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ARTICLE INFO ABSTRACT

Keywords: Background: Cognitive impairment is a major challenge for elderlies, as it can progress in a rapid manner and
M“SC_le_ ) effective treatments are limited. Sarcopenic elderlies have a higher risk of dementia. This scoping review aims to
Cognitive function reveal whether muscle is a mediator of cognitive function from pre-clinical evidence.

Brain

Methods: PubMed, Embase, and Web of Science were searched to Feb 2nd, 2022, using the keywords (muscle)
AND (cognition OR dementia OR Alzheimer) AND (mouse OR rat OR animal). The PRISMA guideline was used in
this study.

Results: A total of 17 pre-clinical studies were selected from 7638 studies. 4 studies reported that muscle atrophy
and injury harmed memory, functional factors, and neurons in the brain for rodents with or without Alzheimer's
disease (AD). 3 studies observed exercise induced muscle to secrete factors, including lactate, fibronectin type III
domain-containing protein 5 (FNDC5), and cathepsin B, which plays essential roles in the elevation of cognitive
functions and brain-derived neurotrophic factor (BDNF) levels. Muscle-targeted treatments including electrical
stimulation and intramuscular injections had effective remote effects on the hippocampus. 6 studies showed that
muscle-specific overexpression of scFv59 and Neprilysin, or myostatin knockdown alleviated AD symptoms. 1
study showed that muscle insulin resistance also led to deficient hippocampal neurogenesis in MKR mice.
Conclusions: The skeletal muscle is involved in the mediation of cognitive function. The evidence was established
by the response in the brain (altered number of neurons, functional factors, and other AD pathological charac-
teristics) with muscle atrophy or injury, muscle secretory factors, and muscle-targeted treatments.

The translational potential of this paper: This study summarizes the current evidence in how muscle affects cognition
in molecular levels, which supports muscle-specific treatments as potential clinical strategies to prevent cognitive
dysfunction.

Animal model
Review

1. Introduction

The brain is a vital part of the central nervous system (CNS), domi-
nating our cognitive function and movements. On the other hand, the
skeletal muscle is the largest organ of peripheral tissues, and responds to
instructions from the brain via signal transductions by motor neurons.
With the ageing population, patients suffering from dementia and sar-
copenia has risen significantly [1,2]. The estimated global prevalence of
dementia has been projected to 152.8 million by 2050, which is almost
3-fold higher than in 2019 [2]. The healthcare cost for Alzheimer's dis-
ease (AD) was also estimated to be $305 billion in 2020 [3]. Sarcopenia is
as an age-related muscle disorder, characterized by progressive loss of

muscle mass and function [4]. The prevalence of sarcopenia is approxi-
mately 27% in the elderly [1]. Similar to dementia and AD, sarcopenia is
also strongly associated with higher mortality, disability and poor quality
of life [5-8]. Interestingly, cross-sectional studies have shown that
muscle strength and functional performance were inversely related to
cognitive function in the older population [9,10]. Recent literature has
reported that sarcopenia was independently associated with cognitive
impairment [11], with odds ratio 2.85 times higher compared to control
subjects [12]. Brain disorders contribute to malnutrition and muscle
disuse, and may ultimately lead to sarcopenia [13,14]. A cohort study
also reported that sarcopenic individuals had a faster rate of cognitive
decline and higher risks of incident AD (hazard ratio 1.50, 95% CI 1.20

* Corresponding author. Department of Orthopaedics & Traumatology, The Chinese University of Hong Kong, 5/F, Lui Che Woo Clinical Sciences Building, Prince of

Wales Hospital, Hong Kong SAR, China.
E-mail address: ronaldwong@ort.cuhk.edu.hk (R.M.Y. Wong).

https://doi.org/10.1016/j.jot.2022.10.001

Received 11 August 2022; Received in revised form 25 September 2022; Accepted 5 October 2022

2214-031X/© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Speaking Orthopaedic Society. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ronaldwong@ort.cuhk.edu.hk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2022.10.001&domain=pdf
www.sciencedirect.com/science/journal/2214031X
http://www.journals.elsevier.com/journal-of-orthopaedic-translation
https://doi.org/10.1016/j.jot.2022.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jot.2022.10.001
https://doi.org/10.1016/j.jot.2022.10.001

C. Liu et al.

t01.86) after following an average of 5.6 years [15]. Recently, a larger
cohort involving over 8000 elderlies demonstrated that the 3-year
cognitive decline was faster in old people with lower lean mass [16].
This had led to postulations of the mediating role of muscle in cognitive
function.

Irreversible memory loss and brain dysfunctions brought by AD has
led to substantial research. Unfortunately, there are still limited efficient
strategies to suspend the progression of AD. Similar to the brain, the
skeletal muscle has an abundant amount of nerves, and degenerate
together with the CNS with age [17]. Recent evidence from pre-clinical
studies also showed that muscle loss promoted cognitive dysfunction in
mice with AD [18]. As of now, numerous treatments have dual effects on
the muscle and brain, especially the function of the hippocampus,
including exercise and dietary supplements. For instance, aerobic and
resistance training, alpha-ketoglutarate supplements, and ketogenic diets
improve both muscle and brain status [19-22]. However, it is still un-
clear whether muscle is a mediator of cognition remodeling [23]. The
alteration of gut microbiota and its metabolites can also influence remote
organs under disease states or during interventions [24,25]. In patients
with congestive heart failure, those with gut microbiota dysbiosis and
less beneficial microbial metabolites (short-chain fatty acids) were
associated with lower muscle quality and cognitive function [26]. The
gut microbiota may also be a medium between muscle and cognition
[27]. Previous reviews lacked a comprehensive summary in how muscle
affects cognitive function [11,28-32]. Whether muscle can be a potential
target to enhance cognitive function should be proven in pre-clinical
studies for further clinical translation. To explore how muscle affects
cognitive function, we performed a scoping review to summarize the
underlying pathways, and the muscle-targeted interventions that can
alter cognitive function.

2. Methods
2.1. Search strategy

3 databases PubMed, Embase, Web of Science were utilized for study
extraction. The latest search access was Feb 22nd, 2022. The keyword
search was “(muscle) AND (cognition OR dementia OR Alzheimer) AND
(mouse OR rat OR animal)”. Additional studies from other reviews were
also manually searched. This review complied with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [33].

2.2. Search criteria

The inclusion criteria of this review were: 1) pre-clinical studies, 2)
studies in how skeletal muscle affects the brain or cognition, 3) muscle-
targeted treatments that alter brain function or structure. The exclusion
criteria were: 1) review articles 2) conference and abstract publication, 3)
no mechanism on how muscle affects the brain, 4) rare genetic diseases.
The screening of studies was conducted by two reviewers (C. Liu, and
P.Y. Wong) independently. Briefly, the two reviewers screened the titles
and abstracts to include as many potential eligible studies. The full text of
these studies were screened, and final eligible studies were included. Any
disagreements were decided with a third researcher (R.M.Y. Wong) ac-
cording to the inclusion and exclusion criteria.

2.3. Data extraction and analysis

The data extraction including author, year, animal model, interven-
tion, end-points, assessments, and outcomes (cognitive function, brain, or
muscle), as well as key findings were executed. As the heterogeneity was
high in the pre-clinical studies, a qualitative review was performed.
SYRCLE's risk of bias was performed to evaluate the risk of bias in the
included animal studies [34]. The indicators with p < 0.05 were shown
by arrows in Supplemental Table 1, while those without significant
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differences were described.
3. Results

A total of 7638 records were identified through the database search
(Fig. 1). After removal of duplicates, 6323 studies were selected for
further screening. 77 studies with full texts were reviewed. 17 pre-
clinical studies meeting the inclusion and exclusion criteria were
finally included. Details of selected studies were shown in Supplemental
Table 1. The overview of bias assessment was displayed as percentages
(Fig. 2) and details of each study were shown in Supplemental Table 2.
Most types of bias had relatively low risks except for blinded group
allocation and intervention with more than 50% studies judged as high
risks.

3.1. Animal models

Amongst the 17 studies, 8 studies used non-transgenic mice and rats,
including C57BL/6 mice in 5 studies [22,35-38], BALB/C mice in 2
studies [38,39], Wistar rats in 1 study [40], and Sprague Dawley rats in 1
study [41]. AD animal models were shown in 5 studies. 3 studies used
amyloid precursor protein/presenilin-1 (APP/PS1) mice [42-44], 1 study
used 5 x FAD mice [18], and 1 study used 3xTg-AD mice [45].
Muscle-specific gene knockout mice were also utilized in 3 studies. 2
studies used MCK-peroxisome proliferator-activated receptor co-ac-
tivator-la (PGCla) mice with the overexpression of PGCla in skeletal
muscle [46,47], whilst 1 study used MKR transgenic mice with impaired
insulin-like growth factor 1 (IGF-1) and insulin signaling in skeletal
muscle [48]. The total body gene knockout CX3CR1%™"/* (green fluo-
rescent microglial cells) and cathepsin B (CTSB) ~/~ mice were used in 2
studies [22,49]. 1 study utilized Rhesus monkeys to verify the findings
from mouse studies [22].

3.2. Study designs to explore how muscle affects cognitive function

There were 3 main strategies to investigate how muscle affects the
cognitive function. Firstly, brain function changes after muscle atrophy
and injury interventions can be considered as affected by skeletal muscle,
which were performed in 4 animal studies. The outcomes of brain
included the composition of neurons, brain functional factors, behavioral
performances, signaling pathways, and other AD symptoms, such as
amyloid beta (Ap) deposits. 3 studies conducted tail suspension or hin-
dlimb cast-immobilization to induce muscle atrophy [18,40,41], and 1
study used the muscle injury animal model by freezing the tibialis
anterior [49]. Nagase et al. detected that muscle secreted hemopexin
demonstrated the potential molecular pathways of factors delivery from
muscle to brain [18].

Secondly, 3 studies discovered muscle-secreted factors after exercises,
which play significant roles in brain function [22,36,38]. Amongst the
secreted factors, two were found from the preconditioned muscle cell
culture conditional mediums. Through confirmation by exogenous or
endogenous periphery supplements, inhibitors, and gene knockout, the
effects of the muscle secretions after exercise or immobilization on the
brain could be established.

Thirdly, muscle-targeted treatments also aid in the exploration of
mechanisms, which were shown in 11 studies. 2 studies used electrical
stimulation to induce muscle contraction [35,40]. 1 study treated the
muscle of older mice with mechanical strained muscle-resident mesen-
chymal stem/stromal cells (mMSCs) from young mice [37]. 1 study
injected the muscle with BOTOX® [39]. 4 studies utilized
adeno-associated viruses (AAV), plasmid, and short hairpin RNA
(shRNA) to interfere gene expressions of muscle [42-45], whilst 3 studies
directly used muscle-specific transgenic mice [46-48]. After the alter-
ations of skeletal muscle, the corresponding changes of brain were the
primary outcomes to show if there was a related pathway from the
muscle to cognitive change.
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Fig. 2. Results of SYRCLE's tool for assessing the risk of bias.

3.3. Outcome assessments of cognition

All 17 studies assessed cognitive indicators, such as cognitive func-
tional tests, brain histology, as well as the expression of mRNA and
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protein levels. Cognitive functional tests were performed in 10 studies.
Morris water maze test, fear conditioning test, open field test, and object
recognition test were most widely used. Brain tissue staining were shown
in 13 studies to recognize different cells in brain regions by staining with
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Nissl, or antibodies against Ki67, doublecortin (DCX), neuronal nuclear
protein (NeuN), bromodeoxyuridine (BrdU), glial fibrillary acidic protein
(GFAP), cFos, S100, Nestin, ionized calcium binding adaptor molecule 1
(Ibal) and CD11b. Table 1 shows the cell types corresponding to staining
results. To detect the small molecules, 10 studies evaluated the brain
levels of brain derived neurotrophic factor (BDNF), nerve growth factor
(B-NGF), hemopexin, Ap, lactate, CTSB, or fibronectin type III domain-
containing protein 5 (FNDC5). 8 studies executed polymerase chain re-
action (PCR) or western blot analysis of brain tissue. As the amount of the
extracted protein from brain tissue, especially in the hippocampus was
lower, enzyme-linked immunosorbent assay (ELISA) was used in 6
studies to accurately measure protein contents. Please refer to Supple-
mental Table 1.

3.4. Key findings of underlying pathways and muscle-targeted
interventions affecting cognitive function

4 studies revealed that muscle atrophy or injury induced memory
decline, learning capacity reduction, decreased immature neurons and
normal microglial, increased Af deposit, and lower levels of B-NGF in
brain [18,40,41,49]. In contrast to muscle atrophy, muscle injury
enhanced BDNF concentrations in brain [49]. Muscle secreted hemo-
pexin after immobilization, and the cerebrospinal fluid injection of
hemopexin reproduced the accelerated cognitive dysfunction [18]. The
regulations of brain lipocalin-2 (Lcn2), ERK1/2, BDNF, 3-NGF, hemo-
pexin, and Ap levels were potential pathways when muscle was under an
unfavorable status.

The effects of exercise on the brain with muscle as a mediator was
shown in 3 studies. The well-known lactate was released by muscle, and
raised in the plasma and hippocampus after exercise [36]. Mice with
exercise or lactate injection had activation of Sirtl, enhanced levels of
PGCla and FNDC5 expression, as well as hippocampal BDNF levels and
cognitive functions. The injection of lactate transporter inhibitor weak-
ened the benefits of exercise. The lactate-induced BDNF improvement
were Sirtl-dependent proven by in vitro studies. Running also related to
the increased CTSB in the muscle of mice, and CTSB could cross the
blood-brain barrier [22]. CTSB™/~ mice showed depression-like
behavior, decreased hippocampal P11, and attenuated exercise-induced
DCX + cells increment. The recombinant CTSB administration of

Table 1
Brain tissue staining: reagent, results, and corresponding cells.

Staining reagent Results and corresponding cells

DAPI+/Ki67+ cells = cells in mitotic
phase

DCX + cells = immature neurons
DAPI+/Ki67+/DCX + cells = mitotic
immature neurons

Nestin+/DCX- cells = neural progenitor
cells

Nestin+/DCX + cells = proliferating
neuroblasts Nestin-/DCX + cells =
immature neurons

Nestin+/GFAP + cells = neural stem
cell

Nestin-/GFAP + cells = mature
astrocytes

GFAP + cells = astrocytes

BrdU + cells = newly generated cells
NeuN + cells = neuronal cell bodies
NeuN+/BrdU + cells = new mature
neurons

Immunohistochemistry (IHC) staining
with anti-Ki67, and anti-DCX antibodies

IHC staining with anti-Nestin, anti-DCX,
and anti-GFAP antibodies

THC staining with anti-BrdU, and anti-
NeuN antibodies

IHC staining with anti-BrdU, and anti-
S1006/S100 antibodies

IHC staining with anti-Ibal or anti-CD11b
antibodies

THC staining with anti-cFos antibody

Cresyl Violet

BrdU-+/S1008+ cells = new astrocytes
S100+ cells = astrocytes

Ibal+ or CD11b + cells = activated
microglia

cFos + cells = cells with neuronal
activation

Nissl substance in neurons
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neural cells facilitated the Dcx and Bdnf expression. In monkey and
human, the plasma concentration of CTSB also elevated after exercise.
Exercised mice had higher expressions of Fndc5 and Pgcla in muscle, as
well as Fndc5 and Bdnf in hippocampus compared to sedentary mice [38].
FNDC5 is known to secrete irisin after proteolysis, and plays positive
roles in hippocampal functions. The expression of peripheral FNDC5
increased the plasma irisin levels, and the hippocampal gene expressions
of Bdnf, Npas4, cFos, Arc, and Zif268. Therefore, the increments of brain
BDNF and other functions by exercise were associated with muscle
secretory factors.

Additionally, 2 studies showed that common methods of promoting
muscle contraction by dynamic foot stimulation (DFS) and sciatic nerve
electrical stimulation could benefit immature migrating neurons and
astrogliogenesis in the brain [35,40]. The intramuscular injection of
BOTOX® and preconditioned mMSCs benefited memory and hippo-
campal neurons of mice [37,39]. Genetic interventions were performed
in 7 studies. Skeletal muscle Neprilysin (an Af peptide-degrading
enzyme) overexpression ameliorated the Af load and memory decline
of AD mouse models [42,45]. The inhibition of myokine myostatin
enhanced the contextual freezing time of APP/PS1 mice [43]. The muscle
delivery of scFv59 (an anti-Ap antibody) to the AD mice increased muscle
scFv59 expression, and alleviated AP deposits in hippocampus and
neocortex [44]. 2 studies reported that overexpressed PGCla in skeletal
muscle could not promote the neurogenesis and brain Bdnf expression in
older mice as exercise did [46,47]. MKR mice as the obesity-independent
type-2 diabetes mellitus model, displayed insulin resistance of skeletal
muscle and a lower number of new neurons in the hippocampus [48].
Numerous muscle-related treatments improved the brain function and
neurogenesis, although some failed.

4. Discussion

Although skeletal muscle and brain are physically distant, there is
increasing evidence showing that there is a bi-directional interaction
[50]. The CNS controls muscle movement via neural and chemical signal
transduction. Specifically, motor neuron endings and motor endplates of
muscle fibers form the neuromuscular junction (NMJ). Electrical signals
from lower motor neurons stimulate the release of neurotransmitters
which bind with the receptor of endplates to induce muscle contraction
[51]. In addition to the well-known muscle regulation by motor neurons,
cognitive dysfunction induces physical inactivity and appetite loss,
leading to a higher risk of sarcopenia [52,53]. The sensory nerve is also a
bridge between muscle and brain. For instance, muscle spindle and Golgi
tendon organ as proprioceptors can inform muscle activity to the CNS via
sensory feedback [54]. Clinical studies have recently presented that
muscle also affects cognitive function, but the underlying mechanisms
are unclear [15]. In this review, we comprehensively reviewed how
muscle affects cognition from the evidence of pre-clinical studies. Mice
and rats were mainly used to study the relationship between muscle and
brain. AD animal models were specifically used in 5 studies. With the
development of gene editing technology, muscle-specific gene knock-
down, knockout, or overexpression is favorable for investigations in this
field. Therefore, AD animal models and muscle-specific gene alteration
models can be considered in future relevant studies.

There are various studies that focused on both muscle and brain,
however, only few can explain the effects of muscle on cognition due to
the study design. Despite the obvious association of muscle loss and
cognitive dysfunction in clinical findings, the causality and underlying
mechanisms should be conducted by interventional studies [11]. 3 main
interventional methods were conducted. The simplest approach is to alter
muscle status, such as atrophy and injury inductions. Considering ethical
issues, utilizing muscle atrophy or injury animal models appears to be
more appropriate. Diverse whole-body treatments have been raised to
promote both muscle and brain functions, and exercise is one of the
hotspots [21,50]. As muscle is an endocrine organ, the key points in
observing the role of muscle in these kinds of treatments is to discover the
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muscle-derived molecules, which can be assisted by modern sequencing
analysis [28]. In addition to muscle, exercise can also benefit other or-
gans, such as liver and adipose tissue [50]. Fibroblast growth factor 21
(FGF21) and insulin-like growth factor 1 (IGF1) as exercise factors
instead of muscle factors contributed to cognitive enhancements, since
they are not mainly secreted by muscle [50]. Therefore, it is essential to
ensure the interested factors are secreted by skeletal muscle in order to
confirm the mediator role of muscle. Another approach is to use
muscle-specific interventions, including gene editing, injections of AAV,
small interfering RNA (siRNA), shRNA, MSCs, plasmid DNA vector, or
special biomaterials. It should be noticed that muscle is also a medium of
drug injection, called intramuscular injection [55]. If treatments do not
change muscle characteristics, the skeletal muscle would not be able to
mediate the brain or cognition. Although neuroscience advances rapidly,
and novel techniques including neural tracing are proposed, there is little
evidence indicating that muscle can regulate cognitive function in turn
via the neural connection [56]. In addition to humoral and circulatory
systems, the underlying neural pathways of muscle and brain are
necessary in future investigations. The gut microbiota is also an impor-
tant regulator of various systems including musculoskeletal system and
nervous system. Germ-free AD mice had reduced AD-like pathologies and
microbiota transplantation of AD patients aggravated the symptoms of
AD mice [57], whilst germ-free mice had lower muscle mass, and could
be improved after the microbial transplantation from pathogen-free mice
[58]. Therefore, the gut microbiota, muscle, and brain might interact
with each other [27]. In summary, current evidence shows that muscle
atrophy models, muscle-derived factors, and muscle-specific treatments
are the important components to build the relationship between muscle
and cognitive function.

The skeletal muscle plays an important role in different subregions of
the brain (cerebrum, hippocampus, neocortex, dentata gyrus, entorhinal
cortex, subgranular zone) by regulating learning capacity and memory,
numbers of immature neurons, astrocytes and pyramidal neurons,
neuronal activity, synaptic plasticity (ARC, ZIF268), BDNF and p-NGF
levels, Ap deposit, as well as the brain expression of ERK1/2, SIRT1,
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PGCla and P11 (Fig. 3). Postoperative muscle disuse and cognitive
dysfunction are prevalent in old patients [59,60]. Rodents with preop-
erative or perioperative muscle atrophy or injury suffered poor memory,
decreased brain functional factor levels and cRaf/ERK1/2 pathway
activation indicating that muscle may be a regulator of neuronal differ-
entiation and cognitive function [41,49]. However, tail suspension
method to induce muscle atrophy in animals also increases the cerebral
vascular resistance, which may be a confounding factor of relationship
between muscle and brain [61]. Hence, the immobilization of muscle
may be a superior approach to induce atrophy [18]. Up to now, only
muscle-secreted hemopexin was observed to be involved in this crosstalk
[18]. This secretion was detected as the most differential protein between
non-cast and cast-immobilized muscle-derived conditioned media [18].
After the intracerebroventricular infusion of hemopexin, Lcn2 mRNA
expression was upregulated in the hippocampus and induced memory
impairment of young 5XFAD mice. However, hemopexin as a plasma
protein, is primarily synthesized in the liver. Whether the changes of
hemopexin expression in liver during muscle immobilization is unclear,
warranting further studies. Although muscle atrophy and injury mainly
led to regional inflammatory response, the exudation of inflammatory
cells to the circulatory system and peripheral blood flow changes may
also influence brain function [62]. One recent research reported that
proteasome stress in skeletal muscle induced muscle-secreted amylase
Amyrel, which could delay brain aging via disaccharide transport path-
ways [63]. This confirms the relationship between muscle status and
brain neurodegeneration. Exercise-linked muscle-derived FDNC5/irisin
and CTSB were noted as the potential treatments of AD in pre-clinical
studies [22,38,64-66]. Fndc5 knock-out had impaired neurotrophin
signaling pathway and dendrite development, as well as cognitive func-
tion, which could be rescued via the delivery of irisin into the dentate
gyrus [66]. Although exercise-induced higher CTSB and irisin are asso-
ciated with cognition improvement, the muscle expression of Ctsb and
Fndc5 upregulated in muscle-specific PGCla overexpression mice did not
affect hippocampal neurogenesis in aging [47]. The elevation of benefi-
cial muscle secretions might be dose-dependent and with discrepant

1 Neurogenesis
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Fig. 3. Pre-clinical evidences of the highway from muscle to brain. Muscle atrophy/injury animal models and diabetic MKR mouse (muscle insulin resistance) showed
cognitive dysfunction and abnormal neurogenesis. Exercise, electronic stimulation, intramuscular injection of muscle-targeted agents attenuated symptoms of Alz-
heimer's disease and enhanced the neurogenesis, especially in hippocampus. The transport of muscle-secreted hemopexin after atrophy and FNDC5/Irisin, Cathepsin B,

as well as lactate after exercise played roles in the brain.
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effects in different population. The discovery of lactate receptor G-pro-
tein-coupled receptor 81 (GPR81) in brain also provided evidence of how
muscle-derived lactate activated brain cells [67]. The inhibition of
lactate transporter reduced BDNF, Sirtl, PGCla and FNDCS5 levels in the
hippocampus of exercised mice [36]. Unfortunately, a randomized
controlled trial revealed that a 12-month moderate to high intensity
aerobic and strength exercise program failed to improve the cognitive
function in patients with mild to moderate dementia [68]. Since low
levels of physical activity are risk factors of dementia, exercise may
mainly prevent against the occurrence of cognitive impairment [69,70].
The effects of myokines on brain were shown by performing exercise,
activity restriction, extrinsic supplement, or conditional knockout in
animal studies. However, to increase the value of clinical translation, the
dose-dependent effects of muscle secretory supplements on cognitive
function should be further investigated, especially in older adults. In
addition to AD, patients with Parkinson's disease (PD) can also suffer
from cognitive impairment and sarcopenia [71,72]. Although the
cognitive abilities of PD mice could be elevated by exercise, the role of
muscle has not been reported or well-validated in this disease [73,74].
This field should be explored in the future.

Other muscle treatments also enhanced brain function, such as elec-
tronic stimulation and BOTOX®. Pre-clinical studies demonstrated that
electronic stimulation increased the immature neurons and astrocytes of
hippocampus, but not changed the behavior performance of rodents [35,
40]. Recent clinical evidence showed neuromuscular electrical stimula-
tion improved clinical outcomes except for cognitive functions in de-
mentia patients [75,76]. People with vascular dementia may suffer
paratonia [77]. The intramuscular injection of botulinum toxin relieved
muscle tone abnormalities shown in patients [78], and enhanced hip-
pocampal plasticity shown in mice via the proper inhibition of cholin-
ergic neurotransmission [39]. The peripheral nerves that exist in muscle
might be the essential bridge between muscle treatments and brain
changes [79,80]. The enhanced physical activity in patients with para-
tonia by botulinum toxin injection may increase BDNF levels and lead to
stronger brain neuroplasticity [39]. Novel cell and gene therapies could
also benefit brain at the pre-clinical exploratory stage. The brain is not
easily intervened as the muscle, especially in invasive ways. Intramus-
cular injection of mechanical strained mMSCs produced various regen-
erative growth factors, such as hepatocyte growth factor (HGF) and
epidermal growth factor (EGF) to promote neurogenesis and astroglio-
genesis in the hippocampus of aged mice [37]. The muscle-specific
overexpressed Neprilysin and scFv59, myostatin knockdown, as well as
normalizing insulin sensitivity were all beneficial to the brain in mouse
studies. Skeletal muscle increased the expression of hNEP which could
cross the blood-brain barrier to reduce AP deposits in brain [42].
rAAV1-mediated scFv59 increased muscle scFv59 expression and
reduced AP levels in cerebrospinal fluid [44]. Muscle dysfunction may
induce abnormal insulin and glucose metabolism, which negatively
regulates cognitive function [81]. The reduction of muscle myostatin and
insulin resistance might enhance cognitive functions [43,48]. These
muscle-targeted strategies have clinical translation values to treat
cognitive impairment. Nevertheless, muscle-specific PGCla over-
expression fails to increase brain functions as exercise and peroxisome
proliferator-activated receptor & agonist did [46,47,82]. This phenome-
non reminds us that some effects of whole-body treatment did not come
from the altered expression of a single muscle gene. Although various
pre-clinical evidence revealed direct and indirect effects of muscle on
cognitive function and related pathways, there is no favorable result
shown in clinical interventional trials based on old population [83]. It is
important for elderly people to maintain muscle mass and strength,
which can not only prevent against sarcopenia, but also have the po-
tential to slow down cognitive impairment via the above pathways. The
combination of cognition and muscle therapeutic approaches may play a
greater role in cognition improvement. Pilot studies of other novel
muscle treatments should be conducted to observe the effects on brain in
the future [84].

Journal of Orthopaedic Translation 38 (2023) 76-83

To our knowledge, this is the first scoping review to summarize the
current pre-clinical evidence that shows how skeletal muscle affects
cognitive function (mainly AD-related) with our search criteria. We
classified the study designs into three main types to provide a reference
for future research. The muscle-targeted strategies as potential brain
function enhancers were proposed. There are several limitations of this
study. The pre-clinical studies had high heterogeneity so that only
qualitative analysis has been done. Although the risk bias of included
animal studies was not high, some studies only showed the phenotype
changes of the brain or behaviors without in-depth mechanism explo-
ration. Furthermore, publication bias may exist, with only publishment of
the positive roles played by muscle. The evidence were all from animal
models, and the feasibility in human remains unclear. As in-vitro studies
hardly illustrate the relationship across organs, we did not include simple
cell studies. Furthermore, we did not include studies that reported
muscle-brain connection of other conditions, such as anxiety, fear, and
depression, which should be summarized in the future.

In conclusion, current pre-clinical evidence shows that skeletal mus-
cle is an important mediator of cognitive function. Interventions that
induce muscle atrophy, hypertrophy, or regulate muscle gene expression
have aided in the discovery of the remote effects of muscle on brain
(cognitive behaviors, brain functional factors, hippocampal neuro-
genesis, and AP load) through the transportation of muscle-secreted
lactate, FNDC5/irisin, hemopexin, and CTSB. In addition to humoral
and circulatory systems, whether muscle can affect cognition via neural
connection should be investigated in the future.
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