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A cytokine or peptide that is
produced by skeletal muscle
cells and subsequently
released into the circulation
to exert paracrine or
endocrine effects.
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The ever-expanding myokinome:
discovery challenges and
therapeutic implications

Martin Whitham and Mark A. Febbraio

It has been known for centuries that physical activity
can help to prevent chronic disease. Even short periods
of physical inactivity are associated with disrupted
metabolic homeostasis (FIG. 1). It has become apparent
that sedentary behaviour results in decreased insulin
sensitivity, reduced postprandial lipid clearance, loss of
muscle mass and accumulation of visceral adiposity'~.
These acute changes provide a link between physical
inactivity and the increased risk of acquiring many
diseases, including type 2 diabetes, cardiovascular
disease, cancers such as colon and breast cancer, osteo-
porosis, osteoarthritis, erectile dysfunction and poly-
cystic ovarian syndrome'* The benefits of physical
activity have been attributed to various mechanisms,
including reduced adiposity, increased cardiores-
piratory fitness (VO,,,,), reduced circulating lipids,
maintenance of muscle mass*® and decreased inflam-
mation’ (FIC. 1). Specifically, regular exercise is known
to increase cerebral blood flow and brain oxygenation,
increase adipose tissue lipolysis and reduce adipose
tissue mass, allow for better heat dissipation via
increased sweat rate, decrease liver fat accumula-
tion and increase glucose uptake by skeletal muscle’.
A rudimentary view of the benefits of physical activity
on metabolic health is that greater energy expenditure
simply counteracts positive energy balance and over-
feeding, thereby assisting the maintenance of a ‘healthy
weight. However, in contexts where participants are
overfed, physical activity restores detriments in meta-
bolic function, even when the energy expenditure of
exercise is accounted for by increased intake to provide
a net energy surplus>®.

Abstract | Exercise reduces the risk of a multitude of disorders, from metabolic disease to cancer,
but the molecular mechanisms mediating the protective effects of exercise are not completely
understood. The realization that skeletal muscle is an endocrine organ capable of secreting
proteins termed ‘myokines’, which participate in tissue crosstalk, provided a critical link in the
exercise—health paradigm. However, the myokine field is still emerging, and several challenges
remain in the discovery and validation of myokines. This Review considers these challenges and
highlights some recently identified novel myokines with the potential to be therapeutically
exploited in the treatment of metabolic disease and cancer.

Well over 50 years ago, Goldstein raised the possibility
that skeletal muscle cells, in response to contraction,
may liberate a factor that could affect metabolic pro-
cesses’. However, this postulate was largely overlooked
until just after the turn of the new millennium when
researchers made a pivotal discovery that shed new light
on the benefits of physical activity. Skeletal muscle was
identified as an endocrine organ, with the observa-
tion that the cytokine interleukin-6 (IL-6) is released
from skeletal muscle during exercise and leads to an
increase in hepatic glucose production, which serves as
an energy source for contracting muscles®.

The term ‘myokine’ was coined to describe “a cytokine
or peptide that is produced by skeletal muscle cells and
subsequently released into the circulation to exert endo-
crine or paracrine effects in other cells, tissues or organs”
(REF. 8). Since the identification of IL-6 as the prototyp-
ical myokine®'! (BOX 1), interest in the concept and the
known muscle secretome, defined here as the ‘myok-
inome’, has steadily grown, with an exponential rise in
the number of papers describing myokines in the past
3 years. Several recent reviews have discussed the pro-
posed myokinome in detail"'*"'*. However, myokine
discovery is challenging, and proteins are often prema-
turely labelled as myokines before appropriate valida-
tion or an in-depth analysis of the proposed effects of
the protein once it is released from muscle.

In this Review, we first highlight some of the com-
mon challenges faced in myokine discovery and valida-
tion, and consider possible methodological approaches
to overcome them. Second, we discuss selected recent
proteins that meet the criteria of a myokine (TABLE 1)
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Omics

A term given to the
comprehensive biological
assessment of entities with
the suffix ‘ome’, such as the
geneome, transcriptome and
proteome (or proteinome).
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Figure 1| The opposing effects of physical inactivity and exercise on disease risk. Inactivity is associated with
decreased insulin sensitivity, reduced clearance of lipids following a meal, increased visceral adiposity and muscle atrophy.
These effects can increase the risk of non-communicable diseases such as type 2 diabetes, cardiovascular disease, colon
and breast cancer, osteoporosis, osteoarthritis, erectile dysfunction, and polycystic ovarian syndrome. Conversely, regular
physical activity improves maximal aerobic capacity, which is a measure of cardiorespiratory fitness, and reduces
circulating lipids, which are problematic in atherosclerosis. Individuals who exercise regularly present with lower liver fat,
visceral adiposity and larger muscle mass than inactive individuals. Exercise improves glucose uptake and reduces the
systemic, low-grade inflammation that is often associated with obesity. These combined effects are thought to reduce
the risk of the aforementioned disease states that are associated with an inactive lifestyle. GLUT4, glucose transporter 4.

and warrant further investigation regarding their thera-
peutic potential in the treatment of obesity, metabolic
disease and cancer.

Discovering the unidentified myokinome

Strictly speaking, in order to satisfy the definition of
a myokine, a candidate protein needs to fulfil the fol-
lowing criteria: it must be derived from skeletal muscle;
it must be secreted; and it must carry out a biological
function in an endocrine or paracrine fashion®. Such is
the transient nature of secreted protein expression —
none of these criteria is easy to demonstrate. Despite
this, research groups have adopted various models
in an attempt to identify new candidate myokines.
These studies are ambitious, as the potential number
of secreted proteins is vast. Indeed, recent estimates
predict the existence of at least 3,000 proteins with a
known secretory signal peptide’®, and many additional
proteins are known to be secreted by ‘non-classical’
means. Furthermore, an analysis of 32 different human
tissues revealed that a larger fraction of tissue-enriched
proteins are likely to be secreted or membrane-spanning
than are intracellular®.

‘Omics’ technologies in myokine discovery

An intuitive approach to discover novel myokines may
therefore be to make use of the rapidly evolving ‘omics’
technologies. For example, microarray analyses have
been applied to skeletal muscle biopsy samples from
participants carrying out one-legged knee extension
exercise'®. This model has the advantage of a within-
subject control sample in the form of the contralateral,
non-exercising limb. Using this approach, significant
changes in the expression of 938 genes in the exercis-
ing limb were identified, and this was reduced to just
23 candidate myokines following filtering for secreted
products using gene ontology extracellular classification
and SignalP prediction’®. Of these, increased plasma
protein concentrations were only observed for fractal-
kine (also known as CX3CL1) and monocyte chemo-
attractant protein 1 (MCP1; also known as CCL2). Such
a modest return from a seemingly carefully designed
experiment emphasizes the challenges faced in discov-
ering new myokine candidates. Although there have
been some recent successes using gene expression arrays
(TABLE 1), there are limitations to combining transcrip-
tomic assessments of changes in mRNA expression in
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Box 1|1L-6 — the prototypical myokine

The term ‘myokine’ arose from a series of observations regarding interleukin-6 (IL-6)
by the Pedersen and Febbraio laboratories. Initially, increased circulating IL-6 levels
following marathon running appeared to be a consequence of immune cell behaviour
during exercise'?’; however, a series of studies identified skeletal muscle as the major
source of this myokine**121-124,

It was well known that upon the onset of exercise, hepatic glucose production (HGP)
rapidly and markedly increases'?. Although much of this response was thought to be
mediated by a change in the insulin/glucagon ratio, it was deemed that this change
could not fully account for the magnitude of the increase in HGP during exercise'?.
By comparing HGP when IL-6 was increased by exercise or infusion, Febbraio et al.®
were able to show that IL-6 is a factor that is released from skeletal muscle during
exercise and that it contributes to HGP to meet the energy demands of the contracting
muscle. Hence, the concept of a myokine was uncovered.

IL-6 is undoubtedly now the most well-characterized myokine. Despite being
recognized as a mediator of pathogen-induced inflammation, studies have revealed
that the regulation of IL-6 in contracting skeletal muscle is somewhat different'?’, as it
performs ‘energy sensing’ roles during exercise'?. It is now well known that IL-6 is a
potent activator of AMP-activated protein kinase (AMPK) in skeletal muscle!?6-13,
leading to enhanced glucose uptake and insulin sensitivity in healthy humans**°.
Moreover, IL-6 increases lipolysis and fatty acid oxidation both in skeletal muscle in vitro
and in humans in vivo®*'**2, It appears that the effect of IL-6 on both muscle glucose
uptake and fatty acid oxidation is AMPK-dependent, as infection of muscle cells with an
AMPK-dominant negative adenovirus abrogates the effect of IL-6 on these metabolic
processes'®. In addition to its AMPK-mediated glucoregulatory effects, IL-6 can
enhance glucose tolerance by activating glucagon like peptide 1 (GLP1) in intestinal
L cells and pancreatic islets to adapt to changes in insulin demand***. GLP1 and its
analogues also reduce food intake and body weight'**. Interestingly, around the same
time that IL-6 was identified as a myokine and subsequently found to improve
metabolic homeostasis in obesity™*°, Regeneron Pharmaceuticals was conducting
clinical trials using Axokine, a recombinant variant of human ciliary neurotrophic
factor (CNTF). CNTF, like IL-6, is a ligand of the gp130 transmembrane signal
transduction protein that forms a subunit of the IL-6 family receptor complexes'.
Axokine was modified to improve its plasma stability and was developed to reduce
weight in overweight and obese individuals, particularly those with type 2
diabetes'****”. However, after showing early promise in Phase Il and Phase |ll studies,
the clinical development of Axokine was discontinued when a significant number of
treated patients in the high-dose group developed neutralizing antibodies to Axokine,
blocking its therapeutic effect'. Despite this setback, gp130 receptor ligands
continue to be clinically developed for the treatment of metabolic disease!'*!%.

Liquid chromatography
tandem mass spectrometry
(LC-MS/MS). A technique used
to identify proteins in complex
mixtures via ionization and
manipulation of the resultant
ions to derive amino acid
sequence information.

muscle with targeted interrogation of plasma protein
concentrations. First, the correlation between tissue
protein and mRNA expression is surprisingly poor
(r=0.2-0.6)""*". Second, ‘resident’ plasma protein con-
centration correlates poorly with mRNA expression
abundance in the liver?!, implying that, particularly for
secreted proteins, the examination of tissue mRNA may
be misleading.

Myokine discovery by mass spectrometry

Considering some of the limitations described above,
direct proteomic assessment of the skeletal muscle
secretome is perhaps a more reliable approach to myo-
kine discovery. Mass spectrometry (MS)-based pro-
teomics*?, using algorithms to quickly match partial
amino acid sequences with complete sequence data in
vast databases, enables comprehensive identification of
a sample’s proteome within a timeframe of hours. A vari-
ety of quantitative and non-quantitative MS approaches
have been applied to the examination of secreted pro-
teins in cell culture models of muscle***’, complemented
by similar proteomic studies using cytokine arrays®-**.

REVIEWS

However, although these studies have identified some
interesting candidate myokines that warrant further
investigation, they have not made considerable progress
in comprehensively delineating the muscle secretome.
This is no great criticism, as muscle and plasma offer
perhaps the most challenging matrix with which to com-
prehensively characterize the proteome (FIC. 2). This is
largely a consequence of the high-abundance proteins
that hamper the identification of smaller, potentially
more biologically relevant proteins. Indeed, such a broad
dynamic range is primarily the consequence of contrac-
tile proteins in muscle (contributing ~50% of the total
proteome)* and the 40-60 mg per ml abundance of albu-
min in plasma. Detecting an analyte at 10 pg per ml in
plasma, in the midst of albumin molecules at 55 mg per
ml, is much like trying to find a specific human being by
searching through the population of the entire globe*.
However, we know from the example of IL-6 (BOX 1) and
other proteins that small changes of pg per ml quantities
can exert significant biological changes. Complicating
matters further is the fact that proteins exist in multi-
ple proteoforms, including isoforms, splice variants and
post-translational modifications. Over two-thirds of
genes encoding secreted proteins have at least one splice
variant with a different cellular location®. Finally, pro-
tein expression is largely dynamic with respect to time,
so time-course sampling may be key to characterizing
the biological importance of myokine candidates.

Although one option to simplify these analyses is to
examine protein secretion, the validity of in vitro cell cul-
ture models must be considered. Indeed, comprehensive
proteomic profiling of the commonly used mouse mus-
cle cell line C2C12 and mouse skeletal muscle reveals
extensive differences in their proteome® that perhaps
limit their direct use in myokine discovery. Although
differentiated C2C12 cells are capable of developing
sarcomeric proteins and calcium transient-induced
‘twitching) they lack the 3D structure characteristic of
contractile muscle tissue®”. However, as a consequence,
the abundance of large proteins such as titin and myosin
is considerably lower, which should favour the detec-
tion of lower-abundance proteins by liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS). Deshmukh
et al.*® have exploited this by analysing mouse muscle
tissue alongside C2C12 lysates, to identify peptides that
would normally be hidden by tissue analysis alone. This
resulted in the most comprehensive quantitative analysis
of muscle to date, deriving abundance values for 10,218
proteins. This study highlights the potential of this
approach to overcome the aforementioned problematic
dynamic range issues associated with MS analysis of skel-
etal muscle and might well pave the way for systematic
identification of novel myokines.

Plasma proteomics in myokine discovery

Myokine discovery research must distinguish between
plasma proteins that reside in the circulating blood
and proteins that are secreted from cells. This can be
assisted with the use of quantitative, time-course infor-
mation following varied exercise/stimulation proto-
cols, which can characterize tightly controlled protein
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Table 1| A summary of some recent candidate myokines, their purported effects and proposed mechanisms

Myokine Method of discovery  Validation as a Purported Purported Refs
secreted factor myokine mechanism of
function action
Irisin Invitro gene expression  Quantitative analysis ~ Browning of PPARa-dependent  64,70,71
array and secreted of post-exercise adipose tissue upregulation
protein bioinformatics  plasma in mice of thermogenic
of PGCla- (western blot) and genes (for
overexpressing muscle humans (targeted example, UCP1)
cells mass spectrometry)
Meteorin-like 1  Combined gene Delayed protein Browning of IL-4 or 72
expression and appearance in adipose tissue IL-13-dependent
mass spectrometry wild-type mice stimulation of
analysis of carrying out downhill thermogenic
PGC1la4-overexpressing running exercise genesvia
primary muscle cells alternative M2
macrophage
activation
Myonectin Serendipitously, Increased Improved Upregulation of 86,87
while characterizing concentration of hepatic fatty lipid binding and
metabolic function of myonectin in serum acid uptake transport proteins
CTRP family of proteins  of mice carrying out such as CD36,
2 weeks of voluntary FATP1, FABP4
running wheel activity
Musclin Screening of cDNA Increased gene and Increased PGC1la activation 106,107
libraries specific for plasma expression mitochondrial via co-stimulation
secreted proteins in mice subjected biogenesis (with ANP) of
to daily treadmill cGMP signalling
exercise versus
control mice. Systemic
treatment of musclin
rescued phenotype in
Ostn-knockout mice
SPARC Gene expression arrays  Exercise time-course ~ Reduces Caspase 3- 94,26
of muscle derived from  analysis in mice and precursor and caspase
mice exercised for humans. Secretion lesions of colon  8-mediated
4 weeks versus controls  from primary muscle adenocarcinoma apoptosis

cells in vitro

on the surface of
the colon

ANP, atrial natriuretic peptide; CTRP, complement C1q/TNF-related protein; FABP4, fatty acid-binding protein 4; FATP1, fatty acid
transport protein 1; IL-4, interleukin-4; PGC1a, PPARY coactivator 1a; PPARa; peroxisome proliferator-activated receptor-a;
SPARC, secreted protein acidic and rich in cysteine; UCP1, mitochondrial brown fat uncoupling protein 1.

secretions and their temporal appearance in circulation.
Considerable advances have been made in the analysis
of the plasma proteome®*. One approach to identify
proteins secreted from cells and tissues is to focus on
the mechanism of secretion. Many proteins appear
to be secreted in extracellular vesicles (EVs), such as
exosomes and microparticles, and these vesicles can
be isolated from plasma using various methods such
as ultracentrifugation, immunoaffinity isolation or gel
filtration®, and subsequently analysed**'. Although it
is difficult to determine what proportion of circulating
proteins are contained within EVs, alignment of human
protein-encoding genes with the manually curated data-
base of proteins identified in vesicles*? estimates that of
the ~20,000 protein-encoding genes, as much as 70%
are translated into proteins that have been identified
in vesicles. Furthermore, Harel et al.*° identified over
5,000 proteins in EV fractions of plasma from patients
with prostate cancer and control subjects. This suggests
that an unappreciated number of proteins are released
into the circulation that may not be recognized as
secreted proteins per se. This is particularly relevant in

the context of omics approaches to myokine discovery
when considering that bioinformatics analyses of skeletal
muscle data sets are entirely reliant on reference data-
bases such as UniProt, Swiss-Prot and their associated
annotations. By searching for secreted proteins from
skeletal muscle using Gene Ontology cellular location
or secretory keyword annotations, one runs the risk of
discarding important myokine candidates that are not
annotated as ‘secretory’ or ‘extracellular. For example,
the protein heat shock 70kDa protein 1A (HSPA1A; also
known as HSP70) does not contain a secretory signal
sequence or have an extracellular GOCC annotation in
the Uniprot database. However, we know that HSP70
is secreted into the circulation following exercise, most
probably in exosomes®.

A myokine candidate of interest must be shown to be
produced and released from skeletal muscle in response
to a stimulus. This is important to ascribe any benefits a
myokine might exert to muscle stimulation and to exam-
ine the mechanisms by which the protein is expressed
and released. A key finding in the work on IL-6, and
indeed the myokine concept in general, involved a
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CRISPR

A gene editing tool that
facilitates the establishment
of genetically modified
rodent models.

Adeno-associated viruses
Methods of gene transfer,

in vivo, used to create
transgenic overexpression
mouse models in specific
tissues.

Parabiosis

A mouse model of shared
circulation, whereby surgical
suturing initiates skin-to-skin
contact of paired mice.
After a period of 2 weeks,
inflammation induces

the development of
microcirculation between
mice so that the effect of a
circulating factor from one
animal can be assessed

in the partner animal.
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Direct analysis of

post-exercise muscle

e Reliance on secretory
signal prediction/
annotation

e Splice variants of
proteins can have
different functions

Quantifying protein

(proteomics)

* High dynamic
range: high-
abundance structural
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analysis

Quantifying mRNA
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¢ Discord between mRNA

and protein expression >10,000 proteins

Direct proteomic analysis of
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high-abundance plasma
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availability >9,000 proteins
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Figure 2 | Challenges and approaches to myokine discovery. The diagram presents a summary of some of the
challenges in identifying new myokine candidates when sampling skeletal muscle itself or venous blood post-exercise.
Although there is huge scope for the identification of important proteins, the range of proteins is vast; there are likely
to be >9,000 to 10,000 proteins in skeletal muscle or the circulation. Some of the barriers to identifying novel myokines
when using transcriptomic or proteomic analyses are shown. An approach to myokine identification is to combine
comprehensive analyses of both muscle and serum/plasma to derive a selection of potential novel candidates and validate
them for their tissue origin, their secretion during exercise and their biological function. Some currently available
technologies and practices that can assist in this validation are listed. MS, mass spectrometry.

one-legged knee extension exercise model in human
subjects, in whom the femoral artery and vein (a-v) of
the exercising limb were carefully cannulated in order
to measure and demonstrate IL-6 release*. Proteomic
analysis of femoral a-v sampling is therefore a potentially
powerful approach to identify novel myokine candidates.
In addition, the recent advances in genetically modified
mouse models by CRISPR technology*, overexpression
models using adeno-associated viruses*® and the resur-
gence of the shared circulation parabiosis technique®’
allow specific examination of the effects of a secretory
protein on rodent phenotype and provide, in our view,
key approaches to myokine validation (FIG. 2).

Finally, a large proportion of myokine research suf-
fers owing to low sample sizes and subsequent statistical
power. This is particularly relevant in the context of exer-
cise, where highly variable responses might be observed
owing to inaccuracy in determining an individual par-
ticipant’s relative exercise work rate, or the lack of avail-
ability of precise measurement assays. Furthermore, as
factors such as the frequency, duration, exercise type
(resistance versus dynamic) and even environmental
conditions are known to influence the biology of exer-
cise, it is entirely conceivable that myokine responses
are specific to one or a combination of these variables,
adding an additional level of complexity to myokine
discovery®. However, the aforementioned rise in omics

technologies — in particular, targeted, data-independent
proteomic techniques such as selective and parallel reac-
tion monitoring***, plus a wider consideration of statis-
tical power and exercise variables in future experimental
design — may serve to better validate putative myokine
candidates.

Novel myokines and their therapeutic potential

Despite the challenges facing the identification and vali-
dation of myokines, several studies, often incorporating
some of the aforementioned omic approaches as initial
screening methods, have identified many novel candi-
dates. Recent reviews have discussed the proposed myo-
kinome in detail, so this will not be discussed in depth
here""2. For example, the cytokines IL-4, IL-7 and IL-15
have been reported to be myokines that affect lipolysis
in visceral and subcutaneous fat depots, follistatin-like 1
protein has been reported to enhance endothelial func-
tion and revascularization, and insulin-like growth factor
1 and fibroblast growth factor 2 (FGF2) have been impli-
cated in bone metabolism****-**. Furthermore, myostatin,
a member of the transforming growth factor-p (TGFp)
family, regulates muscle growth as indicated by the strik-
ing skeletal muscle hypertrophy observed in myostatin-
null animals®. Interestingly, myostatin expression in
skeletal muscle correlates negatively with whole-body
insulin sensitivity in mice and humans®*. Although
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AMP-activated

protein kinase

(AMPK). A kinase that is
considered to be a master
regulator of metabolism
by sensing changes in
AMP:ATP ratio.

PPARYy coactivator 1a
(PGC1a). A transcription factor
that regulates genes involved
in energy metabolism, of which
there are at least four variants
(PGClal to PGCla4).

this effect might be explained by increased muscle mass,
manipulating circulating myostatin by recombinant pro-
tein injections” or by treatment with an anti-myostatin
antibody*® suggests that myonectin also functions as a
myokine that affects insulin sensitivity. More recently,
Moon et al.* identified cathepsin B in the conditioned
media of AMP-activated protein kinase (AMPK)-agonist
treated muscle cells. Intriguingly, levels of this protein
are increased in circulation following exercise in mice,
monkeys and humans; moreover, AMPK passes the
blood-brain barrier and is associated with hippocampus-
dependent memory function®.

Preliminary studies within the field have begun to
reveal potential opportunities in the therapeutic exploita-
tion of myokines, particularly in the areas of metabolic
disease and cancer. Below, we focus on some recently
described secreted products of skeletal muscle, which we
feel exhibit particularly promising therapeutic potential
in these disease areas.

Myokines and metabolic disease

The World Health Organization (WHO) has reported
that, worldwide, obesity has more than doubled since
1980. Given the often irreversible metabolic and cardio-
vascular consequences of obesity, there continues to be
substantial investment in identifying novel ways to
prevent and treat this disease.

There has been growing interest in the potential of
therapeutically targeting brown fat®. In addition to
classical brown fat cells largely located in subscapular
and perirenal depots, brown-like or ‘beige’ adipocytes
expressing mitochondrial brown fat uncoupling pro-
tein 1 (UCP1; also known as thermogenin) have been
found to be present and can be upregulated in white
adipose tissue®®?. As ‘uncoupled’ respiration in brown/
beige adipocytes dissipates energy as heat, manipulation
of brown adipose tissue (BAT) or promotion of white
adipose tissue browning in the treatment of obesity has
become an attractive therapeutic option®. Whether the
induction of white adipose tissue browning can increase
energy expenditure without a compensatory increase in
food intake is yet to be experimentally confirmed in
long-term clinical studies. However, several years ago
nicotine was administered to obese mice to activate
UCP1 in both brown adipocytes and what we now know
as beige adipocytes. Such a treatment decreased rather
than increased food intake®. Whether this was a direct
side effect of nicotine is unclear, but this study nonethe-
less demonstrated that it is possible to activate browning
pathways without increasing energy intake.

Several myokines, as discussed below, have recently
been suggested to induce thermogenesis and promote
browning in white adipose tissue, and may therefore
provide novel therapeutic opportunities in the treatment
of obesity and associated metabolic diseases.

Irisin. In 2012, Speigelman and colleagues® used
gene expression array analysis of skeletal muscle from
PPARy coactivator 1a (PGCla; encoded by PPARGCIA)-
transgenic mice, which display many of the hallmarks
of exercise-trained animals®, to identify fibronectin

type III domain-containing protein 5 (FNDC5) as a
potential mediator of exercise-induced increases in
the expression of thermogenic genes such as UCPI in
adipose tissue®. FNDC5 was found to be cleaved at the
carboxy terminal, resulting in the secretion of a protein
the authors named irisin, levels of which were found to
be increased in plasma in response to exercise in both
mice and humans. Furthermore, overexpression of irisin
in mouse models of obesity improved fasting insulin and
glucose tolerance®.

However, it was noted that human FNDCS5 has an
atypical translation start codon (that is, ATA rather
than ATG), prompting claims that this represented a
null mutation and, therefore, the protein could not be
translated or produced®. Furthermore, a large body
of work following the initial discovery of irisin relied
chiefly on commercially available polyclonal antibodies.
Interpretation of these data is challenging, as these anti-
bodies demonstrate high degrees of cross-reactivity
and nonspecific binding in human samples®”®. In
addition, functional examinations of irisin have been
hindered because, to date, a receptor for this peptide
remains unidentified. The ligand-receptor complex
may be difficult to decipher as irisin has been recently
shown to form dimers in serum®. Importantly, however,
arecent paper from the Spiegelman laboratory detected
and quantified circulating irisin levels in humans using
peptide labelling tandem MS’’, demonstrating that
the peptide indeed exists. Furthermore, the absolute
concentration of irisin was shown to be significantly
increased in aerobically trained versus sedentary human
participants. The availability of an accurate MS method
now enables thorough examination of the duration,
frequency and type of exercise that elicits the most
favourable irisin response and the specific physiolog-
ical conditions in which irisin might exert its effects.
Further studies are therefore warranted to confirm the
effect of exercise on irisin secretion and delineate
the precise functions of this protein.

Although the discovery of irisin® has not yet been
therapeutically exploited in the treatment of obesity
or its related disorders, understanding precisely how
brown fat is stimulated by muscle-secretory factors
such as irisin may lead to the identification of novel
therapeutic targets. Early indications suggest that irisin
exerts browning of adipose tissue via peroxisome prolif-
erator-activated receptor-a (PPARa)-dependent upreg-
ulation of the expression of thermogenic genes such as
UCPI (REFS 64,71).

Meteorin-like protein. The Spiegelman group similarly
reported the identification of meteorin-like protein
(METRNL; also known as subfatin) as another circu-
lating factor that is induced in muscle after exercise’.
In particular, the authors were able to attribute the
origin of METRNL to skeletal muscle as it was identi-
fied in muscle-specific PGCla4 mice, the protein was
identified in the culture media of myotubes with forced
expression of PGCla4, and both gene and protein
levels of METRNL in muscle and plasma were upreg-
ulated following exercise. As PGCla4 mice exhibited
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Box 2 | Exercise and adipose tissue browning

Exercise induces the secretion of irisin, meteorin-like and fibroblast growth factor 21
(FGF21) and production of the metabolite f-aminoisobutyric acid (BAIBA)*, which may
in turn induce browning and increase energy expenditure; these observations have
resulted in a heightened focus on the complex effects of exercise on metabolism and
created excitement in the field of obesity research.

However, it has been questioned why exercise, which mobilizes energy stores to
meet ATP demand, would induce a programme of events that fundamentally lead to
uncoupled respiration and reduced efficiency of substrate utilization at a time when
the opposite might be more intuitive'*. Indeed, Vosselman et al.**’ reported no
improvements in brown/beige adipocyte recruitment in subcutaneous white adipose
tissue in endurance-trained versus sedentary human participants. Interestingly,
secretion of irisin and FGF21 is stimulated by cold exposure, and upregulation of
brown fat thermogenesis is a concerted effect of both factors™. As irisin secretion
via shivering was of a similar magnitude to exercise, the authors postulated that
exercise-induced irisin secretion may have evolved from shivering that once served to
assist cold-induced thermogenesis in concert with FGF21 (REF. 71). Although these
data outline a complex interplay between muscle and adipose-derived factors in the
browning of adipose tissue, the fact that most rodent studies in this area report data
from mice housed below thermoneutrality (~30 °C) may be of significance in the
interpretation of these findings.

thermogenic gene expression in adipose tissue, the
authors hypothesised that METRNL might mediate this
effect. Although recombinant METRNL-Fc was found
to have no direct effect on UCP1 expression in the stro-
mal vascular fraction of adipocytes in vitro, its release
into the circulation indirectly increased the expression
of thermogenic genes, including UCP1, through the
stimulation of eosinophil-dependent increases in IL-4
and IL-13. These cytokines subsequently cause adipose
tissue macrophages to adopt an M2-like phenotype,
which is required for the increased expression of the
thermogenic and anti-inflammatory gene programmes
in adipose tissue’. Importantly, blocking the actions
of METRNL in vivo significantly attenuated chronic
cold-exposure-induced alternative macrophage acti-
vation and thermogenic gene responses; by contrast,
increasing circulating levels of METRNL stimulated
energy expenditure and improved glucose tolerance
in mice”. Although greater insight is needed to eluci-
date the exercise conditions that derive the most robust
METRNL responses, these findings support the concept
of targeting beige fat thermogenesis as a potential treat-
ment strategy for obesity.

FGEF21. In a transgenic mouse model of muscle hypertro-
phy (mice overexpressing AKT), increases in strength”
have been shown to be accompanied by an increase in
the expression of FGF21. As FGF21 protein concentra-
tion was elevated in serum samples, and overexpression
of AKT1 in C2C12 cells led to increased FGF21 secre-
tion in vitro, the authors concluded that FGF21 is a myo-
kine™. In support of this, protein levels of FGF21 have
been reported to increase in serum following exercise in
humans and mice”.

Although the majority of FGF family members have
largely been associated with development, FGF21 has
been shown to have potent effects on metabolism,
offering protection from diet-induced obesity when
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overexpressed in the liver of transgenic mice’. An
intuitive assumption, therefore, is that if FGF21 is
secreted from exercised skeletal muscle, its effects on
key metabolic processes such as glucose uptake’ and
fat oxidation”” might partially explain some of the pos-
itive effects of physical activity on metabolic health.
However, the protein is also highly expressed in the
liver. Recently, using invasive cannulation of the femo-
ral artery and vein in human volunteers, Hansen et al.”®
demonstrated no uptake or release of FGF21 in the leg
during and after an exercise bout that induced a 50%
increase in circulating FGF21. Similar sampling across
the hepatosplanchnic bed demonstrated a clear net
release of FGF21 from the liver in fasting conditions
and during exercise. These data are supported by the
observation that in liver-specific Fgf21-knockout mice
the protein does not circulate, at least in fasting condi-
tions”. Therefore, although some of the positive effects
of exercise on metabolic health might well be partially
mediated by FGF21, these data suggest that contracting
muscle may not be the source.

As FGF21 increases energy expenditure’® and is
expressed in BAT following cold exposure®, Fisher
et al.*' reasoned that FGF21 might mediate adipose
tissue browning and increased energy expenditure.
Indeed, a 3-day infusion of FGF21 into mice increased
the expression of thermogenic genes such as UCPI and
deiodinase 2 (DIO2), as well as the expression of genes
consistent with brown and beige fat cells in inguinal and
perirenal adipose tissue®. Interestingly, FGF21 had an
attenuated effect on thermogenic gene expression in
Ppargcla-knockout brown adipocytes, suggesting sig-
nificant crosstalk between FGF21 and PGCla in BAT
metabolism®. Furthermore, FGF21 administration in
UCP1-null mice failed to upregulate thermogenesis, as
expected, but also resulted in other perceived benefits on
metabolism such as reduced food intake and improved
glycaemic control®™. Data such as these have led to the
development of FGF21 mimetics for the treatment of
metabolic disease (reviewed in REF 84).

However, despite the increasing evidence suggesting
that exercise may stimulate adipose tissue browning (at least
in animal models), perhaps through the secretion of fac-
tors such as FGF21, irisin and METRNL, as well as through
the production of the metabolite f-aminoisobutyric acid
(BAIBA)®, this concept has been questioned (BOX 2).

Mpyonectin. Like many myokine candidates, myonectin
was discovered serendipitously. When characterizing
the metabolic function of the complement C1q/TNF-
related protein (CTRP) family of proteins, Seldin et al.®
cloned the cDNA of a secreted protein, CTRP15 (also
known as myonectin). Mice given access to running
wheels for 2 weeks demonstrated increased expression
of myonectin in skeletal muscle and increased circu-
lating levels of the protein. Given that myonectin is
predominantly expressed in skeletal muscle and poorly
expressed in other tissues, this implies that the source
of myonectin associated with voluntary exercise is skel-
etal muscle®. Furthermore, the expression of myonec-
tin was shown to be induced in muscle by a number
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of compounds that raised either cAMP or calcium lev-
els*. Recombinant administration of myonectin to mice
reduced circulating free fatty acid (FFA) levels in the
absence of changes in adipose tissue lipolysis, suggest-
ing that FFA uptake mediated this decrease, which was
confirmed in vitro®. Even though myonectin reduces
circulating FFA levels, whether it is a viable therapeutic
target to treat metabolic disease is questionable. Indeed,
in a subsequent study, Seldin ef al.*” demonstrated that
one mechanism of action of myonectin is to suppress
autophagy in the liver via the activation of mechanistic
target of rapamycin (mTOR). This may be of impor-
tance as previous studies in mice have shown that, in
genetic and dietary models of obesity, hepatic auto-
phagy is markedly downregulated, and that restoration
of autophagic processes improves insulin resistance in
the liver®.

Myokines and cancer

It is now known that insufficient levels of physical activ-
ity may contribute to approximately 10% of breast and
colon cancer cases in western countries®. Given the
strong links between physical activity and reduced can-
cer risk®, it comes as no surprise that voluntary running
delays tumour progression and severity in mouse models
of various cancers’"*2. Furthermore, treatment of mam-
mary cancer cells with serum from animals post-exercise
inhibits proliferation and stimulates apoptosis, sup-
porting the notion that secretory products of exercise
can inhibit tumour cell growth?. As discussed below,
such protective secretory products may include IL-6
(REF. 92) and SPARC (secreted protein acidic and rich
in cysteine)®. Of note, although the protein decorin has
yet to be proven as a bona fide myokine, its levels also
increase in the circulation in response to acute resistance
exercise in humans®. Decorin is a small proteoglycan that
is associated with collagen fibrils in all connective tissues
and has recently been found to have anti-metastatic
effects in breast cancer”?”.

IL-6. In an attempt to understand the importance of
cytotoxic immune cells in the beneficial effects of volun-
tary running seen in mouse cancer models’*?, Pedersen
et al. recently analysed immune cell infiltration in the
tumours of the B16F10 mouse model of melanoma
with or without access to voluntary running wheels for
6 weeks”. Exercise was associated with an infiltration
of natural killer (NK) cells, depletion of which induced
a loss of the protective effects of voluntary running.
Interestingly, exercise in this study was also accompa-
nied by an increase in circulating IL-6, the prototypical
myokine (BOX 1), and blocking IL-6 action by neutraliz-
ing antibodies inhibited the infiltration of NK cells into
tumours of exercised mice. Notably, daily injections of
IL-6 to mimic the circulating concentrations observed
during exercise failed to influence NK cell infiltration
or tumour growth. This suggests that a concerted effect
involving IL-6 and other factors affecting immune cell
recruitment, such as adrenaline, is essential for the pos-
itive effects of exercise in this animal model of tumour
growth®. Given that caged mice without access to

running wheels are a model of inactivity (as mice run
freely when allowed to do s0)®*, these findings may be
interpreted as evidence that physical activity either pro-
motes antitumour effects or it inhibits the tumorigenic
effects of physical inactivity. Regardless, these results
complement recent findings implying an important role
of NK cells in tumour immunosurveilance® and suggest
that exercise-induced secretory factors such as IL-6 may
assist in creating an appropriate inflammatory tumour
microenvironment.

SPARC. Several epidemiological studies have dem-
onstrated that physical activity can reduce both the onset
of and mortality associated with colorectal cancer'®!,
although the precise molecular mechanisms for such
observations are unclear.

Using DNA microarray and bioinformatics tools,
Aoi et al.** identified SPARC as a contraction-induced
myokine in both mice and humans.Independent exam-
inations of primary muscle cells derived from individu-
als who underwent strength-training also corroborated
SPARC as a contraction-induced, secreted protein®.
Importantly, exercise training reduced the formation of
aberrant cryptic foci, precursor lesions of colon adeno-
carcinoma, on the surface of the colon in wild-type mice
but not SPARC-deficient mice®. This study provided a
molecular link between colon cancer prevention and
regular physical activity.

SPARC itself has a myriad of functions as a proto-
typical matricellular protein, governing the fundamental
processes affecting cell shape, adhesion and differenti-
ation via its interaction with the extracellular matrix'*.
Although data showing enhanced pancreatic tumours
in SPARC-null mice'” support the therapeutic poten-
tial of SPARC, the multifunctional nature of this protein,
like IL-6 (BOX 1) and decorin'™, limits direct therapeutic
applications. However, further understanding of the
pathways targeted by such molecules after exercise may
lead to the identification of potential novel anticancer
therapeutic targets. Indeed, apoptotic pathways have
been implicated in the anticancer mechanism of action
of SPARC and other post-exercise secretory factors, as
exercise promotes apoptosis in colon mucosal and mam-
mary cells and increases the cleavage of caspase 3 and
caspase 8 in wild-type mice but not SPARC-deficient
mice®*. Furthermore, it has been demonstrated that
the apoptotic effects of SPARC are attributed to the ami-
no-terminal domain, and synthetically made peptides of
this domain enhance apoptosis via inhibition of caspase—
BCL-2 (B cell lymphoma 2) interactions'®.

Collectively, these studies highlight a surprising
dearth of literature examining the relationship between
exercise and cancer prevention, and highlight a possible
role of post-exercise secretory factors in this relationship.

Myokines and exercise adaptation: musclin

Although musclin was identified over a decade ago as
a peptide with high sequence homology to the natriu-
retic peptide family'®, it was only very recently found
to meet all the criteria of a bona fide myokine. In a com-
prehensive series of experiments in mice, Subbotina and
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PEGylation

Process of covalently
adding repeating units of
(polymerized) ethelene
glycol to proteins with a
view to improving stability,
pharmacokinetics and
therapeutic utility.

Fc fusion

Addition of the crystallizable
fragment (Fc) domain of

IgG molecules to therapeutic
agents to improve
pharmacokinetics and
pharmacodynamics.

co-workers'” first established that exercise stimulates
musclin production and secretion via calcium-dependent
activation of AKT. Interestingly, a mouse knockout of
the musclin-encoded gene Ostn (Ostn-knockout mice)
exhibited diminished maximal aerobic capacity, mito-
chondrial protein content and respiratory complex pro-
tein expression'”, a phenotype that was rescued when
endogenous musclin was administered via an osmotic
pump at similar concentrations to those observed in
exercised mice. This implies a potential role of circulat-
ing musclin in mitochondrial biogenesis and describes
a previously unrecognized mechanism of post-exercise
skeletal muscle adaptation. This recent study adds to the
growing list of biologically significant myokines. Given
that exercise capacity is the most powerful predictor of
mortality'**'%, the fact that this important facet of health
might be influenced by secreted factors warrants further
investigation.

Challenges in therapeutic exploitation

There are several challenges and limitations currently
facing the therapeutic development of myokines or
myokine secretagogues and/or analogues. First, myo-
kines — by their very definition — are proteins or
peptides, and therefore significant hurdles facing the
use of biologics as therapies must be overcome. Protein
biopharmaceuticals have become widely available after
the rapid development of recombinant DNA technol-
ogy over the past few decades'’. The most important
problems to be overcome in developing proteins for
therapeutic administration include their physicochem-
ical instability (in particular, aggregation), limited sol-
ubility, proteolytic instability, short half-life in plasma,
immunogenicity and toxicity'!. Although many differ-
ent approaches have been applied to improve the perfor-
mance of therapeutic proteins, there are two dominant
technologies — PEGylation''? and Fc fusion'* — under-
pinning the biopharmaceuticals that have received
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marketing approval from regulatory authorities. By
2009 there were nine marketed PEGylated biopharma-
ceuticals. Seven Fc fusion-based drugs are currently
on the market, and many more are in different stages
of clinical trials, demonstrating that Fc fusion proteins
have become credible alternatives to PEGylated proteins
as therapeutics'*!?. Therefore, although challenging,
protein pharmaceuticals are viable options.

Another key limitation in the therapeutic exploitation
of myokines is achieving cell- and/or tissue-specific tar-
geting to avoid side effects. As discussed in this Review,
although the vast majority of myokines are expressed in
skeletal muscle and induced by muscle contraction, they
are also expressed in other tissues and may have ubiqu-
itous receptors'®. However, in recent years the applica-
tion of nanotechnology for drug delivery has begun to
address this challenge'. Nanoparticles can provide long
or short circulation times by controlling both the tar-
get surface and size'"”. Importantly, they can also target
specific cell types within target organs''.

Conclusion

Following the lead of the initial discovery of IL-6 as a
myokine, research groups continue to uncover a range
of factors secreted by skeletal muscle, which may lead to
novel therapeutic approaches for the preventive treat-
ment of non-communicable diseases such as diabetes'’
and cancer®>*. Perhaps the most promising therapeutic
approach uncovered by myokines is to target the path-
ways activated by irisin® and METRNL” for the treat-
ment of obesity. Further identification of novel myokines
and a better understanding of their functions, mecha-
nisms of action and downstream pathways is likely to
lead to the identification of novel therapeutic approaches
for a variety of diseases. Importantly, establishing molec-
ular links between exercise and disease prevention can
only strengthen the public health message that physical
exercise results in disease prevention.
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