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ABSTRACT: 
In the last decade, the attention of researchers has been drawn to the ability of skeletal muscles to produce 

biologically active substances (myokines). To date, several hundred myokines have been identified in the muscle 

secretome. Myokines have autocrine and paracrine effects. They have their own receptors in various tissues and 

organs. At certain concentrations, myokines have a systemic effect on tissues and organs, provide metabolic 

interaction between them and have a huge range of physiological effects. However, the biological activity of 

many of these myokines and their mechanism of action are either not yet characterized or poorly understood. 

Modern research is aimed at developing drugs that block myokine signaling pathways and studying the 

possibilities of their use in the treatment of neuromuscular diseases, obesity, type 2 diabetes mellitus, orthopedic 

pathology, as well as a decrease in muscle mass and muscle strength. Type 2 diabetes mellitus (T2DM) is a 

socially significant disease. Currently, there is no effective therapy to completely eradicate/cure diabetes and its 

associated complications. It is now necessary to consider in more detail the molecular pathways and targets for 

each pharmacological drug. There is a need to create new anti-diabetic therapy in the future based on myokines, 

knowing their signaling pathways and their mechanism of action on target cells, but also for the best possible 

combination therapy and strategies using available drugs and the beneficial effects of physical activity and 

exercise in the prevention and treatment of T2DM. A few studies in mice and humans have shown that exercise 

increases the levels of numerous myokines in the blood plasma, leading to the process of active transcription of 

myokines and accelerating metabolic processes associated with increased load on muscle tissue. It has been 

suggested that the secretion of myokines depends on the degree of physical training; intensity and duration of the 

athlete’s training; its physiological and anatomical structure; the sport in which the athlete plays. Further 

scientific research will provide the key to understanding the process of secretion of myokines (proteins) in the 

body and the mechanism of their effect on various organs/systems and tissues, which will undoubtedly 

contribute to the success of doctors in the field of practical healthcare in the correction of pathological disorders, 

including diabetes mellitus. 
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INTRODUCTION:   
1. Мyokines, its function and mechanisms of action 

on various organs and tissues: 

Recently, attention has been paid to the study of the 

endocrine function of muscle tissue - the secretion of 

myokines. The formation of myokines consists of two 

stages: transcription, that is, the rewriting of information 

from DNA genes to messenger RNA, and translation, 
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the direct assembly of myokine molecules1,2. Myokines 

are cytokines, peptides, and proteoglycans produced, 

expressed, and released by muscle fibers (myocytes) in 

response to muscle contraction that have autocrine, 

paracrine, or endocrine effects in regulating metabolism 

in other tissues3,4. The influence of myokines occurs 

through signaling pathways involved in the pathogenesis 

of many socially significant diseases, usually affect 

older people: abdominal obesity, type 2 diabetes 

mellitus (DM), cardiovascular and neurodegenerative 

pathologies, colon cancer and breast cancer5,6. Pedersen 

et al. put forward the idea of “morbidoma” (originally 

“diseasome”) - a nosological cluster based on the 

persistence of chronic low-active inflammation, which is 

a common feature of the pathogenesis of diabetes 

mellitus, obesity, atherosclerosis, neurodegenerative 

lesions7. The experiment recorded an exponential 

increase in the concentration of interleukin in proportion 

to the duration of the contraction and the amount of 

muscle mass involved in it8. The first muscle-derived 

myokine identified was myostatin9. Currently, more than 

1000 myokines are known, belonging to various 

structural and functional groups (cytokines, chemokines, 

prostaglandin family, etc.)10. 

 

Due to the significantly increased number of molecules 

that have been identified as myokines, many authors 

have addressed the problem of their classification, 

according to chemical nature and physiological 

effect.Silja Raschke and Jurgen Eckel12 proposed to 

form three groups - myokines, adipomyokines and 

adipokines11,12,13,14,15. The discovery of myokines and the 

mechanisms of their secretion into the blood is the basis 

for uncovering the mechanisms of the influence of 

physical activity on metabolism and anti-inflammatory 

effects. Physical activity of varying intensity leads to the 

launch of a large number of biochemical, molecular and 

genetic mechanisms that underlie the body’s adaptive 

reactions to physiological stress15,16,17,18. Myokines 

perform a variety of functions during physical 

activity19,20. As a consequence, myokines are considered 

important factors in maintaining homeostasis and 

muscle adaptation to physical activity21. The discovery 

of myokines has opened a new direction in 

understanding the effects of exercise on humans22. 

 

Myokines play a role in the implementation of numerous 

processes, such as myogenesis, osteogenesis, 

thermogenesis, lipolysis, increasing the sensitivity of 

tissues to glucose23,24,25. Type 2 diabetes mellitus 

(T2DM) is a socially significant disease. Insulin 

resistance (IR) is the first link in the pathogenesis of 

T2DM and is associated with a decrease in the ability of 

insulin to enhance the uptake of glucose from the 

bloodstream by target cells. The molecular mechanisms 

and markers of IR have not been sufficiently studied, 

which hinders early diagnosis and the development of 

preventive drug therapy. Reliable global estimates of 

diabetes prevalence are needed to monitor public health 

strategies and develop effective future interventions. 

Treatment of diabetes is aimed at preventing 

complications and maintaining a satisfactory quality of 

life. Many drugs are currently being developed to treat 

diabetes.26,27,28,29,30  

 

Myokines are formed, expressed on the surface of 

muscle fibers and released into the bloodstream. They 

are regulators of myogenic differentiation, fiber type 

switching, and muscle mass maintenance31,32. Myokines 

are involved in the regulation of various physiological 

processes and have both local and systemic effects33. 

Myokines are involved in bone metabolism, influencing 

bone resorption and formation by interacting with 

factors associated with bone cell secretion or influencing 

bone metabolic pathways34. 

 

Experiments on mice showed that after physical exercise 

there was an increase in the concentration of osteocalcin 

(OCC) and the myokine IL-6, but in the presence of IL-6 

deficiency, the level of OCC did not change35. 

 

It is also worth noting that during physical activity the 

level of myostatin decreases, thereby stimulating the 

process of muscle tissue growth36,37,38. Myokines play a 

key role in regulating myocardial and skeletal muscle 

rejuvenation, weakening muscle metabolic homeostasis, 

and protecting against ischemic damage and apoptosis39. 

 

Fibroblast growth factor (FGF-21) improves tissue 

sensitivity to insulin24. Myostatin inhibits the growth 

and differentiation of muscle tissue and regulates the 

growth of adipocytes40. Myostatin leads to resorption in 

bone tissue, while increasing osteoclastogenesis and 

inhibiting osteoblastogenesis41. Irisin improves lipid 

metabolism, facilitates the deposition of glucose in the 

liver, and prevents the occurrence of hyperglycemia and 

hyperlipidemia. It has a beneficial effect in the 

pathogenesis of obesity and type 2 diabetes24,42. 

Interleukin-6 (IL-6) promotes the development of 

insulin resistance (IR) in adipose tissue and hepatocytes 

during physical exercise (PE) for more efficient 

mobilization of glucose and fatty acids as energy 

sources, as well as in obesity, metabolic syndrome, 

diabetes mellitus43,44. IL-6 in the blood and tissues 

serves as a signal of energy deficiency, which enhances 

the action of insulin in muscle cells and inhibits it in 

tissues supplying energy substances. Its increased level 

leads to a lipolytic effect23,24,45. IL-6 enhances lipolysis 

and insulin sensitivity in adipose tissue46, optimizes 

insulin production in the pancreas47 and increases 

glycogenolysis and lipolysis in the liver48. A sharp 

increase in plasma concentrations of IL-6 has an anti-
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inflammatory effect and regulates acute inflammatory 

reactions49. 

 

Modern studies demonstrate the active participation of 

myokines in the regulation of the processes of lipolysis, 

gluconeogenesis, insulin secretion by pancreatic beta 

cells, and activation of thermogenesis50,51,52. Myokines 

are capable of modulating the function of cells of the 

immune system, local blood flow, energy metabolism, 

processes of proliferation and differentiation of 

myoblasts53,54,55,56. Adipokines and myokines can serve 

as indicators of obesity phenotypes. Significant 

differences in the levels of adipokines and myokines and 

their relationship with indicators of the intestinal 

microbiome were revealed in patients with different 

obesity phenotypes57,58. Changes in myokine production 

in diabetes mellitus have been shown59,60,61,62, 

obesity23,63,64 osteoporosis65,66 as well as for metabolic 

disorders67. 

 

It is known that a sedentary lifestyle is associated with 

the development of obesity, type 2 diabetes, 

cardiovascular disease, osteoporosis and early mortality, 

and regular physical activity helps prevent these 

conditions68. By adapting to mechanical, neural and 

humoral influences, skeletal muscle plays a critical role 

in physical activity, energy expenditure and glucose 

utilization69. Many research projects led to the discovery 

of new myokines and an understanding of their role in 

the physiological regulation of exercise, both in 

apparently healthy people and in chronically suffering 

patients70. During physical exercise, the following 

reactions occur in skeletal muscle: an increase in the 

expression of insulin receptors, the absorption of fatty 

acids and glucose, glycogen stores, as well as 

mitochondrial biogenesis. In a study of muscle 

secretions, hundreds of substances were found to be 

expressive in response to exercise71. Loss of muscle 

mass in people with chronic heart disease increases risk 

of death72. During exercise, muscle fiber cells express 

and release more than 3,000 molecules of cytokines and 

polypeptides known as “myokines”73. Myokines have a 

positive effect on the development of satellite cells and 

skeletal muscle hypertrophy74. Myokines interact with 

high-affinity receptors (transmembrane glycoproteins) 

located on the membrane of target cells75. After exercise, 

there is an increase in PGC-1α (Peroxisome proliferator-

activated receptor gamma coactivator 1-alpha), which 

stimulates mitochondrial biogenesis, binds to FOXO and 

inhibits its transcriptional activity, thereby preventing 

the breakdown of muscle proteins76. The primary role of 

IL-6 is to maintain stable blood glucose levels during 

exercise. Low pre-exercise levels of intramuscular 

glycogen have been shown to increase mRNA synthesis 

IL-677. Oxidative stress, low glucose concentration, low 

glycogen content and increased Ca2+ flux activate IL-6 

transcription factors by stimulating mitogen-activated 

protein kinases78. Skeletal muscle secretes myokines, 

while influencing other organs by binding to target cell 

receptors in an autocrine, endocrine and paracrine 

manner79. 

 

2. The role of myokines in diabetes mellitus: 

Myokines promote increased insulin sensitivity, which 

leads to glucose clearance and regulation of glucose and 

lipid metabolism80. However, long-term 

hyperinsulinemia leads to dysfunction of pancreatic β-

cells and decreased insulin synthesis against the 

background of persistent IR. Prediabetes occurs, in 

which carbohydrate metabolism is disrupted. At this 

stage, it is possible to prevent pathological changes and 

restore the sensitivity of target cells to insulin. In this 

regard, early diagnosis of IR is of great practical 

importance81,82. The development of insulin resistance 

leads to the inability of target cells to respond to insulin, 

resulting in the development of type 2 diabetes mellitus 

(T2DM) and metabolic syndrome83. Kinases such as NF-

κB, IKK, JNK are involved in inflammatory signaling 

cascades in adipocytes under the influence of 

cytokines84. IRS is used as one of the substrates, which 

is phosphorylated at several serine residues, rendering it 

inactive and interrupting signal transmission along the 

insulin cascade85,86,87,88,89. Cytokines and free fatty acids 

(FFA) have a pro-inflammatory effect. Cytokines and 

FFAs bind to toll-like receptors TLR4 on adipocytes. An 

inflammatory cascade is launched involving NF-κB, 

IKK and JNK. As a result, serine phosphorylation of 

IRS increases in adipocytes and the insulin cascade is 

switched off 90,91. 

 

Many antihyperglycemic drugs used to treat diabetes 

(thiazolidinediones, sulfonylureas, glinides, insulin) 

activate the key regulator of adipogenic differentiation 

PPARγ, causing weight gain due to the formation of 

new fat depots92. Studies of cell insulin cascades have 

shown the possibility of selective effects on cell growth 

and division in the absence of induction of lipo- and 

adipogenesis. The transcription factor Prep1 of the 

TALE family of homeobox proteins not only regulates 

PPARγ activity, but also enhances the expression of the 

glucose transporter Glut4 and insulin sensitivity93,94,95. 

 

In pharmacological therapy of T2DM, differentiation of 

adipose tissue preadipocytes into brown and beige fat 

cells, which have hypolipidemic and hypoglycemic 

properties, can be used. Their cells promote the 

utilization of fats and glucose without obtaining energy. 

Its key participant is the protein UCP-1, or thermogenin. 

The expression of thermogenin and the differentiation of 

fat progenitor cells into “beige” adipocytes is controlled 

by the local hormone irisin96-97. 
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It has been noted that current antidiabetic drugs can 

cause serious side effects, including heart failure, 

hepatotoxicity and obesity. Scientists' work aimed at 

elucidating the mechanism of skeletal muscle sensitivity 

to insulin, energy metabolism and the role of myokines 

in endocrine functions will help find new treatment 

methods in the future98. Effect of myokines secreted 

from healthy and insulin-resistant myotubes is beneficial 

and harmful in the regulation of insulin secretion, which 

indicates cross-talk between skeletal muscles and the 

pancreas99.As expected, there has been an uptick in 

research into contraction-regulating myokines that 

promote β-cell mass and function100,101. Beneficial 

myokines, including irisin, fractalkine, FGF21, 

myonectin, and IL-15, improve the mass and/or function 

of β-cells that regulate glucose and lipid 

metabolism102,103.  

 

Myostatin can be used to prevent muscle wasting104. An 

example of disparate results is shown in the myokine IL-

6, where some investigators report that IL-6 has 

beneficial effects on β-cell function105,106,107,108, which 

casts doubt on the appropriateness of using irisin as a 

therapeutic agent108. Basically, experimental studies 

have been conducted in rodent models to identify the 

mechanism of action of myokines on the viability and 

function of β-cells109,110. 

 

Persistent IR triggers delayed, long-term adaptation 

processes in the body; they lead to a restructuring of the 

entire metabolism during the development of T2DM. 

Such long-term changes are consolidated at the 

transcriptional level, where various transcription factors 

play a key role111. 

 

In an experiment on mice that were fed a high-fat diet 

and periodic chronic stress, glucose homeostasis and 

lipolysis were determined. In the early stages of diet-

induced obesity, it was found that glucose intolerance 

initially occurs, followed by decreased insulin sensitivity 

and increased sensitivity to epinephrine (EPI). Stress 

increased myonectin (Myn) levels in serum and skeletal 

muscle and improved glucose intolerance112,113. 

 

Decreased insulin receptor sensitivity worsens insulin 

effects, triggering a vicious cycle of disorders including 

compensatory insulin hypersecretion, pancreatic β-cell 

dysfunction, impaired tissue glucose utilization, 

metabolic and hemodynamic abnormalities, subsequent 

increases in IR, organ damage, and cardiovascular 

disease (CVD). Early therapy aimed at improving 

insulin sensitivity and restoring its effects could become 

one of the effective methods of primary prevention of 

type 2 diabetes and CVD114. 

 

 

A study conducted on overweight and obese Chinese 

residents found that low serum irisin levels are usually 

associated with smoking, type 2 diabetes mellitus, 

dyslipidemia, and the presence of cardiovascular disease 

risk factors115. The level of irisin concentration depends 

on the etiology of obesity. For example, with a genetic 

form of obesity in patients with Prader-Willi syndrome, 

the content of irisin in the blood serum is significantly 

lower than with other forms of obesity that are not 

caused by genetic factors116. In patients with type 2 

diabetes mellitus, the level of irisin concentration in the 

blood serum is reduced117 Vascular complications are 

the cause of death in patients with type 2 diabetes; it was 

revealed that irisin prevents endothelial dysfunction by 

reducing oxidative stress through inhibition of signaling 

pathways including NF-B/iNOS and PKC-/NADPH 

oxidases118. Thus, irisin and its analogues may be 

potential drugs for the treatment of complications of 

diabetes mellitus119. 

 

There are many models of spontaneous development of 

type 1 and type 2 diabetes in rodents (rats and mice). 

Diabetes can be caused by surgery, pharmacological 

drugs, the prescription of special diets, as well as various 

combinations of these120. 

 

The effect of forced running loads on the content of 

certain cytokines in the skeletal muscles of mice with a 

model of type II diabetes mellitus was studied. A high-

fat diet was used to form a disease model; physical 

activity in the form of forced running was carried out for 

4 weeks. The production of interleukins can be 

associated with the restructuring of transcriptional 

mechanisms in muscle fibers associated with calcium-

dependent and calcium-independent intracellular 

signaling pathways121,123,124. 

 

The study of the role of myokines in the correction of 

various disorders has significant prospects. A change in 

the production of myokines has been shown in diabetes 

mellitus, obesity, osteoporosis, and also in metabolic 

disorders. This allows us to consider myokines as a 

possible mechanism through which the therapeutic 

effects of physical activity are realized in various 

diseases125,126. 

 

3. Prospects for myokines in the treatment of 

diabetes 

Adipokines and myokines maintain metabolic 

homeostasis. When they are imbalanced, metabolic 

complications develop, such as insulin resistance, low-

grade inflammatory remodeling of adipose tissue, 

extracellular lipid deposition, atherosclerosis, etc127. 

Adiponectin has been shown to have insulin-sensitizing, 

antiatherogenic and anti-inflammatory effects128. But the 

adipokines leptin and resistin, on the contrary, are 



Research J. Pharm. and Tech. 17(10): October 2024 
 

 

 5123 

factors of insulin resistance. They have a pleiotropic 

effect on food intake, neuroendocrine regulation of the 

hypothalamus, reproductive function and energy 

metabolism129. Data on the adipokine asprosin are 

extremely fragmentary: there are suggestions that it can 

influence glucose metabolism and is probably associated 

with obesity and that its level may be a marker for the 

early diagnosis of diabetes mellitus130. 
 

Information about the role of the myokine myostatin in 

the pathogenesis of obesity and insulin resistance is 

currently limited. Some authors propose the use of 

myostatin to identify metabolically unhealthy obesity 

(MHA)131. The insulin-sensitive myokine FGF21 acts as 

a metabolic regulator involved in the control of glucose 

homeostasis132. Recently, researchers have been 

interested in the peptide osteocrine, secreted by 

fibroblasts and osteoblast-like cells. Its 

pathophysiological role is poorly understood133. Single 

results in patients with obesity and insulin resistance 

demonstrated a higher level compared to healthy 

subjects134. 
 

Exercise has long been a central principle of both the 

prevention and treatment of type 2 diabetes mellitus 

(T2DM)135,136. The secretion of IL-6 during physical 

activity depends on the energy state of the cell and on 

the glycogen content in the cells before exercise. Low 

glycogen content leads to greater release of IL-6 under 

conditions of energy crisis in the muscle cell during 

contraction137. In vitro studies demonstrate that IL-6 

treatment increases glucose uptake through AMP protein 

kinase [adenosine monophosphate kinase (AMPK)] and 

phosphatidylinosotol 3-kinase (PI3K) pathways138. 

 

Carey et al.139 reported increased insulin-dependent 

glucose uptake in vivo in response to IL-6 infusion.In 

contrast, Harder-Lauridsen et al.140 found no increase in 

glucose uptake during euglycemic hyperinsulinemic 

clamp with IL-6 infusion in individuals with T2DM, 

although there was a decrease in plasma insulin levels, 

indicating increased insulin sensitivity140. Jiang et al.141 

found a differential effect of IL-6 treatment on primary 

myotubes compared with normal glucose tolerance and 

T2DM, suggesting a minor role for IL-6 in T2DM 

muscle. IL-6 treatment enhanced both insulin-dependent 

and -independent glucose uptake and glycogen synthesis 

in healthy myotubes, but this effect was lost in T2DM 

myotubes. This suggests that from a glucose control 

perspective, the contraction-inducible myokine IL-6 is 

effective in preventing T2DM but may not be effective 

in glucose uptake in patients with existing T2DM.IL-

13is released from human primary myotubes in vitro and 

has been demonstrated to have an “insulin-like” effect 

on glucose metabolism in human muscle by increasing 

glucose uptake, glycogen synthesis, and glucose 

oxidation in primary myotubes in normal and T2DM141. 

This “insulin-like” effect is mediated by activation of 

the Akt and PI3K pathways. IL-13 expression is 

increased in response to resistance training in human 

skeletal muscle142, but there is no evidence of increased 

plasma IL-13.  

 

In addition, Gergens et al.143 demonstrated the 

expression and release of FSTL-1 from primary human 

myotubes. Interestingly, contraction of primary ER 

myotubes did not induce FSTL-1 secretion; however, 

increases in circulating plasma FSTL-1 have been 

observed in humans following acute aerobic exercise. In 

vitro incubation of L6 myotubes (rat cell line) in FSTL-1 

has been shown to increase glucose uptake in an AMPK- 

and calcium-calmodulin kinase-dependent manner144, 

resulting in increased expression of GLUT4 mRNA and 

its translocation to the plasma membrane, mediating 

improved glucose control. 

 

Optimizing myokine responses for the prevention 

and treatment of T2DM. Myokines that regulate 

glucose and fat metabolism can trigger mechanisms 

during exercise that prevent the onset or progression of 

T2DM145. To date, most of the evidence describing the 

mechanism by which myokines modulate metabolic 

function has been characterized using in vitro cell 

models, which do not necessarily correspond to the in 

vivo human situation146. Tingqing Guo et al. 

investigated the effect of inhibition of myostatin 

signaling in skeletal muscle and adipose tissue on body 

composition, metabolic profile147. Mice deficient in 

myostatin showed normal basal metabolic rate and 

higher respiratory quotient, indicating an increased rate 

of carbohydrate oxidation; an increase in the amount of 

lean mass and a low content of fat mass was also noted 

over 15 months of observation148. Another study showed 

increased tissue sensitivity to insulin in mice deficient in 

myostatin due to increased AMPK activity in muscle149. 

Skeletal muscle (SM) is known to generate 

hypoglycemic and antioxidant responses150. 

 

Myokines and exercise. Exercise is a well-established 

treatment for muscle metabolic defects that occur in 

T2DM. 

 

Physical activity promotes the process of active 

transcription of myokines, which accelerate metabolic 

processes associated with increased stress on muscle 

tissue. Thus, by explaining the process of formation of 

these proteins in the body, doctors will be able to correct 

various disorders that are associated with the body’s 

complex adaptation to physical activity after severe 

injuries151,152. It is also worth noting that during physical 

activity the level of myostatin decreases, thereby 

stimulating the process of muscle tissue growth. Its 

concentration in mouse myocytes decreases after 
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running exercise, promoting the growth and 

differentiation of satellite cells153. Similar results have 

been obtained in humans154,155.  

 

A 2020 meta-analysis including seven studies involving 

125 normal-weight, overweight, and obese adults (21–

64 years) found that bouts of physical activity (PE) 

increased serum FGF-21 levels regardless of body 

weight. In this case, the increased level of FGF-21 

persists for 1 hour and decreases to a level close to the 

initial values after 3 hours156. However, there was no 

increase in FGF-21 levels in patients with type 2 

diabetes157. 

 

Studies in mice have shown that irisin improves glucose 

tolerance and reduces insulin resistance (IR)158. Irisin 

also stimulates lipolysis using hormone sensitive lipase 

(HSL, hormone sensitive lipase) and inhibits lipogenesis 

in mouse adipocytes159. 

 

In the work of Miyamoto-Mikami E. et al. In healthy 

adults, after 8 weeks of endurance training, increases in 

circulating irisin levels were positively correlated with 

decreases in fat mass160. Irisin has antioxidant and anti-

inflammatory effects on hepatocytes, which could be 

useful in reducing the activity of steatohepatitis161. 

 

Some of the best studied exercise-induced myokines 

influence bone formation and bone resorption162. 

 

Dynamic and static exercises differentially affect the 

content of myokines in the blood plasma of athletes and 

untrained individuals 24,156,160,163.  

 

A study of the effect of forced running in mice with a 

model of type II diabetes mellitus showed that in healthy 

animals there was a decrease in the concentrations of IL-

6 and IL-15 and an increase in the concentration of 

leukemia inhibitory factor (LIF) in muscle tissue after 4 

weeks of regular forced running. At the same time, in 

diabetic mice, the concentrations of IL-6 and IL-15 after 

exercise increased, and LIF, on the contrary, 

decreased164. 

 

The production of interleukins can be associated with 

the restructuring of transcriptional mechanisms in 

muscle fibers associated with calcium-dependent and 

calcium-independent intracellular signaling 

pathways165,166,167,168. 

 

An increase in IL66 mRNA transcription was shown in 

the nuclei of muscle cells isolated from human muscle 

biopsies after a single exercise169,170. 

 

This is also of interest given that lack of physical 

activity is strongly associated with the occurrence of 

T2DM. There is a need to determine the secretion of 

myokines in patients with T2DM to identify potential 

therapeutic targets for the treatment of this disease171. 

The synthesis of IL-6 during physical exercise is due to 

glycogen-independent mechanisms and changes in the 

level of calcium in the cytosol of myocytes. It consists 

primarily of regulating glucose homeostasis, which is 

necessary for intensely contracting muscles. With an 

increase in the intensity of muscle contractions and a 

decrease in glycogen concentration in the muscles, 

mechanisms associated with the activation of mitogen-

activated protein kinase are activated172. 

 

4.Challenges and limitations associated with the use 

of myokines for therapeutic purposes: 

The occurrence of diabetes mellitus is associated with 

myokines, but the mechanism of damage to target 

organs is still unclear and requires further study. 

Cytokines such as interleukin-4 and interleukin-10 are 

capable of suppressing type 1 diabetes in animal models 

when delivered as part of a plasmid or viral vector173.  

 

When creating a new drug, it takes a long time from the 

idea to its entry into the market and widespread use in 

practice. The algorithm for entering the market of a new 

pharmaceutical has the following stages: 1) idea, 2) 

development of production technology, 3) preclinical 

testing of the pharmaceutical (previously only on 

animals, now also on cell cultures in in vitro models), 4) 

after clinical trials (CT), 5) entering the market, 6) 

additional clinical trials (CT) are being conducted at a 

new level174. 

 

Experts from Tomsk State University (TSU) are 

developing a new method of treating diabetes175. 

 

Although an increase in the number of clinical trials 

indicates renewed interest in cytokines, antibodies 

targeting cytokines or corresponding receptors are being 

used more often176.  

 

Exercise-induced increases in IL-6 production may be 

involved in protecting pancreatic β-cell mass and 

function. It is well known that exercise can improve 

insulin sensitivity, whereas it is less clear whether 

exercise can improve insulin secretion and whether there 

is a link between insulin-resistant skeletal muscle and 

pancreatic β-cells172,177,178. 

 

In diabetes mellitus, glucose metabolism is impaired, 

which leads to increased blood glucose levels 

(hyperglycemia)  and the production of free radicals. 

Drugs, used to treat metabolic disorders are not flawless. 

Basic knowledge of diabetic patients regarding insulin 

therapy is insufficient. Urgent steps are needed to 

improve the knowledge of diabetic patients and create 
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appropriate awareness about insulin therapy. 

Complications of diabetes can be avoided by regularly 

monitoring and maintaining blood glucose levels within 

normal limits.The current approach to treating both type 

1 and type 2 diabetes is to achieve the best possible 

glucose control179,180,181,182,183. In diabetes, self-

monitoring and patient compliance with prescribed 

medications, as well as lifestyle changes, are very 

important, and the pharmacist can play an important role 

in counseling184. 
 

A promising direction is the introduction of artificial 

intelligence in the management of diabetes. Artificial 

intelligence is able to correctly interpret external data, 

learn from such data and use the acquired knowledge to 

achieve specific goals and objectives through flexible 

adaptation185. The artificial intelligence of the SNAQ 

app automatically identifies foods and calculates the 

protein, fat and carbohydrate content. Throughout the 

day, the app receives self-monitoring data and marks 

meal times on a graph, helping to illustrate how certain 

foods affected your blood glucose levels. Using the 

SNAQ app as part of nutrition counseling may be a 

promising technology as it provides real-time 

information on food intake and allows for personalized 

recommendations186,187. 
 

Currently, there is no effective therapy to completely 

eradicate/cure diabetes and its associated complications. 

There is a need to create better, new anti-diabetic 

therapy in the future based on myokines, knowing their 

signaling pathways and their mechanism of action on 

target cells, but also for the best possible combination 

therapy and strategies using available drugs188. 
 

Neuromuscular electrical stimulation (NMES) is 

emerging as an effective exercise substitute for myokine 

induction. NMES is safe and effective and has been 

shown to improve muscle strength, functionality and 

quality of life. This alternative method of exercise 

induces hypertrophy and neuromuscular adaptations in 

skeletal muscles. NMES stimulates the secretion of 

circulating myokines, promoting a cascade of endocrine, 

paracrine and autocrine effects. NMES is an effective 

exercise replacement for stimulating myokine 

production and its potential applications in health and 

disease189. 
 

5. Key findings and insights regarding the role of 

myokines in diabetes mellitus: 

Diabetes mellitus (DM) has become a global threat to 

human health around the world. Currently, there is no 

effective therapy to completely eradicate/cure diabetes 

and its associated complications. Current antidiabetic 

drugs (thiazolidinediones, sulfonylureas, glinides, 

insulin) can cause serious side effects, including heart 

failure, hepatotoxicity, and obesity. 

The work of scientists aimed at elucidating the 

mechanism of skeletal muscle sensitivity to insulin, 

energy metabolism and the role of myokines in 

endocrine functions will help in the future to find new 

treatment methods based on knowledge of signaling 

pathways and the mechanisms of their action on target 

cells. 

 

They found that myokines promote insulin sensitivity, 

which leads to glucose clearance and regulation of 

glucose and lipid metabolism. Several myokines (irisin, 

fractalkine, FGF21, myonectin, and IL-15) improve the 

mass and/or function of β-cells, which regulate glucose 

and lipid metabolism. 

 

Myokines as therapeutic targets for the treatment of 

T2DM are a promising area. Harnessing the beneficial 

effects of myokines on insulin secretion, insulin 

sensitivity, and energy metabolism may lead to the 

development of important new treatments for T2DM. 

 

A few studies in mice and humans have shown that 

exercise increases the levels of numerous myokines in 

the blood plasma, which leads to the process of active 

transcription of myokines and acceleration of metabolic 

processes associated with increased load on muscle 

tissue. 

 

It has been suggested that the secretion of myokines 

depends on the degree of physical fitness; intensity and 

duration of the athlete’s training; its physiological and 

anatomical structure; the sport in which the athlete 

plays. Neuromuscular electrical stimulation (NMES) is 

emerging as an effective replacement for myokine 

induction by exercise. 

 

A promising direction is the introduction of artificial 

intelligence in diabetes management. 

 

CONFLICT OF INTEREST:  
The authors declare that there is no conflict of interest. 

 

REFERENCES: 
1. Tsoriev T.T., White Zh.E., Rozhinskaya L.Ya. The role of 

myokines interstitial interaction and regulation of metabolism: a 

review of literature. Osteoporosis and Bone Diseases. 2016; 19(1): 

28-34. (In Russ.) https://doi.org/10.14341/osteo2016128-34 
2. Pedersen B.K., Febbraio M.A.. Muscle as an Endocrine Organ: 

Focus on Muscle-Derived Interleukin-6. Physiol Rev. 2008; 88(4): 

1379-1406. https://doi.org/10.1152/physrev.90100.2007 
3. Pedersen BK, Åkerström TC, Nielsen AR, et al. Role of myokines 

in exercise and metabolism. J Appl Physiol. 2007; Sep; 103(3): 

1093-1098. doi: 10.1152/ japplphysiol.00080.2007. Epub 2007 
Mar 8 

4. Grebennikova TA, Belaya ZhE, Tsoriev TT, et al. Endocrine 

function of bone tissue. Osteoporoz i osteopatii. 2015; (1): 28-37. 
(InRuss) 

5. L Garneau, C Aguer Role of myokines in the development of 

skeletal muscle insulin resistance and related metabolic defects in 



Research J. Pharm. and Tech. 17(10): October 2024 
 

 

 5126 

type 2 diabetes Diabetes Metab. 2019; Dec; 45(6): 505-516. 
DOI:10.1016/j.diabet.2019.02.006. Mar4. PMID: 30844447  DOI: 

10.1016/j.diabet.2019.02.00645(6):505-516. doi: 

10.1016/j.diabet.2019.02.006. Epub  
6. Jenny Hyosun Kwon, Kyoung Min Moon, and Kyueng-Whan Min 

Exercise-Induced Myokines can Explain the Importance of 

Physical Activity in the Elderly: An Overview Healthcare 2020; 
8(4): 378; https://doi.org/10.3390/healthcare8040378 

7. Pedersen B.K. Muscle as a secretory organ. Compr. Physiol. 2013; 

3: 1337–1362. 
8. van Hall G, Steensberg A, Sacchetti M, et al. Interleukin-6 

Stimulates Lipolysis and Fat Oxidation in Humans. J Clin 

Endocrinol Metab. 2013. Chowdhury S, Schulz L, Palmisano B, et 
al. Muscle-derived interleukin 6 

9. Allen D.L., Cleary A.S, Speaker K.J et al. Myostatin, activin 

receptor IIb, and follistatin-like-3 gene expression are altered in 
adipose tissue and skeletal muscle of obese mice. Am. J. Physiol. 

Endocrinol. Metab. 2008 V. 294 P. 918–927 

10. Exercise-Induced Myokines can Explain the Importance of 
Physical Activity in the Elderly: An Overview by Jenny Hyosun 

Kwon 1,Kyoung Min Moon 2, and Kyueng-Whan MinHealthcare 

2020; 8(4): 378; https://doi.org/10.3390/healthcare8040378 
11. Orlov S.N., Kapilevich L.V., Dyakova E.Yu., Zakharova A.N., 

Kabachkova A.V., Kalinnikova Yu.G., Klimanova E.A., 
Kironenko T.A., Milovanova K.V., Sidorenko S.V. Skeletal 

muscles as an endocrine organ. – Tomsk: Publishing House of 

Tomsk State University, 2018. – 190 p. ISBN 978-5-94621-765-1. 
12. Raschke S., Eckel J. Adipo-myokines: two sides of the same coin-

-mediators of inflammation and mediators of exercise // Mediators 

Inflamm. 2013 (2013): 320724 
13. Simbirtsev A.S. Cytokines: classification and biological functions 

// Cytokines and inflammation. 2004; No. 3 P. 16–22; 

14. Borish L.C., Steinke J.W. Cytokines and chemokines // J. Allergy 
Clin. Immunol. 2003 V. 111, No. 2 P. 460–475; Lata S., Raghava 

G.P.S. CytoPred: a server for prediction and classification of 

cytokines // Protein Eng. Des. Sel. 2008 V. 21, No. 4 P. 279–282. 
15. Rian Q Landers-Ramos 1, Nathan T Jenkins, Espen E 

Spangenburg, James M Hagberg, Steven J PriorCirculating 

angiogenic and inflammatory cytokine responses to acute aerobic 
exercise in trained and sedentary young men PMID: 24643426 

PMCID: PMC4048778 DOI: 10.1007/s00421-014-2861-6.  

16. Kharissova N., Smirnova L., Kuzmin A., et al..The influence of 
the physical activity of a modern student on the characteristic of 

the CVS and RS and their resistance to stress during educational 

process. Georgian Medical News.2019;12 (297) ; 124-129. PMID: 
32011307 

17. Hittel DS, Axelson M, Sarna N, et al. Myostatin Decreases with 

Aerobic Exercise and Associates with Insulin Resistance. Med Sci 

Sport Exerc. 2010; 42(11): 2023-2029. 

https://doi.org/10.1249/MSS.0b013e3181e0b9a8. 

18. Ryan AS, Li G, Blumenthal JB, Ortmeyer HK. Aerobic exercise + 
weight loss decreases skeletal muscle myostatin expression and 

improves insulin sensitivity in older adults. Obesity. 2013; 21(7): 

1350-1356. https://doi.org/10.1002/oby.20216 
19. Rudnick J., Püttmann B., Tesch P.A. et al. Differential expression 

of nitric oxide synthases (NOS 1-3) in human skeletal muscle 

following exercise countermeasure during 12 weeks of bed rest // 
FASEB J. 2004 V. 18, No. 11 P. 1228–1230 

20. Otis J.S., Burkholder T.J., Pavlath G.K. Stretch-induced myoblast 

proliferation is dependent on the COX2 pathway // Exp. Cell Res. 
2005 V. 310 P. 417–425. 

21. Broholm C., Pedersen B.K. Leukaemia inhibitory factor – An 

exercise-induced myokine // Exercise Immunology Review. 2010 
V. 16 P. 77–85. 

22. Barbalho, Sandra and Neto, Edmundo and Goulart, Ricardo and 

Bechara, Marcelo and Chagas, Eduardo and Audi, Mauro and 
Campos, Leila and Guiger, Elen and Buchaim, Rogério and 

Buchain, Daniela and Cressoni Araujo, Adriano. (2020). 

Myokines: A descriptive review. The Journal of sports medicine 
and physical fitness. 60. 10.23736/S0022-4707.20.10884-3.  

23. Pedersen B.K.; Febbraio, M.A. Muscles, exercise and obesity: 
Skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 2012, 

8, 457–465.  

24. Mai Charlotte Krogh Severinsen, Bente Klarlund Pedersen 
Muscle-OrganCrosstalk:TheEmergingRolesofMyokines. Endocr 

Rev. 2020; Aug 1; 41(4): 594–609. PMID: 32393961. PMCID: 

PMC7288608.doi: 10.1210/endrev/bnaa016. 
25. Sorokina L. D., Marchenko E. A., Zavyalova, A. N. Myokines. 

Literature review. force, 5(S3), 947-948. (In Russ.)  Volume 5 

No.. S3 (2022): Materials of the All-Russian scientific forum of 
students with international participation “Student Science - 2022” 

/ Miokins. Literature 

reviewhttps://ojs3.gpmu.org/index.php/forcipe/article/view/5438 
26. Bhutkar M. A., Bhise S. B. Comparative Studies on Antioxidant 

Activity of Some Antidiabetic Plants. Research J. Pharm. and 

Tech. 2011; 4(9): Sept. 1409-1412. 
27. Hepcy Kalarani D, Venkatesh P, Dinakar A. Anti-Diabetic 

Activity of Aqueous Extract of Leaves of Pavonia zeylanica in 

Rats. Research J. Pharm. and Tech. 2009; 2(4): 789-792. 
28. P.M. Patil, P.D. Chaudhari, N.J. Duragkar, P.P. Katolkar. 

Formulation and Evaluation its Anti-diabetic Activity of Liquid 

Oral Preparation of Gymnema sylvestre and Stevia rebaudiana and 
their Combination in Alloxan Diabetic Rats. Research J. Pharm. 

and Tech. 2010; 3(4): 1200-1204. 
29. Sandeep Goyal, V.K. Bansal, Dhruba Sankar Goswami, Suresh 

Kumar. sVascular Endothelial Dysfunction: Complication of 

Diabete Mellitus and Hyperhomocysteinemia. Research J. Pharm. 
and Tech. 2010; 3(3): 657-664. 

30. M Yashpal Naidu, K P Channa Basavaraj, T Tamizh Mani, K 

Roopa. Validated RP-HPLC Method for the Quantitation of 
Pioglitazone an Anti - Diabetic Drug in Bulk and Pharmaceutical 

Dosage Forms. Research J. Pharm. and Tech. 2010; 3(3): 885-887. 

31. Paltsyn A A Myokines Pathological physiology and experimental 
therapy. 2020; 64(1): 135-141  DOI: 

https://doi.org/10.25557/0031-2991.2020.01.135-141 

32. Wentao Chen, Liyi Wang, Wenjing You, Tizhong ShanMyokines 
mediate the cross talk between skeletal muscle and other organsJ. 

Cellular physiology. 2021; 236(4) April; 2393-2412. 

https://doi.org/10.1002/jcp.30033Chen W, Wang L, You W, Shan 
T. Myokines mediate the cross talk between skeletal muscle and 

other organs. J Cell Physiol. 2021; Apr; 236(4): 2393-2412. doi: 

10.1002/jcp.30033. Epub 2020 Sep 3. PMID: 32885426. 
33. Moonesan MR. Muscle-kidney crosstalk; the role of myokines. J 

Ren Endocrinol. 2023; 9: e25129. doi: 10.34172/jre.2023.25129. J 

Ren Endocrinol 2023; 9: e25129. Nickan Research Institute 
Journal of Renal Endocrinology https://www.jrenendo.com doi: 

10.34172/jre.2023.25129  

34. QiYang Wang,  QiuNan Lv, YuQiong Zhang, GuoXi Gao, Sheng 

LuAdvances in the research on myokine-driven regulation of bone 

metabolism Ming Hong Shao, 2023; 

DOI:https://doi.org/10.1016/j.heliyon.2023.e22547 
35. Chowdhury S, Schulz L, Palmisano B, et al. Muscle-derived 

interleukin 6 increases exercise capacity by signaling in 

osteoblasts. J Clin Invest. 2020; 130(6): 2888-2902. 
https://doi.org/10.1172/JCI133572 

36. Matsakas A, Friedel A, Hertrampf T, Diel P. Short-term 

endurance training results in a muscle-specific decrease of 
myostatin mRNA content in the rat. Acta Physiol Scand. 2005; 

183(3): 299-307. https://doi.org/10.1111/j.1365-

201X.2005.01406.x 
37. Kainulainen H, Papaioannou KG, Silvennoinen M, et al. 

Myostatin/ activin blocking combined with exercise reconditions 

skeletal muscle expression profile of mdx mice. Mol Cell 
Endocrinol. 2015; 399: 131-142. 

https://doi.org/10.1016/j.mce.2014.10.001 

38. Ko IG, Jeong JW, Kim YH, et al. Aerobic Exercise Affects 
Myostatin Expression in Aged Rat Skeletal Muscles: A Possibility 

of Antiaging Effects of Aerobic Exercise Related With Pelvic 

Floor Muscle and Urethral Rhabdosphincter. Int Neurourol J. 
2014; 18(2): 77. https://doi.org/10.5213/inj.2014.18.2.77 



Research J. Pharm. and Tech. 17(10): October 2024 
 

 

 5127 

39. Berezin AE, Berezin AA, Lichtenauer M. Myokines and Heart 
Failure: Challenging Role in Adverse Cardiac Remodeling, 

Myopathy, and Clinical Outcomes. Dis Markers. 

2021.13;2021:6644631. PMID: 33520013. PMCID: 
PMC7819753. 

40. Li F, Yang H, Duan Y, Yin Y. Myostatin regulates preadipocyte 

differentiation and lipid metabolism of adipocyte via ERK1/2. 
Cell Biol Int. 2011; 35(11): 1141-1146. 

https://doi.org/10.1042/CBI20110112 

41. Qin Y, Peng Y, Zhao W, et al. Myostatin inhibits osteoblastic 
differentiation by suppressing osteocyte-derived exosomal 

microRNA-218: A novel mechanism in muscle-bone 

communication. J Biol Chem. 2017; 292(26): 11021-11033. 
https://doi.org/10.1074/jbc.M116.770941 

42. Inyushkin A.N., Isakova T.S., Inyushkin A.A., Kretova I.G.. 

Physiological and pathophysiological role of the myokine irisin. 
Modern issues of biomedicine. 2023; 7(2) DOI: 10.51871/2588-

0500_2023_07_02_8 UDC 612.018.2  

43. Parakhonsky A.P. The role of interleukin-6 in the development of 
insulin resistance. Advances in modern science.2011.No.1.:105-

106; (In Russ. URL: https://natural-

sciences.ru/ru/article/view?id=15709  
44. Karimov R.N., Omonov M.O., Kamilova S.A., Abdullaev S.O. 

The role of interleukin-6 (IL-6) in the pathogenesis of diabetes 
type 2 mellitus. Volume–22_Issue-3_February_2023 Journal of 

New Century Innovations. http://www.newjournal.org/ 

45. Vasyukova O.V., Kasyanova Yu.V., Okorokov P.L., Bezlepkina 
O.B. Myokines and adipomyokines: inflammatory mediators or 

unique molecules of targeted therapy for obesity? Problems of 

Endocrinology. 2021; 67(4): 36-45. (In Russ.) 
https://doi.org/10.14341/probl12779 

46. Lutosławska G. Interleukin-6 as an adipokine and myokine: the 

regulatory role of cytokine in adipose tissue and skeletal muscle 
metabolism. Hum Mov. 2012; 13: 372---9, 

http://dx.doi.org/10.2478/v10038-012-0045-y. 

47. Paula FMM, Leite NC, Vanzela EC, et al. Exercise increases 
pancreatic -cell viability in a model of type 1 diabetes through IL-

6 signaling. FASEB J. 2015; 29: 1805---16, 

http://dx.doi.org/10.1096/fj.14-264820. 
48. Shephard RJ, Johnson N. Effects of physical activity upon the 

liver. Eur J Appl Physiol. 2015; 115: 1-46, 

http://dx.doi.org/10.1007/s00421-014-3031-6. 
49. Lustosa LP, Máximo Pereira LS, Coelho FM, et al. Impact of an 

exercise program on muscular and functional performance and 

plasma levels of interleukin 6 and soluble receptor tumor necrosis 
factor in prefrail community-dwelling older women: a randomized 

controlled trial. Arch Phys Med Rehabil. 2013; 94: 660-6, 

http://dx.doi.org/10.1016/j.apmr.2012.11.013. 

50. He Z, Tian Y, Valenzuela PL, et al. Myokine/Adipokine Response 

to “Aerobic” Exercise: Is It Just a Matter of Exercise Load? Front 

Physiol. 2019; 10(4): 1379-1406. 
https://doi.org/10.3389/fphys.2019.00691 

51. Pedersen BK, Febbraio MA. Muscle as an Endocrine Organ: 

Focus on Muscle-Derived Interleukin-6. Physiol Rev. 2008; 88(4): 
1379-1406. https://doi.org/10.1152/physrev.90100.2007 

52. Löffler D, Müller U, Scheuermann K, et al. Serum Irisin Levels 

Are Regulated by Acute Strenuous Exercise. J Clin Endocrinol 
Metab. 2015; 100(4): 1289-1299. https://doi.org/10.1210/jc.2014-

2932 

53. Broholm C., Laye M.J., Brandt C. et al. LIF is a contraction-
induced myokine stimulating human myocyte proliferation. J. 

Appl. Physiol. 2011; 111(1): 251–259; 

54. Otis J.S., Burkholder T.J., Pavlath G.K. Stretch-induced myoblast 
proliferation is dependent on the COX2 pathway. Exp. Cell Res. 

2005; 310: 417–425; 

55. Pedersen B.K., Steensberg A., Fischer C. et al. Searching for the 
exercise factor : is IL-6 a candidate ?  J. Muscle Res. Cell. Motil. 

2003; 24(2–3): 113–119; 

56. Pedersen L., Olsen C.H., Pedersen B.K. et al. Muscle-derived 
expression of the chemokine CXCL1 attenuates diet-induced 

obesity and improves fatty acid oxidation in the muscle. Am. J. 
Physiol. Endocrinol. Metab. 2012; 302(7): 831–840. 

57. Shestopalov, A. V., Ganenko, L. A., Grigorieva, T. V., Laikov, A. 

V., Vasiliev, I. Yu., Kolesnikova, I. M., etc. Adipokines and 
myokines as indicators of obesity phenotypes and their 

relationship with indicators of intestinal microbiome diversity. 

Bulletin of the Russian State Medical University. 2023;1: 49–58. 
DOI: 10.24075/vrgmu.2023.004 

58. Shestopalov A.V., Davydov V.V., Tumanyan G.T., Teplyakova 

E.D., Shkurat T.P., Mashkina E.V., Shkurat M.A., Gaponov A.M., 
Borisenko O.V., Roumiantsev S.A. The content of adipokines and 

myokines in the blood of children and adolescents with different 

genotypes according to the polymorphism rs662 of the 
paraoxonase-1 gene. Obesity and metabolism. 2023; 20(3): 227 

59. Adipokines and myokines as indicators of obese phenotypes and 

their association with the gut microbiome diversity indices. 
Bulletin of Russian State Medical University. 2023; 1: 45–54 

60. Kirk B, Feehan J, Lombardi G, Duque G. Curr Osteoporos 

Muscle, Bone, and Fat Crosstalk: The Biological Role of 
Myokines, Osteokines, and Adipokines. Rep. 2020 Aug; 18(4): 

388-400. DOI: 10.1007/s11914-020-00599-y.PMID: 32529456 

Review 
61. Yang M., Chen P., Jin H. et al. Circulating levels of irisin in 

middle-aged first-degree relatives of type 2 diabetes mellitus – 
correlation with pancreatic β-cell function. Diabetol. Metab. 

Syndr. 2014; 6(10: 133–139; 

62. Huh J.Y., Siopi A., Mougios V. et al. Irisin in response to exercise 
in humans with and without metabolic syndrome.  J. 

Clin.Endocrinol. Metab. 2015; 100: 453–457; 

63. Li Y., Li F., Lin B. et al. Myokine IL-15 regulates the crosstalk of 
co-cultured porcine skeletal muscle satellite cells and 

preadipocytes // Mol. Biol. Rep. 2014 V. 41, No. 11 P. 7543–

7553., 
64. Pierce J.R., Maples J.M.,Hickner R.C. IL-15 concentrations in 

skeletal muscle and subcutaneous adipose tissue in lean and obese 

humans: local effects of IL-15 on adipose tissue lipolysis. Am. J. 
Physiol. Endocrinol. Metab. 2015;  308(12); 1131–1139. 

65. Blüher S., Panagiotou G.,Petroff D. et al. Effects of a 1-year 

exercise and lifestyle intervention on irisin, adipokines, and 
inflammatory markers in obese children. Obesity. 2014;  22(7); 

1701–1708 

66. Datta N.S. Muscle-bone and fat-bone interactions in regulating 
bone mass: do PTH and PTHrP play any role?  Endocrine. 2014; 

47: 389–400; 

67. Lai X., Price C., Lu X.L. et al. Imaging and quantifying solute 
transport across periosteum: implications for muscle bone 

crosstalk. Bone. 2014; 66: 82–89. 

68. Henriksen T., Green C., Pedersen B.K. Myokines in myogenesis 

and health. Recent Pat. Biotechnol. 2012; 6(3): 167–171. 

69. Laurens C, Bergouignan A, Moro C. Exercise-Released Myokines 

in the Control of Energy Metabolism. Front Physiol. 2020; 11: 91. 
https://doi.org/10.3389/fphys.2020.00091 

70. Ahima RS, Park H-K. Connecting Myokines and Metabolism. 

Endocrinol Metab. 2015; 30(3): 235. 
https://doi.org/10.3803/EnM.2015.30.3.235 

71. A systematic review of ‘‘myokines and metabolic regulation’’ 

Henry H. León-Ariza, María P. Mendoza-Navarrete, María I. 
Maldonado-Arango, Daniel A. Botero-Rosas October 2018 

Apunts Med Esport. 2018; 53(200): 155-162.  

72. Giudice J, Taylor JM. Muscle as a paracrine and endocrine organ. 
Curr Opin Pharmacol. 2017; 34: 49-55. 

http://dx.doi.org/10.1016/j.coph.2017.05.005 

73. Barbalho SM, Flato UAP, Tofano RJ, Goulart RA, Guiguer EL, 
Detregiachi CRP, Buchaim DV,AraújoAC, Buchaim RL, Reina 
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