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Abstract

Skeletal muscle cells are highly abundant and metabolically active and are known to
‘communicate’ their energy demands to other organs through active secretion. Muscle-derived
secretory proteins include a variety of cytokines and peptides collectively referred to as
“myokines” that exert auto-, para- or endocrine effects. Analyses of the skeletal muscle secretome
revealed that numerous myokines are secreted in response to contraction or strength training, and
that these factors not only regulate energy demand but also contribute to the broad beneficial
effects of exercise on cardiovascular, metabolic, and mental health. Herein we review recent
studies on the myokines that regulate muscle function and those that mediate cross talk between
skeletal muscle and other organs including adipose tissue, liver, pancreas, the cardiovascular
system, brain, bones, and skin.

Keywords
muscle; secretion; cell communication; paracrine; endocrine; myokine

Introduction

Detailed proteomic analysis of the human skeletal muscle secretome combined with strict
computational filtering revealed that a complex mixture of over 300 myokines were actively
secreted from these cells [1-3]. The vast majority of these myokines are known circulating
factors that are not unique to skeletal muscle, though a few are skeletal muscle selective. As
myokines with autocrine functions are discussed in more detail in the Demonbreun and
McNally review in this issue, we will focus herein on paracrine myokines that influence
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muscle development and homeostasis by regulating angio/vasculogenesis, innervations,
adipogenesis, and bone formation as well as on endocrine myokines that have diverse
systemic effects. We will also address critical unanswered questions regarding the molecular
underpinnings of skeletal muscle secretory vesicle trafficking. As numerous myokines have
been linked to improved clinical outcomes in a range of disorders from diabetes to cancer[4—
6], future strategies to control the release of these biologically active peptides from skeletal
muscle could provide robust and novel therapeutic opportunities.

Muscle Angiogenesis

As in other solid tissues, angiogenesis is fundamental to skeletal muscle growth and
differentiation and vascular endothelial growth factor-A (VEGFA) is arguably the most well-
characterized paracrine factor secreted from skeletal muscle[7]. Genetically engineered mice
with skeletal muscle-specific deletion of VEGFA have significantly reduced interstitial
VEGFA levels accompanied by vascular rarefaction, reduced exercise capacity, and insulin
resistance [8,9]. Coupled with evidence that these mice exhibit normal circulating levels of
VEGFA, these findings indicate that skeletal muscle cells provide a critical source of
intramuscular VEGFA that is necessary locally (not systemically) for muscle growth and
metabolic homeostasis [8,9]. Other exercise-induced myokines that act in a paracrine
fashion to regulate muscle angiogenesis include the cytokine interleukin- (IL)-8 and
angiopoietin 1[6].

Muscle Innervation

Skeletal muscle cells also secrete several neurotrophic factors including those that impart
coordinated control of motor neuron innervation, neuromuscular junction (NMJ) formation
and muscle terminal maintenance. Such factors include, but are not limited to brain-derived
neurotrophic factor (BDNF), fibroblast growth factor binding protein-1 (FGFBP1), ciliary
neurotrophic factor receptor-A (CNTFR-A), and low-density lipoprotein receptor-4 (LRP4)
[4-6]. While skeletal muscle cells are not a major contributor to circulating BDNF, they do
release low levels of this myokine which may play a paracrine role in regulating survival,
growth and maintenance of intramuscular neurons [6]. Skeletal muscle cells also secrete
FGFBP1- a factor that is concentrated at neuromuscular junctions and is essential for NMJ
maintenance [10]. However, to date studies confirming a requirement for skeletal muscle-
dependent elaboration of these factors is lacking. Both CNTFR-A and LRP-4 are key signal-
peptide containing plasma membrane receptors that are critical for maintenance of the NMJ.
CNTFR-A is a cytokine receptor that is secreted from both neurons and skeletal muscle
cells, but tissue-specific deletion studies revealed that these tissues play a non-redundant role
in NMJ function [11,12]. CNTFR is released in a soluble functional form and attached to the
extracellular surface of PMs by a glycosylphosphatidylinositol linkage where it functions as
a co-receptor along with leukemia inhibitory factor receptor (LIFR) and gp130[13]. Ligands
for this receptor complex include CNTF, cytokine like factor-1, and cardiotrophin-like
cytokine factor 1 although studies suggest that the latter two are likely the ligands
responsible for muscle terminal maintenance. LRP4 is a single-pass transmembrane receptor
that is targeted to the plasma membrane of skeletal muscle cells via secretory vesicle
trafficking and interacts with nerve-derived agrin. Recent studies showed that conditional
deletion of LRP4 from adult mouse skeletal muscle resulted in degeneration of both pre- and
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post-synaptic nerve terminals [14]. Indeed, within one month following LRP4 depletion,
these mice exhibited phenotypes that resembled myasthenic syndromes including weight
loss, muscle weakness, scoliosis, and premature death [14]. Future studies are needed to
determine the extent to which defects in muscle-nerve connections that are observed during
aging and are exacerbated in neuromuscular diseases are due to impaired secretion of these
or other myokines.

Adipogenesis and Metabolism: Regulation by Paracrine and Endocrine Signaling

Myokines that influence adipogenesis include IL-6, myostatin, myonectin, and irisin and
these factors likely exert both local (paracrine) and long-range (endocrine) effects[15]. There
are three major adipose depots in the body, the visceral adipose tissue (VAT; which includes
all cellular adipose depots in the peritoneal cavity); subcutaneous adipose tissue (SAT); and
intramuscular adipose tissue (iIMAT) which includes adipocytes located between muscles
and perimysial adipocytes located within a single muscle fiber. iMAT depots have been
reported to vary between 28 and 82% of VAT mass in animals and patients. The importance
of IMAT is underscored by findings indicating positive correlations between iMAT levels
and insulin resistance while no such relationship was found between SAT and insulin
sensitivity. Significant correlations were also found between iMAT and cardiovascular risk
that were independent of other fat depots. Adipose tissue is comprised of two types of fat,
white (WAT) and brown (BAT). While WAT stores excess energy, it is largely detrimental as
this tissue is metabolically unfavorable and secretes numerous pro-inflammatory cytokines.
BAT on the other hand is largely beneficial, because this tissue consumes energy and clears
triglycerides. It is well-known that physical activity limits WAT and promotes BAT
production and studies indicate that these metabolic benefits are mediated, at least in part, by
myokines[16,17]. Due to their close proximity to muscle cells, iIMATSs are likely to be an
important target tissue for paracrine myokines that influence fat browning such as musclin, a
myokine released from muscles during exercise that activates PPARa-dependent browning
of WAT[16,17].

Other myokines act in an endocrine fashion to influence metabolism by triggering regulatory
pathways in VAT or other target organs including the liver and pancreas. One of the best-
studied metabolic myokines is IL6, and studies have shown that physical activity induces
muscle IL6 production and leads to elevated circulating IL6 levels[18]. Target tissues for
circulating IL6 include the liver, pancreas, and adipose tissue. Acute IL6 signaling (akin to
levels induced by exercise) promotes glucose production in the liver, favors lipolysis in
adopose tissue[18] and promotes pancreatic beta-cell viability and insulin secretion[19,20].
Furthermore, intramuscular IL6 promotes beneficial glucose uptake and fat oxidation via
PI3K and AMPK signaling pathways, respectively. However, this cytokine is also released
by adipose tissue and chronic levels of IL6 in response to high-fat diets can contribute to
obesity through a mechanism that involves macrophage recruitment into adipose tissue[21].
Interestingly, very recent studies revealed that voluntary running suppresses tumor growth
through the regulation of NK-cell mobilization and trafficking, processes that are mediated
by IL6 and epinephrine. In this manner, this study links exercise-dependent IL6 secretion
with cancer and immunity [22]. Future studies using genetically engineered animals with
tissue-restricted I1L6 deletion will be necessary to determine the extent to which skeletal

Curr Opin Pharmacol. Author manuscript; available in PMC 2018 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giudice and Taylor

Page 4

muscle and/or adipose tissues contribute to these IL6-dependent processes. IL15, a related
myokine, also regulates metabolic homeostasis. Notably, transgenic mice that ectopically
express 1L15 under the control of a skeletal muscle-specific promoter exhibit significantly
elevated circulating IL15 accompanied by reduced body fat and increased bone mineral
content (see below for further discussion)[23].

Irisin is another exercise-induced myokine that influences adipogenesis and metabolism[24].
Irisin is secreted as a 112 amino acid polypeptide hormone after proteolytic cleavage of its
cellular form, fibronectin-type 111 domain-containing-5 (FNDC5)[24]. Irisin improves
obesity by stimulating WAT browning and activation of thermogenesis to promote energy
expenditure [24-26] and it has thus been proposed as a therapeutic target for obesity and
type 2 diabetes [27]. Interestingly, activation of the Rho-kinase-1 (ROCKZ1) pathway in
skeletal muscle limits irisin production and transgenic mice engineered to express active
ROCKU1 in skeletal muscle exhibit reduced circulating irisin levels, reduced adipocyte
browning, obesity and insulin resistance. The finding that systemic irisin administration
reversed these outcomes confirmed the importance of this myokine in muscle-adipose tissue
communication and homeostasis[28].

Myonectin (CTRP15) is a member of the C1g/TNF-related protein (CTRP) family that is
secreted by skeletal muscles in response to exercise and nutrients[29]. Diet-induced obesity
leads to a reduction in myonectin mMRNA and serum levels, while voluntary exercise
increases MRNA and circulating levels. Myonectin administration into mice reduces
circulating free fatty acid levels but does not change adipose tissue lipolysis[29]. Moreover,
myonectin induces fatty acid uptake in cultured adipocytes and hepatocytes [29].
Collectively, these studies indicate that myonectin links the skeletal muscle energy state to
lipid homeostasis through its effects on both liver and adipose tissue [29].

In summary, physical activity influences the communication between skeletal muscle and
adipose tissue, pancreas, and liver. Two of the most important consequences of this cross
talk are: (a) generation of a less pro-inflammatory environment and thus the reduction of
sarcopenia and visceral fat accumulation, and (b) modulation of insulin sensitivity and
glucose metabolism. Therefore, the endocrine functions of skeletal muscle in response to
physical activity play a major role in restricting obesity, insulin resistance, and related
disorders including type 2 diabetes mellitus[30].

Skeletal muscle to bone formation, repair, and maintenance

The cross talk between muscle and bone is very well established as exercise stimulates bone
formation and, inversely, muscle loss causes bone loss. Studies have shown that bi-
directional biomechanical, paracrine and endocrine signals control muscle and bone
growth[31,32]. Insulin like growth factor-1 (IGF1), fibroblast growth factor-2 (FGF2), IL15,
matrix metalloproteinase-2 (MMP2) are released from muscles in response to contraction
and positively contribute to bone formation and maintenance[32]. On the other hand, muscle
injury induces release of myostatin that in turn interferes with bone repair and healing[32].
Indeed, myostatin-deficient mice exhibit increased in the bone mineral content and
density[32]. Other myokines involved in muscle-to-bone communication are irisin and the
CNTF. Conditioned media from myoblast cultures enhances osteoblast differentiation /n
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vitro and this effect is dependent on irisin[33]. Injection of recombinant irisin in mice
increases cortical bone mass and strength through the suppression of sclerostin, which is an
inhibitor of Wnt signaling[33]. CNTF in contrast inhibits osteoblast differentiation[11] and
bone formation in a sex-specific manner[34]. The extent to which muscle to bone
communication is defective in relevant in diseases such as osteoporosis, sarcopenia, and
aging is yet to be explored.

Myokines and regulation of the cardiovascular system

In general, there is an inverse correlation between muscle mass and cardiovascular disease
risk and recent studies have confirmed that sarcopenia (skeletal muscle wasting) is a risk
factor for cardiovascular disease[35,36]. This concept has led to the thesis that some
myokines might confer cardio- and/or vascular protection. Certainly, the cardiovascular
system can indirectly benefit from the aforementioned metabolic effects of numerous
myokines. Additionally, cells within the cardiovascular system are also direct targets for
certain myokines. For example, folliostatin like 1 (FSTL-1) a glycoprotein secreted by
skeletal muscle, cardiomyocytes, and epicardial cells has received a tremendous amount of
attention of late because local administration of this myokine (via an epicardial patch) leads
to remarkable cardioprotection from ischemia-induced myocardial infarction in mouse and
swine models[37]. This effect has been attributed to an increase number of dividing
cardiomyocytes and increased angiogenesis in the peri-infarct region. FSTL1 is an exercise-
induced myokine and in patients as little as 1hr of aerobic exercise can lead to a 22%
increase in circulating FSTL-1 levels[38,39]. Moreover, in animal models, skeletal muscle
FSTL1 expression is significantly correlated with its circulating levels and with heart
function. However, the extent to which skeletal muscle produced FSTL1 contributes to the
beneficial effects of regular exercise performed shortly after myocardial infarction[40] has
yet to be determined. Nonetheless it is clear from transgenic mouse models that muscle-
derived FSTL1 can attenuate neointimal formation in response to arterial injury by
suppressing SMC proliferation and can improve revascularization following hind-limb
ischemia by promoting angiogenesis[41,42]. Thus, skeletal muscle-dependent release of
FSTL1 could have multiple therapeutic effects on the cardiovascular system. Other
myokines reported to have salutary effects on the cardiovascular system include fibroblast
growth factor 21 (FGF21), musclin, and apelin which have been linked to cardioprotection,
protection from atherosclerosis and control of blood pressure respectively[15,43-46].
However, again, future studies are required to determine if skeletal muscle is a major
contributor to the circulating levels of these factors.

Skeletal muscle to brain

Exercise and myokine signaling has also been linked to brain neurogenesis and cognitive
functions. Endurance exercise increases the levels of circulating irisin which induces the
expression of FNDCS5 in the hippocampus that in turn promotes the expression of BDNF and
thus neurogenesis[47]. Exercise also leads to elevated plasma levels of the myokine
cathepsin-B (CTSB), which promotes BDNF expression in the hippocampus, promotes
neurogenesis and increases spatial memory abilities [48]. While correlations were found
between patient CTSB levels, fitness, and hippocampus-dependent memory functions, the
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extent to which this myokine is causative for the beneficial effects of physical activity on
cognitive abilities remains to be determined.

Skeletal muscle to skin

Very recent studies indicate that skin also responds to myokines. Crane and colleagues
demonstrated that exercise attenuated skin changes associated with aging in both humans
and mice [49]. Physical activity induces IL15 release from skeletal muscles through the
AMPK pathway[49] and IL15 modulates mitochondrial function in skin. Interestingly, I1L15
injections into mice mimic anti-aging effects of exercise both in muscle and skin. Overall,
this pioneering study describes a mechanism that explains, at the molecular level, how
physical activity attenuates skin aging through IL15-dependent processes[49].

Molecular mechanisms of skeletal muscle secretory vesicle trafficking

As noted above, skeletal muscle cells secrete numerous bioactive polypeptides that influence
both muscle and whole body homeostasis and the clinical benefits of these factors makes
them promising targets for therapeutic strategies to treat a myriad of diseases. However,
despite their clinical relevance, almost nothing is known about the mechanisms that regulate
the release of these factors. Indeed, there is a paucity of information regarding the final steps
in recruitment and exocytosis of specific secretory vesicles; events that must be tightly and
temporally controlled for beneficial outcomes. Although skeletal muscle cells express
several canonical secretory vesicle transport proteins including specific VAMPs (2-5,7, and
8) and associated t-SNAREs [50], the mechanisms that target VAMP-containing vesicles to
particular regions in the plasma membrane to control myokine secretion are largely
unknown. In many cell types, the initial stage of vesicle translocation from the Golgi to the
periphery involves movement along growing microtubules and/or filamentous or branched
actin bundles that radiate towards the plasma membrane[51]. However, most of the actin in
skeletal muscle cells is organized into distinct striated fibers and the microtubules are
organized in a stable orthogonal lattice comprised of MT bundles [52] suggesting that
vesicle transport, docking, and release are likely coordinated in a unique fashion in these
cells.

Surprisingly little is known about the control of vesicle transport in skeletal muscle cells. In
vitro studies in cultured myoblasts have shown that the Glut4 glucose receptor is trafficked
to the plasma membrane in VAMP2-labeled vesicles and Glut4 translocation requires a
dynamic cycle of actin filament remodeling which can be induced by insulin[53]. While it is
not presently clear which VAMP containing vesicles carry VEGFA, TEM of human muscle
revealed that VEGFA-containing vesicles accumulate in the sub-sarcolemmal regions and
between the contractile elements in resting myocytes and that these vesicles are more
prominent in the sub-sarcolemmal regions following exercise [54]. Collectively, these
findings indicate the possibility that peripheral (non-striated) actin fibers act as a barrier that
limits secretory vesicle access to plasma membrane-associated t-SNARES. However, several
critical questions remain including 1) how is information relayed from extracellular stimuli
to mobilize specific myokine-containing vesicles and what are the molecular components
that drive the plasma membrane recruitment/docking and release of these vesicles? 2) what
is the contribution of secretory vesicle recruitment to the mechanical membrane damage/

Curr Opin Pharmacol. Author manuscript; available in PMC 2018 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giudice and Taylor

Page 7

repair response and to what extent does membrane repair influence myokine release? 3) Do
changes that occur during pathological muscle degeneration or aging alter the composition
and quantity of the secretory output? Acquisition of such knowledge will be helpful in the
rational design of strategies to control the release of bioactive molecules in a temporal and
spatial manner and should improve clinical outcomes of therapies developed to target a
range of disorders from type 2 diabetes and associate sequelae to cancer, depression and
dementia, atherosclerosis, and/or other cardiovascular disorders[30].

Conclusion

Secretion of soluble peptides by muscle has a major influence on skeletal muscle growth and
whole body homeostasis. Understanding the molecular underpinnings that control myokine
secretion will be important to harness the beneficial effects of exercise to improve human
health.
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Highlights

o Skeletal muscle secretes myokines that exert auto- para- and endocrine
effects

o Paracrine factors modulate muscle angiogenesis, adipogenesis, and
innervation

o Myokine secretion is regulated by exercise

0 Exercise benefits cardiovascular, metabolic and mental health via endocrine
factors

o The molecular mechanisms regulating myokine secretion remain to be fully
elucidated
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Figure 1. Skeletal muscle as a paracrine and endocrine organ
Skeletal muscle is one of the largest tissues in the body and myofibers are one of the most

metabolically active tissues. Skeletal muscles ‘communicate’ their energy demands to other
organs through active release of factors. Muscle-derived secretory proteins include a variety
of cytokines and peptides collectively termed “myokines” that exert auto-, para- or

endocrine effects.
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