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1  | INTRODUC TION

The escalating proportion of elderly individuals in developed societ-
ies has led to a year-on-year increase in geriatric diseases. Improving 
quality of life for the elderly has thus become a very real problem 
that society must face. The term “sarcopenia” was first proposed 
to describe age-related loss of muscle mass and strength by Irwin 
Rosenberg in 1989. Initially, sarcopenia was generally considered 
to be a complication of ageing,1 but was officially included in the 
ICD-10-MC Diagnosis Code in 2016, marking it as an independent 

disease, which has since attracted widespread attention worldwide.2 
The effects of ethnicity, environment, age and gender on quantity 
and quality of skeletal muscle have been investigated, and the defi-
nition and diagnosis of sarcopenia are being constantly updated. In 
2018, the second European Working Group on Sarcopenia in Older 
People (EWGSOP2) provided an updated definition of sarcopenia as 
an age-related disease with a decline in skeletal muscle quantity or 
quality and a decrease in skeletal muscle strength or physical perfor-
mance.3 The extent of muscle atrophy in 65-year-olds is 5-15% and 
as high as 50% in people over 80 years old, the majority of whom 
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Abstract
Sarcopenia is an age-related disease characterized by disturbed homeostasis of skel-
etal muscle, leading to a decline in muscle mass and function. Loss of muscle mass 
and strength leads to falls and fracture, and is often accompanied by other geriatric 
diseases, including osteoporosis, frailty and cachexia, resulting in a general decrease 
in quality of life and an increase in mortality. Although the underlying mechanisms 
of sarcopenia are still not completely understood, there has been a marked improve-
ment in the understanding of the pathophysiological changes leading to sarcopenia in 
recent years. The role of microRNAs (miRNAs), especially, has been clearer in skeletal 
muscle development and homeostasis. miRNAs form part of a gene regulatory net-
work and have numerous activities in many biological processes. Intervention based 
on miRNAs may develop into an innovative treatment strategy to conquer sarco-
penia. This review is divided into three sections: firstly, the latest understanding of 
the pathogenesis of sarcopenia is summarized; secondly, increasing evidence for the 
involvement of miRNAs in the regulation of muscle quantity or quality and muscle 
homeostasis is highlighted; and thirdly, the possibilities and limitations of miRNAs as 
a treatment for sarcopenia are explored.
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suffer from complications or comorbidities, including falls, fractures, 
osteoporosis, frailty, and cachexia, leading to increased mortality.4

MicroRNAs (miRNAs) are small, ubiquitous and non-coding RNA 
molecules, containing approximately 22 nucleotides, which are 
highly conserved in eukaryotes. By base-pairing with complemen-
tary sequences within mRNA molecules, miRNAs silence mRNA by 
inhibiting translation or allowing degradation of mRNA. miRNAs thus 
act as powerful regulators of gene expression at the post-transcrip-
tional level. Each individual miRNA is capable of targeting diverse 
mRNAs and, additionally, each individual mRNA can be modulated 
by various miRNAs.5 Large numbers of miRNAs have been identi-
fied over recent years by comprehensive analyses of mammalian 
transcripts. miRNAs act as part of a gene regulatory network and 
control numerous biological processes, as well as showing abnormal 
expression in many disease states.6 The in-depth studies of miRNAs 
are of great importance for the diagnosis, treatment and prognosis 
of diseases, and recently, miRNAs have been confirmed to be closely 
associated with the occurrence and development of sarcopenia.7

Sarcopenia is an important manifestation of ageing and causes 
a gradual decline in physiological functions in the elderly, leading to 
decreased quality of life and even reduced life expectancy. Because 
of confused definitions and inaccurate screening tools, sarcopenia 
remains undiagnosed in most cases. Crucially, other than increasing 
exercise and improving nutrition, which may provide some benefit, 
there is no safe and effective intervention for sarcopenia. Effective 
biomarkers and treatments are thus urgently needed to overcome 
sarcopenia. With the development of high-throughput sequenc-
ing technology, a large number of miRNA molecules, which differ 
in sequence, structure, expression and function, have now been 
associated with sarcopenia. This review will summarize the latest 
understanding of the pathophysiological changes that take place in 
sarcopenia and highlight the increasing evidence associating miR-
NAs with sarcopenia (Table 1).

2  | PATHOGENESIS OF SARCOPENIA

Sarcopenia is an age-related disease that is influenced by both en-
vironmental and genetic factors. A variety of risk factors, including 
hormones, inflammation, inactivity, malnutrition, microvasculature 
and insulin resistance, have been associated with the development 
of sarcopenia. These factors interact in skeletal muscle in a complex 
manner, leading to reduced expression of skeletal muscle growth 
factors and excessive oxidative damage, together with enhanced 
activity of the ubiquitin-proteasome system (UPS) and autophagy. 
These mechanisms result in loss of muscle protein homeostasis, 
mitochondrial dysfunction and reduced numbers and function of 
satellite cells, leading eventually to skeletal muscle wasting and 
dysfunction. Additionally, loss of alpha motor neurons (α-MNs), al-
terations in neuromuscular junctions (NMJs) or other factors can 
contribute to atrophy of muscle fibres, especially type II fibres, 
and result in a transition of type II muscle fibres to type I muscle 
fibres. This is accompanied by intramuscular and intermuscular fat 

infiltration, which leads to abnormal skeletal muscle structure and, 
eventually, develops into sarcopenia8 (Figure 1).

2.1 | Abnormalities of satellite cells and 
regenerative capacity

A reduction of approximately 65% in the number of satellite cells, 
which are also known as adult muscle-specific stem cells,9 and ab-
normal characteristics of these cells is observed in skeletal muscle 
of older individuals. This leads to impaired muscle regeneration, 
reduced antioxidant capacity, increased DNA damage and changes 
in gene expression.10 The process of muscle repair/regeneration is 
mainly mediated by the activation of satellite cells, which causes 
the cells to enter the cell cycle, thereby leading to proliferation of 
myogenic precursor cells, which eventually differentiate and fuse 
with existing muscle fibres or form new muscle fibres.11,12 Paired 
box-protein-7 (PAX7), paired box-protein-3 (PAX3) and myogenesis 
regulator factors (MRFs) constitute key regulatory networks in this 
process. PAX7, which is the most important marker gene of satel-
lite cells, determines the proliferation and differentiation of satellite 
cells by regulating genes such as myogenic differentiation (MYOD) 
and myogenic factor 5 (MYF5), which play important roles in repair 
following muscle injury.11,13,14 Quiescent satellite cells begin prolif-
eration mainly by expression of PAX7 rather than MYOD, MYF5 or 
other MRFs. Self-renewal or differentiation of proliferating satel-
lite cells is achieved by maintaining expression of PAX7 and induc-
ing expression of MYOD. By inducing expression of myogenin and 
down-regulating expression of PAX7, some of these satellite cells 
are committed to differentiation. Other satellite cells commit to 
self-renewal by inhibiting expression of MYOD. These cells return 
to the quiescent state to complement the existing quiescent satel-
lite pool, thus ensuring that sufficient numbers of quiescent satel-
lite cells continue to be activated to facilitate subsequent rounds of 
muscle repair. The intricate transcriptional mechanisms that regulate 
the quiescence and activation of satellite cells involve about 500 
functionally diverse expressed genes. The majority of these are con-
trolled transcriptionally and post-transcriptionally,15 suggesting that 
changes in satellite cells are key to the development of sarcopenia. It 
should, however, be noted that some studies have shown that satel-
lite cells may be indispensable in muscle hypertrophy 16 and other 
researchers even believe that satellite cells play a negligible role in 
sarcopenia.17

2.2 | Imbalance of muscle protein homeostasis

Imbalance in protein synthesis and degradation is a major charac-
teristic of muscle wasting in the elderly. It is indisputable that the 
most important signalling pathway for muscle protein synthesis is 
the phosphoinositide 3-kinase/serine-threonine protein kinase/
mammalian target of rapamycin (PI3K/AKT/mTOR) signalling path-
way.18 Simultaneously, this pathway can indirectly promote protein 
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TA B L E  1   Summary of miRNA regulatory networks in sarcopenia

Pathophysiology miRNAs Targets References

Satellite cells miR-1 Pax7 59,60

miR-206 Pax7 59,60

miR-486 Pax7 59,60

miR-27 Pax3, Mef2C 62,63

miR-31 Myf5 64

miR-195 Cdc25, Cnd 65

miR-497 Cdc25, Cnd 65

miR-489 DEK 76

Let-7b/e Pax7 67

Protein homeostasis miR-199-3p IGF-1, mTOR, RPS6K 70

miR-125b IGF-2 68

miR-223 IGF-2 69

miR-133 IGF-1R 71

miR-195 IR, IGF-1R 72

miR-497 IR, IGF-1R 72

miR-487b-3p IRS1 73

miR-128 IR, IRS1, PIK3R1 74,75

miR-106a-5p PI3K 76

miR-432 P55PIK 77

miR-29 Akt3 79

miR-21 TGF-βI 78

miR-26a Smad1 80

miR-27 myostatin, Smad3 82,83

miR-128 myostatin 75

miR-22 TGF-βR1 81

miR-675-3p Smad1, Smad5 84

miR-24-3p Smad2 85

miR-23a MuRF1, MAFbx 86

miR-27a MuRF1, MAFbx 86

miR-351 MuRF1, MAFbx 87

miR-29c MuRF1 88

miR-486 FoxO1, PTEN 89

Muscle fibre types miR-208b Sp3, Sox6, HP-1β, Purβ 91

miR-499 Sp3, Sox6, HP-1β, Purβ 91

Mitochondria and ROS miR-1 mtCox1, mtNd1, mtCytb, mtCox, 
mtAtp8

95

miR-696 PGC-1α 96

miR-23 PGC-1α, 98

miR-34a Bcl-2 99

miR-146a Bcl-2 99

miR-181a Bcl-2 99

miR-340-5p Nrf2 11

miR-206 Nrf2 12

(Continues)
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synthesis by suppressing glycogen synthase-3 (GSK3) and forkhead 
box protein O (FOXO),19 and by inhibiting the activation of Smad2 
by myostatin.20 Another pathway involved in protein synthesis is the 
transforming growth factor-β (TGF-β)/myostatin/bone morphoge-
netic protein (BMP) signalling pathway. Activins and several growth 
and differentiation factors (GDFs), including myostatin, GDF11 and 
TGF-β proteins, depend on Smad2 and Smad3 to regulate target 
genes and result in protein degradation. In contrast, other GDF li-
gands or BMP stimulate the activity of Smad1, Smad5 and Smad8 
and lead to protein synthesis.8 In addition to reduction of anabolic 
signals, UPS and autophagy are two main protein degradation path-
ways and play significant roles in sarcopenia.21 The UPS induces pro-
tein degradation by stimulating expression of muscle atrophy F-box 
(MAFBX), and muscle ring finger 1 (MURF1) has been confirmed in 
some sarcopenia models.22,23 The expression of MAFBX and MURF1 

is mainly regulated by the transcription factors, nuclear factor-κB 
(NF-κB) and FOXO family members, which are induced by inflam-
matory factors or hormones.24 Another important mechanism for 
muscle wasting is autophagy, which leads to degradation of mono-
ubiquitinated proteins and is mainly induced by FOXO transcription 
factors and the AMP-dependent protein kinase (AMPK) signalling 
pathway21 (Figure 2).

2.3 | Muscle fibre transformation

During ageing, muscle fibres, especially type II fibres, atrophy and 
the resulting transition from type II muscle fibres to type I mus-
cle fibres are a prominent feature of sarcopenia.8 Adult muscles 
are composed of different types of muscle fibres and have a wide 

Pathophysiology miRNAs Targets References

Neurodegeneration miR-206 HDAC4 13

miR-375 P53 15

miR-146a NOTCH 16

miR-234 ACH 18

MiR-1 ACH 111

let-7 abrupt 19,110

miR-125 abrupt 19,110

Fat infiltration miR-1-2 BAF subunits 114

miR-133 BAF subunits, PRDM16 114,120

miR-206 BAF subunits 114

miR-499 PRDM16 116

miR-23a PDGFRα 117,118

miR-130b PGC-1α 119

miR-143 ERK5 120

TA B L E  1   (Continued)

F I G U R E  1   The pathogenesis of sarcopenia during ageing
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range of contractile properties.25 Different types of muscle fibres 
express different isoforms of myosin heavy chain (MyHC), includ-
ing MyHC I, MyHC IIa, MyHC IIx and MyHC IIb, which have distinct 
oxidative capacities and ATPase activities and which determine the 
contractility of muscle fibres.25 The type of muscle fibres is mainly 
influenced by loss of α-MNs, a decrease in motor units, changes in 
NMJs and denervation of muscle fibres.8 Klitgaard et al 26 showed 
that coexpression of different isoforms of MyHC in a single muscle 
fibre increases with age, indicating a continuous change in the type 
of muscle fibre.26 There is a general consensus that muscles in el-
derly individuals contain more slow muscle fibres,27,28 which reduces 
contractility ability. Some studies, however, have shown no altera-
tion in the type of muscle fibres with ageing,29 and some have even 
reported an increase in the proportion of fast fibres.30

2.4 | Mitochondrial dysfunction and ROS imbalance

The elderly often suffer from mitochondrial dysfunction and over-
production of reactive oxygen species (ROS), which are important 

causes of sarcopenia.31-33 Mitochondria are the primary regulators 
of energy metabolism in the cell and supply 90% of the energy of the 
cell via oxidative phosphorylation. Mitochondria thus play a central 
role in cellular homeostasis.34 The senescence-associated secretory 
phenotype (SASP) of senescent cells, which is characterized by a sig-
nificant decline in mitochondrial function, an imbalance of metabo-
lism and disrupted homeostasis, leads to ‘signalling noise’ and muscle 
wasting.35 Mitochondrial dysfunction is also closely associated with 
redox imbalance and overproduction of ROS, which is a product of 
normal cellular metabolism. ROS are involved in a variety of cellular 
signal transduction processes and can be accumulated by activated 
aged satellite cells or proliferating aged myoblasts. The imbalance 
in ROS, caused by either excess ROS production or defective ROS 
removal, leads to oxidative stress or damage and results in muscle 
wasting. An imbalance of ROS may activate aberrant p38 mitogen-
activated protein kinase (MAPK) signalling,36,37 deregulate the janus 
kinase/signal transducer and activator of transcription (JAK-STAT) 
signalling pathway,38 deregulate expression of the cell proliferation 
inhibitor, p16INK4a,39 and be associated with defective autophagy 40 
in aged satellite cells. An imbalance in ROS may thus be responsible 

F I G U R E  2   MicroRNA involvement in the homeostasis of muscle protein
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for age-related changes in proliferation and differentiation proper-
ties. ROS can also accelerate degeneration of skeletal muscle and 
lead to sarcopenia by activating the UPS and muscle proteases.41,42 
Excessive accumulation of ROS can damage the structure and func-
tion of mitochondria and induce myocyte apoptosis, which leads to 
dysfunction of the mitochondrial oxidative respiratory chain and in-
creases the production of ROS, eventually forming a vicious cycle.43

2.5 | Neuromuscular degeneration

Normal function of motor neurons is essential for the survival of 
muscle fibres, and loss of α-MNs is a key factor in the pathogenesis 
of sarcopenia. The number of α-MNs was found to be reduced by 
up to 50% after the age of 70, which significantly affected the func-
tion of muscle.44 In the elderly, significant loss of MNs and motor 
units directly leads to decreased muscle coordination and muscle 
strength.44 Deterioration of neuromuscular communication is an-
other significant contributor to sarcopenia in the elderly. Although 
it is difficult to determine the roles of α-MNs and NMJs in regulat-
ing skeletal muscle homeostasis during human ageing, recent re-
search using rodent models has highlighted the importance of these 
factors.45-48 A time-course analysis in ageing mice clearly showed 
that, with increasing age, the morphology of the NMJs underwent 
gradual deterioration, leading to instability of the NMJs.45 Bütikofer 
et al 46 used mice that overexpress neurotrypsin to destabilize NMJs 
in skeletal muscle and found that the stability of NMJs plays a key 
role in regulating muscle fibre mass and function. Regrettably, they 
did not find that neurotrypsin mediates sarcopenia. Hettwer et al 47 
discovered that administration of agrin fragments maintained body 
mass during early post-natal ageing and improved age-related dec-
rements in muscle function. By accelerating muscle ageing induced 
by oxidative damage in mice, Sakelariou et al 48 demonstrated the 
importance of MNs in maintaining muscle homeostasis. In summary, 
both reduced quantity and quality of MNs and changes in NMJ mor-
phology play key roles in the formation of an imbalance of muscle 
homeostasis during ageing. Since nerves affect muscles in many 
ways, their contribution must not be overlooked when studying age-
related changes in skeletal muscle.

2.6 | Fat infiltration

Ageing is often accompanied by increased body adiposity and this 
increase in fat mass is associated with deposition of ectopic fat 
in tissues, including muscle.49 This age-related fat accumulation 
seems to have synergistic effects with sarcopenia. The ageing pro-
cess should be considered as a physiological degradation process, 
which can be accelerated by concomitant lipotoxic insults.49 Several 
studies have shown that the increase in ectopic fat in muscles of 
the elderly can lead to reduced strength and performance, which 
are independently associated with metabolic abnormalities, such as 

insulin resistance.50,51 Several studies have found lipid redistribution 
and increased lipid deposition in muscle of rats fed a high-fat diet. A 
strong negative correlation was shown between myosteatosis and 
muscle volume, suggesting that ‘lipotoxicity’ may lead to the accu-
mulation of lipids in muscle cells, reduce the rate of protein synthesis 
and accelerate the development of sarcopenia.51,52 Increased ca-
tabolism of muscle protein was also seen in rats fed a high-fat diet, 
which may be related to increased levels of free fatty acids and de-
creased levels of adiponectin in plasma.53 Fat accumulation in mus-
cle can also affect the function of mitochondria, leading to reduced 
capacity for oxidation of fatty acids, which has a negative impact on 
protein metabolism.51 Thus, when homeostatic control of adipose 
tissue is lost, infiltration of fat into skeletal muscle may have a detri-
mental effect on muscle function and the balance between protein 
synthesis and degradation.

3  | MIRNA S AND SARCOPENIA

3.1 | miRNAs in the regulation of satellite cells and 
regenerative capacity

miRNAs play key roles in regulating satellite cells and inducing 
myogenesis by their reciprocal regulatory relationship with mul-
tiple transcription factors. miRNAs can influence these processes 
by targeting several myogenic transcription factors,54 and addi-
tionally, these transcription factors can also sometimes directly 
control the expression of miRNAs,55 suggesting that miRNAs are 
an important integral part of the regulatory network in satellite 
cell-mediated myogenesis. miRNAs that are specifically, or highly, 
expressed in skeletal muscle tissue are called myomiRs and in-
clude miR-1, miR-133a, miR-133b, miR-206, miR-208b, miR-486 
and miR-499.56 These may play an important and dynamic role in 
myogenesis, not only during embryonic development but also in 
the adult by maintaining the quiescence and activation of satel-
lite cells.56-58 miR-1 and miR-206 belong to the same family, and 
during differentiation of muscle satellite cells in mice, miR-1/206 
expression is inversely correlated with expression of Pax7 protein. 
It has been confirmed that miR-1/206/486 can inhibit proliferation 
of satellite cells by targeting the Pax7 gene and promoting differ-
entiation of myoblasts.59,60 Local injection of miR-1, miR-133 and 
miR-206 has been shown to accelerate muscle regeneration in in-
jured rats, which may be related to increased expression of MRFs, 
suggesting that miRNAs might be used as a therapeutic strategy 
against muscle damage.61 In mice, miR-27 can directly target Pax3 
to inhibit proliferation and migration and promote differentiation 
of satellite cells.62 It has also been shown that miR-27 can pro-
mote proliferation of satellite cells and muscle fibre hypertro-
phy by down-regulating myocyte enhancer factor 2C (Mef2C).63 
In cytoplasm, miR-31 and Myf5 mRNA can associate with pro-
teins to form messenger ribonucleoprotein granules, thereby 
inhibiting post-transcriptional translation of Myf5 and keeping 
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skeletal muscle satellite cells quiescent.64 Additionally, miR-195 
and miR-497 target Cdc25 and Ccnd genes and miR-489 targets 
DEK genes to maintain the skeletal muscle satellite cells in a qui-
escent state.65,66 In another study, Let-7b/e were up-regulated 
during ageing of skeletal muscle, possibly affecting the expression 
of Pax7 through repression of cell cycle regulators, and impeding 
satellite cell self-renewal.67

3.2 | miRNAs in muscle protein homeostasis

The PI3K/AKT/mTOR and TGF-β/myostatin/BMP pathways in-
crease protein synthesis and are vital for myogenic differentiation. 
Conversely, the UPS and autophagy/lysosome systems activate pro-
tein degradation and are detrimental to myogenic differentiation. 
It has been reported that some miRNAs are involved in regulating 
several targets of the PI3K/AKT/mTOR pathway in muscle develop-
ment. For example, miR-125b and miR-223, acting through their tar-
get insulin-like growth factor (IGF)-2, and miR-199-3p, acting through 
IGF-1, regulate the PI3K/AKT/mTOR pathway and blunt rates of pro-
tein synthesis.68-70 miR-133, miR-195 and miR-497 can target IGF-1 
receptor (IGF-1R) during skeletal myogenesis.71,72 miR-487b-3p in-
hibits protein synthesis through its target insulin receptor substrate 
1 (IRS1).73 miR-128 participates in the PI3K/AKT/mTOR signalling 
pathway by targeting IR, IRS1 and phosphoinositide-3-kinase regu-
latory subunit alpha (PIK3R1).74,75 Phosphatidylinositol 3-kinase reg-
ulatory subunit (P55PIK) and PI3K proteins, which are encoded by 
PIK3R1, are targeted by miR-432 and miR-106a-5p, respectively.76,77 
In addition to targeting IGF-1, miR-199-3p has also been found to 
target mTOR and ribosomal protein S6 kinase (RPS6K), two signifi-
cant factors in the PI3K/AKT/mTOR pathway.70 miR-21 also targets 
transforming growth factor-beta-induced (TGFβI) and suppresses 
PI3K/AKT signalling, thereby regulating skeletal muscle develop-
ment.78 By directly targeting Akt3, miR-29 appears to participate in 
regulating the same pathway, leading to inhibition of protein syn-
thesis.79 The TGF-β/myostatin/BMP pathway is also regulated by 
several miRNAs. For example, TGF-βI and Smad1 are targeted by 
miR-21 and miR-26a, respectively,78,80 transforming growth factor 
β1 (TGF-β1) is targeted by miR-22 and myostatin is targeted by miR-
128.75,81 Additionally, miR-27 regulates the BMP pathway by target-
ing myostatin and Smad3, miR-675-3p regulates the BMP pathway 
by targeting Smad1 and Smad5,82-84 and miR-24-3p regulates muscle 
fibrosis by targeting Smad2.85 miRNAs are also involved in the UPS 
and autophagy. MuRF1 and MAFbx, two E3 ubiquitin ligases that are 
vital for protein degradation during muscle atrophy, were found to 
be regulated by miR-23a, miR-27a and miR-351.86,87 Overexpression 
of miR-29c can increase muscle mass by 40% through inhibition 
of MuRF1.88 miR-486, which targets FoxO1 and phosphatase and 
tensin homologue (PTEN), also regulates protein degradation by in-
activation of skeletal muscle atrophy signalling.89 Although specific 
targets and molecular mechanisms of these differentially expressed 
miRNAs remain to be explored, they have been demonstrated to 
play a vital role in muscle protein homeostasis (Figure 2).

3.3 | miRNAs in different types of muscle fibre

Muscle fibres often change with age, and the principal difference 
between the different types of fibre is the composition of MyHC 
isoforms.90 Since these MyHC isoforms are encoded by independ-
ent genes located at specific genomic loci in humans, it was believed 
that the composition of different types of muscle fibre was regu-
lated mainly at the transcriptional level,90 although this viewpoint 
has gradually been challenged by myomiRs. miR-208a, miR-208b and 
miR-499, three types of myomiR from the same family, are embed-
ded in the muscle-specific MyHC genes Myh6, Myh7 and Myh7b, re-
spectively, and play significant roles in regulating the composition of 
different types of muscle fibre by regulating myosin isoforms.91,92 
miR-208a is specifically expressed in cardiac muscle, whereas two 
other myomiRs, miR-208b and miR-499, are also expressed in type 
I muscle fibres.91 miR-208b and miR-499 play vital regulatory roles 
in controlling transformation of muscle fibres, not only by inhibiting 
fast myofibre-specific genes but also by activating slow myofibre-
specific genes.91,92 Overexpression of miR-499 has been shown to 
completely transform fast muscle fibres into slow muscle fibres in 
soleus muscle.91 On the other hand, double knockout of miR-499 
and miR-208b in mice led to a significant decrease in type I fibres 
in soleus muscle, decreased expression of MyHC I at both protein 
and mRNA levels, and increased expression of MyHC IIB and IIX iso-
forms. On the basis of these findings, van Rooij et al 91 proposed that 
the effect of myomiRs on the identity of muscle fibres is mediated 
mainly by targeting transcriptional inhibitors of slow muscle fibre 
genes, including Sp3, Sox6, HP-1β and Purβ. Interestingly, knockout 
of Sox6 in the skeletal muscle of mice leads to the fast-to-slow con-
version of muscle fibres.93,94 It is noteworthy that myomiRs are all 
embedded in introns of various MyHC genes and hence have the 
same expression level as the host gene. On the other hand, these 
myomiRs can target transcription factors and, in turn, regulate the 
expression of the MyHC genes. It seems, therefore, that nature uses 
an endogenous feedback mechanism between miRNAs and MyHC 
to fine-tune muscle fibre types and thus regulate muscle physiology 
and performance.

3.4 | miRNAs in mitochondria and ROS

Mitochondrial dysfunction and oxidative damage are key pro-
cesses underlying the majority of age-related diseases, including 
sarcopenia. The role of mitochondria in sarcopenia is very sug-
gestive of their role in energy metabolism. miR-1 not only inhibits 
cytoplasmic gene expression by targeting HDAC4 and Hand2 but 
also promotes the expression of mitochondrial genes by target-
ing mtCox1, mtNd1, mtCytb, mtCox3 and mtAtp8.95 This suggests 
that some miRNAs can coordinate the concurrent translation of 
nuclear-encoded and mitochondrial-encoded mitochondrial pro-
teins. miR-696 negatively affects fatty acid oxidation and mito-
chondrial function by targeting the transcription factor peroxisome 
proliferator-activated receptor γ coactivator 1α (PGC-1α), a master 
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regulator of mitochondrial biogenesis and ROS removal.96 Another 
study showed that deficiency of miR-133a in mice led to low levels 
of Pgc-1α and nuclear respiratory factor-1(Nrf1), and lower mito-
chondrial mass and exercise tolerance.97 This phenotype is simi-
lar to the sarcopenia phenotype, suggesting that miR-133a has a 
significant role in maintaining skeletal muscle mitochondrial dy-
namics. Overexpression of miR-23 in amyotrophic lateral sclerosis 
(ALS) patients also represses the expression of PGC-1α, resulting 
in mitochondrial dysfunction.98 By regulating B-cell lymphoma-2 
(Bcl-2), several ageing-related mitomiRs (−34a −146a and −181a) 
may also play direct roles in controlling mitochondrial function by 
regulating the expression of mitochondrial proteins. The result-
ing loss of mitochondrial function and integrity would result in 
inflammation, elevated levels of ROS, apoptosis and age-related 
diseases, assuming that some typical alterations of senescence 
may depend on the deregulation of mitomiRs.99,100 miR-340-5p 
and miR-206 have also been shown to regulate ROS generation 
in skeletal muscle via nuclear respiratory factor-1(Nrf2), which is 
a key factor in regulating redox homeostasis. Whether these miR-
NAs are involved in sarcopenia remains unknown.11,102

3.5 | miRNAs in neurodegeneration

Changes in MNs and NMJ morphology are important features in the 
elderly with sarcopenia. The function of skeletal muscle requires in-
nervation by the central nervous system to form the motor units of 
muscle. Dysfunction or loss of innervation can lead to a variety of 
muscle disorders, in which miRNAs play an indispensable role. It has 
been demonstrated that miR-206, which is mainly expressed in skel-
etal muscle, is a key regulator of signals between MNs and NMJs.13 
In mouse models, miR-206 delayed the progression of experimen-
tal ALS and promoted regeneration of neuromuscular synapses.13 
Gene ablation of miR-206, on the other hand, accelerated disease 
progression, delayed NMJ regeneration and reinnervation, and sub-
sequently accelerated skeletal muscle atrophy.13,104 Additionally, by 
targeting tumour suppressor p53, miR-375 also plays a protective 
role in the development of MNs.15 In mice with spinal muscular atro-
phy, miR-146a is up-regulated and overexpression of miR-146a tends 
to induce loss of MNs, whereas inhibiting miR-146a prevents loss of 
MNs 16. miR-23a was also shown to significantly reduce pathology 
in mice with spinal muscular atrophy by increasing the size of motor 
neurons, decreasing pathology associated with NMJs, increasing 
the area of muscle fibres and prolonging survival 17. Overexpression 
of miR-234 has been found to endow resistance to the acetylcho-
linesterase inhibitor aldicarb, suggesting that miR-234 can control 
neuropeptide levels and lead to NMJ dysfunction 18. During the de-
velopment of drosophila, let-7 and miR-125 control the maturation 
of NMJs by targeting abrupt genes 19,110. miR-1 also participates in 
the regulation of NMJs by a MEF2-dependent mechanism 111. These 
studies indicate that miRNAs play key roles in regulating the qual-
ity and quantity of MNs and NMJs. There have been, however, few 
studies in models of sarcopenia, and more research is needed to 

clarify whether miRNAs play roles in regulating neurodegeneration 
in sarcopenia.

3.6 | miRNAs in fat infiltration

In sarcopenia, muscle wasting is commonly associated with fat infil-
tration. During muscle atrophy caused by ageing and malnutrition, 
fibro-adipogenic progenitors (FAPS) are uncontrollably activated 
and differentiated into fibroblasts and adipocytes, leading to infiltra-
tion of adipose tissue and fibrotic scars, which limits proper muscle 
regeneration and repair.112,113 MyomiRs (miR-1-2, miR-133 and miR-
206) have been shown to regulate the FAP functional phenotype in 
malnourished mice by regulating the ATP-dependent BRG1/BRM 
associated factor (BAF) subunits, which may contribute to deposi-
tion of ectopic adipose tissue.114 Additionally, miR-133 and miR-
499 regulate brown adipocyte differentiation by directly targeting 
PR domain containing 16 (PRDM16), the major transcription factor 
for brown adipogenesis.115,116 By inhibiting the differentiation of 
platelet-derived growth factor receptor α+ (PDGFRα+) progenitor 
cells into adipocytes, overexpression of miR-23a was shown to re-
duce lipid accumulation in skeletal muscle.117,118 miR-130b, secreted 
from adipocytes, was able to target muscle cells and reduce expres-
sion of PGC-1α, which plays an important role in lipid oxidation in 
muscle.119 Additionally, miR-143 promoted synthesis of triglycerides, 
both in humans and rodents, which may contribute to infiltration of 
adipocytes.120 These data suggest that miRNAs may participate in 
accumulation of fat during sarcopenia.

4  | PROSPEC TS OF MIRNA THER APY FOR 
SARCOPENIA

There is currently no particularly effective treatment strategy for 
sarcopenia, and reasonable exercise and a proper diet are typically 
recommended as safe, validated, low cost, non-pharmacological in-
terventions. Assistive treatments, such as hydrotherapy, vibration 
therapy and functional electrical stimulation, may also be used as 
supplementary procedures. Pharmacological treatments, especially 
hormone preparations, produce marked benefits but the side effects 
are also very prominent. MiRNAs are endogenous and multifunc-
tional small molecules with limited potential for immunogenicity to 
the human genome, and they have numerous activities in various 
biological processes and promise to become a new therapy for dis-
eases. Investigation of miRNA therapy for challenging diseases re-
mains an area of great interest.

Patisiran has received global approval in 2018 for the treatment 
of transthyretin-mediated amyloidosis, founding the first RNA in-
terference (RNAi)-based therapeutic worldwide.121 The discovery 
of RNAi technology greatly broadens the source and development 
direction of human drugs. This is a more specific and effective 
treatment strategy. In addition, RNAi technology has other advan-
tages, such as short pre-clinical development cycle and abundant 
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candidate targets. RNA-based therapeutics are expected to become 
a rapidly growing market and gain more and more commercial in-
terests. Unfortunately, there are no miRNA-based drugs have been 
used to the clinic yet and only a few drugs have entered phase I or 
phase II clinical trials (Table 2). Miravirsen, an antisense to human 
miRNA-122, has reached phase II clinical trials for hepatitis C virus 
infection and appears to be well tolerated and to have no dose-lim-
iting toxicity.122 Unfortunately, MRX34, a liposomal miR-34 mimetic 
for the treatment of liver cancer, phase I clinical trials were halted 
for immune-related serious adverse events.123 In addition, many 
other miRNA-based therapies are in the pre-clinical stage. There are 
many limitations and difficulties in miRNA-based therapies that lead 
to their current lack of success. Identification of miRNA targets of 
interest remains an important challenge, and the heterogeneity of 
miRNA expression continues to hinder the development of miRNA 
drugs.124 Ensuring target specificity and limiting unnecessary off 
target effects and toxicity are also significant hurdles for miRNA 
drugs.125 Other issues that need to be urgently addressed include 
the development of appropriate delivery systems to provide safety 
and stability, understanding the long-term effects of regulating 
miRNA activity, establishing the safety and efficacy of miRNA-based 
therapeutics and modelling the pharmacodynamics and pharmacoki-
netics of these miRNA drugs.

With ageing, deregulation of miRNAs in muscle is closely associ-
ated with sarcopenia, suggesting that miRNAs may be a viable ther-
apeutic target for sarcopenia. Compared with studies of miRNA in 
diseases such as cancer and heart disease, the study of miRNA func-
tion in skeletal muscle, especially in sarcopenia, is still in its infancy 
and the roles and specific mechanisms of miRNAs in sarcopenia need 
to be further elucidated. Efficient delivery systems and stable ther-
apeutic molecules will be key to the development of miRNA-based 
therapy for muscle diseases, including sarcopenia. Increasing num-
bers of clinical trials of miRNA-based therapies are under way, and 

these should provide proof of principle for the use of miRNA to fight 
refractory diseases. The development of miRNA-based therapy for 
sarcopenia will inevitably face challenges but, once these obstacles 
are overcome, miRNA-based therapy may provide a welcome strat-
egy for the treatment of sarcopenia.

5  | CONCLUSIONS

Loss of skeletal muscle is a major problem associated with ageing. 
The decline in muscle quantity and quality leads to decreased quality 
of life and increased mortality. Many studies have sought to iden-
tify the intrinsic and external factors that cause muscle ageing and 
to discover targeted interventions for age-related muscle atrophy. 
miRNAs in mammalian genomes are essential for the development 
and function of life, and a large number of miRNAs are important 
regulators. Their expression profiles change with age, functionally 
contributing to ageing-related loss of muscle quantity and quality. 
With continuous updating of technology to detect miRNAs, the un-
derstanding of the roles of miRNAs as a whole will become more 
comprehensive. This review article describes how, by negatively 
regulating the expression of target genes, miRNAs modulate the 
processes involved in sarcopenia and also discusses the prospect 
of miRNAs as a treatment for sarcopenia. In summary, miRNAs are 
promising small molecule therapeutics and it is hoped that, through 
both large scale validation research and carefully designed func-
tional research using in vitro and in vivo systems, miRNAs will, in the 
future, become an effective means of treating refractory diseases.
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TA B L E  2   miRNA-based treatment in clinical trials

Name Therapeutic agent Delivery system Target disease Stage
National clinical 
trials number

MesomiR-1 miR-16 mimic EnGeneIC Dream 
Vector

Malignant pleural mesothelioma non-
small cell lung cancer

Phase I NCT02369198

MRG-201 miR-29 mimic Cholesterol-
conjugated miRNA 
duplex

Keloid Phase II NCT03601052

MRG-201 miR-29 mimic Cholesterol-
conjugated miRNA 
duplex

Fibrosis Phase I NCT02603224

Miravirsen Anti-miR-122 LNA antagomir Hepatitis C Phase II NCT02452814
NCT02508090

RG-012 Anti-miR-21 NA Hereditary nephritis Phase II NCT02855268

MRG-106 Anti-miR-155 LNA-modified 
antisense inhibitor

CTCL; MF Phase II NCT03713320
NCT03837457

MRG-106 Anti-miR-155 LNA-modified 
antisense inhibitor

CLL; DLBCL; ATLL Phase I NCT02580552

MRG-110 Anti-miR-92 LNA antagomir Wounds Phase I NCT03603431



     |  4909YIN et al.

CONFLIC T OF INTERE S T
The authors declare that there are no conflicts of interest.

AUTHOR CONTRIBUTION
All authors have contributed to the writing of the manuscript.

ORCID
Xiang Zhou  https://orcid.org/0000-0001-6722-5800 

R E FE R E N C E S
 1. Rosenberg IH. Summary comments. Am J Clin Nutr. 

1989;50:1231-1233.
 2. Cruz-Jentoft AJ, Landi F, Topinkova E, Michel JP. Understanding 

sarcopenia as a geriatric syndrome. Curr Opin Clin Nutr Metab Care. 
2010;13:1-7.

 3. Cruz-Jentoft AJ, Bahat G, Bauer J, et al. Sarcopenia: revised European 
consensus on definition and diagnosis. Age Ageing. 2019;48:16-31.

 4. Marty E, Liu Y, Samuel A, Or O, Lane J. A review of sarcopenia: 
enhancing awareness of an increasingly prevalent disease. Bone. 
2017;105:276-286.

 5. Jung HJ, Lee KP, Kwon KS, Suh Y. MicroRNAs in skeletal muscle 
aging: current issues and perspectives. J Gerontol A Biol Sci Med Sci. 
2019;74:1008-1014.

 6. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and 
function. Cell. 2004;116:281-297.

 7. Nie M, Deng ZL, Liu J, Wang DZ. Noncoding RNAs, emerging reg-
ulators of skeletal muscle development and diseases. Biomed Res 
Int. 2015;2015:676575.

 8. Larsson L, Degens H, Li M, et al. Sarcopenia: aging-related loss of 
muscle mass and function. Physiol Rev. 2019;99:427-511.

 9. Brack AS, Bildsoe H, Hughes SM. Evidence that satellite cell dec-
rement contributes to preferential decline in nuclear number from 
large fibres during murine age-related muscle atrophy. J Cell Sci. 
2005;118:4813-4821.

 10. Brack AS, Muñoz-Cánoves P. The ins and outs of muscle stem cell 
aging. Skelet Muscle. 2016;6:1.

 11. Schmidt M, Schüler SC, Hüttner SS, von Eyss B, von Maltzahn J. 
Adult stem cells at work: regenerating skeletal muscle. Cell Mol Life 
Sci. 2019;76:2559-2570.

 12. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell 
niche. Physiol Rev. 2013;93:23-67.

 13. Günther S, Kim J, Kostin S, Lepper C, Fan CM, Braun T. Myf5-positive 
satellite cells contribute to Pax7-dependent long-term maintenance 
of adultmuscle stem cells. Cell Stem Cell. 2013;13:590-601.

 14. von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical 
for the normal function of satellite cells in adult skeletal muscle. 
Proc Natl Acad Sci USA. 2013;110:16474-16479.

 15. Almada AE, Wagers AJ. Molecular circuitry of stem cell fate in 
skeletal muscle regeneration, ageing and disease. Nat Rev Mol Cell 
Biol. 2016;17:267-279.

 16. McCarthy JJ, Mula J, Miyazaki M, et al. Effective fiber hyper-
trophy in satellite cell-depleted skeletal muscle. Development. 
2011;138:3657-3666.

 17. Fry CS, Lee JD, Mula J, et al. Inducible depletion of satellite cells in 
adult, sedentary mice impairs muscle regenerative capacity with-
out affecting sarcopenia. Nat Med. 2015;21:76-80.

 18. Schiaffino S, Mammucari C. Regulation of skeletal muscle growth 
by the IGF1-Akt/PKB pathway: insights from geneticmodels. 
Skelet Muscle. 2011;1:4.

 19. Rommel C, Bodine SC, Clarke BA, et al. Mediation of IGF-1-
induced skeletal myotube hypertrophy by PI(3)K/Akt/mTOR and 
PI(3)K/Akt/GSK3 pathways. Nat Cell Biol. 2001;3:1009-1013.

 20. Trendelenburg AU, Meyer A, Rohner D, Boyle J, Hatakeyama S, 
Glass DJ. Myostatin reduces Akt/TORC1/p70S6K signaling, inhib-
iting myoblast differentiation and myotube size. Am J Physiol Cell 
Physiol. 2009;296:C1258-1270.

 21. Tan KT, Ang SJ, Tsai SY. Sarcopenia: tilting the balance of protein 
homeostasis. Proteomics. 2020;20:e1800411.

 22. Urso ML, Chen YW, Scrimgeour AG, Lee PC, Lee KF, Clarkson PM. 
Alterations in mRNA expression and protein products following 
spinal cord injury in humans. J Physiol. 2007;579:877-892.

 23. Mangner N, Weikert B, Bowen TS, et al. Skeletal muscle alterations 
in chronic heart failure: differential effects on quadriceps and dia-
phragm. J Cachexia Sarcopenia Muscle. 2015;6:381-390.

 24. Cai D, Frantz JD, Tawa NE Jr, et al. IKKbeta/NF-kappaB activation 
causes severe muscle wasting in mice. Cell. 2004;119:285-298.

 25. Gundersen K. Excitation-transcription coupling in skeletal mus-
cle: the molecular pathways of exercise. Biol Rev Camb Philos Soc. 
2011;86:564-600.

 26. Klitgaard H, Mantoni M, Schiaffino S, et al. Function, morphology 
and protein expression of ageing skeletal muscle: a cross-sectional 
study of elderly men with different training backgrounds. Acta 
Physiol Scand. 1990;140:41-54.

 27. Nilwik R, Snijders T, Leenders M, et al. The decline in skeletal mus-
cle mass with aging is mainly attributed to a reduction in type II 
muscle fiber size. Exp Gerontol. 2013;48:492-498.

 28. Ohlendieck K. Proteomic profiling of fast-to-slow muscle transi-
tions during aging. Front Physiol. 2011;2:105.

 29. Gueugneau M, Coudy-Gandilhon C, Théron L, et al. Skeletal mus-
cle lipid content and oxidative activity in relation to muscle fiber 
type in aging and metabolic syndrome. J Gerontol A Biol Sci Med Sci. 
2015;70:566-576.

 30. Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans WJ, 
Roubenoff R. Aging of skeletal muscle: a 12-yr longitudinal study. 
J Appl Physiol (1985). 2000;88(4):1321-1326.

 31. Brzeszczyńska J, Meyer A, McGregor R, et al. Alterations in the in 
vitro and in vivo regulation of muscle regeneration in healthy age-
ing and the influence of sarcopenia. J Cachexia Sarcopenia Muscle. 
2018;9:93-105.

 32. Marzetti E, Calvani R, Cesari M, et al. Mitochondrial dysfunction 
and sarcopenia of aging: from signaling pathways to clinical trials. 
Int J Biochem Cell Biol. 2013;45:2288-2301.

 33. Vasilaki A, Jackson MJ. Role of reactive oxygen species in the 
defective regeneration seen in aging muscle. Free Radic Biol Med. 
2013;65:317-323.

 34. Herst PM, Rowe MR, Carson GM, Berridge MV. Functional mi-
tochondria in health and disease. Front Endocrinol (Lausanne). 
2017;8:296.

 35. Baar MP, Perdiguero E, Muñoz-Cánoves P, De Keizer PL. 
Musculoskeletal senescence: a moving target ready to be elimi-
nated. Curr Opin Pharmacol. 2018;40:147-155.

 36. Cosgrove BD, Gilbert PM, Porpiglia E, et al. Rejuvenation of the 
muscle stem cell population restores strength to injured aged mus-
cles. Nat Med. 2014;20:255-264.

 37. Bernet JD, Doles JD, Hall JK, et al. p38 MAPK signaling underlies a 
cell-autonomous loss of stem cell self-renewal in skeletalmuscle of 
aged mice. Nat Med. 2014;20:265-271.

 38. Price FD, von Maltzahn J, Bentzinger CF, et al. Inhibition of JAK-
STAT signaling stimulates adult satellite cell function. Nat Med. 
2014;20:1174-1181.

 39. Sousa-Victor P, Gutarra S, García-Prat L, et al. Geriatric muscle 
stem cells switch reversible quiescence into senescence. Nature. 
2014;506:316-321.

 40. García-Prat L, Martínez-Vicente M, Perdiguero E, et al. 
Autophagy maintains stemness by preventing senescence. Nature. 
2016;529:37-42.

https://orcid.org/0000-0001-6722-5800
https://orcid.org/0000-0001-6722-5800


4910  |     YIN et al.

 41. Viña J, Borras C, Abdelaziz KM, Garcia-Valles R, Gomez-Cabrera 
MC. The free radical theory of aging revisited: the cell signaling 
disruption theory of aging. Antioxid Redox Signal. 2013;19:779-787.

 42. Fulle S, Protasi F, Di Tano G, et al. The contribution of reactive 
oxygen species to sarcopenia and muscle ageing. Exp Gerontol. 
2004;39:17-24.

 43. Maack C, Böhm M. Targeting mitochondrial oxidative stress 
in heart failure: throttling the afterburner. J Am Coll Cardiol. 
2011;58:83-86.

 44. Doherty TJ. Invited review: Aging and sarcopenia. J Appl Physiol. 
1985;2003(95):1717-1727.

 45. Valdez G, Tapia JC, Kang H, et al. Attenuation of age-related 
changes in mouse neuromuscular synapses by caloric restriction 
and exercise. Proc Natl Acad Sci U S A. 2010;107:14863-14868.

 46. Bütikofer L, Zurlinden A, Bolliger MF, Kunz B, Sonderegger P. 
Destabilization of the neuromuscular junction by proteolytic 
cleavage of agrin results in precocious sarcopenia. FASEB J. 
2011;25:4378-4393.

 47. Hettwer S, Lin S, Kucsera S, et al. Injection of a soluble fragment 
of neural agrin (NT-1654) considerably improves the musclepa-
thology caused by the disassembly of the neuromuscular junction. 
PLoS ONE. 2014;9:e88739.

 48. Sakellariou GK, Davis CS, Shi Y, et al. Neuron-specific expres-
sion of CuZnSOD prevents the loss of muscle mass and function 
that occurs in homozygous CuZnSOD-knockout mice. FASEB J. 
2014;28:1666-1681.

 49. Carter CS, Justice JN, Thompson L. Lipotoxicity, aging, and 
muscle contractility: does fiber type matter? Geroscience. 
2019;41:297-308.

 50. Zoico E, Rossi A, Di Francesco V, et al. Adipose tissue infiltration 
in skeletal muscle of healthy elderly men: relationships with body-
composition, insulin resistance, and inflammation at the systemic 
and tissue level. J Gerontol A Biol Sci Med Sci. 2010;65:295-299.

 51. Tardif N, Salles J, Guillet C, et al. Muscle ectopic fat deposition 
contributes to anabolic resistance in obese sarcopenic old rat-
sthrough eIF2α activation. Aging Cell. 2014;13:1001-1011.

 52. Bollheimer LC, Buettner R, Pongratz G, et al. Sarcopenia in the 
aging high-fat fed rat: a pilot study for modeling sarcopenic obe-
sity in rodents. Biogerontology. 2012;13:609-620.

 53. Zhou Q, Du J, Hu Z, Walsh K, Wang XH. Evidence for adipose-mus-
cle cross talk: opposing regulation of muscle proteolysis by adi-
ponectin and Fatty acids. Endocrinology. 2007;148:5696-5705.

 54. Xu M, Chen X, Chen D, et al. Regulation of skeletal myogenesis by 
microRNAs. J Cell Physiol. 2020;235:87-104.

 55. Williams AH, Liu N, van Rooij E, Olson EN. MicroRNA con-
trol of muscle development and disease. Curr Opin Cell Biol. 
2009;21:461-469.

 56. Siracusa J, Koulmann N, Banzet S. Circulating myomiRs: a new 
class of biomarkers to monitor skeletal muscle in physiology and 
medicine. J Cachexia Sarcopenia Muscle. 2018;9:20-27.

 57. Diniz GP, Wang DZ. Regulation of skeletal muscle by microRNAs. 
Compr Physiol. 2016;6:1279-1294.

 58. Goljanek-Whysall K, Sweetman D, Münsterberg AE. microRNAs 
in skeletal muscle differentiation and disease. Clin Sci (Lond). 
2012;123:611-625.

 59. Chen JF, Tao Y, Li J, et al. microRNA-1 and microRNA-206 regulate 
skeletal muscle satellite cell proliferation and differentiation by re-
pressing Pax7. J Cell Biol. 2010;190:867-879.

 60. Dey BK, Gagan J, Dutta A. miR-206 and -486 induce myo-
blast differentiation by downregulating Pax7. Mol Cell Biol. 
2011;31:203-214.

 61. Nakasa T, Ishikawa M, Shi M, Shibuya H, Adachi N, Ochi M. 
Acceleration of muscle regeneration by local injection of mus-
cle-specific microRNAs in ratskeletal muscle injury model. J Cell 
Mol Med. 2010;14:2495-2505.

 62. Crist CG, Montarras D, Pallafacchina G, et al. Muscle stem cell be-
havior is modified by microRNA-27 regulation of Pax3 expression.
Proc Natl Acad. Sci USA. 2009;106:13383-13387.

 63. Dong C, Yang XZ, Zhang CY, et al. Myocyte enhancer factor 2C 
and its directly-interacting proteins: a review. Prog Biophys Mol 
Biol. 2017;126:22-30.

 64. Crist CG, Montarras D, Buckingham M. Muscle satellite cells are 
primed for myogenesis but maintain quiescence with sequestra-
tion of Myf5 mRNA targeted by microRNA-31 in mRNP granules. 
Cell Stem Cell. 2012;11:118-126.

 65. Sato T, Yamamoto T, Sehara-Fujisawa A. miR-195/497 induce 
postnatal quiescence of skeletal muscle stem cells. Nat Commun. 
2014;5:4597.

 66. Cheung TH, Quach NL, Charville GW, et al. Maintenance 
of muscle stem-cell quiescence by microRNA-489. Nature. 
2012;482:524-528.

 67. Drummond MJ, McCarthy JJ, Sinha M, et al. Aging and microRNA 
expression in human skeletal muscle: a microarray and bioinfor-
matics analysis. Physiol Genomics. 2011;43:595-603.

 68. Ge Y, Sun Y, Chen J. IGF-II is regulated by microRNA-125b in skel-
etal myogenesis. J Cell Biol. 2011;192:69-81.

 69. Li G, Luo W, Abdalla BA, et al. MiRNA-223 upregulated by MYOD 
inhibits myoblast proliferation by repressing IGF2 and facili-
tates myoblast differentiation by inhibiting ZEB1. Cell Death Dis. 
2017;8:e3094.

 70. Jia L, Li YF, Wu GF, et al. MiRNA-199a-3p regulates C2C12 myo-
blast differentiation through IGF-1/AKT/mTOR signalpathway. Int 
J Mol Sci. 2013;15:296-308.

 71. Huang MB, Xu H, Xie SJ, Zhou H, Qu LH. Insulin-like growth fac-
tor-1 receptor is regulated by microRNA-133 during skeletal myo-
genesis. PLoS ONE. 2011;6:e29173.

 72. Wei W, Zhang WY, Bai JB, et al. The NF-κB-modulated microRNAs 
miR-195 and miR-497 inhibit myoblast proliferation by targeting 
Igf1r, Insr and cyclin genes. J Cell Sci. 2016;129:39-50.

 73. Wang J, Tan J, Qi Q, et al. MiR-487b-3p Suppresses the 
Proliferation and Differentiation of Myoblasts by Targeting IRS1 in 
Skeletal Muscle Myogenesis. Int J Biol Sci. 2018;14:760-774.

 74. Motohashi N, Alexander MS, Shimizu-Motohashi Y, Myers 
JA, Kawahara G, Kunkel LM. Regulation of IRS1/Akt insu-
lin signaling by microRNA-128a during myogenesis. J Cell Sci. 
2013;126:2678-2691.

 75. Shi L, Zhou B, Li P, et al. MicroRNA-128 targets myostatin at cod-
ing domain sequence to regulate myoblasts in skeletalmuscle de-
velopment. Cell Signal. 2015;27:1895-1904.

 76. Li X, Zhu Y, Zhang H, et al. microRNA-106a-5p inhibited C2C12 
myogenesis via targeting PIK3R1 and modulating the PI3K/AKT 
signaling. Genes (Basel). 2018;9(7):333.

 77. Ma M, Wang X, Chen X, et al. microRNA-432 targeting E2F3 and 
P55PIK inhibits myogenesis through PI3K/AKT/mTOR signaling-
pathway. RNA Biol. 2017;14:347-360.

 78. Bai L, Liang R, Yang Y, et al. MicroRNA-21 regulates PI3K/Akt/
mTOR signaling by targeting TGFβI during skeletal muscle devel-
opment in pigs. PLoS ONE. 2015;10:e0119396.

 79. Wei W, He HB, Zhang WY, et al. MiR-29 targets Akt3 to reduce 
proliferation and facilitate differentiation of myoblasts in skeletal 
muscle development. Cell Death Dis. 2013;4:e668.

 80. Wong CF, Tellam RL. MicroRNA-26a targets the histone methyl-
transferase Enhancer of Zeste homolog 2 during myogenesis. J Biol 
Chem. 2008;283:9836-9843.

 81. Wang H, Zhang Q, Wang B, et al. MiR-22 regulates C2C12 myo-
blast proliferation and differentiation by targeting TGFBR1. Eur J 
Cell Biol. 2018;97:257-268.

 82. Huang Z, Chen X, Yu B, He J, Chen D. MicroRNA-27a promotes 
myoblast proliferation by targeting myostatin. Biochem Biophys Res 
Commun. 2012;423:265-269.



     |  4911YIN et al.

 83. McFarlane C, Vajjala A, Arigela H, et al. Negative auto-regulation 
of myostatin expression is mediated by Smad3 and microRNA-27. 
PLoS ONE. 2014;9:e87687.

 84. Dey BK, Pfeifer K, Dutta A. The H19 long noncoding RNA gives 
rise to microRNAs miR-675-3p and miR-675-5p to promote 
skeletal muscle differentiation and regeneration. Genes Dev. 
2014;28:491-501.

 85. Sun Y, Wang H, Li Y, Liu S, Chen J, Ying H. miR-24 and miR-122 
negatively regulate the transforming growth factor-β/Smad sig-
naling pathway in skeletal muscle fibrosis. Mol Ther Nucleic Acids. 
2018;11:528-537.

 86. Zhang A, Li M, Wang B, Klein JD, Price SR, Wang XH. miR-
NA-23a/27a attenuates muscle atrophy and renal fibrosis 
through muscle-kidney crosstalk. J Cachexia Sarcopenia Muscle. 
2018;9:755-770.

 87. He Q, Qiu J, Dai M, et al. MicroRNA-351 inhibits denerva-
tion-induced muscle atrophy by targeting TRAF6. Exp Ther Med. 
2016;12:4029-4034.

 88. Silva WJ, Graça FA, Cruz A, et al. miR-29c improves skeletal muscle 
mass and function throughout myocyte proliferation and differen-
tiation and by repressing atrophy-related genes. Acta Physiol (Oxf). 
2019;226:e13278.

 89. Xu J, Li R, Workeneh B, Dong Y, Wang X, Hu Z. Transcription 
factor FoxO1, the dominant mediator of muscle wasting in 
chronic kidney disease, is inhibited by microRNA-486. Kidney Int. 
2012;82:401-411.

 90. Schiaffino S, Reggiani C. Fiber types in mammalian skeletal mus-
cles. Physiol Rev. 2011;91:1447-1531.

 91. van Rooij E, Quiat D, Johnson BA, et al. A family of microRNAs 
encoded by myosin genes governs myosin expression and mus-
cleperformance. Dev Cell. 2009;17(5):662-673.

 92. van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. 
Control of stress-dependent cardiac growth and gene expression 
by a microRNA. Science. 2007;316:575-579.

 93. Quiat D, Voelker KA, Pei J, et al. Concerted regulation of myo-
fiber-specific gene expression and muscle performance by 
the transcriptional repressor Sox6. Proc Natl Acad Sci U S A. 
2011;108:10196-10201.

 94. Hagiwara N, Yeh M, Liu A. Sox6 is required for normal fiber 
type differentiation of fetal skeletal muscle in mice. Dev Dyn. 
2007;236:2062-2076.

 95. Zhang X, Zuo X, Yang B, et al. MicroRNA directly enhances mi-
tochondrial translation during muscle differentiation. Cell. 
2014;158:607-619.

 96. Aoi W, Naito Y, Mizushima K, et al. The microRNA miR-696 regu-
lates PGC-1{alpha} in mouse skeletal muscle in response to physi-
cal activity. Am J Physiol Endocrinol Metab. 2010;298:E799-806.

 97. Nie Y, Sato Y, Wang C, Yue F, Kuang S, Gavin TP. Impaired exer-
cise tolerance, mitochondrial biogenesis, and muscle fiber mainte-
nance in miR-133a-deficient mice. FASEB J. 2016;30:3745-3758.

 98. Russell AP, Wada S, Vergani L, et al. Disruption of skeletal muscle 
mitochondrial network genes and miRNAs in amyotrophic lateral 
sclerosis. Neurobiol Dis. 2013;49:107-117.

 99. Rippo MR, Olivieri F, Monsurrò V, Prattichizzo F, Albertini MC, 
Procopio AD. MitomiRs in human inflamm-aging: a hypothe-
sis involving miR-181a, miR-34a and miR-146a. Exp Gerontol. 
2014;56:154-163.

 100. Giuliani A, Cirilli I, Prattichizzo F, et al. The mitomiR/Bcl-2 
axis affects mitochondrial function and autophagic vacuole 
formation in senescent endothelial cells. Aging (Albany NY). 
2018;10:2855-2873.

 101. Mei T, Liu Y, Wang J, Zhang Y. miR-340-5p: A potential direct reg-
ulator of Nrf2 expression in the post exercise skeletal muscle of 
mice. Mol Med Rep. 2019;19(2):1340-1348.

 102. Khatri B, Seo D, Shouse S, et al. MicroRNA profiling associated 
with muscle growth in modern broilers compared to an unse-
lected chicken breed. BMC Genom. 2018;19(1):683. https://doi.
org/10.1186/s1286 4-018-5061-7

 103. Williams AH, Valdez G, Moresi V, et al. MicroRNA-206 delays ALS 
progression and promotes regeneration of neuromuscular syn-
apses in mice. Science. 2009;326:1549-1554.

 104. Kovanda A, Leonardis L, Zidar J, et al. Differential expression of 
microRNAs and other small RNAs in muscle tissue of patients with 
ALS and healthy age-matched controls. Sci Rep. 2018;8:5609.

 105. Bhinge A, Namboori SC, Bithell A, Soldati C, Buckley NJ, Stanton 
LW. MiR-375 is essential for human spinal motor neuron devel-
opment and may be involved in motor neuron degeneration. Stem 
Cells. 2016;34.

 106. Sison SL, Patitucci TN, Seminary ER, Villalon E, Lorson CL, Ebert AD. 
Astrocyte-produced miR-146a as a mediator of motor neuron loss 
in spinal muscular atrophy. Hum Mol Genet. 2017;26:3409-3420.

 107. Kaifer KA, Villalón E, O'Brien BS, et al. AAV9-mediated delivery 
of miR-23a reduces disease severity in Smn2B-/SMA model mice. 
Hum Mol Genet. 2019;28(19):3199-3210.

 108. Snieckute G, Baltaci O, Liu H, Li L, Hu Z, Pocock R. mir-234 con-
trols neuropeptide release at the caenorhabditis elegans neuro-
muscular junction. Mol Cell Neurosci. 2019;98:70-81.

 109. Caygill EE, Johnston LA. Temporal regulation of metamorphic 
processes in Drosophila by the let-7 and miR-125 heterochronic 
microRNAs. Curr Biol. 2008;18:943-950.

 110. Sokol NS, Xu P, Jan YN, Ambros V. Drosophila let-7 microRNA is 
required for remodeling of the neuromusculature during meta-
morphosis. Genes Dev. 2008;22(12):1591-1596.

 111. Simon DJ, Madison JM, Conery AL, et al. The microRNA miR-1 
regulates a MEF-2-dependent retrograde signal at neuromuscular 
junctions. Cell. 2008;133:903-915.

 112. Natarajan A, Lemos DR, Rossi FM. Fibro/adipogenic progenitors: 
a double-edged sword in skeletal muscle regeneration. Cell Cycle. 
2010;9:2045-2046.

 113. Uezumi A, Ikemoto-Uezumi M, Tsuchida K. Roles of nonmyogenic 
mesenchymal progenitors in pathogenesis and regeneration of 
skeletal muscle. Front Physiol. 2014;5:68.

 114. Saccone V, Consalvi S, Giordani L, et al. HDAC-regulated myomiRs 
control BAF60 variant exchange and direct the functional pheno-
typeof fibro-adipogenic progenitors in dystrophic muscles. Genes 
Dev. 2014;28:841-857.

 115. Seale P, Bjork B, Yang W, et al. PRDM16 controls a brown fat/skel-
etal muscle switch. Nature. 2008;454:961-967.

 116. Jiang J, Li P, Ling H, Xu Z, Yi B, Zhu S. MiR-499/PRDM16 axis mod-
ulates the adipogenic differentiation of mouse skeletal muscle sat-
ellite cells. Hum Cell. 2018;31:282-291.

 117. Guan L, Hu X, Liu L, et al. bta-miR-23a involves in adipogenesis of 
progenitor cells derived from fetal bovine skeletal muscle. Sci Rep. 
2017;7:43716.

 118. Iwayama T, Steele C, Yao L, et al. PDGFRα signaling drives adipose 
tissue fibrosis by targeting progenitor cell plasticity. Genes Dev. 
2015;29:1106-1119.

 119. Wang YC, Li Y, Wang XY, et al. Circulating miR-130b mediates met-
abolic crosstalk between fat and muscle in overweight/obesity. 
Diabetologia. 2013;56:2275-2285.

 120. Wang T, Li M, Guan J, et al. MicroRNAs miR-27a and miR-
143 regulate porcine adipocyte lipid metabolism. Int J Mol Sci. 
2011;12:7950-7959.

 121. Hoy SM. Patisiran: first global approval. Drugs. 2018;78:1625-1631.
 122. van der Ree MH, van der Meer AJ, van Nuenen AC, et al. Miravirsen 

dosing in chronic hepatitis C patients results in decreased mi-
croRNA-122 levelswithout affecting other microRNAs in plasma. 
Aliment Pharmacol Ther. 2016;43:102-113.

https://doi.org/10.1186/s12864-018-5061-7
https://doi.org/10.1186/s12864-018-5061-7


4912  |     YIN et al.

 123. Ling H, Girnita L, Buda O, Calin GA. Non-coding RNAs: the 
cancer genome dark matter that matters! Clin Chem Lab Med. 
2017;55:705-714.

 124. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new 
era for the management of cancer and other diseases. Nat Rev Drug 
Discov. 2017;16:203-222.

 125. van Rooij E, Purcell AL, Levin AA. Developing microRNA therapeu-
tics. Circ Res. 2012;110:496-507.

How to cite this article: Yin J, Qian Z, Chen Y, Li Y, Zhou X. 
MicroRNA regulatory networks in the pathogenesis of 
sarcopenia. J Cell Mol Med. 2020;24:4900–4912. https://doi.
org/10.1111/jcmm.15197

https://doi.org/10.1111/jcmm.15197
https://doi.org/10.1111/jcmm.15197

