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1 |  INTRODUCTION

It was long thought that the function of skeletal muscle was 
propulsion and posture and that the sole interaction between 
muscle and bone was through mechanical loading for the sup-
port of body posture and to facilitate various movements.1,2 
For example, skeletal muscle possesses a remarkable ability to 
adapt to various physiologic conditions such as chronic disuse 
or exercise and bone mass follows muscle mass with unloading 

conditions such as bed rest, spaceflight or exercise.3,4 However, 
over the past decade, there has been growing evidence of the 
regulation of muscle mass and the metabolism of distant tis-
sues by release from skeletal muscle of soluble factors known 
as myokines.1,4-6 Both high‐intensity exercise and disuse can 
promote numerous physiological adaptations by increasing or 
decreasing the pool of available myokines.1,4-6 A multitude of 
studies have demonstrated that myokines can regulate physio-
logical and metabolic pathways in other tissues.1,4-6
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Abstract
Myokines are molecules produced and secreted by skeletal muscle to act in an auto‐, 
para‐ and endocrine manner to alter physiological function of target tissues. The 
growing number of effects of myokines on metabolism of distant tissues provides a 
compelling case for crosstalk between skeletal muscle and other tissues and organs 
to regulate metabolic homoeostasis. In this review, we summarize and discuss the 
current knowledge regarding the impact on metabolism of several canonical and re-
cently identified myokines. We focus specifically on myostatin, β‐aminoisobutyric 
acid, interleukin‐15, meteorin‐like and myonectin, and discuss how these myokines 
are induced and regulated as well as their overall function. We also review how these 
myokines may serve as potential prognostic biomarkers that reflect whole‐body me-
tabolism and how they may be attractive therapeutic targets for treating muscle and 
metabolic diseases.
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The myokines that have been described to date are com-
prised of peptides, growth factors, cytokines and small or-
ganic acids. These molecules exert an effect, positive or 
negative, on muscle function and overall metabolism and 
include: myostatin (MSTN), the small organic acid β‐aminoi-
sobutyric acid (BAIBA), meteorin‐like (METRNL), myonec-
tin, various interleukins (IL‐6, IL‐8, IL‐7 and IL‐15), irisin, 
fibroblast growth factor 21 (FGF21), brain‐derived neuro-
trophic factor (BDNF), insulin‐like growth factor‐1 (IGF‐1), 
leukaemia inhibitory factor (LIF) and follistatin‐like pro-
tein‐1 (FSTL‐1).1,2,5,7,8 The diverse and growing repertoire 
of myokines provides the basis for crosstalk between skeletal 
muscle and other organs, such as adipose tissue, bone, liver, 
pancreas, kidney and brain.1,4-6

Skeletal muscle is the most abundant tissue in healthy 
individuals, constituting nearly 40% of body mass in young 
adults, and any endocrine activity would be expected to have 
a robust effect on physiology of the organism.2,3 Muscle 
atrophy is linked with metabolic abnormalities associated 
with a variety of clinical conditions, including disuse, dia-
betes, obesity, renal failure, chronic obstructive pulmonary 
disease and cancer.1,4-6 For example, individuals with spinal 
cord injury (SCI) experience extreme immobilization as a 
result of paralysis below the spinal lesion.9 Because of the 
rapid loss in muscle, reduced basal metabolic rate and low 
physical activity, they are highly predisposed to obesity, in-
sulin resistance and diabetes mellitus.10-12 Obesity, defined 
as excess body fat, is associated with a wide range of diseases 
and metabolic abnormalities such as insulin resistance, sys-
temic inflammation, and mitochondrial oxidative stress and 
dysfunction.10,13-15 It is believed that individuals with SCI 
are at risk for developing a parallel cascade of deleterious 
changes.10,13-15 The muscle atrophy seen in these conditions 
may lead to changes in the myokine profile and signalling via 
other soluble factors secreted by fat, bone or immune cells 
which, collectively, may provide an additional disruption of 
metabolism.10,13-15

Several studies have shown that in the context of obe-
sity, the development of insulin resistance is influenced by 
inflammation of adipose tissue.16-18 Adipose tissue, which 
is a potent endocrine organ, is mainly composed of three 
types of fat: brown adipose tissue (BAT), white adipose 
tissue (WAT) and “beige/brite” (brown in white) fat formed 
from WAT.16-18 BAT activity has gained attention recently 
for it has been shown to be associated with increased en-
ergy expenditure, improved glucose and lipid homoeostasis 
and reduced body weight and fat mass.16-18 Moreover, skel-
etal muscle and beige fat are functionally linked, as physi-
cal activity releases myokines which increase beige fat and 
insulin signalling.16-18 Increasing skeletal muscle mass and 
activity are ways to increase energy expenditure and de-
crease adiposity with associated improvements in insulin 
resistance.16-18

The rising prevalence of insulin resistance in the general 
population highlights the need for a better understanding of 
its pathogenesis. Skeletal muscle is one of the main targets of 
insulin because it is responsible for more than 60% of insulin‐
stimulated clearance of glucose from the circulation; of note, 
muscle is one of the first tissues to develop insulin resistance 
and importantly, insulin action is greatly influenced by physi-
cal activity.19-22 While the muscle responds directly to insulin 
by translocation of GLUT4 to the sarcoplasmic membrane, 
myokines likewise influence whole‐body metabolism of glu-
cose and lipids, as they have been repeatedly shown to act on 
adipose, liver, pancreas and intestine tissues.19-24

As described in more detail below, over 100 myokines 
have been identified by proteomics approaches and more than 
250 putative myokines were reported based on GWAS and 
transcriptomics analyses. Several recent reviews have sum-
marized knowledge regarding the more extensively studied 
myokines including MSTN, IL‐6 and irisin.2,3,21,25-27 One of 
the most intriguing biological activities of myokines is their 
ability to modulate insulin action and metabolism of spe-
cific cells which is almost certainly of significant biomed-
ical importance. In this review, we summarize advances in 
our understanding of the several newly discovered myokines 
(BAIBA, IL‐15, METRNL and myonectin) regulated by phys-
ical activity and their potential to modulate cellular metabo-
lism; we also review relationships of MSTN to metabolism as 
MSTN is the most extensively studied of the myokines that 
modulate metabolism and insulin action. We also discuss the 
possibility that this selected group of myokines may serve 
as potential prognostic biomarkers which reflect changes in 
whole‐body metabolism and are attractive therapeutic tar-
gets for strategies for treating muscle and metabolic diseases. 
The biomedical applications of these myokines will also be 
briefly discussed.1,2,5,7,8

2 |  MYOSTATIN

Myostatin (MSTN), also known as growth and differentiation 
factor 8 (GDF8), belongs to the transforming growth factor 
β (TGF‐β) superfamily. MSTN expression primarily occurs 
in skeletal muscle, with low levels of mRNA reported in 
adipose and cardiac tissues.22,28-30 MSTN acts as a negative 
regulator of skeletal muscle growth and development by sup-
pressing satellite cell activation, myoblast proliferation and 
myofibre hypertrophy.22,28-30 MSTN’s expression has been 
suggested to participate in muscle wasting during spinal cord 
injury (SCI), ageing, liver disease, COPD and cancer.22,28-30

The various components of the MSTN signalling pathway 
have been defined.31-35 In brief, the activated MSTN peptide 
has been shown to bind to one of the two activin type II recep-
tors (ActRIIB), which recruit, phosphorylate and thereby ac-
tivate the activin type I receptors (ALK4 and ALK5), leading 
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to the phosphorylation by Alk4/5 and activation of SMAD2 
and SMAD3. SMAD2/3 function as the final intracellular 
mediators for MSTN as they translocate into the nucleus and 
regulate the transcription of target genes such as FoxO, Bix3 
and Runx1.36 MSTN signalling is inhibited by SMAD737,38 
which upon stimulation of cells by MSTN, interferes with 
the formation of the SMAD2/3 complex thereby preventing 
SMAD2/3 nuclear translocation.37,38

The regulation of MSTN and its function in the control of 
muscle mass have been studied in detail.22,30,39,40 MSTN was 
implicated as a key regulator of muscle health after SCI using 
rat and mouse models.10 In a rat model of complete SCI, ex-
pression of MSTN mRNA was not increased in whole muscle 
homogenate, but there was elevated ActRIIB mRNA expres-
sion and increased nuclear localization of the SMAD2/3, sug-
gesting greater sensitivity to MSTN after SCI.41 In a separate 
study, the miRNA profile of whole gastrocnemius homog-
enates after SCI‐induced muscle paralysis was associated 
with TGFβ family signalling by bioinformatics analysis as 
dysregulated miRNAs target multiple components of myo-
statin signalling.42 Another study investigated the effects of 
inhibition of MSTN with a soluble ActRIIB receptor after 
a complete SCI in mice.43 The MSTN inhibitor reduced the 
amount of body mass lost compared to vehicle‐treated an-
imals over 8 weeks post‐SCI.43 The mice given the MSTN 
inhibitor had greater upper limb muscle masses but, interest-
ingly, paralysed muscle mass was unaffected by the MSTN 
inhibitor.43 These findings suggest the inhibition of MSTN 
may need to be used in conjunction with inhibitors of other 
signals of atrophy to prevent the loss of skeletal muscle which 
occurs with SCI‐induced muscle paralysis.

Another form of skeletal muscle wasting is sarcopenia, 
the age‐related decline in skeletal muscle mass and func-
tion.19,29,44 There is disagreement in the literature regarding 
changes in MSTN expression during sarcopenia.19,29,44 One 
proposals is that the effect of MSTN during ageing may be 
limited to specific stages of sarcopenia.19,29,44 Further sys-
tematic studies are required to better understand the roles of 
MSTN in the progression of sarcopenia.

Our understanding of how MSTN may regulate tissues 
other than muscle is steadily increasing. Recent studies sug-
gest that MSTN is a key regulator of whole‐body metabo-
lism, and consequently, is associated with the development 
of obesity, insulin resistance and type 2 diabetes mellitus 
(T2DM).2,5,22,28,45,46 MSTN mRNA and protein levels are 
reported to be increased in muscle and adipose tissues of 
leptin‐deficient obese mice as well as in wild‐type mice fed 
a high‐fat diet (HFD).45 These observations are further sup-
ported by studies showing higher mRNA levels of MSTN in 
muscle from type 2 diabetics as well as in non‐obese insulin 
resistant subjects.47 MSTN knockout mice have demonstrated 
resistance to dietary‐induced obesity and have improved met-
abolic phenotypes because of increased muscle mass and 

increased thermogenesis through beiging of white adipose 
tissue (WAT).30,45,48 Moreover, inhibition of MSTN activity 
prevents the development of insulin resistance after chronic 
feeding of a high‐fat diet in mice.49,50 Furthermore, it was re-
ported that the addition of exogenous MSTN elevates insulin 
resistance in both muscle and liver of mice and that the levels 
of MSTN decreased with aerobic exercise associated with an 
improvement in insulin sensitivity in humans.51 Collectively, 
these data suggest that MSTN affects whole‐body metabo-
lism and MSTN levels correlate with obesity; the possibility 
that MSTN could initiate the development of insulin resis-
tance and type 2 diabetes should also be considered.

The molecular mechanisms responsible for MSTN‐me-
diated regulation of whole‐body metabolism have not been 
well delineated. A clinically relevant target for understand-
ing the molecular mechanisms of MSTN in insulin resistance 
and T2DM is glucose transporter 4 protein (GLUT4).24,52-54 
GLUT4 expression mediates insulin‐dependent glucose 
uptake, is responsible for the majority of glucose transport 
into muscle and adipose cells in response to insulin, and is 
reduced during pre‐diabetes and diabetes.24,55 MSTN inhib-
its GLUT4 mRNA and protein expression and glucose up-
take in C2C12 cells and that these actions are dependent on 
SMAD2/3 signalling.56 Also, tissue‐specific reductions in 
GLUT4 have potent metabolic effects on other tissues. For 
example, mice with muscle‐specific GLUT4 deficiency dis-
play decreased insulin responsiveness in adipose tissue and 
liver, whereas those with adipose‐specific GLUT4 reduction 
display muscle and liver insulin resistance.23,54,57 Strikingly, 
overexpression of GLUT4 in the adipose tissue of muscle‐
specific GLUT4 deficient mice reversed glucose intoler-
ance and diabetes.23,55 Another study identified MSTN as an 
inducer of phosphotyrosine interaction domain containing 
1 (PID1) protein in human muscle cells.58-60 PID1 is well 
known for its role in the development of insulin resistance in 
both white adipocytes and muscle cells and MSTN activation 
of PID1 leads to the diminished insulin‐stimulated tyrosine 
phosphorylation of IRS1.58-60 As IRS1 is a critical mediator 
in the insulin‐signalling pathway; the degradation of IRS1 is 
linked with impairment in further activation of IRS1/PI3K/
AKT/GLUT4 signalling resulting in reduced glucose uptake 
by muscle cells.58-60

Because of the well‐established impact of MSTN sig-
nalling on muscle mass, coupled with the fact that MSTN is 
produced almost exclusively by skeletal muscle and that its 
presence is not essential for life, pharmacological interven-
tions that target the MSTN signalling pathway are relevant 
as potential therapies for muscle‐wasting diseases and mus-
cle metabolic diseases.61 The majority of anti‐MSTN drug 
candidates block the interaction between mature MSTN and 
its receptors through antibodies, ligand traps or overexpres-
sion of natural inhibitors such as follistatin.61-63 Yet, because 
the receptor recognition surfaces of mature MSTN and other 
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TGFβ family members share a high degree of similarity, many 
of these MSTN‐targeted biologics may cross‐react with other 
members of the TGFβ family, typically GDF11 or Activin 
A.61-64 However, TGFβ family prodomains share much less 
sequence conservation than the mature ligands. One group 
has developed human monoclonal antibodies that selec-
tively bind the MSTN and GDF11 precursor forms; a sub-
set of these antibodies inhibits MSTN proteolytic activation 
and prevents muscle atrophy, but does not bind the mature 
forms of myostatin, BMP9, BMP10 or TGFB1, or any form 
of GDF11 or Activin A in vivo.64 One variant, muSRK‐015p 
effectively increases muscle mass and function in mouse 
models of spinal muscular atrophy (SMA).64 Furthermore, 
muSRK‐015P treatment improves the cortical and trabecular 
bone phenotypes in these mice, making it an intriguing ther-
apy for chronic muscle disuse as a way to protect muscle and 
bone health.64

3 |  Β‐AMINOISOBUTYRIC ACID 
(BAIBA)

β‐aminoisobutyric acid (BAIBA) is a recently discovered 
small molecule myokine produced by skeletal muscle dur-
ing exercise.7,25,65 BAIBA consists of two enantiomers, L‐
BAIBA and D‐BAIBA. The production and degradation of 
L‐BAIBA is catalysed by 4‐aminobutyrate aminotransami-
nase (ABAT), a mitochondrial enzyme which is expressed 
mainly in the brain, kidney, liver and muscles.66 D‐BAIBA 
is produced in cytosol as an intermediate product of thy-
mine degradation, and its degradation also occurs in mito-
chondria through the action of an enzyme found in liver and 
kidneys, alanine:glyoxylate aminotransferase 2 (AGXT2).66 
L‐BAIBA (hereafter referred to as BAIBA) being the bio-
logically active form, is produced by contracting muscle re-
gardless of fibre type, gender and age.65

β‐aminoisobutyric acid is under the control of the tran-
scriptional coactivator peroxisome proliferator‐activated 
receptor‐gamma coactivator‐1α (PGC‐1α).7,25,65 The in-
crease in PGC‐1α observed during physical exercise results 
in a concomitant increase in BAIBA serum levels.7,25,65 The 
identification of BAIBA as a PGC‐1α‐mediated and exer-
cise‐induced signal has significant implications for our un-
derstanding of muscle biology and its protective role against 
the development of metabolic diseases. Increases in BAIBA 
have been demonstrated to have many beneficial effects 
which include protection against bone loss and diet‐induced 
obesity, increased expression of brown adipocyte‐specific 
genes in white adipocytes, increased mitochondrial biogene-
sis and fatty acid β‐oxidation, and reduced insulin resistance 
and inflammation in skeletal muscle; L‐BAIBA also reduced 
hepatic endoplasmic reticulum (ER) stress and glucose/lipid 
metabolic disturbance in mice with type 2 diabetes.7,25,65,67,68

Emerging evidence links BAIBA to osteocyte function. 
Osteocytes are cells which derive from a subpopulation of os-
teoblasts that are encased within the mineralized bone matrix 
and orchestrate bone remodelling thus serving as a critical 
determinant of bone mass.10,12,69 In patients with SCI, rapid 
and extensive sublesional bone loss develops because of an 
uncoupling of bone remodelling in favour of bone resorp-
tion.12,69 The bone‐derived protein, osteocalcin, produced 
by osteoblasts, is typically reduced chronically after SCI and 
thought to play an integral role in the link between bone and 
metabolic health.70 Therefore, osteocyte viability is crucial to 
bone health, since the loss of osteocytes directly impairs the 
capacity for bone to respond to changes in mechanical load-
ing.10,12,69 The discovery of novel mechanisms that mediate 
organ crosstalk, such as muscle‐derived BAIBA, is a signifi-
cant step toward understanding humoral interactions between 
these tissues.33,65,71

Kitase et al have elegantly described the physiological role 
of BAIBA on osteoblasts as precursors of osteocytes using 
the osteoblast cell model, MC3T3‐E1.65 They have shown 
BAIBA to function as an osteocyte protective factor against 
reactive oxygen species (ROS) by blocking mitochondrial 
fission and preserving mitochondrial integrity upon exposure 
to reactive oxygen species. In these studies, BAIBA was able 
to prevent apoptosis and loss of bone following hindlimb un-
loading.65 Several membrane receptors for BAIBA were pro-
posed, including G protein‐coupled receptors (GPRs), such 
as Mas‐related GPR type D (MRGPRD). For example, Kitase 
et al discovered that BAIBA signals through the MRGPRD.65 
Furthermore, these authors hypothesized that the relative de-
cline in MRGPRD expression in osteocytes with age predicts 
that the capacity of BAIBA to promote osteocyte survival 
would also decline with age. Consistent with this prediction, 
MRGPRD is highly expressed in osteocytes from young but 
not older mice.65 Thus, the protective effect of BAIBA was 
lost with age, not because of loss of the muscle capacity to pro-
duce BAIBA but rather to the downregulation of MRGRPD 
expression in osteocytes with ageing.65 These findings have 
implications for understanding and correcting the attenuated 
effect of exercise on bone with ageing.25,65 Moreover, further 
investigation is warranted into the molecular mechanisms 
by which BAIBA influences bone and bone‐derived factors, 
such as osteocalcin, to influence metabolic health.

4 |  INTERLEUKIN‐15

Interleukin‐15 (IL‐15) is a member of the IL‐2 superfamily 
and has attracted considerable attention as a myokine whose 
expression contributes to the beneficial impact of physical 
exercise on muscle energy metabolism. High concentra-
tions of serum IL‐15 show potential to regulate mitochon-
drial function, lipid deposition and mobilization, myofibre 
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composition, BAT function, obesity, insulin sensitivity and 
other metabolic disorders.72,73

Physical activity is known to increase mitochondrial con-
tent in skeletal muscle, counteracting age‐related decline in 
muscle function and protecting against metabolic and car-
diovascular complications.72,73 Acute IL‐15 treatment of L6 
myotubes mimicking circulating (1‐10  pg/ml) and muscle 
interstitial (100  pg/ml‐20ng/ml) IL‐15 expression levels, 
enhances muscle glucose uptake and mitochondrial oxida-
tive functions in association with activation of the AMPK 
pathway, a nutrient and exercise related pathway.74 However, 
chronic IL‐15 exposure resulted in a U‐shaped effect on 
mitochondrial oxidative functions; electron transport chain 
(ETC) formation was increased with low IL‐15 levels but de-
creased at higher IL‐15 concentrations.74 It was also shown 
that IL‐15 exerts protective effects against H2O2‐mediated 
oxidative stress and enhances mitochondrial activity through 
a PPARδ‐dependent mechanism in skeletal muscle cells.75,76 
While the acute role of IL‐15 seems beneficial, further in-
vestigations on the effects of IL‐15 should be performed 
to understand if sustained elevation of IL‐15 levels results 
in adverse effects, such as generating additional systemic 
inflammation. A similar U‐shaped profile of activity has 
been demonstrated with IL‐6; IL‐6 expression is increased 
within an acute timeframe after exercise which is beneficial, 
while chronic elevations of IL‐6 are most likely detrimen-
tal.2 Taken together, these results suggest that when released 
during muscle contraction, IL‐15 may act in an autocrine/
paracrine fashion that contributes to the beneficial effects of 
exercise on skeletal muscle.

Several lines of evidence suggest that IL‐15 is capa-
ble of blocking HFD‐induced obesity, glucose intolerance 
and insulin resistance.72,73,77,78 It is well known that ex-
cessive lipid deposition in the liver is one of the primary 
physiological alterations related to obesity.72,73,77,78 IL‐15 
downregulates the accumulation of lipids in preadipocytes 
and reduces WAT mass partly through stimulation of ad-
iponectin secretion without compromising food intake in 
rodents. These outcomes suggest that IL‐15 may be a po-
tent mediator of exercise‐induced muscle‐fat crosstalk.78,79 
Intriguingly, IL‐15 treatment is capable of preventing 
HFD‐stimulated fatty liver.80-82 Hydrodynamic delivery of 
a plasmid expressing IL‐15 to HFD‐fed mice reduced liver 
weights and decreased liver triacylglycerol (TAG) levels 
compared to HFD‐fed control.80-82 The beneficial role of 
IL‐15 on the prevention of obesity may also include its ef-
fects on glucose homoeostasis and insulin resistance.80-82 
In HFD‐mice, hydrodynamic delivery of a plasmid ex-
pressing IL‐15 resulted in improved insulin sensitivity, as 
evidenced by reduced fasting glucose levels and decreased 
blood insulin levels.83,84 Importantly, obese subjects have 
lower circulating IL‐15 relative to lean individuals and cir-
culating IL‐15 is inversely related to trunk fat mass and 

per cent body fat; these findings support the possibility 
that there exists a skeletal muscle–blood–adipose IL‐15 
axis in humans associated with obesity.85 In addition, it has 
been demonstrated that the production of IL‐15 induced by 
physical activity may help to attenuate or even suppress 
the negative effects of tumor necrosis factor‐alpha (TNF‐α) 
in obese and diabetic subjects, in whom a low‐grade sys-
temic inflammatory state exists, by regulating blood glu-
cose and lipid levels and diminishing proteolysis in striated 
muscle.86-88 Such “low grade systemic inflammation” is 
characterized by a two‐ to threefold increase in the sys-
temic concentrations of cytokines such as TNF‐α, an in-
flammatory marker noted as critical in the development of 
insulin resistance and muscle wasting in diabetic patients 
and decreased production of adiponectin.86-88 In contrast, 
overexpression of IL‐15 stimulates adiponectin secretion, 
lowers the concentration of circulating leptin with a con-
certed loss of intra‐abdominal fat mass and counteracts 
TNF‐α action on muscle protein degradation.86-88 It is im-
portant to note that while these findings support a role for 
IL‐15 in determining insulin sensitivity and control of obe-
sity, the molecular mechanism(s) by which Il‐15 amelio-
rates the detrimental effects of TNF‐α have not been fully 
established.

Collectively, the data indicate that increasing IL‐15, ei-
ther exogenously or endogenously by exercise, may be a 
promising approach in the prevention and treatment of obe-
sity and T2DM; however, the underlying molecular mecha-
nisms need to be more clearly defined. In C2C12 myotubes, 
IL‐15 increases basal and insulin‐stimulated glucose uptake, 
GLUT4 translocation and GLUT4 mRNA levels.74,89 It has 
been reported that the signalling pathway for IL‐15, induces 
hypoxia‐inducible factor‐1 α (HIF‐1α) expression via JAK3/
STAT3 activation. The activation of HIF‐1α expression leads 
to an increase in GLUT4 translocation from the cytoplasm to 
the plasma membrane, accounting for the increase in glucose 
uptake in cultured myocytes in vitro and in isolated skeletal 
muscle ex vivo.73,74,76,89 Although this line of evidence pro-
vides some insight into the molecular mechanism behind the 
stimulatory effect of IL‐15 on insulin action, further studies 
are essential to firmly establish the unknown factors involved 
in the IL‐15/JAK3/STAT3 signalling axis. Moreover, IL‐15 
has obvious relevance to understanding of, and to the poten-
tial treatment and/or prevention of, metabolic disorders, such 
as insulin resistance or diabetes.73,74,76,89

5 |  METEORIN‐LIKE (METRNL)

Meteorin‐like (METRNL; also known as subfactin) is a re-
cently identified myokine induced upon exercise and cold 
exposure. METRNL is known to increase systemic en-
ergy expenditure, induce white adipocyte beiging, improve 
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glucose tolerance and insulin sensitivity, and promote anti‐
inflammatory gene programs in monocytes, adipocytes and 
skeletal muscle.90-92

It has been reported that mRNA expression and release 
of METRNL increases in white adipose tissue during acute 
cold exposure and in muscle after acute bouts of exercise. 
Moreover, an increase in PGC‐1α‐mediated signalling 
stimulates increased METRNL expression.91 In a muscle‐
specific PGC‐1α (isoform PGC‐1α4) transgenic mouse, 
METRNL mRNA and protein were upregulated by about 
four‐ and eightfold, respectively.91 PGC‐1α is known to be 
associated with mitochondrial biogenesis and resistance to 
muscle atrophy, and downstream expression of METRNL 
is likely to be associated with the beneficial outcomes 
associated with upregulation of PGC‐1α4.91 The role of 
METRNL in alleviating insulin resistance and lipid‐medi-
ated inflammation in skeletal muscle via AMP‐activated 
protein kinase (AMPK) or peroxisome proliferator‐acti-
vated receptor δ (PPARδ) has recently been investigated.92 
METRNL treatment increased AMPK phosphorylation 
and PPARδ expression both in mouse skeletal muscle and 
2 week post‐induction of differentiation in C2C12 cells.92 
Furthermore, METRNL administration rescued glucose in-
tolerance and reduced HFD‐induced body weight gain in 
mice without affecting caloric intake.92 These results sug-
gest that body weight loss may be caused by ß‐oxidation in 
adipose tissue and beiging of white adipose tissue through 
PGC‐1α4.92 Supporting evidence has shown METRNL 
mRNA expression was increased in the resting state after 
20 days of short‐term high‐volume high‐intensity interval 
training (HIIT), and HIIT resulted in the elevated levels of 
potential fat browning myokines in skeletal muscle.93 Taken 
together, these studies suggest that METRNL may offer ex-
ercise‐mediated protection against metabolic disorders.

Outside of muscle cells, adipocyte‐specific overexpres-
sion of METRNL attenuates insulin resistance whereas 
adipocyte‐specific reduction of METRNL expression exac-
erbates insulin resistance in HFD‐fed mice.94,95 Moreover, it 
has been reported that the circulating levels of METRNL are 
lower in obese patients.96 A study by Lee et al demonstrated 
lower levels of MERNTL in newly diagnosed patients with 
T2DM and pre‐diabetes subjects in comparison to controls.97 
A similar observation was reported in patients with T2DM 
as well as its association with the parameters of glucose and 
lipid metabolism and markers of the endothelial function.96

However, there are some conflicting data regarding the 
expression levels of METRNL in those with T2DM and obe-
sity. One group has reported elevated levels of METRNL in 
individuals with T2DM compared to non‐diabetic controls 
while another group has shown that METRNL expression in 
the adipose tissue is higher in obese children in comparison 
to lean children.98,99 Further studies are required to address 
these discrepancies.

6 |  MYONECTIN

Myonectin, also known as C1q tumour necrosis factor‐α‐
related protein isoform 15 (CTRP15), is a myokine ho-
mologous to adiponectin with respect to domain structure, 
and it is expressed and secreted predominantly by skeletal 
muscle.8 Whether there is a linkage between myonectin 
expression and exercise remains unclear. Increased my-
onectin expression was observed in skeletal muscle and 
in circulation in mice given access to a running wheel 
for 2 weeks as compared to mice with access to a locked 
wheel.100 It remains uncertain whether increased expres-
sion was because of acute exercise or to the increased food 
consumption following the acute bout of exercise, which 
would mimic a “re‐feeding” state that elevates myonectin 
expression.8

Several studies do indicate that myonectin expression 
and levels are regulated by glucose and fats and that one 
function of myonectin is to regulate hepatic fatty acid up-
take and oxidation.8 Myonectin expression and circulating 
myonectin levels were increased 2  hours after overnight‐
fasted mice were given a bolus of glucose or emulsified 
Intralipid® (an IV fat emulsion).8 In a separate cohort of 
mice, the administration of recombinant myonectin low-
ered circulating levels of free fatty acids (FFAs) by pro-
moting glucose and fatty acid uptake and oxidation in both 
the liver and adipose tissue.8 Furthermore, in obese and 
diabetic animals, circulating myonectin levels increased 
significantly.50,101 Based on these findings, it has been 
proposed that myonectin may function as a nutrient‐sens-
ing myokine that simultaneously determines responses to 
and is regulated by nutritional state.8,50,82 Moreover, these 
studies suggest that myonectin may be a potential candi-
date for a role in the pathogenesis of insulin resistance 
and T2DM. In support of these proposals, higher plasma 
myonectin levels were seen in individuals with impaired 
glucose tolerance (IGT) and in T2DM patients compared 
with normal subjects in cross‐sectional and interventional 
studies.50 Additionally, circulating myonectin was higher 
in T2DM patients than in pre‐diabetic subjects, indicating 
a progressive increase in myonectin levels from a pre‐dia-
betic to diabetic state, and providing additional evidence 
that myonectin is elevated in obese individuals.50 The grad-
ual elevation in myonectin with glucose intolerance and 
the consistency in elevated myonectin levels with obesity 
makes myonectin an intriguing prospect as a circulating 
biomarker of adiposity and obesity‐related metabolic dis-
eases.50 In a separate study, young individuals were given 
an oral glucose tolerance test to assess the effects of rap-
idly increasing glucose and insulin levels on circulating 
myonectin at rest as well as during a euglycemic‐hyper-
insulinemic state and after a 45 minutes bout of treadmill 
exercise at 60% of VO2 peak.50 Interestingly, circulating 
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myonectin levels were not affected by any of the experi-
mental conditions in healthy individuals.50

Collectively, the data suggest that elevated levels of 
myonectin were observed in individuals with glucose in-
tolerance as well as those with obesity.8,50 Greater levels of 
myonectin may be a useful biomarker for the onset of diabe-
tes as well as a potent target for studies that focus on iden-
tifying future therapies to mitigate insulin resistance.8,50,101 
However, further studies are needed to clarify the molecular 
mechanisms involved in myonectin regulation.

7 |  MYOKINES AS BIOMARKERS

The continued search for biomarkers for diagnosis, predic-
tion of prognosis, and therapeutic targets for muscle atrophy 
and metabolic diseases has produced a list of potential can-
didate genes for further biological validation. For example, 
more than 100 myokines have been identified by different 
proteomics approaches, but these techniques may not detect 
all myokines. mRNA sequencing has been employed as an 
alternative, unbiased approach to identify and study gene ex-
pression of secreted myokines and is a useful approach by 
which to expand our knowledge of the skeletal muscle se-
cretome.102-104 One study used global mRNA sequencing to 
detect genes that were upregulated in human skeletal muscle 

as an outcome of acute and/or long‐term exercise.103 In total, 
the group detected almost 250 genes encoding putative 
myokines that were upregulated after acute and/or long‐term 
training.103 Some transcripts encode well‐known myokines, 
such as irisin, BDNF and IL‐6, which have been described 
extensively and are reviewed elsewhere, 2,3,5,102-104; others 
have not been studied previously in skeletal muscle and may 
encode novel myokines.102,103

In addition, Genome‐wide association studies (GWAS) 
have been instrumental in the identification of a multitude 
of pleiotropic candidate single‐nucleotide polymorphisms 
(SNPs)/loci associated with traits related to skeletal muscle 
physiology and metabolism, with multiple loci overlapping 
between the traits.102,105 For example, some studies have 
examined relationships between SNPs and muscle strength 
in GWAS studies. Muscle strength, measured by isomet-
ric hand grip strength, is a widely used proxy of muscular 
fitness, an established marker of frailty, and predictor of 
physical decline and functional impairments. Higher grip 
strength has been found to be prognostic of recovery after 
hip fracture surgery while lower grip strength is associ-
ated with the reduced quality of life in the ageing popu-
lation.102,105 To investigate the genetic determinants of 
variation in grip strength, two grip‐strength GWAS have 
been reported to date, yielding 64 muscle strength‐re-
lated loci identified within the UK Biobank.102,105 It was 

T A B L E  1  Summary table of myokine regulation of skeletal muscle physiology and metabolism

Myokines Alias Production site
Functions in muscle
biology and metabolism

Myostatin MSTN; GDF8; MSLHP Almost exclusively in the 
skeletal muscle;

Some expression in adipose, 
and cardiac tissues

Negative regulator of muscle mass; Skeletal muscle 
wasting; Development of obesity, insulin resistance 
and T2DM

β‐aminoisobutyric acid BAIBA (L‐BAIBA and 
D‐BAIBA)

Skeletal muscle Exercise factor; Increases expression of brown adi-
pocyte‐specific genes in white adipocytes; Protects 
against bone loss, obesity, insulin resistance; Increases 
mitochondrial biogenesis and fatty acid β‐oxidation; 
Improves inflammation in skeletal muscle and reduces 
hepatic endoplasmic reticulum (ER) stress

Interleukin‐15 IL‐15 Skeletal muscle Exercise factor; Increases hypertrophy; Enhances mus-
cle glucose uptake and mitochondrial oxidative func-
tion; Increases insulin sensitivity and reduces obesity; 
Promotes anti‐inflammatory gene programs

Meteorin‐like METRNL; Subfactin; 
Cometin; Glial Cell 
Differentiation Regulator

Skeletal muscle;
Adipose tissue

Exercise factor; Increases expression of brown adi-
pocyte‐specific genes in white adipocytes, Improves 
glucose tolerance; Promotes anti‐inflammatory gene 
programs in obese/diabetic mice

Myonectin C1q tumour necrosis 
factor‐α‐related protein 
isoform 15 (CTRP15); 
C1QTNF5

Skeletal muscle Negative regulator of muscle mass;
nutrient‐sensing myokine 
Increases glucose intolerance
Circulating biomarker of adiposity and obesity‐related 
metabolic diseases
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discovered that a number of these loci were located within 
or close to genes implicated in structure and function of 
skeletal muscle fibres (ACTG1), involvement in the reg-
ulation of neurotransmission (PEX14, TGFA and SYT1), 
excitation‐contraction coupling (SLC8A1) or monogenic 
syndromes with involvement of psychomotor impairment 
(PEX14, LRPPRC and KANSL1).102,105 For example, 
ACTG1 knockout mice demonstrate muscle weakness as 
well as whole‐body functional deficits. STY1 has been as-
sociated to synaptic defects at the neuromuscular junctions 
in spinal muscular atrophy, while the overexpression of 
SLC8A1 in muscle produces muscular changes like those 
of muscular dystrophy.102,105 Moreover, three lead SNPs 
(rs10186876, rs6687430 and rs754512) for grip strength 
were located near genes implicated in monogenic syn-
dromes characterized by psychomotor and/or neurological 
impairment.102,105 The characterization of these loci via ge-
netic and functional work will help elucidate new pathways 
involved in the regulation of muscle strength and suggest 
new strategies to tackle muscle wasting.102,105 Continuation 

of this line of research is likely to provide additional in-
formation as to expression how different myokines is reg-
ulated, and how expression levels correlate with muscle 
physiology and metabolism.

8 |  CONCLUSION

In this review, the current understanding of the impact of 
myokines on muscle biology and metabolism were discussed 
with a focus on newly characterized myokines with known or 
suspected roles in regulating metabolism (Table 1, Figure 1). 
Myokines provide a mechanism for crosstalk between skeletal 
muscle and other tissues and organs and set a new paradigm 
in exercise biology and metabolic homoeostasis (Figure 1).

Before broad conclusions can be made regarding the 
role or impact of a particular myokine, it is critical that the 
findings from pre‐clinical models are reproduced in man. 
Expression profiles of myokines could provide the informa-
tion necessary to maximize the health‐promoting benefits of 

F I G U R E  1  Myokine regulation of skeletal muscle physiology and metabolism. Summary of selected key functions of myokines produced 
and secreted by skeletal muscle which exert an effect, positive or negative, on muscle function and overall metabolism. They include myostatin 
(MSTN), the small organic acid β‐aminoisobutyric acid (BAIBA), meteorin‐like (METRNL), interleukin IL‐15 (IL‐15) and myonectin. These 
diverse myokines provide the basis for crosstalk between skeletal muscle and other organs, such as adipose tissue, bone and liver. Exercise‐induced 
release of myokines provides a conceptual basis for our understanding of how exercise training may impact metabolic diseases

Sedentary Active

Glucose
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inflammation

Obesity

Insulin-
resistance Glucose

intoleranceStimulation
Inhibition

Myostatin Myonectin Meteorin-like IL-15 BAIBA

Muscle
atrophy

Protects against
bone loss
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exercise. It may also be possible to develop small compounds 
derived from myokines to provide treatment of metabolic 
diseases. Knowledge regarding effects of different forms 
of exercise, such as endurance, isometric, eccentric and re-
sistance exercise, remain to be fully elucidated and may be 
important in fully understanding the potential of these myok-
ines to regulate cellular and whole‐body metabolism. An area 
not discussed in this review is the effect of myokines with 
growth factors, adipokines or hepatokines. Interactions be-
tween MSTN and insulin or IGF‐I signalling have been in-
vestigated; MSTN reduces signal transduction downstream 
of IGF‐1 or insulin receptors at multiple levels from IRS‐1 
to AKT and mTORC1.56 It now appears that adipokines, and 
possibly other hormones, mitigate these deleterious effects 
of MSTN.106
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