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ABSTRACT

The term "insulin resistance" is commonly understood as a decrease in the response of insulin-sensitive tissues to
insulin at its sufficient concentration, leading to chronic compensatory hyperinsulinemia. Type 2 diabetes
mellitus is based on mechanisms consisting in the development of resistance to insulin in target cells (hepato-
cytes, adipocytes, skeletal muscle cells), resulting in the termination of an adequate response of these tissues to
interaction with insulin. Since in healthy people 75-80% of glucose is utilized by skeletal muscle, it is more likely
that the main cause of insulin resistance is impaired insulin-stimulated glucose utilization by skeletal muscle.
With insulin resistance, skeletal muscles do not respond to insulin at its normal concentration, thereby deter-
mining an increase in glucose levels and a compensatory increase in insulin production in response to this.
Despite many years of studying diabetes mellitus (DM) and insulin resistance, the molecular genetic basis for the
development of these pathological conditions is still the subject of numerous studies. Recent studies point to the
involvement of microRNAs (miRNAs) as dynamic modifiers in the pathogenesis of various diseases. MiRNAs are a
separate class of RNA molecules that play a key role in the post-transcriptional regulation of gene expression.
Recent studies have shown that miRNAs dysregulation in DM is closely related to miRNAs regulatory abilities in
skeletal muscle insulin resistance. This gave grounds to consider an increase or decrease in the expression of
individual microRNAs in muscle tissue and consider them as new biomarkers for diagnosing and monitoring
insulin resistance and promising directions for targeted therapy. This review presents the results of scientific
studies examining the role of miRNAs in skeletal muscle insulin resistance.

1. Introduction

mechanism of obesity, metabolic syndrome, T2DM and their complica-
tions [1]. IR refers to the physiological effect of a normal insulin con-

In recent years, the incidence of obesity, type 2 diabetes mellitus centration below the normal biological response, mainly manifested as a
(T2DM) and its complications has risen dramatically due to the preva- decrease in the sensitivity and reactivity of target tissues to the action of
lence of Western-style diets and sedentary lifestyles. Currently, insulin insulin [2]. Skeletal muscle is one of the target organs of insulin action,

resistance (IR) is believed to be a common pathophysiological and 75% of the blood sugar is taken up by it [3]. Therefore, skeletal
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Table 1
MiRNAs associated with insulin resistance in skeletal muscles.
miRNA Description Reference
miR-29 Promotes insulin resistance [14]
miR-103/ Causes insulin resistance by targeting Cavl [15]
107
let-7 160 patients (tumor tissue vs. adjacent normal tissue) [16]
miR-1/ Negatively regulated by insulin through SREBP1c and [17]
133a MEF2C
miR-223 Overexpression increases glucose uptake via inducing [18]
Glut4 expression
miR-494 Exacerbates insulin resistance by downregulating [19]

Slc2A4

muscle plays an important role in maintaining the body’s glucose ho-
meostasis, and is the earliest and most important part of IR. When IR
occurs in skeletal muscle, the levels of free fatty acids and blood sugar
increase, which can cause damage to glucose uptake and insulin
signaling pathways in skeletal muscle, and can also cause mitochondrial
biogenesis and dysfunction in skeletal muscle. In recent years, with the
development of molecular biology, a large number of literatures have
reported that there are a variety of microRNAs (microRNAs, miRNAs) in
eukaryotic cells, which can regulate gene expression and translation at
the post-transcriptional level and participate in various life processes.
Such as cell proliferation and differentiation, tumors and muscle dis-
eases [4]. Studies have shown that miRNAs play key regulatory roles in
IR, T2DM and its complications. In order to explore the relationship
between the expression of miRNAs and skeletal muscle IR, this paper
systematically combed a large number of domestic and foreign litera-
tures, and explained the regulation of miRNAs on skeletal muscle IR
from the aspects of skeletal muscle glucose uptake, insulin signaling
pathway, and mitochondrial biosynthesis. This will help to deepen our
understanding of the mechanism of miRNAs regulating skeletal muscle
IR, provide a new direction for the inhibition or treatment of IR, and
provide a reference for medical practice.

2. Production of miRNAs and their biological functions

In 1993, Lee et al. discovered miRNA-lin4 in Caenorhabditis elegans
[5]. With the development of molecular biology, other scholars suc-
cessively discovered a variety of miRNAs [6]. miRNAs are 19-22 nu-
cleotides in length and are small compared to other classes of RNA in
cells. The generation of miRNAs initially occurs in the nucleus, under the
action of RNA polymerase II, the primary transcript pri-miRNA with a
hairpin structure is formed [7], and then a stem-loop containing 60-70
nucleotides is formed through the action of Drosha structure of
pre-miRNA, and then exportin-5 transports pre-miRNA from the nucleus
to the cytoplasm [8], and then undergoes cleavage by endonuclease III
Dicer, and the pre-miRNA produces a double-stranded RNA molecule of
about 22 nucleotides, One of the single strands forms mature miRNAs,
and the other single strand is degraded [8].

Mature miRNAs bind to the 3’ untranslated region (UTR) of target
gene mRNA to inhibit protein synthesis [9]. One miRNA can regulate the
function of multiple genes, and multiple miRNAs can also regulate a
single target gene. MiRNAs have multiple functions, can regulate the
expression of 70% of human coding genes, and have a wide range of
biological effects in the growth and development of the body, cell pro-
liferation and differentiation, immune system regulation, tumorigenesis,
ete. [10]. Recent studies have shown that miRNAs are also involved in
the regulation of adipocyte differentiation, glucose and lipid meta-
bolism, and insulin production and secretion, suggesting that miRNAs
may be related to the occurrence and development of metabolic diseases
such as obesity and IR [11,12].
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3. New functions of miRNAs - regulation of IR in skeletal muscle

Insulin signaling pathway is the main pathway for glucose uptake in
skeletal muscle, and its dysfunction can lead to impaired glucose uptake
in skeletal muscle. In addition, mitochondria are organelles for energy
production in the body, and decreased mitochondrial content in skeletal
muscle is an important pathogenic factor of T2DM [13]. Recent studies
have shown that a variety of miRNAs can regulate glucose uptake in
skeletal muscle, insulin signaling pathway and mitochondrial biogen-
esis, thereby participating in the regulation of skeletal muscle IR
(Table 1).

4. Regulation of glucose uptake in skeletal muscle by miRNAs

4.1. Decreased skeletal muscle glucose uptake is a manifestation of
skeletal muscle IR

Skeletal muscle is the main site of insulin-stimulated glucose uptake,
and it is also the multiple site of peripheral IR [20]. Glucose in skeletal
muscle is mainly transported by diffusion, which requires the partici-
pation of glucose transporter 4 (GLUT4). When there is no insulin
stimulation, a large amount of GLUT4 is stored in the tubular structure
of GLUT4 storage vesicles (GSVs) [21]. Upon insulin stimulation, GSVs
translocate to the cell surface, rapidly release GLUT4, and increase
glucose uptake [22]. When IR occurs, GLUT4 translocation is impaired
in skeletal muscle, its mRNA and protein expression levels are reduced,
plasma glucose uptake is reduced by 55%, and skeletal muscle glucose
uptake is reduced by 92% [23,24]. On the contrary, overexpressing
GLUT4 specifically in skeletal muscle of diabetic mice can increase
muscle glucose uptake and improve blood sugar levels [25]. This sug-
gests that skeletal muscle IR can cause ectopic impairment of GLUT4,
leading to decreased glucose uptake in skeletal muscle.

4.2. miR-29 and glucose uptake in skeletal muscle

Slc2a4/GLUT4 is a key pathway for the regulation of glucose uptake;
studies have shown that various microRNAs are involved in the regu-
lation of this pathway [26]. The miR-29 family includes: miR-29a,
miR-29b and miR-29¢, all of which regulate GLUT4 expression.
Studies have shown that the expression of the miR-29 family is signifi-
cantly upregulated in the skeletal muscle of obese rodents with IR or
diabetes, and overexpression of miR-29a and miR-29¢ in the mouse
tibialis anterior muscle by electroporation can lead to skeletal muscle
glucose uptake and glycogen levels decreased, which was accompanied
by a decrease in the content of GLUT4 [27]. In addition, reduced
expression levels of Slc2a4 mRNA and GLUT4 protein were also
observed in C2C12 myoblasts overexpressing miR-29a-3p [27]. The
above studies have shown that the miR-29 family may be involved in the
regulation of glucose levels in skeletal muscle by regulating the
Slc2a4/GLUT4 pathway. It is hypothesized that impaired glucose uptake
in skeletal muscle IR may be partially caused by abnormal expression of
the miR-29 family.

4.3. Other miRNAs and glucose uptake in skeletal muscle

In addition to the miR-29 family, other miRNAs are also involved in
the regulation of glucose uptake in skeletal muscle. Studies have shown
that in L6 cells overexpressing miR-106b, miR-27a, and miR-30d, both
glucose consumption and glucose uptake were reduced, accompanied by
down-regulation of GLUT4, MAPK14, and PI3K protein expression [20].
On the contrary, if the expressions of miR-106b, miR-27a and miR-30d
in IR-treated L6 cells were inhibited, the protein expression levels of
GLUT4, MAPK14 and PI3K increased, and the glucose uptake ability of
L6 cells also increased [20]. miR-106b, miR-27a and miR-30d play an
important role in glucose uptake and metabolic pathways in skeletal
muscle cells, and they may be involved in the occurrence and
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development of skeletal muscle IR.

However, not all abnormal expressions of miRNAs can inhibit
glucose uptake in skeletal muscle. Studies have shown that the expres-
sion of miR-24 in skeletal muscle of GK rats is down-regulated, the
expression of its targeted p38MAPK is up-regulated, and the transport of
GLUT4 is increased, which helps the muscles adapt to higher levels of
glucose uptake [28,29]. Similar to miR-24, the expression of miR-126 in
IR skeletal muscle is down-regulated, and the activity of its targets p85f
and PI3K is increased, which promotes the translocation of GLUT4 to the
skeletal muscle cell membrane and increases the uptake of glucose by
skeletal muscle cells [30]. Therefore, miR-24 and miR-126 may not be
involved in the pathogenesis of skeletal muscle IR, but they may be
involved in the adaptation of skeletal muscle cells to elevated glucose
levels.

5. Regulation of miRNAs on insulin signaling pathway
5.1. Impaired insulin signaling is an essential feature of skeletal muscle IR

Insulin binds to its receptor, activates intrinsic kinase activity, and
causes insulin receptor substrate 1/2 (IRS1/2) and PI3K phosphoryla-
tion, IRS2 is a key factor in insulin signal transduction. Under insulin
stimulation, it can interact with SH2 domain-containing PI3K to pro-
mote signal transmission. Studies have shown that IRS2-null mice
exhibit glucose intolerance and IR, and develop symptoms of hyper-
glycemia [31]. In addition, studies have shown that the activation of the
insulin signal transduction pathway (IRS1/PI3K) in skeletal muscle of
T2DM patients is reduced, and the activation of its downstream
signaling molecules Akt, PKC-zeta and TBCID4 is impaired, thereby
damaging insulin-stimulated vesicles (GSVs) translocation, causing IR in
skeletal muscle [32,33]. The above studies have shown that impairment
of the insulin signaling pathway in skeletal muscle can cause IR.

5.2. MiR-135a and insulin signaling pathway

MiR-135a, a key regulator of myogenesis, targets the 3'UTR of IRS2
mRNA. Studies have shown that the expression level of miR-135a in
skeletal muscle of diabetic patients is increased, and higher levels of
miR-135a can lead to decreased IRS2 mRNA and protein expression
levels, decreased PI3K, p85a and Akt phosphorylation levels, and
decreased glucose uptake [31,34]. Inhibiting the expression of
miR-135a in C2C12 myoblasts can increase the expression levels of IRS2
and Akt in C2C12 myoblasts, improve glucose tolerance, and reduce the
symptoms of hyperglycemia [31]. It is suggested that miR-135a plays a
key role in the process of skeletal muscle insulin signal transduction, and
its abnormal expression may be the mechanism of impaired skeletal
muscle insulin transduction signal.

5.3. MiR-1 and insulin signaling pathway

MiR-1 is a kind of miRNAs abundant in skeletal muscle, which is
involved in regulating the proliferation and differentiation of skeletal
muscle cells, and plays an important role in the physiological and
pathological processes of skeletal muscle. Under normal circumstances,
miR-1 participates in the insulin signal transduction pathway by regu-
lating the expression of insulin-like growth factor 1 receptor (IGF-1R)
and IRS1 [26]. Frias Fde et al. showed that the expression of miR-1 in the
soleus muscle of obese mice induced by high-fat diet was significantly
reduced, accompanied by a significant reduction in the expression of
IGF-1, IRS-1, Rheb and follistatin, and an increase in blood glucose
levels, which indicated that miR-1 plays an important role in regulating
insulin signal transduction, and its abnormal expression may be an early
marker of IR development in skeletal muscle [35].
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5.4. Let-7 and insulin signaling pathway

Let-7 is one of the first miRNAs found in Caenorhabditis elegans,
which can play a role in multiple tissues. In skeletal muscle, it can
regulate the insulin signaling pathway by targeting IGF-1R and IRS2,
and can also regulate insulin signaling through Acts on PI3K and mTOR
pathways to regulate insulin sensitivity and glucose metabolism
throughout the body [36]. Studies have shown that transgenic mice
overexpressing Let-7 exhibit glucose intolerance and peripheral IR, and
knockout of Let-7 in the whole body of mice can reverse the glucose
tolerance of diet-induced obese mice. damaged [36,37]. In addition,
Let-7 is regulated by 1in28a and 1in28b, and overexpressing 1in28 in
mouse skeletal muscle by transgenic method can improve glucose
metabolism, which may be related to the decrease of Let-7 expression
and IRS2-PI3K-mTOR signaling pathway related to the enhancement
[36]. The above findings suggest that Let-7 plays an important role in
the insulin signaling pathway, and its abnormal expression may be
involved in the occurrence of skeletal muscle IR.

5.5. MiR-29 and insulin signaling pathway

Studies have shown that miR-29 can target the 3'UTR of IRS1 mRNA
and regulate insulin signaling pathways such as phosphoinositide-3-
kinase regulatory subunits 1 and 3 (PIK3R1/3) and Akt2 [9]. Over-
expression of miR-29 can lead to the decrease of IRS1, PIK3R3 and Akt2
mRNA expression levels, accompanied by the decrease of IRS1, Akt and
GSK3a/p protein phosphorylation levels, indicating that miR-29 plays a
role in regulating insulin signal transduction pathway. In addition, the
expression of miR-29 was significantly upregulated in IR skeletal muscle
or skeletal muscle of obese diabetic rodents, suggesting that the
impairment of insulin signal transduction pathway in IR skeletal muscle
may be partly caused by abnormal expression of miR-29 [27].

6. Regulation of miRNAs on mitochondrial biogenesis in skeletal
muscle

6.1. Blockage of mitochondrial biogenesis leads to IR in skeletal muscle

Mitochondria are essential organelles in eukaryotes, and their main
function is to provide cellular chemical energy in the form of ATP [28].
Any mitochondrial dysfunction may lead to serious metabolic problems.
Skeletal muscle mitochondrial oxidative phosphorylation, decreased
fatty acid B-oxidative capacity, enhanced oxidative stress, and imbal-
ance of fusion and fission are all associated with skeletal muscle IR [38].
In addition, the reduction of mitochondrial content in skeletal muscle is
a pathogenic factor of T2DM, and its content is closely related to mito-
chondrial biosynthesis [13,39]. Studies have shown that the number of
skeletal muscle mitochondria in IR, obese and T2DM animals decreased,
their volume decreased, their respiratory capacity decreased, and the
expression of mitochondrial biosynthesis-related proteins (such as Tfam,
COXIV, Cyt C) decreased, suggesting that: mitochondrial biogenesis
disorders are closely related to metabolic disorders and skeletal muscle
IR [40-42].

6.2. MiR-133a and mitochondrial biosynthesis

MiR-133a is a muscle-rich miRNA with multiple biological functions,
including enhancing myoblast proliferation by targeting serum response
factors and preventing brown fat deposition in muscle cells by inhibiting
PRDM16 [43,44]. In addition, miR-133a is closely related to mito-
chondrial biosynthesis, and miR-133a-deficient mice have decreased
transcription levels of mitochondrial biosynthesis markers PGC-la,
NRF-1 and TFAM in skeletal muscle. It can cause an increase in the
expression level of miR-133a, and the expression of mitochondrial
biosynthesis markers in skeletal muscle is significantly increased, which
indicates that miR-133a plays an important role in mitochondrial
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biosynthesis in skeletal muscle [45]. Similar to the above animal studies,
miR-133a expression was downregulated in skeletal muscle of patients
with IR or T2DM, which was accompanied by a decrease in transcript
levels of mitochondrial biosynthesis markers in skeletal muscle [46].
These findings suggest that miR-133a may inhibit the transcription of
PGC-1a, NRF-1 and TFAM and other factors, leading to the blockage of
mitochondrial biogenesis and the occurrence of IR in skeletal muscle.

7. MiR-149 and mitochondrial biosynthesis

Mitochondrial biosynthesis is regulated by a variety of factors.
Studies have shown that class III histone deacetylase sirtuin-1 (SIRT-1)
can directly interact with PGC-1a to regulate mitochondrial biosynthesis
[47,48]. However, the activation of PGC-1a by SIRT-1 is completely
dependent on the level of free nuclear NAD+, and the level of free nu-
clear NAD+ is regulated by poly ADP-ribose polymerase 2 (PARP-2).
The level of NAD+ in muscle cells increases, and the activity of SIRT-1
and mitochondrial biosynthesis are enhanced [44]. In normal skeletal
muscle, miR-149 can inhibit the expression of PARP-2, increase the level
of free nuclear NAD+ and the activity of SIRT-1, leading to the activa-
tion of PGC-1a and increased mitochondrial biogenesis [49,50]. How-
ever, the expression level of miR-149 in skeletal muscle of IR mice
induced by high-fat diet decreased, the activation of SIRT-1/PGC-1la
pathway decreased, and the mitochondrial biosynthesis markers COX1,
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Fig. 1. The role of microRNAs in the regulation of the
glucose uptake pathway and the insulin signaling
R pathway. 1: up-regulation; |: down-regulation; IRS1:
T2DM insulin receptor substrate 1; PI3K: phosphatidylino-
sitol 3-kinase; IRS2: insulin receptor substrate 2;
GLUT4: glucose transporter 4. Akt: protein kinase B;
PKC: protein kinase C; IGF-1R: insulin-like growth
factor-1 receptor; PIK3R1 and PIK3R3:
phosphoinositide-3-kinase regulatory subunits 1 and
3; IR/T2DM can up-regulate the expression of Let-7
and miR-135a, thereby inhibiting the expression of
its target gene IRS2; IR/T2DM can also up-regulate
the expression of miR-29 and inhibit the expression
of its target gene IRS1. miR-29a can also directly
inhibit glucose uptake. IR/T2DM can down-regulate
miR-1 expression, thereby inhibiting the expression
of its target gene IGF-1R.

miR-29

4+
— miR-1
L 2

Cyt C, estrogen-related receptor a (ERR- a), mitochondrial transcription
factor A (mtTFA), nuclear respiratory factor 1/2 (NRF1/2) and UCP1
were all decreased [51]. These results indicated that miR-149 plays an
important role in mitochondrial biogenesis of skeletal muscle, and the
disorder of mitochondrial biogenesis in skeletal muscle caused by
high-fat diet may be partly caused by the abnormal expression of
miR-149. Targets of skeletal muscle IR.

8. MiR-106b and mitochondrial biosynthesis

MiR-106Db is a tumor-associated miRNA, and studies have shown that
miR-106b is abnormally expressed in liver cancer, breast cancer, and
chronic myelogenous leukemia [52-54]. Recent studies have shown that
miR-106b is closely related to skeletal muscle IR and T2DM, and its
expression level is increased in skeletal muscle of T2DM patients and
12-week high-fat diet-induced IR mice [46,55]. In addition, miR-106b is
also involved in the regulation of mitochondrial biosynthesis. Palmitic
acid was used to induce IR in C2C12 myoblasts. The results showed that
the expression of miR-106b in C2C12 myoblasts increased, and ATP
production and mitochondrial DNA (mtDNA) levels decreased. —106b
activity, the level of intracellular reactive oxygen species (ROS) de-
creases, the expression level of the ERR-a/PGC-la/Mfn2 axis is
up-regulated, and the mitochondrial biosynthesis increases [56]. A
similar phenomenon was found in the TNF-a-induced IR model of C2C12

Fig. 2. The role of miRNAs in the regulation of
mitochondrial biogenesis. 1: up-regulation; |: down-
regulation; PGC-la:  peroxisome  proliferator-
activated receptor coactivator-la; ERR-a: estrogen
receptor-related receptor o; P38MAPK: mitogen-
activated protein kinase; NRF1: nuclear respiratory
factor 1; TFAM: mitochondrial transcription factor A.
PARP-2: poly ADP-ribose polymerase-2; IR or T2DM
can resulted in up-regulation of miR-106b expression
and down-regulation of miR-149 expression, thereby
inhibiting the expression of its target genes ERR-a and
PARP-2. IR/T2DM also can up-regulate the expres-
sion of miR-761 and miR-23a, and down-regulate the
expression of miR-133a, which leads to down-
regulation of its target gene PGC-1a.

L

J

T2DM

miR-149
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myoblasts [57]. These studies indicate that miR-106b can negatively
regulate mitochondrial biogenesis in skeletal muscle, and inhibiting the
expression of miR-106b can improve mitochondrial biogenesis and IR.
Therefore, miR-106b may be a potential target for the treatment of
mitochondrial dysfunction in IR skeletal muscle.

8.1. Other miRNAs and mitochondrial biogenesis

In human and mouse muscles, miR-23a can target the 3'UTR of PGC-
lo mRNA and regulate the protein expression level of PGC-1a [58],
suggesting that miR-23a may be involved in the regulation of mito-
chondrial biogenesis. Studies have shown that the expression level of
miR-23a in skeletal muscle of IR mice is increased, and the protein
expression level of PGC-la is decreased. The expression levels of
pigment b and COX IV protein decreased, indicating that miR-23a can
negatively regulate mitochondrial biogenesis, and the blockage of
mitochondrial biogenesis in skeletal muscle of IR or T2DM individuals
may be related to the increase of miR-23a level [58]. In addition,
miR-761 can also target the 3’'UTR of PGC-la mRNA. If miR-761 is
overexpressed in C2C12 myoblasts by transfection, it can inhibit the
P38MAPK/ATF2 signaling pathway, resulting in a decrease in PGC-1a
protein level, suggesting that miR-761 can also negatively regulate
mitochondrial biogenesis in muscle cells [59].

In summary, the expressions of miR-133a, miR-149, miR-106b, miR-
23a and miR-761 in skeletal muscle of individuals with diabetes or IR all
have significant changes, and these miRNAs can all regulate mito-
chondrial biogenesis in skeletal muscle, suggesting that They may have
played an important role in the occurrence and development of skeletal
muscle IR.

9. Conclusion

IR is a common pathophysiological mechanism in the development
of obesity and T2DM. Skeletal muscle is one of the main target organs for
insulin-mediated glucose uptake, metabolism and utilization, and is the
earliest and most important part of IR. Studies have shown that impaired
glucose uptake in skeletal muscle, impaired insulin signaling pathway,
and impaired mitochondrial biosynthesis are closely related to skeletal
muscle IR. When skeletal muscle undergoes IR, the expression of various
miRNAs is up-regulated (miR-106b, miR-23a, miR-761, miR-135a, Let-
7, miR-29a) or down-regulated (miR-133a, miR-149, miR- 1), they
participate in the regulation of skeletal muscle glucose uptake, insulin
signaling pathway and mitochondrial biogenesis (Figs. 1 and 2), and
play an important role in the occurrence and development of skeletal
muscle IR, these miRNAs can be used as therapeutic agents for skeletal
muscle IR or potential targets for diabetes.

Although a variety of miRNAs may be involved in the occurrence and
development of skeletal muscle IR, the specific mechanism is still un-
clear and needs further study. In addition, exercise intervention, calorie
restriction, and supplementation of antioxidants are important means
for the prevention and treatment of IR. Future research can use miRNAs
as targets to further study the improvement effects and mechanisms of
the above interventions on skeletal muscle IR, and actively explore new
methods. This will provide new directions and ideas for the prevention
or treatment of IR and diabetes.
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