dx.doi.org/10.1002/ana.23588
http://dx.doi.org/10.1111/j.1532-5415.2005.53558.x
http://dx.doi.org/10.1126/science.6177036
http://dx.doi.org/10.1523/JNEUROSCI.20-11-04050.2000
http://www.ncbi.nlm.nih.gov/pubmed/10818140


Int. J. Mol. Sci. 2019, 20, 1591 17 of 19

107. Buttini, M.; Yu, G.Q.; Shockley, K.; Huang, Y.; Jones, B.; Masliah, E.; Mallory, M.; Yeo, T.; Longo, F.M.;
Mucke, L. Modulation of Alzheimer-like synaptic and cholinergic deficits in transgenic mice by human
apolipoprotein E depends on isoform, aging, and overexpression of amyloid beta peptides but not on plaque
formation. J. Neurosci. 2002, 22, 10539–10548. [CrossRef] [PubMed]

108. Raber, J.; Wong, D.; Yu, G.Q.; Buttini, M.; Mahley, R.W.; Pitas, R.E.; Mucke, L. Apolipoprotein E and cognitive
performance. Nature 2000, 404, 352–354. [CrossRef] [PubMed]

109. Churchill, J.D.; Galvez, R.; Colcombe, S.; Swain, R.A.; Kramer, A.F.; Greenough, W.T. Exercise, experience
and the aging brain. Neurobiol. Aging 2002, 23, 941–955. [CrossRef]

110. Heyn, P.; Abreu, B.C.; Ottenbacher, K.J. The effects of exercise training on elderly persons with cognitive
impairment and dementia: A meta-analysis. Arch. Phys. Med. Rehabil. 2004, 85, 1694–1704. [CrossRef]

111. Groot, C.; Hooghiemstra, A.M.; Raijmakers, P.G.; van Berckel, B.N.; Scheltens, P.; Scherder, E.J.;
van der Flier, W.M.; Ossenkoppele, R. The effect of physical activity on cognitive function in patients
with dementia: A meta-analysis of randomized control trials. Ageing Res. Rev. 2016, 25, 13–23. [CrossRef]

112. Yuede, C.M.; Zimmerman, S.D.; Dong, H.; Kling, M.J.; Bero, A.W.; Holtzman, D.M.; Timson, B.F.;
Csernansky, J.G. Effects of voluntary and forced exercise on plaque deposition, hippocampal volume,
and behavior in the Tg2576 mouse model of Alzheimer’s disease. Neurobiol. Dis. 2009, 35, 426–432.
[CrossRef] [PubMed]

113. Nichol, K.; Deeny, S.P.; Seif, J.; Camaclang, K.; Cotman, C.W. Exercise improves cognition and hippocampal
plasticity in APOE epsilon4 mice. Alzheimers Dement. 2009, 5, 287–294. [CrossRef]

114. Adlard, P.A.; Perreau, V.M.; Pop, V.; Cotman, C.W. Voluntary exercise decreases amyloid load in a transgenic
model of Alzheimer’s disease. J. Neurosci. 2005, 25, 4217–4221. [CrossRef]

115. Nichol, K.E.; Parachikova, A.I.; Cotman, C.W. Three weeks of running wheel exposure improves cognitive
performance in the aged Tg2576 mouse. Behav. Brain Res. 2007, 184, 124–132. [CrossRef]

116. Tapia-Rojas, C.; Aranguiz, F.; Varela-Nallar, L.; Inestrosa, N.C. Voluntary Running Attenuates Memory Loss,
Decreases Neuropathological Changes and Induces Neurogenesis in a Mouse Model of Alzheimer’s Disease.
Brain Pathol. 2016, 26, 62–74. [CrossRef]

117. Erickson, K.I.; Gildengers, A.G.; Butters, M.A. Physical activity and brain plasticity in late adulthood.
Dialogues Clin. Neurosci. 2013, 15, 99–108.

118. Colcombe, S.; Kramer, A.F. Fitness effects on the cognitive function of older adults: A meta-analytic study.
Psychol. Sci. 2003, 14, 125–130. [CrossRef] [PubMed]

119. Mirochnic, S.; Wolf, S.; Staufenbiel, M.; Kempermann, G. Age effects on the regulation of adult hippocampal
neurogenesis by physical activity and environmental enrichment in the APP23 mouse model of Alzheimer
disease. Hippocampus 2009, 19, 1008–1018. [CrossRef] [PubMed]

120. Patten, A.R.; Yau, S.Y.; Fontaine, C.J.; Meconi, A.; Wortman, R.C.; Christie, B.R. The Benefits of Exercise on
Structural and Functional Plasticity in the Rodent Hippocampus of Different Disease Models. Brain Plast.
2015, 1, 97–127. [CrossRef] [PubMed]

121. Barry, A.E.; Klyubin, I.; Mc Donald, J.M.; Mably, A.J.; Farrell, M.A.; Scott, M.; Walsh, D.M.; Rowan, M.J.
Alzheimer’s disease brain-derived amyloid-beta-mediated inhibition of LTP in vivo is prevented by
immunotargeting cellular prion protein. J. Neurosci. 2011, 31, 7259–7263. [CrossRef] [PubMed]

122. Jo, J.; Whitcomb, D.J.; Olsen, K.M.; Kerrigan, T.L.; Lo, S.C.; Bru-Mercier, G.; Dickinson, B.; Scullion, S.;
Sheng, M.; Collingridge, G.; et al. Abeta(1-42) inhibition of LTP is mediated by a signaling pathway
involving caspase-3, Akt1 and GSK-3beta. Nat. Neurosci. 2011, 14, 545–547. [CrossRef] [PubMed]

123. O’Callaghan, R.M.; Ohle, R.; Kelly, A.M. The effects of forced exercise on hippocampal plasticity in the rat:
A comparison of LTP, spatial- and non-spatial learning. Behav. Brain Res. 2007, 176, 362–366. [CrossRef]

124. Farmer, J.; Zhao, X.; van Praag, H.; Wodtke, K.; Gage, F.H.; Christie, B.R. Effects of voluntary exercise on
synaptic plasticity and gene expression in the dentate gyrus of adult male Sprague-Dawley rats in vivo.
Neuroscience 2004, 124, 71–79. [CrossRef] [PubMed]

125. van Praag, H.; Christie, B.R.; Sejnowski, T.J.; Gage, F.H. Running enhances neurogenesis, learning,
and long-term potentiation in mice. Proc. Natl. Acad. Sci. USA 1999, 96, 13427–13431. [CrossRef]

126. Garcia-Mesa, Y.; Lopez-Ramos, J.C.; Gimenez-Llort, L.; Revilla, S.; Guerra, R.; Gruart, A.; Laferla, F.M.;
Cristofol, R.; Delgado-Garcia, J.M.; Sanfeliu, C. Physical exercise protects against Alzheimer’s disease in
3xTg-AD mice. J. Alzheimers Dis. 2011, 24, 421–454. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.22-24-10539.2002
http://www.ncbi.nlm.nih.gov/pubmed/12486146
http://dx.doi.org/10.1038/35006165
http://www.ncbi.nlm.nih.gov/pubmed/10746713
http://dx.doi.org/10.1016/S0197-4580(02)00028-3
http://dx.doi.org/10.1016/j.apmr.2004.03.019
http://dx.doi.org/10.1016/j.arr.2015.11.005
http://dx.doi.org/10.1016/j.nbd.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19524672
http://dx.doi.org/10.1016/j.jalz.2009.02.006
http://dx.doi.org/10.1523/JNEUROSCI.0496-05.2005
http://dx.doi.org/10.1016/j.bbr.2007.06.027
http://dx.doi.org/10.1111/bpa.12255
http://dx.doi.org/10.1111/1467-9280.t01-1-01430
http://www.ncbi.nlm.nih.gov/pubmed/12661673
http://dx.doi.org/10.1002/hipo.20560
http://www.ncbi.nlm.nih.gov/pubmed/19219917
http://dx.doi.org/10.3233/BPL-150016
http://www.ncbi.nlm.nih.gov/pubmed/29765836
http://dx.doi.org/10.1523/JNEUROSCI.6500-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21593310
http://dx.doi.org/10.1038/nn.2785
http://www.ncbi.nlm.nih.gov/pubmed/21441921
http://dx.doi.org/10.1016/j.bbr.2006.10.018
http://dx.doi.org/10.1016/j.neuroscience.2003.09.029
http://www.ncbi.nlm.nih.gov/pubmed/14960340
http://dx.doi.org/10.1073/pnas.96.23.13427
http://dx.doi.org/10.3233/JAD-2011-101635


Int. J. Mol. Sci. 2019, 20, 1591 18 of 19

127. Kumar, A.; Rani, A.; Tchigranova, O.; Lee, W.H.; Foster, T.C. Influence of late-life exposure to environmental
enrichment or exercise on hippocampal function and CA1 senescent physiology. Neurobiol. Aging 2012, 33,
828.e1–828.e17. [CrossRef]

128. Dao, A.T.; Zagaar, M.A.; Levine, A.T.; Salim, S.; Eriksen, J.L.; Alkadhi, K.A. Treadmill exercise prevents
learning and memory impairment in Alzheimer’s disease-like pathology. Curr. Alzheimer Res. 2013, 10,
507–515. [CrossRef]

129. Nielsen, S.; Akerstrom, T.; Rinnov, A.; Yfanti, C.; Scheele, C.; Pedersen, B.K.; Laye, M.J. The miRNA plasma
signature in response to acute aerobic exercise and endurance training. PLoS ONE 2014, 9, e87308. [CrossRef]
[PubMed]

130. Wu, X.D.; Zeng, K.; Liu, W.L.; Gao, Y.G.; Gong, C.S.; Zhang, C.X.; Chen, Y.Q. Effect of aerobic exercise on
miRNA-TLR4 signaling in atherosclerosis. Int. J. Sports Med. 2014, 35, 344–350. [CrossRef]

131. Fernandes, T.; Hashimoto, N.Y.; Magalhaes, F.C.; Fernandes, F.B.; Casarini, D.E.; Carmona, A.K.; Krieger, J.E.;
Phillips, M.I.; Oliveira, E.M. Aerobic exercise training-induced left ventricular hypertrophy involves
regulatory MicroRNAs, decreased angiotensin-converting enzyme-angiotensin ii, and synergistic regulation
of angiotensin-converting enzyme 2-angiotensin (1-7). Hypertension 2011, 58, 182–189. [CrossRef] [PubMed]

132. Li, N.; Bates, D.J.; An, J.; Terry, D.A.; Wang, E. Upregulation of key microRNAs, and inverse downregulation
of their predicted oxidative phosphorylation target genes, during aging in mouse brain. Neurobiol. Aging
2011, 32, 944–955. [CrossRef]

133. Larson, E.B.; Wang, L.; Bowen, J.D.; McCormick, W.C.; Teri, L.; Crane, P.; Kukull, W. Exercise is associated
with reduced risk for incident dementia among persons 65 years of age and older. Ann. Intern. Med. 2006,
144, 73–81. [CrossRef] [PubMed]

134. Deeny, S.P.; Poeppel, D.; Zimmerman, J.B.; Roth, S.M.; Brandauer, J.; Witkowski, S.; Hearn, J.W.; Ludlow, A.T.;
Contreras-Vidal, J.L.; Brandt, J.; et al. Exercise, APOE, and working memory: MEG and behavioral evidence
for benefit of exercise in epsilon4 carriers. Biol. Psychol. 2008, 78, 179–187. [CrossRef]

135. Etnier, J.L.; Caselli, R.J.; Reiman, E.M.; Alexander, G.E.; Sibley, B.A.; Tessier, D.; McLemore, E.C. Cognitive
performance in older women relative to ApoE-epsilon4 genotype and aerobic fitness. Med. Sci. Sports Exerc.
2007, 39, 199–207. [CrossRef]

136. Rovio, S.; Kareholt, I.; Helkala, E.L.; Viitanen, M.; Winblad, B.; Tuomilehto, J.; Soininen, H.; Nissinen, A.;
Kivipelto, M. Leisure-time physical activity at midlife and the risk of dementia and Alzheimer’s disease.
Lancet Neurol. 2005, 4, 705–711. [CrossRef]

137. Schuit, A.J.; Feskens, E.J.; Launer, L.J.; Kromhout, D. Physical activity and cognitive decline, the role of the
apolipoprotein e4 allele. Med. Sci. Sports Exerc. 2001, 33, 772–777. [CrossRef] [PubMed]

138. Laurin, D.; Verreault, R.; Lindsay, J.; MacPherson, K.; Rockwood, K. Physical activity and risk of cognitive
impairment and dementia in elderly persons. Arch. Neurol. 2001, 58, 498–504. [CrossRef] [PubMed]

139. Verghese, J.; Lipton, R.B.; Katz, M.J.; Hall, C.B.; Derby, C.A.; Kuslansky, G.; Ambrose, A.F.; Sliwinski, M.;
Buschke, H. Leisure activities and the risk of dementia in the elderly. N. Engl. J. Med. 2003, 348, 2508–2516.
[CrossRef]

140. Akbaraly, T.N.; Portet, F.; Fustinoni, S.; Dartigues, J.F.; Artero, S.; Rouaud, O.; Touchon, J.; Ritchie, K.; Berr, C.
Leisure activities and the risk of dementia in the elderly: Results from the Three-City Study. Neurology 2009,
73, 854–861. [CrossRef]

141. Cai, Z.; Yan, L.J.; Li, K.; Quazi, S.H.; Zhao, B. Roles of AMP-activated protein kinase in Alzheimer’s disease.
Neuromol. Med. 2012, 14, 1–14. [CrossRef] [PubMed]

142. O’Neill, C.; Kiely, A.P.; Coakley, M.F.; Manning, S.; Long-Smith, C.M. Insulin and IGF-1 signalling: Longevity,
protein homoeostasis and Alzheimer’s disease. Biochem. Soc. Trans. 2012, 40, 721–727. [CrossRef] [PubMed]

143. Kang, E.B.; Cho, J.Y. Effect of treadmill exercise on PI3K/AKT/mTOR, autophagy, and tau hyperphosphorylation
in the cerebral cortex of NSE/htau23 transgenic mice. J. Exerc. Nutr. Biochem. 2015, 19, 199–209. [CrossRef]

144. Tramutola, A.; Triplett, J.C.; Di Domenico, F.; Niedowicz, D.M.; Murphy, M.P.; Coccia, R.; Perluigi, M.;
Butterfield, D.A. Alteration of mTOR signaling occurs early in the progression of Alzheimer disease (AD):
Analysis of brain from subjects with pre-clinical AD, amnestic mild cognitive impairment and late-stage AD.
J. Neurochem. 2015, 133, 739–749. [CrossRef] [PubMed]

145. Li, S.Y.; Fang, C.X.; Aberle, N.S.; Ren, B.H.; Ceylan-Isik, A.F.; Ren, J. Inhibition of PI-3 kinase/Akt/mTOR,
but not calcineurin signaling, reverses insulin-like growth factor I-induced protection against glucose toxicity
in cardiomyocyte contractile function. J. Endocrinol. 2005, 186, 491–503. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.023
http://dx.doi.org/10.2174/1567205011310050006
http://dx.doi.org/10.1371/journal.pone.0087308
http://www.ncbi.nlm.nih.gov/pubmed/24586268
http://dx.doi.org/10.1055/s-0033-1349075
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.168252
http://www.ncbi.nlm.nih.gov/pubmed/21709209
http://dx.doi.org/10.1016/j.neurobiolaging.2009.04.020
http://dx.doi.org/10.7326/0003-4819-144-2-200601170-00004
http://www.ncbi.nlm.nih.gov/pubmed/16418406
http://dx.doi.org/10.1016/j.biopsycho.2008.02.007
http://dx.doi.org/10.1249/01.mss.0000239399.85955.5e
http://dx.doi.org/10.1016/S1474-4422(05)70198-8
http://dx.doi.org/10.1097/00005768-200105000-00015
http://www.ncbi.nlm.nih.gov/pubmed/11323547
http://dx.doi.org/10.1001/archneur.58.3.498
http://www.ncbi.nlm.nih.gov/pubmed/11255456
http://dx.doi.org/10.1056/NEJMoa022252
http://dx.doi.org/10.1212/WNL.0b013e3181b7849b
http://dx.doi.org/10.1007/s12017-012-8173-2
http://www.ncbi.nlm.nih.gov/pubmed/22367557
http://dx.doi.org/10.1042/BST20120080
http://www.ncbi.nlm.nih.gov/pubmed/22817723
http://dx.doi.org/10.5717/jenb.2015.15090806
http://dx.doi.org/10.1111/jnc.13037
http://www.ncbi.nlm.nih.gov/pubmed/25645581
http://dx.doi.org/10.1677/joe.1.06168
http://www.ncbi.nlm.nih.gov/pubmed/16135669


Int. J. Mol. Sci. 2019, 20, 1591 19 of 19

146. Li, X.; Alafuzoff, I.; Soininen, H.; Winblad, B.; Pei, J.J. Levels of mTOR and its downstream targets 4E-BP1,
eEF2, and eEF2 kinase in relationships with tau in Alzheimer’s disease brain. FEBS J. 2005, 272, 4211–4220.
[CrossRef] [PubMed]

147. Yates, S.C.; Zafar, A.; Hubbard, P.; Nagy, S.; Durant, S.; Bicknell, R.; Wilcock, G.; Christie, S.; Esiri, M.M.;
Smith, A.D.; Nagy, Z. Dysfunction of the mTOR pathway is a risk factor for Alzheimer’s disease.
Acta Neuropathol. Commun. 2013, 1, 3. [CrossRef] [PubMed]

148. Um, H.S.; Kang, E.B.; Koo, J.H.; Kim, H.T.; Jin, L.; Kim, E.J.; Yang, C.H.; An, G.Y.; Cho, I.H.; Cho, J.Y.
Treadmill exercise represses neuronal cell death in an aged transgenic mouse model of Alzheimer’s disease.
Neurosci. Res. 2011, 69, 161–173. [CrossRef]

149. Jeong, J.H.; Kang, E.B. Effects of treadmill exercise on PI3K/AKT/GSK-3beta pathway and tau protein in
high-fat diet-fed rats. J. Exerc. Nutr. Biochem. 2018, 22, 9–14. [CrossRef]

150. Jin, X.; Townley, R.; Shapiro, L. Structural insight into AMPK regulation: ADP comes into play. Structure
2007, 15, 1285–1295. [CrossRef]

151. Vingtdeux, V.; Davies, P.; Dickson, D.W.; Marambaud, P. AMPK is abnormally activated in tangle- and
pre-tangle-bearing neurons in Alzheimer’s disease and other tauopathies. Acta Neuropathol. 2011, 121,
337–349. [CrossRef]

152. Ju, T.C.; Chen, H.M.; Lin, J.T.; Chang, C.P.; Chang, W.C.; Kang, J.J.; Sun, C.P.; Tao, M.H.; Tu, P.H.;
Chang, C.; et al. Nuclear translocation of AMPK-alpha1 potentiates striatal neurodegeneration in
Huntington’s disease. J. Cell Biol. 2011, 194, 209–227. [CrossRef] [PubMed]

153. Vingtdeux, V.; Chandakkar, P.; Zhao, H.; d’Abramo, C.; Davies, P.; Marambaud, P. Novel synthetic
small-molecule activators of AMPK as enhancers of autophagy and amyloid-beta peptide degradation.
FASEB J. 2011, 25, 219–231. [CrossRef] [PubMed]

154. Greco, S.J.; Sarkar, S.; Johnston, J.M.; Tezapsidis, N. Leptin regulates tau phosphorylation and amyloid
through AMPK in neuronal cells. Biochem. Biophys. Res. Commun. 2009, 380, 98–104. [CrossRef]

155. Won, J.S.; Im, Y.B.; Kim, J.; Singh, A.K.; Singh, I. Involvement of AMP-activated-protein-kinase (AMPK) in
neuronal amyloidogenesis. Biochem. Biophys. Res. Commun. 2010, 399, 487–491. [CrossRef] [PubMed]

156. Thornton, C.; Bright, N.J.; Sastre, M.; Muckett, P.J.; Carling, D. AMP-activated protein kinase (AMPK) is a tau
kinase, activated in response to amyloid beta-peptide exposure. Biochem. J. 2011, 434, 503–512. [CrossRef]
[PubMed]

157. Yoshida, H.; Goedert, M. Phosphorylation of microtubule-associated protein tau by AMPK-related kinases.
J. Neurochem. 2012, 120, 165–176. [CrossRef] [PubMed]

158. Rönnemaa, E.; Zethelius, B.; Sundelöf, J.; Sundström, J.; Degerman-Gunnarsson, M.; Berne, C.; Lannfelt, L.;
Kilander, L. Impaired insulin secretion increases the risk of Alzheimer disease. Neurology 2008, 71, 1065–1071.
[CrossRef] [PubMed]

159. Gibas, M.K.; Gibas, K.J. Induced and controlled dietary ketosis as a regulator of obesity and metabolic
syndrome pathologies. Diabetes Metab. Syndr. 2017, 11, S385–S390. [CrossRef]

160. Halikas, A.; Gibas, K.J. AMPK induced memory improvements in the diabetic population: A Case Study.
Diabetes Metab. Syndr. 2018, 12, 1141–1146. [CrossRef]

161. Thompson, H.J.; Jiang, W.; Zhu, Z. Candidate mechanisms accounting for effects of physical activity on
breast carcinogenesis. IUBMB Life 2009, 61, 895–901. [CrossRef] [PubMed]

162. Petersen, A.M.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154–1162.
[CrossRef]

163. Dethlefsen, C.; Lillelund, C.; Midtgaard, J.; Andersen, C.; Pedersen, B.K.; Christensen, J.F.; Hojman, P.
Exercise regulates breast cancer cell viability: Systemic training adaptations versus acute exercise responses.
Breast Cancer Res. Treat. 2016, 159, 469–479. [CrossRef] [PubMed]

164. Gomez-Pinilla, F.; Vaynman, S.; Ying, Z. Brain-derived neurotrophic factor functions as a metabotrophin to
mediate the effects of exercise on cognition. Eur. J. Neurosci. 2008, 28, 2278–2287. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1742-4658.2005.04833.x
http://www.ncbi.nlm.nih.gov/pubmed/16098202
http://dx.doi.org/10.1186/2051-5960-1-3
http://www.ncbi.nlm.nih.gov/pubmed/24252508
http://dx.doi.org/10.1016/j.neures.2010.10.004
http://dx.doi.org/10.20463/jenb.2018.0002
http://dx.doi.org/10.1016/j.str.2007.07.017
http://dx.doi.org/10.1007/s00401-010-0759-x
http://dx.doi.org/10.1083/jcb.201105010
http://www.ncbi.nlm.nih.gov/pubmed/21768291
http://dx.doi.org/10.1096/fj.10-167361
http://www.ncbi.nlm.nih.gov/pubmed/20852062
http://dx.doi.org/10.1016/j.bbrc.2009.01.041
http://dx.doi.org/10.1016/j.bbrc.2010.07.081
http://www.ncbi.nlm.nih.gov/pubmed/20659426
http://dx.doi.org/10.1042/BJ20101485
http://www.ncbi.nlm.nih.gov/pubmed/21204788
http://dx.doi.org/10.1111/j.1471-4159.2011.07523.x
http://www.ncbi.nlm.nih.gov/pubmed/21985311
http://dx.doi.org/10.1212/01.wnl.0000310646.32212.3a
http://www.ncbi.nlm.nih.gov/pubmed/18401020
http://dx.doi.org/10.1016/j.dsx.2017.03.022
http://dx.doi.org/10.1016/j.dsx.2018.04.033
http://dx.doi.org/10.1002/iub.233
http://www.ncbi.nlm.nih.gov/pubmed/19588523
http://dx.doi.org/10.1152/japplphysiol.00164.2004
http://dx.doi.org/10.1007/s10549-016-3970-1
http://www.ncbi.nlm.nih.gov/pubmed/27601139
http://dx.doi.org/10.1111/j.1460-9568.2008.06524.x
http://www.ncbi.nlm.nih.gov/pubmed/19046371
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The mTOR Signaling Pathway 
	The mTOR Signaling Pathway and Autophagy 
	Activated mTOR Signaling Triggers A Generation and Induces the Failure of A Clearance 
	mTOR Activation Induces Hyperphosphorylation of Tau Protein 

	The Alteration of miRNAs in AD and Aging-Related Diseases 
	The Role of Physical Activity in AD 
	Physical Activity is Beneficial for the Improvement of Learning and Memory Capacity 
	Physical Activity Increases Neurogenesis 
	Physical Activity Enhances Structural and Synaptic Plasticity in Hippocampus 
	Physical Activity Regulates Abnormal miRNAs 

	Clinical Studies of Physical Activity in AD 
	mTOR as a New Target for the Prevention and Treatment of AD During Physical Activity? 
	Conclusions and Future Perspectives 
	References

