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Abstract

Diabetes mellitus, a type of chronic metabolic disease, is occurring more fre-
quently and causes severe threats to human health. /n vivo, exercise can sti-
mulate skeletal muscle cells to secrete and release myokines into blood circu-
lation, which will participate in metabolism and act on multiple organs or
systems. Recently, the relationship between myokines and diabetes mellitus
was a hot research topic, and myokines may be potential targets for the diag-
nosis, monitoring, prevention and treatment of diabetes mellitus. In this re-
view, we elucidated the multiple effects of common myokines in the pathoge-
nesis and therapy of diabetes mellitus, which will provide a theoretical foun-
dation of the mechanism in the positive effects of exercises on humans.
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1. Introduction

Diabetes mellitus is a metabolic disease caused by absolute or relative insuffi-
ciency of insulin secretion and is mainly manifested as hyperglycemia. Statistics
from the Worth Health Organization demonstrate that about 0.46 billion people
were attacked by diabetes mellitus worldwide in 2021 [1] [2]. Diabetes mellitus is
mainly divided into type 1 diabetes mellitus (TIDM) and type 2 diabetes melli-
tus (T2DM) as well as gestational diabetes mellitus (GDM), monogenic diabetic
syndrome, and drug- or chemical-induced diabetes mellitus [3]. T2DM is most
common in clinic, accounting for about 90% of all diabetes mellitus and mostly
occurs in middle-aged and old people [4]. T2DM, the fifth cause of death world-
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wide [5], often occurred in the background of insulin resistance. When the func-
tion of B cells in the pancreatic islet fails to compensate for insulin resistance,
hyperglycemia and impaired glucose tolerance eventually lead to T2DM. With
the application of exercise therapy in diabetes mellitus and other metabolic dis-
eases [6], the indispensable roles of skeletal muscles have attracted wide atten-
tion. Skeletal muscles are important organs in physical exercises, posture main-
tenance and energy metabolism regulation. They are important endocrine organs,
secreting various myokines through autocrine or paracrine function [7]. Skeletal
muscles participate in energy metabolism, insulin resistance, glucolipide meta-
bolism and other processes [7]. Interleukin (IL)-6, the first named myokine, is
positively correlated with the incidence of diabetes mellitus [8]. Other myokines
including IL-10, IL-15, growth differentiation factor (GDF)-8, fibroblast growth
factor (FGF), meteorin-like (metrnl), and irisin were discovered subsequently
[9] [10]. The levels of myokines in surm will change during insulin resistance
and exercise therapy for diabetes mellitus, which can be used as a target for di-
abetes therapy and prognosis. In this work, the development of common myo-
kines (Table 1) and effects on the occurrence and development of diabetes mel-
litus as well as the roles of myokines in diabetes mellitus are reviewed. This work
emphasizes the role of myokines, and provides evidence for the prevention, early

diagnosis and treatment of diabetes mellitus.

1.1.1L-6

IL-6, the first discovered myokine, has a molecular weight of 21 - 30 KD and is
composed of 184 amino acids. Initially, IL-6 was thought as an inflammatory
factor. When the body is under the inflammatory status, monocytes and macro-
phages rapidly secrete IL-6 and thereby induce C-reactive protein and procalcito-
nin to participate in the inflammation process. Previous evidence has shown that
in addition to mediating inflammation, IL-6 also regulates glucose homeostasis
and lipid metabolism [11].

A meta-analysis demonstrates that IL-6 disturbs insulin signals and damages

the functions of islet B cells [8], thereby participating in the occurrence of T2DM,

Table 1. Common myokines were shown.

Common myokines Molecular weight Amino acid composition
IL-6 21 - 30 KDa 184 amino acids
IL-10 35 - 40 KDa 178 amino acids
IL-15 14 - 15KDa 162 amino acids
GDF-8 26 KDa 359 amino acids
FGFs 17 - 34 KDa 150 amino acids
Metrnl 34 KDa 311 amino acids
Irisin 32 KDa 111 amino acids
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and IL-6 level is positively correlated with the incidence of T2DM [12]. In addi-
tion, IL-6 plays a dual role in maintaining blood glucose stability. IL-6 is a bene-
ficial glucose metabolism regulatory factor in the healthy body, but may increase
the severity of insulin resistance in obese or inflammatory patients. Kurauti et al.
found that IL-6 may enhance insulin resistance by increasing the ratio of cyclic
adenosine phosphate (cAMP) and AMP/ATP in rat skeletal muscle to activate
5'-adenosine monophosphate activated protein kinase (AMPK) to enhance the
expression and activity of insulin degrading enzymes in liver and skeletal mus-
cle, avoiding the sudden drop of blood glucose level during exercising [13]. Oth-
er studies have found [5] that IL-6 not only improves glucose uptake by stimu-
lating AMPK and phosphatidylinositol 3 kinase (PI3K) activity, but also impacts
insulin in a dependent manner by C-Jun amino-terminal kinase (JNK) [14]. Ad-
ditionally, the IL-6 level is also associated with the subclinical inflammation and
obesity of T2DM, indicating weight control may be a measure to prevent in-
flammation in T2DM patients.

The coronary artery disease (CAD) is a major cause for the morbidity and
mortality of T2DM patients. There is increasing evidence that chronic vascular
inflammation is driven by inflammatory factors and can mediate vascular com-
plications of T2DM. Thus, it is significant to study the increase of inflammatory
cytokine IL-6 in T2DM patients. Recent studies have suggested that, IL-6 is re-
lated to left ventricle dysfunctions and can be one of the methods to detect left
ventricle dysfunctions in T2DM patients [15]. Elevated IL-6 levels can interfere
with glucose metabolism and lead to insulin resistance, which together with
tumor necrosis factor (TNF)-a and IL-1/ can induce chronic inflammation and
promote the occurrence of CAD in diabetic patients. Adela et al found that
IL-6 was elevated in both CAD and T2DM-CAD groups, especially in THE
T2DM-CAD group, by studying the serum protein characteristics of CAD in In-
dian T2DM patients [16]. Moreover, high blood glucose level can lead to in-
flammation of vascular endothelial cell (EC) and migration and proliferation of
smooth muscle cells (SMC) through activating the JAK-STAT signal to stimulate
IL-6 release [17]. As a result, high IL-6 level is associated with the vascular EC
inflammation and uncontrollable SMC migration/proliferation in T2DM pa-

tients.

1.2.1L-10

IL-10, also known as cytokine synthesis inhibitor, is a multifunctional inflam-
matory suppressor that plays an immunological role in many cell types. IL-10 is
mainly produced by Th2 cells and mononuclear macrophages and can inhibit
the production of cytokines by activated T cells (especially the production of
IL-2 and IFN-y by Thl cells), which inhibte cell immunity response. In addition
to the important regulating effects in immune responses in vivo, there is growing
evidence that IL-10 is involved in type 2 diabetes [18] [19] [20].

At locus 1082 of transcription initiation loci, the existence of G allelic gene
is related to the high expression of IL-10. IL-10 inhibits the production of in-
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flammatory factors by inhibiting T cells, monocytes and macrophages, and the
IL10-1082G/G genotype can down-regulate the immune response [21] [22]. A
meta-analysis involving 4250 subjects demonstrates that the IL10-1082G allelic
gene is linked to a higher risk of T2DM [23]. An analysis involving 490 T2DM
patients and 349 Italian Caucasians shows that the subjects with IL10-597A/
-824T/-1087A negativity are more prone to the main vascular damages domi-
nated by T2DM [24]. The clinical significance of IL-10 level in insulin resistance
has also been confirmed, and IL-10 level is positively correlated with insulin sen-
sitivity [25]. Meanwhile, Zeng Jing et al. showed that IL-10 was negatively corre-
lated with the severity of diabetic peripheral neuropathy [26].

1.3.1IL-15

IL-15, which belongs to the 4a spiral cytokine family, is widely expressed in var-
ious cells and tissues, and was involved in 2007 into the group of myokines [27].
Though the mRNA that regulates IL-15 has been discovered in various cells and
tissues, the IL-15 protein is only expressed in specific cells, such as skeletal mus-
cle cells [28]. And the IL-15 in blood plasma is mainly secreted by skeletal mus-
cles [29]. Studies have found that IL-15 levels are slightly increased or unchanged
after acute exercise [30]. However, the important roles of IL-15 in regulating glu-
cose metabolism, promoting skeletal muscle glucose uptake and immune regula-
tion cannot be ignored.

T1DM is mainly caused by T and B lymphocytes synergistic action to attack
islet cells resulting in absolute insulin deficiency [31]. In the normal environ-
ment in vivo, CD8" Tregs can terminate the interaction of T-B lymphocytes and
thereby protect islet cells from attacks. Stocks ef al found that in NOD mice, a
large dose of IL-15 could increase the number and activity of CD8" Tregs cells
and inhibit the function of T-B cells, thereby reduce blood glucose level and re-
lieve T1IDM [32], which provides new clue for T1IDM treatment. Insulin resis-
tance is a major indicator in the pathogenesis of T2DM. IL-15 can bind with its
receptor (IL-15R) to form a membrane-binding IL-15-IL-15R composite, which
will activate the phosphorylated JAK (Janus kinase)/STAT (signal transducer
and activator of transcription proteins) Signaling pathways, initiating signal
transduction, inhibiting gluconeogenesis and decreasing insulin sensitivity and
blood sugar level in vivo [33]. Study has confirmed that high-dose IL-15 can
cause metabolic adaptation, improve insulin sensitivity and decrease the blood
glucose level and insulin resistance of diabetic patients [34]. High-fat diet mice
are often accompanied with the rise of blood glucose levels, which the muscular
IL-15 level rises and blood glucose level drops through running on the wheel
[35]. A 6-year prospective study involving 6537 non-diabetic children in 8 Eu-
ropean countries shows that the IL-15 level is negatively correlated with the in-
sulin resistance index, indicating the IL-15 level can be a target of prevention or
treatment at early stage of diabetes mellitus [32].

Concluding, IL-15 may play an critica role in the pathogenesis, monitoring

and intervention of TIDM, T2DM and obesity. However, so far, there are few
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studies on IL-15 in human body, and its definite mechanism is still unclear,

which needs to be further studied by expanding samples.

1.4. GDF-8

GDF-8, belongs to the transforming growth factor g superfamily, is a key regu-
lator of skeletal muscle mass. In 1997, McPherron et al. discovered GDF-8 in
mouse muscle tissues by using PCR (polymerase chain reaction), and found the
skeletal muscle in GDF-8-deficient mice was 2 to 3 times that in wild-type mice
[36]. After, GDF-8 was also known as MSTN (myostatin) because of its inhibi-
tory effect on skeletal muscle growth. The existing research implied that GDF-8
is involved in the pathophysiological processes of cardiovascular diseases, kidney
diseases, obesity and diabetes.

Amor M et al found that GDF-8 is upregulated in the serum of obese patients
and is positively correlated with the insulin resistance index, while negatively
with the insulin sensitivity index [37]. Insulin resistance is a key factor for the
occurrence of T2DM. When the function of pancreatic S cells cannot compen-
sate for insulin resistance, abnormal rise of blood glucose level and impaired
fasting glucose will occur, which finally lead to T2DM [38]. A cross-sectional
study involving 264 T2DM patients indicates that the level of GDF-8 is positively
correlated with retinopathy [39] and affects the progression and prognosis of
diabetes. Downregulation of GDF-8 in T2DM patients can active the insulin
signaling pathway, antagonizes the negative effects of on muscle mass, muscle
strength and insulin signaling pathway partly in T2DM mice par, and thereby
improve glucose homeostasis and relieve insulin resistance [40]. In DM mice,
metformin can significantly regulate GDF-8-mediated muscle dysfunction in
skeletal muscle cells through AMPK-FOXO3A-HDAC6 pathway [41], providing
a new idea for DM drug diabetes mellitus therapeutic development. Dapagliflo-
zin, a T2DM therapeutic drug, can significantly downregulate the GDF-8 level,
maintain skeletal muscle mass and relieve diabetes-related muscle tissue loss
[42]. Emerging diabetes exercise therapy showed excellent effect on diabetic rats
[43]. Clinical research indicate that aerobic training combined with resistance
training can increase GDF-8 level of T2DM patients, and relieve the diabetes-
induced amyotrophia symptoms [44], which may be related to the high miR-23a/
27a expression in muscle tissues , but the definite mechanism needs further re-
search. GDM attacks women with normal normal glucose metabolism or poten-
tial glucose tolerance reduction during pre-pregnant and is occurring or diag-
nosed during gestation. It is adverse to fetal growth and development. Early ma-
ternal serum marker GDF-8 increased in patients with GDM, hlghly GDF-8 has
predictive value for the occurrence of GDM at late trimester of pregnancy [45].
T1DM, also called insulin-dependent diabetes mellitus, is related to the immun-
ity-mediated destruction of f cells in late trimester of pregnancy [46]. Clinical
research implies that the serum GDEF-8 level of TIDM children is significantly
higher than healthy children at the same age and BMI (body mass index), which
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may be associated with impaired glucose tolerance [2]. Interestingly, Dial A G et
al. found the GDF-8 level was not fully related to clinical indices. The skeletal
muscles of pigs can be enhanced and even the glucose ingestion in TIDM can be
improved by controlling GDF-8 in vivo [47]. Hence, the function of GDF-8 in
T1DM may involve complex regulatory mechanisms, and exploring the me-
chanism of GDF-8 upregulation and its correlation with insulin dose in TIDM is

extremely important.

1.5. FGF

FGFs are a structure-related polypeptide family and also called heparin-binding
growth factors. FGFs in the form of paracrine or endocrine can mediate body
development, tissue homeostasis or restoration, and relevant metabolic activities
[48]. Recent research shows that FGF-1, FGF-4, FGF-19, and FGF-21 can signif-
icantly act on diabetes mellitus and can be used as targets for early diagnosis,
prevention and treatment of diabetes mellitus.

FGF1, the first discovered member in this family, is a strong angiogenesis fac-
tor and pro-mitogen that is a signaling protein encoded by the FGF1 gene. In vi-
troresearch demonstrates that all the subtypes (FGFR1, FGFR2, FGFR3, FGFR4)
of the FGF receptor as well as FGF1 are expressed at the mRNA level in the in-
sular tissues and pancreas S cell INS-1E cell line of rats, and FGF1 can enhance
the proliferation of INS-1E cells and improve the activity of insular cells [49].
After the stimulus of islet cells by FGF1, the phosphorylation levels of extracel-
lular regulated protein kinases (ERK1/2) are significantly increased, and block-
age of ERK1/2 can destroy the exciting effect of FGF1 on islet cell proliferation,
indicating ERK-related pathways are involved in the islet cell proliferation and
regulation by FGF1 [50]. Experiments on T2DM and T1DM mice demonstrate
that FGF1 can improve the rising blood sugar level in T2DM mice, but not in
T1DM mice, suggesting the reduction of blood sugar level by FGF1 must be
achieved with the presence of islet cells. This finding offers some theoretical ba-
sis for FGF1 to directly stimulate islet cells [51].

FGF4 plays an indispensable role in embryonic development, including im-
plantation, morphogenesis, and organogenesis. FGF4 was found to be an effec-
tive anti-hyperglycemic factor with hypoglycemic effects comparable to FGF1
[52]. This study also validates that the endocrine FGF21 and FGF19 regulate
hypoglycemic activities mainly in the liver, but not in muscles. Hence, FGF19
and FGF21 cannot stimulate the glucose ingestion by skeletal muscles, which ex-
plains the fact that FGF secretion in skeletal muscle is worse than paracellular
secretion.

FGF19 was first discovered in the brain at the human fetal development stage,
but was later found to be mainly expressed in the ileum. FGF19 not only plays a
role as a physiological regulator of bile acid homeostasis, but also plays an insu-
lin-like role in promoting glycogen synthesis and reducing blood glucose levels

in diabetic mice. It is important to note that lateral ventricle injection of FGF19
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can decrease the blood sugar levels of diabetic mice, without affecting insulin se-
cretion or systemic insulin sensitivity, indicating FGF19 can reduce the blood
sugar level in an insulin-independent way [53] [54].

FGF21 is mainly expressed in the liver and slightly expressed in extrahepatic
tissues, such as white and brown fat tissues, skeletal muscles, the heart, kidney
and pancreas. FGF21 has an insulin-like effect and can improve the function of
islet B cells by regulating the protein kinase B signaling pathway, thus regulating
fat and glucose metabolism, which has varying degrees of elevation in patients
with diabetes, coronary heart disease, obesity and metabolic syndrome [55] [56].
Hence, FGF-21 may also be a biomarker to indicate the higher risk of developing
metabolic syndrome.

Altogether, the occurrence and development of diabetes mellitus are regulated
by multiple factors in various signaling pathways. However, the heterogeneity
among races, origin heterogeneity among tissues from different parts, and dif-
ferences in microenvironment call for abundant experiments for data collection

and research, which will theoretically underlie clinical applications.

1.6. Metrnl

Meteorin-like (Metrnl) is a newly-discovered myokine that is usually produced
after exercises or cold exposure. Metrnl can inhibit the insular invasion of lym-
phocytes to improve insular inflammation and significantly delay the occurrence
of diabetes mellitus. The peroxisome proliferators-activated receptor y (PPARY)
is a key regulatory factor of insulin resistance and fat cell differentiation, and
Metrnl can regulate the PPARy pathway to affect insulin sensitivity. Thus,
upregulation of Metrnl level may improve the autoimmune destruction of £ cells
and becomes a new strategy to increase blood glucose and insulin levels [57].
Wenchao Hu et al verified that Metrnl can improve the functions of S cells by
activating the WNT/pS-catenin pathway, inhibiting S cell apoptosis and promot-
ing g cell proliferation [58]. The existing research findings on the serum Metrnl
levels in T2DM patients are not all consistent. Some studies show that the
Metrnl levels of T2DM patients are lower than those in healthy controls [59]
[60] [61], but Hye Soo Chung ef al found the Metrnl levels rose in T2DM pa-
tients [62]. Another study showed the Metrnl level in T2DM patients did not sig-
nificantly change [63]. Thus, to study the relationship between Metrnl and T2DM,
well-designed cohort research is needed, in which while all possible influence
factors are excluded, the severity of diabetes mellitus must strictly scored, such
as degree of blood glucose fluctuation, and complications.

The existing studies are mostly limited to the correlation between Metrnl level
alone and diabetes mellitus, but there is no research on the correlation between

diabetes mellitus and Metrnl when Metrnl is synergistic with other factors.

1.7. Irisin

Irisin, a novel myokine discovered in 2012, is composed of 111 amino acids and

has a molecular weight of 32 KD. It is extensively distributed in organisms and
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can be released by skeletal muscle cells after exercise [23]. Research has con-
firmed that irisin plays a vital role in maintaining glucose and adipose homeos-
tasis, and has potential therapeutic values for metabolic disorders such as type 2
diabetes and obesity.

Irisin is negatively correlated with fasting plasma glucose, insulin level, ho-
meostasis model assessment-insulin resistance, retinol binding protein4, and he-
moglobin in diabetic patients. The Irisin level is low in T2DM patients accom-
panied with vascular complications. The above findings indicate irisin has cer-
tain relieving effect on diabetes mellitus [64]. Tarboush et al found that irisin
level in plasma was not only correlated with DR (a diabetic retina lesion) stage of
diabetic retinopathy, but also significantly different in irisin level between DR
stages, which has great guiding value for studying irisin as a potential associated
marker of diabetic complications [65]. Irisin can also relieve myocardial micro-
vascular injuries, cell apoptosis, insulin resistance and blood sugar level rise through
activating the ERK1/2/Nrf2/HO-1 pathway in diabetic patients [66]. Moreover,
irisin can inhibit the autophagia of H9c2 cells and improve insulin resistance
through activating the PI3K/Akt pathway [67]. In streptozotocin (STZ) induced
diabetic mice, intraperitoneal injection of recombinant Irisin significantly re-
duced the daily water intake, food intake and blood glucose [68].

In all, irisin is closely related to sugar metabolism and has been shown to have
a certain degree of therapeutic effect in alleviating diabetes in cells, animals and
clinical experiments However, studies on the correlation between irisin and di-
abetes and metabolic syndrome also have different results One study shows that
there is no significant correlation between serum irisin and glucose metabolism
related indicators in T2DM patients [69]. As a result, the definite mechanism of

irisin in diabetes mellitus calls for further research.

2. Conclusion and Prospects

Taken together, the myokines released during skeletal muscle contraction play
important regulating roles involved in the development of diabetes, which may
become potential targets for diagnosis, monitoring, prevention and treatment of
diabetes mellitus. Diabetes patients lacking a specific muscle factor can be im-
proved by targeting specific muscle factors, or as a new test indicator or a com-
bination of indicators for the diagnosis of the disease. Moreover, exercise thera-
py can also be an effective way to treat diabetes or adjunctive therapy. Although
myokines are closely related to the occurrence of diabetes mellitus, the underly-
ing mechanism of how they play a role in the pathogenesis and target organ in-
jury is still unclear and needs to be further explored. The results of cell, animal
and even the clinical trial are a degree of heterogeneity or even fully opposite,
which may be related to different sample sizes, selected population ethnicity,
clinical characteristics of the disease, and measurement criteria and methods of
myokine. Given the extensive applications of myokines in medicine and exercise

medicine, exploring the role and mechanism of exercise or myokines in alleviat-
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ing diabetes mellitus will be conducive to better playing the health promotion

role of exercise.
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