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Abstract

Purpose Resistance exercise induces muscle growth and is an important treatment for age-related losses in muscle mass
and strength. Myokines are hypothesized as a signal conveying physiological information to skeletal muscle, possibly to
“fine-tune” other regulatory pathways. While myokines are released from skeletal muscle following contraction, their role
in increasing muscle mass and strength in response to resistance exercise or training is not established. Recent research
identified both local and systemic release of myokines after an acute bout of resistance exercise. However, it is not known
whether myokines with putative anabolic function are mechanistically involved in producing muscle hypertrophy after resist-
ance exercise. Further, nitric oxide (NO), an important mediator of muscle stem cell activation, upregulates the expression
of certain myokine genes in skeletal muscle.

Method In the systemic context of complex hypertrophic signaling, this review: (1) summarizes literature on several well-
recognized, representative myokines with anabolic potential; (2) explores the potential mechanistic role of myokines in
skeletal muscle hypertrophy; and (3) identifies future research required to advance our understanding of myokine anabolism
specifically in skeletal muscle.

Result This review establishes a link between myokines and NO production, and emphasizes the importance of considering
systemic release of potential anabolic myokines during resistance exercise as complementary to other signals that promote
hypertrophy.

Conclusion Investigating adaptations to resistance exercise in aging opens a novel avenue of interdisciplinary research into
myokines and NO metabolites during resistance exercise, with the longer-term goal to improve muscle health in daily living,
aging, and rehabilitation.
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NO Nitric oxide
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Introduction

Resistance exercise protocols designed to elicit skeletal mus-
cle hypertrophy commonly focus on generating mechanical
tension, metabolic stress, and muscle damage (Schoenfeld
2010). Although these three stimuli appear to initiate sign-
aling through a complex labyrinth of hypertrophy path-
ways in muscle, upon entering recovery, many underlying
mechanisms that ultimately produce hypertrophic adapta-
tions are identified (Bamman et al. 2018). As such, much
more research is required before a comprehensive under-
standing of the mechanisms of muscle hypertrophy can be
fully appreciated, particularly since prevention or treatment
of skeletal muscle atrophy in aging and disuse is a major
challenge to individuals and society. While stimulation of
myogenic pathways, endocrine and other systemic and local
influences, and myogenic stem cells (called satellite cells)
all provide unique and overlapping contributions to muscle
hypertrophy (Schoenfeld 2010), recent research has also
identified a potential role for muscle-derived myokines in
this process (Pedersen 2011; So et al. 2014; Bamman et al.
2018; Lee and Jun 2019). Myokines are proteins produced
by skeletal muscle during contraction that may act locally or
at some distance, on muscle and also non-muscle cells and
tissues (Pedersen 2011; Pedersen and Febbraio 2012; lizuka
et al. 2014; Lee and Jun 2019).

Fig. 1 Six paradigms and their

There are six mechanistic paradigms that predominate
our current understanding of signaling pathways mediating
hypertrophic stimuli. These paradigms include: (1) satellite
cells; (2) mRNA transcriptional and protein translational
control; (3) mechanotransduction; (4) autocrine, paracrine,
and endocrine factors; (5) sensorimotor control; and (6)
non-myogenic cells in muscle (see Fig. 1). Satellite cells
are thought to be involved in muscle hypertrophy when they
move from a quiescent state to an activated and then a pro-
liferative state from which they can differentiate and fully
commit to forming new, multinucleated myotubes (Fukada
2018) and/or contribute to fiber hypertrophy by adding new
myonuclei through fusion with existing fibers (Englund et al.
2019). This process is thought to be mediated by muscle
damage produced by resistance exercise (especially eccen-
tric type muscle actions) (Guilhem et al. 2010; Damas et al.
2018), although muscle loading is known to play a role in
fiber hypertrophy, particularly following atrophy of muscle,
and it is well established that muscle hypertrophy can occur
independent of satellite cell activity (Bruusgaard et al. 2010;
Leiter et al. 2011, 2012; Eftestgl et al. 2016; Psilander et al.
2019).

Transcriptional and translational control of muscle hyper-
trophy follows a sequential process whereby mRNA tran-
scripts are generated and then translated inside cells to pro-
duce new muscle proteins. The main kinase that is involved
in the generation of new muscle protein is the mechanistic
target of rapamycin (mTOR) (Yoon 2017). Recent reviews
of this topic have identified that there may be rapamycin-
sensitive and rapamycin-insensitive pathways and that both
lead to increased muscle protein synthesis (Ogasawara et al.
2019; Goodman 2019). Mechanotransduction turns loading
signals from the execution of resistance exercises into bio-
chemical/biological processes whereby the addition of newly
synthesized muscle protein both within muscle fibers and in
the muscle tissue will result in skeletal muscle hypertrophy
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(Toigo and Boutellier 2006). As well, the type of stretch
stimulus (static or dynamic) can influence the responses to
resistance training by muscle growth and strength (Ferreira-
Junior et al. 2019).

Protein levels and other nutritional factors including vita-
min D3 and various supplements (such as collagen, creatine,
and omega-3s), influence the impact of exercise or training
on muscle growth (McGlory and Phillips 2015; Antoniak
and Greig 2017; Shamim et al. 2018; Morton et al. 2018;
Candow et al. 2019a, b; McGlory et al. 2019; Oertzen-Hage-
mann et al. 2019). Additional non-myogenic cells within
skeletal muscle such as bone, vessels, and the connective tis-
sue matrix, also operate metabolically and/or non-mechan-
ically in sustaining and promoting muscle tissue health and
responsiveness to hypertrophic stimulation (Hausman 2012;
Isaacson and Brotto 2014; Girgis 2015; Tarantino et al.
2015; Brotto and Bonewald 2015; Smythe 2016; Levinger
et al. 2017; Grygiel-Gérniak and Puszczewicz 2017; Huey
2018; Leal et al. 2018; Roberts et al. 2018; Stanford and
Goodyear 2018; Olsen et al. 2019). Analytical systems biol-
ogy (Smith et al. 2013) and experimental approaches using
the modern technical “acuity” of proteomics, transcriptom-
ics and next-generation sequencing are advancing the power
to investigate the broader (increasingly complex) interplay
of signaling at various levels of molecular mechanisms in
tissues and even the gut microbiome (Donovan 2017) that
impact muscle growth and muscle and overall health.

Sensorimotor control of skeletal muscle, through the
central nervous system (CNS) regulation of spinal neurons
and peripheral nervous system (PNS) input to and stimuli
from muscle and tendons, is the basis of voluntary contrac-
tion. However, in-depth consideration of nerve-muscle
excitation—contraction coupling, motor unit physiology
and pathology, and the interplay between the corticospinal
(pyramidal) and extrapyramidal pathways at the level of the
spinal cord motor-pattern generators (Maclntosh et al. 2006)
are beyond the scope of this review, even though they will
certainly influence the muscle response to resistance training
(Sterczala et al. 2018). Nonetheless, it is useful to remem-
ber the important role(s) of neurotrophic factors produced
by muscle and myotrophic factors produced by peripheral
nerve that influence nerve and muscle, respectively, via
signaling at the neuromuscular junction region; these both
change with aging and are influenced by exercise training
(Nishimune et al. 2014). Such trophic factors maintain the
health of neuromuscular junction synapses (Tsujihata et al.
1987; Nishimune et al. 2014) and higher-order nerve—nerve
synapses in the motor-control system (Verhovshek and Sen-
gelaub 2010). As well, passive exercise can promote muscle
growth in the absence of input from the CNS (Phadke et al.
2019) or the PNS (Salvini et al. 2012) and both the CNS and
muscle show adaptive responses to eccentric stretching dur-
ing exercise (Hedayatpour and Falla 2015). Interestingly, the

distinction of nerve-derived versus muscle-derived patholo-
gies, for instance detected using ultrasound, relates to the
impact on muscle strength, structure, and texture, of losing
trophic influences from each source (Sogawa et al. 2017).

Finally, and most relevant to the primary focus of this
review, a large variety of autocrine, paracrine, and endo-
crine factors are demonstrated or hypothesized to promote
or mediate muscle hypertrophy, as shown by their increased
levels following a session of resistance exercise (Adams and
Bamman 2012; Bamman et al. 2018; Lee and Jun 2019; Han
et al. 2019). Such factors reportedly include byproducts of
metabolism (termed myobolites) that may act as paracrine or
systemic signaling molecules (Ibrahim et al. 2017). Notably,
age influences the extent of the responsiveness to exercise
and mechanical stretching as stimuli to hypertrophy (Li et al.
2006; Leiter et al. 2011; McGlory and Phillips 2015), at least
in part because muscle satellite cells that are resident on
stretched fibers become increasingly refractory to mechani-
cal tension with increasing age: more stretching (as a propor-
tion of muscle length) is required to activate satellite cells on
healthy muscle of older animals (Leiter and Anderson 2010;
Fujimaki et al. 2015) and humans (Kandalla et al. 2011; Sni-
jders et al. 2014; Boers et al. 2018; Riddle et al. 2018). Some
of these factors have long been known as intricately involved
in producing muscle hypertrophy (such as the hormones tes-
tosterone and growth hormone), although the dogma that
these two hormones are sufficient to restore the capacity
for exercise-induced muscle hypertrophy in muscle of older
individuals has been challenged in the research literature
(Schroeder et al. 2013; Morton et al. 2016).

The possibility exists that more tentatively researched
factors which seemingly promote muscle hypertrophy,
such as myokines, may also play a role in the process of
building muscle; however, it is highly likely that all of the
above related processes either work in concert or contribute
in some way to the physiological hypertrophy of muscle.
The challenge for current researchers is to clarify the role of
each of these paradigms in the greater cybernetic network of
adaptive pathways, fleshing out the complexities of potential
synergies and redundancies with the theoretical hierarchies
of influence between the above more well-established mech-
anistic signaling responses to resistance exercise.

Aging is associated with the loss of muscle mass (sarco-
penia) and muscle strength (dynapenia) (Candow et al. 2012,
2019a, b). Finding strategies to ameliorate or reverse the
progression of these functional and structural declines with
age is considered crucial for the aging population. In addi-
tion, finding such strategies would also serve as a platform
from which to highlight potential mechanistic underpin-
nings of skeletal muscle hypertrophy, and then apply those
mechanisms in other conditions such as rehabilitation, where
muscle growth is desirable. As such, resistance training that
was designed to enhance skeletal muscle hypertrophy and
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strength has now evolved to include many unique exercise
techniques (such as blood flow restriction resistance exer-
cise), and is currently viewed as an effective exercise strat-
egy to slow and minimize the age-related loss of muscle
strength and size. While each particular resistance train-
ing protocol presents users with training stimuli that foster
muscle remodeling and functional adaptation by muscle
fibers, satellite cells, and other types of cells within a mus-
cle, the approach is not uniformly successful. Strategically
controlled resistance training interventions performed on a
research basis by well-documented specific populations of
users (e.g., older-aged individuals who sustain different lev-
els of activity, with or without additional health problems, or
younger-aged individuals with a variety of disuse conditions
including obesity) and well-defined modalities of physical
activity in particular muscle groups may provide further
nuance to our understanding of the interplay of emerging
and previously established muscle hypertrophy mechanisms.

Thus, the purpose of this review is to explore the idea that
myokines may serve as a contributing mechanism for muscle
hypertrophy associated with resistance exercise. The review
will attempt to contextualize the potential contribution of
myokines in an increasingly complex network of muscle-
hypertrophy mechanisms. This review is also focused on the
effects that nitric oxide and its metabolites have on systemic
myokine release with resistance exercise. The review then
identifies some of the interesting findings from research on
blood flow restricted (BFR) resistance exercise in compari-
son to more standard resistance exercise protocols used to
enhance muscle hypertrophy, and the potential application
of these BFR resistance training methodologies to counter
the loss of skeletal muscle mass in our aging population
and how myokines may influence this. Finally, the review
identifies the need for continued research to elucidate
myokine involvement in the regulation of skeletal muscle
hypertrophy.

Cytokines and myokines

Cytokines are intercellular messengers that comprise a large
family of polypeptides and proteins. A cytokine response is
inducible by a wide variety of stimuli and can be secreted
by several cell types in the human body. While their primary
function is typically associated with an immune response,
many cytokines are also responsible for the mediation of
other biological functions including energy metabolism. As
such, cytokines can be described as pleiotropic in function.
A particular cytokine may confer different mediating effects
depending upon the initial stimulus, target cell, or other
cytokines released in conjunction. Cytokines are also capa-
ble of acting in local (autocrine or paracrine) or systemic
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(endocrine) fashion depending on the target tissue (Peake
et al. 2015b).

Certain cytokines (termed “myokines”) are proteins
released by skeletal muscle fibers (multinucleated muscle
cells) that can have local effects on muscle, as well as sys-
temic effects on other tissues. The extent of the myokine-
release response after muscular contraction varies with the
intensity, mode, and volume of exercise an individual per-
forms (Peake et al. 2015b). Some myokines may be ana-
bolic and have direct growth-promoting effects (Lee and
Jun 2019) (see Fig. 2). Still others generate signals which
may mediate some of the health benefits of resistance exer-
cise (Hoffmann and Weigert 2017). Since their discovery in
2000 (Steensberg et al. 2000), myokines have continued to
generate increasing interest. Since they were hypothesized
to be important mediators in systemic metabolism, ongoing
research has largely focused on possible cellular signaling
events that could enhance muscle growth through anabolic
pathways (direct or indirect) in muscle (Dankel et al. 2017;
Hoffmann and Weigert 2017). Such pathways are particu-
larly intriguing as they explore the potential mediators (such
as myokines) of the impact of resistance exercise and train-
ing protocols, an area of growing interest with the burgeon-
ing population of adults over 55 years of age (Tieland et al.
2018).

Certain myokines are upregulated in resistance exercise;
these include leukemia inhibitory factor (LIF); interleukins
such as interleukin-4 (IL-4), IL-6, IL-7, IL-15; decorin;
and irisin (Pedersen and Febbraio 2012; Kanzleiter et al.
2014; Huh et al. 2014). These particular myokines have the
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Fig.2 Potential roles of some main myokines in influencing skeletal
muscle protein synthesis/skeletal muscle hypertrophy. Akt/PKB: pro-
tein kinase B; IGF-1: insulin-like growth factor-1; IL-4: interleukin-4;
IL-6: interleukin-6; IL-7: interleukin-7; IL-15: interleukin-15; LIF:
leukemia inhibitory factor; mTOR: mechanistic target of rapamycin;
NO: nitric oxide; p70S6K: ribosomal protein S6 kinase
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potential to reduce muscle atrophy and promote growth by
fiber hypertrophy, due to their induced release by contrac-
tion during resistance exercise. Additional growth factors
such as hepatocyte growth factor (HGF) and insulin-like
growth factor (IGF-1) and the gaseous signaling molecule
nitric oxide (NO), are released by exercise and mechanical
stretching (Anderson 2000; Tatsumi et al. 2006; Wozniak
and Anderson 2007). Moreover, NO is known to upregu-
late certain myokines such as IL-6 (Steensberg et al. 2007).
HGF and NO also have the potential to promote muscle
growth by activating skeletal muscle stem cells (called sat-
ellite cells) that are typically quiescent in sedentary adults
or in age-related atrophy. Interestingly, the capability for
satellite cells to respond to mechanical stretch or exercise
decreases with increasing age, and satellite cells become
refractory to levels of stretch that would normally activate
stem cells in muscle from younger individuals, at least in
a mouse model (Leiter and Anderson 2010). In mice, this
observation is congruent with findings that exercise-induced
muscle growth is muscle specific and age dependent (Leiter
et al. 2011). It is also demonstrated that age-related atrophy
in old female mice can be reversed by treatment with a nitric
oxide donor drug (Leiter et al. 2012). HGF and NO are able
to initiate cycling of muscle satellite cells, as well as induc-
ing the migration of satellite cells (Anderson 2000; Siegel
et al. 2009, 2011) and mediating the speed and direction of
such movement in interactions with the extracellular matrix
proteins fibronectin and collagen in experimental micro-
fluidics devices (Roveimiab, Lin, and Anderson, personal
communications) (Roveimiab et al. 2019). Satellite cells
stimulated by IGF-1 will induce their proliferation, along
with other growth factors including fibroblast growth fac-
tor (FGF-2) and mechano-growth factor (MGF), specifically
MGEF-E (Kandalla et al. 2011), a mechanically released form
of IGF. The following section highlights a number of the key
findings from research which has examined myokines with
hypertrophic potential in muscle.

Leukemia inhibitory factor

LIF is part of the IL-6 superfamily of cytokines and plays
many physiological roles (Pedersen and Febbraio 2012).
Research indicates that LIF can act as a myokine as it is
produced when cultures of human muscle (myotubes) are
electrically stimulated (Broholm et al. 2008). An increase
in LIF mRNA expression by human skeletal muscle fol-
lows an acute bout of resistance exercise although it did
not result in any increase in LIF protein content (Broholm
et al. 2008) or an increase in circulating levels of LIF (Bro-
holm and Pedersen 2010). In vitro study of LIF indicated
a role for LIF in stimulating human satellite cell activity
(Spangenburg and Booth 2002) which is important for
muscle growth and hypertrophy. As well, in LIF knockout

mice, the hypertrophic response to functional overloading
was blunted; restoration of physiological concentrations of
LIF in those knockout mice reestablished the hypertrophic
response by muscle, indicating specific involvement of LIF
in muscle hypertrophy (Spangenburg and Booth 2002).
In other research, incubation of LIF in myotube cultures
caused a significant increase in mechanistic target of rapa-
mycin (mTOR) which, in turn, induces an anabolic muscle
response to increase protein synthesis (Gao et al. 2017).
These reports support an important assertion that LIF plays a
role in inducing a hypertrophic response in skeletal muscle.

Interleukin-4

IL-4 is a cytokine that is predominantly produced by
T-helper type-2 leukocytes and is primarily considered an
anti-inflammatory cytokine (Prokopchuk et al. 2007; Della
Gatta et al. 2014). However, in a culture of myotubes, IL-4
was involved in myoblast recruitment to fuse into the myo-
tubes, and secretion of IL-4 was necessary for growth of
the cultured muscle (Horsley et al. 2003). The first in vivo
experiment focused on IL-4 in human skeletal muscle dem-
onstrated that expression of the mRNA and protein of IL-4
and the IL-4 receptor-a was higher in human muscle after
6 weeks of high-intensity strength training (Prokopchuk
et al. 2007). This result indicated IL.-4 was involved in skel-
etal muscle hypertrophy; although, the direct evidence for
this still requires further exploration.

Interleukin-6

IL-6 is considered one of the main myokines that increases
in muscle tissue after contraction and is released systemi-
cally. IL-6 plays many roles in physiology and pathology in
muscle (Pedersen and Febbraio 2012; Peake et al. 2015a),
and it may stimulate hypertrophic signaling in muscle (Toth
et al. 2011; Mitchell et al. 2013). In a rat model of exercise,
IL-6 protein in muscle was increased after 8 weeks of train-
ing in young- and middle-aged rats; although, the extent of
the increase was lower than in middle aged animals (Jung
et al. 2015). IL-6 production has also been found to stimulate
muscle satellite cell proliferation and myogenic differentia-
tion in a rat model; these changes were associated with mus-
cle hypertrophy over a 10-week training program (Begue
et al. 2013). In a human study, a completion of a 16-week
resistance exercise protocol resulted in a systemic IL-6
response after an initial single bout of resistance exercise
and was significantly correlated with the degree of muscle
hypertrophy in young men (Mitchell et al. 2013). Another
study in humans used muscle lengthening (eccentric muscle
contraction) to induce muscle damage, and IL-6 was shown
to induce signaling by the signal transducer and activator
of transcription 3 protein (STAT3) in the nuclei of satellite

@ Springer



946

European Journal of Applied Physiology (2020) 120:941-959

cells available from muscle biopsies, which likely indicates a
role for IL-6 in muscle growth involving stem cell prolifera-
tion and fusion into muscle fibers (Toth et al. 2011). There
is in vitro evidence linking IL-6 to myoblast proliferation
and differentiation (Baeza-Raja and Muifloz-Canoves 2004;
Serrano et al. 2008) and myotube protein synthesis through
upregulation of the mTOR pathway (Gao et al. 2017). Thus,
it seems that [L.-6 may play an important role in promoting
skeletal muscle adaptation and could be required to initiate
muscle hypertrophy in response to resistance exercise.

Interleukin-7

Currently, there is limited research on the hypertrophic
potential of IL-7; although, some preliminary evidence sug-
gests IL-7 may be locally upregulated in exercised skeletal
muscle and be involved in muscle satellite cell activation
(Pedersen and Febbraio 2012). Human models of investi-
gation which examined the effects of an 11-week strength
training program suggest that IL-7 mRNA expression was
significantly higher at rest in the vastus lateralis and tra-
pezius muscles of young men than at the start of the study
(Haugen et al. 2010). Also, in vitro incubation of myotubes
with recombinant IL-7 in culture has been demonstrated to
increase the migration of myoblasts (Haugen et al. 2010),
which would foster myotube formation in vivo.

Interleukin-15

Several lines of evidence suggest IL-15 may be involved in
muscle hypertrophy. Research in culture studies have dem-
onstrated the anabolic potential of the myokine IL-15 as
it induced myosin heavy chain accumulation (Quinn et al.
1995; Furmanczyk and Quinn 2003), and stimulated myo-
genic differentiation (Quinn et al. 1997), and muscle protein
synthesis while inhibiting protein degradation (Quinn et al.
2002; Busquets et al. 2005). In animal models, IL-15 mRNA
was increased in both unloaded and aged skeletal muscle
compared to loaded and younger muscle, findings, which
suggest its possible role in promoting hypertrophy or at least
counteracting decreases in loss of muscle mass (Pistilli et al.
2007). Other research from the same group also indicated
that systemic elevation by recombinant IL-15 infusion pro-
duced an increase in apoptosis in skeletal muscle of young
adult and aged rats and attenuated the accretion of muscle
mass compared to controls (Pistilli and Alway 2008). Fur-
ther research indicated that IL-15 transgenic mice that over-
expressed and secreted high levels of IL-15 from muscle
into the systemic circulation had lower adiposity and greater
bone mineral content with no effect on skeletal muscle
(Quinn et al. 2009). Research showed that aging mice have
decreased levels of both serum and skeletal muscle IL-15
that correlated with a decrease in soluble IL-15 receptor-a,
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which may have implications for understanding increases in
adiposity and decreased muscularity with age (Quinn et al.
2010). In normal and streptozotocin-induced diabetic rats
with muscle atrophy, IL-15 levels in both serum and mus-
cle were upregulated after resistance-based training in both
fast- and slow-twitch muscle and that fast muscle morphol-
ogy was maintained as normal in the trained diabetic rats
(Molanouri Shamsi et al. 2014, 2015). In humans, plasma
IL-15 was significantly elevated following an acute ses-
sion of resistance exercise, both before and after a 10-week
resistance training program. However, this acute increase
in IL-15 was not associated with morphological changes
or hypertrophy in skeletal muscle (Riechman et al. 2004).
Another report found that resting plasma IL-15 concentra-
tion increased after an 8-week program of moderate or heavy
intensity resistance training in young adult males, and that
there was a corresponding increase in lean body mass and a
decrease in percent body fat in the group that completed the
heavy resistance training (Yeo et al. 2012). Human muscle
biopsies after an acute resistance exercise session in humans
demonstrated increased IL-15 mRNA expression (Nielsen
et al. 2007) and 12 weeks of endurance training in males
enhanced the protein content of IL-15 by 40% in resting
muscle without any change in plasma IL-15 or its mRNA
suggesting that the IL-15 myokine is primarily involved
in skeletal muscle metabolism (Rinnov et al. 2014). Other
reviews have suggested that IL-15 serves as a signaling mol-
ecule in the mTOR pathway, that it may play a greater role
in oxidative metabolism than previously hypothesized, and
that IL-15 may be intricately involved in providing feedback
from muscle to adipose tissue to increase energy expenditure
as a protective mechanism in overweight or obese individu-
als (Tamura et al. 2011; Raschke and Eckel 2013; Pistilli
and Quinn 2013; Ye 2015; Nadeau and Aguer 2019). In
summary, it appears that IL-15 may play many roles physi-
ologically in response to a single bout of exercise or training;
however, its effects on muscle hypertrophy appear debatable.

Decorin

Decorin has long been proposed as a myokine involved in
muscle hypertrophy (Brandan et al. 1991; Kanzleiter et al.
2014). Myotubes secrete decorin (Kanzleiter et al. 2014)
and decorin upregulates protein synthesis in vitro (Sun et al.
2013). In vivo evidence from murine skeletal muscle further
indicates that decorin overexpression can upregulate sev-
eral factors involved in inhibiting myostatin, itself a potent
myokine that increases protein degradation, which attenuates
muscle cell growth and differentiation (Guiraud et al. 2012;
Kanzleiter et al. 2014). Inhibition of myostatin by decorin
is believed to open a molecular pathway in which decorin
may be involved in anabolic activity in skeletal muscle.
Further research suggests that an acute bout of resistance
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exercise results in systemic decorin release, with the degree
of fat-free mass being positively associated with the extent
of decorin released after an acute bout of resistance exercise
(Kanzleiter et al. 2014). Further to this point, we have also
demonstrated that various types of acute resistance exercise
(low load, blood flow restricted low load, and high load)
resulted in a systemic release of decorin indicating that this
myokine may be involved in the hypertrophic response to
resistance exercise (Bugera et al. 2018).

Irisin

Irisin is a myokine known predominantly for its effect on
the “browning” or transformation of white adipose tissue
to brown adipose tissue, providing increased capacity to
generate heat and thus increase the energy expenditure of
muscle (Shan et al. 2013). However, in addition to its role
in muscle—adipose crosstalk, there is emerging evidence to
suggest that irisin may have a role in regulating muscle and
bone hypertrophy (Huh et al. 2014; Colaianni et al. 2015).
Irisin increases significantly in the muscle of mice exposed
to 3 weeks of wheel running compared to levels in resting
control animals, and osteoblast cultures were more differen-
tiated when culture media were prepared from mouse muscle
with higher levels of irisin protein (Colaianni et al. 2014).
Beyond this, in cultured human myocytes, in vitro treatment
with irisin upregulated insulin-like growth factor-1 (IGF-1)
and downregulated myostatin, suggesting that it may play a
role in skeletal muscle hypertrophy (Huh et al. 2014).

Other myokines

Other novel myokines of interest for research on promot-
ing skeletal muscle hypertrophy include: apelin, fatty acid
binding protein-3 (FABP-3), fibroblast growth factor-21
(FGF-21), fractalkine, follistatin-related protein-1, oncos-
tatin-M, osteocrin, and secreted protein acidic and rich in
cysteine (SPARC). While these known myokines influence
a wide variety of physiological processes, their roles also
hold promise in mediating muscle hypertrophy, as they may
influence the main molecular pathway for the new protein
synthesis in muscle that is regulated by targeting the mTOR
pathway that signals p70 ribosomal S6 kinase (p70S6K)
and activates the downstream product, 4E binding protein
1 (4E-BP1). The 4E-BP1 signal results in increased expres-
sion and ultimately synthesis of a variety of muscle proteins.
For instance, repair of damaged skeletal muscle tissue may
be aided by myokines such as fractalkine (Stromberg et al.
2016) which is thought to be beneficial for muscle adapta-
tion to resistance exercise. Higher-level interactions between
pituitary hormones and muscle were also investigated
in relation to the capacity for ongoing repair and growth
of damaged muscle in mdx mouse muscular dystrophy

(Anderson et al. 1994). Also, follistatin-related protein-1
binds myostatin, resulting in increased muscle mass; fol-
listatin-related protein-1 may help induce muscle adaptation
to resistance exercise (Brandt et al. 2015). As well, when
LIF and oncostatin-M bind their receptors, muscle growth is
promoted (Hunt and White 2016). Further, apelin is reported
to be released systemically to a larger degree in response to
an acute resistance exercise session in trained as compared
to untrained individuals (Fortunato et al. 2018); restoration
of apelin levels in older adult humans increases muscle mass
and as one ages, it helps to improve functional ability (Vinel
et al. 2018). Finally, osteocrin may exert a direct influence
on muscle (Moffatt and Thomas 2009) and SPARC is known
to induce muscle atrophy in muscle (Son et al. 2016).

Myokines and pleiotropy

Skeletal muscle is considered to be an endocrine organ,
with myokines serving as a major component of the muscle
secretome (Pedersen and Febbraio 2008; Giudice and Taylor
2017). Certain myokines are known to play a role in mus-
cle—fat crosstalk and are, thus, described as adipo-myokines;
this term is used to indicate that the higher-level complexity
of their signaling role depends on the original stimulus for
their secretion and the particular cellular and extracellular
milieu in which they are active (Raschke and Eckel 2013;
Lietal. 2017).

This multi-functional and context-dependent variation
by individual molecules is termed pleiotropy, an important
feature of complex signaling pathways that span multiple
tissues and organ systems. For example, tissue secretomes,
including those from renal, hepatic and other tissues, play
important roles in fine-tuning the complex crosstalk of sig-
nals between bone and muscle and ultimately modulate the
primary biomechanical interactions of those two tissues
(Karasik and Kiel 2010; Bonewald 2019; Trajanoska et al.
2019). Anabolic hormones have long been viewed as the
dominant exercise-induced signaling molecule (Kraemer
and Ratamess 2005) but the discovery of myokines, in par-
ticular their release from muscle after resistance exercise,
suggested the existence of a more complex cascade of sig-
nals involved in skeletal muscle adaptation than previously
thought (Steensberg et al. 2000). Thus, it is important that
research determines distinct and overlapping characteris-
tics among signaling molecules, and further, if possible, a
hierarchy of biological relevance—clarifying the synergy,
redundancy, and dominance among signals.

The complexity of studying and understanding the
dynamic interplay among signaling molecules following
resistance exercise cannot be understated. Current research
on the anabolic hormone responses to resistance exercise,
for example, may help to establish our understanding of
myokines. Briefly, anabolic hormone release induced by
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resistance exercise function in a canonical (classical) stimu-
lus—response, ligand—receptor fashion. In response to muscle
tissue contraction, damage, or metabolic demand, the lev-
els of several hormones will increase in systemic circula-
tion—many of those hormones appear to be functionally
pleiotropic yet also have additional synergistic effects that
promote “supercompensation” of the exercise-affected tis-
sues and also restore homeostasis after exercise (Kraemer
et al. 2017). Once released, these hormones require receptors
to bind to in order to produce their effect. Such receptors
also have potential for site-specific upregulation of hyper-
trophic signaling pathways in response to exercise stimulus
(Kraemer et al. 2017), suggesting that the direction of adap-
tation is coordinated across cell types, tissues, and organ
systems. Further, some anabolic hormones (for example,
growth hormone or IGF-1) appear in different isoforms,
a feature that confers additional specificity to the signal-
ing cascades, depending on the original exercise stimulus
and the tissue that is targeted (Kraemer et al. 2003, 2017).
Methodologies such as genome-wide association studies and
the use of computational biology and genetic algorithms to
analyze complex interactions are beginning to dissect the
multidimensional interactions of signals involved in pleio-
tropic bone—muscle signaling by exploring the contributions
of gene loci expressed in specific tissues during particular
types of activity (Trajanoska et al. 2019).

By contrast, myokines display even more functional plei-
otropy than hormones. As with hormones, resistance exer-
cise initiates the systemic appearance of several myokines
(Riechman et al. 2004; Mitchell et al. 2013; Kanzleiter et al.
2014; Bugera et al. 2018). Some studies also suggest there
is a corresponding upregulation of receptor molecules in
the target tissue(s) (Reihmane and Dela 2014). Notably,
however, certain myokines and their receptors are ubiqui-
tously expressed. For example, IL-6 is an extensively studied
exercise-induced myokine that is involved in several differ-
ent skeletal muscle-adaptation pathways (Toth et al. 2011;
Mitchell et al. 2013). It also helps to recall that hormone
receptors can be down-regulated secondary to increases in
the levels of the ligand; this type of feedback mechanism in
regulating the effects of the steroid testosterone is now used
as a treatment modality to suppress testosterone (Kvorning
et al. 2015).

When viewed from a global endocrine perspective, the
seemingly ubiquitous nature of the IL-6 molecule and the
expression of its multiple receptor types (Wolf et al. 2014;
Baran et al. 2018) make it extremely difficult to confidently
characterize the scope of IL-6 actions at any given time,
from a simple blood level measured in the systemic circula-
tion. IL-6 affects anabolic, metabolic, and pro- and anti-
inflammatory effects, and the magnitude of each of those
effects is difficult to determine without extensive controls
(Muiioz-Canoves et al. 2013; Karstoft and Pedersen 2016).
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This is particularly the case when considering potential (or
likely) confounding hypertrophic effects of other signaling
mechanisms noted above.

Many myokines such as IL-15 (Pistilli and Quinn 2013),
which were initially thought to have a major role in ana-
bolic signaling were recently re-characterized as metaboli-
cally derived “adipo-myokines”. Even the change in termi-
nology highlights the currently understood complexity of
these pleiotropic molecules and the need for further research
to fully understand their role (Li et al. 2017) and how that
role depends on the nature of the exercise that stimulates
their production and release. Finally, the skeletal muscle
secretome is described as encompassing over 300 unique
molecules to date (Giudice and Taylor 2017). The level
of research on each of those molecules varies, and there
is limited research available from in vivo trials using well-
controlled studies of interventions with resistance exercise
protocols. These observations make it clear that our under-
standing of this topic is in its infancy. Revisiting research
developments on the hormones, including myokines, that
are induced by resistance exercise, is a logical next step in
bolstering our understanding of myokines, particularly when
attempts to untangle the role of each myokine and its poten-
tial for pleiotropy.

Determining myokine influence in anabolic cellular
signaling

Many previous studies indicated that major hormones such
as testosterone, the growth hormones (including growth
hormone and insulin), and IGF-1 and its isoform mechani-
cal growth factor (MGF) are upregulated following acute
resistance exercise, either systemically or locally in skeletal
muscle (Hickson et al. 1994; Bamman et al. 2001; Tremblay
et al. 2004; Hackney and Lane 2015; Mangine et al. 2017,
Kraemer et al. 2017). The upregulation and release of such
hormones during recovery from resistance exercise indicates
that such a response is likely essential for restoring body
homeostasis. Work in both animal models and humans with
low testosterone has indicated that low testosterone sup-
presses both the synthesis of myofibrillar proteins by muscle
and the accrual of lean body mass (White et al. 2013; Kvorn-
ing et al. 2013). A recent review indicated that testosterone
interacts in two ways with its receptors to upregulate pro-
tein synthesis: genomically, through its interaction with the
androgen receptor and nuclear DNA; and non-genomically,
through its interaction with a membrane-bound receptor that
triggers intracellular signaling (Hooper et al. 2017).
Interestingly, acute resistance exercise is reported to
concurrently increase growth hormone and cortisol levels;
furthermore, the increase in cortisol was sufficient to inhibit
p70S6K signaling, which actually reduced the initiation
of translation and ultimately reduced protein synthesis in
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muscle (Spiering et al. 2008). From descriptions of only a
few hormones in the above examples, it is obvious that a vast
network of signaling occurs during recovery from strenuous
acute resistance exercise and which enhances resilience to
additional stresses (e.g., mechanical, inflammatory, or meta-
bolic) placed on the system by future exercise and demands
for adaptation. As indicated earlier in this review, there
are multiple paradigms that characterize the mechanisms
of muscle hypertrophy. The myokine response to the stress
and stimulus of resistance exercise is only one of the myriad
responses that may synergize or be redundant with the other
signals generated during the skeletal muscle adaptations that
produce hypertrophy.

While many systems play a role in mediating skeletal
muscle hypertrophy, the impact and relative strength and/
or timing of signals that produce that hypertrophy also
vary depending on the particular conditions in an experi-
ment (Bamman et al. 2018). Typically, anabolic hormones
(e.g., testosterone and growth hormones) are credited with
a potent hypertrophic influence, given their acute increases
after a bout of resistance exercise (Kraemer and Ratamess
2005). However, the literature identifies additional evidence
that anabolic hormones do not account for all the features of
hypertrophy by skeletal muscle.

Interestingly, early seminal work on muscle hypertrophy
using a rat model showed that muscle loading still produced
a strong muscle-hypertrophy response despite removal of the
pituitary gland and resulting severely reduced levels of cir-
culating growth hormone, insulin like growth factor-1, and
thyroid hormones (Goldberg 1967). A later human study that
combined resistance training with exogenous growth hor-
mone administration concluded that the combined interven-
tion was no more effective than resistance training alone, in
increasing muscle strength and size, and the rate of protein
synthesis by muscle (Yarasheski et al. 1992). Conversely,
supraphysiologic levels of testosterone administration pro-
moted a dose-dependent rise in muscle cross-sectional area,
an index of muscle mass, plus increases in the number of
satellite cells, muscle precursors needed for muscle growth,
in both younger and older men (Sinha-Hikim et al. 2003,
2006). A more recent study further examined the impact
of suppressing testosterone using goserelin, an agonist of
luteinizing hormone-releasing hormone (LHRH) that down-
regulates LH receptors. Notably, after testosterone suppres-
sion with goserelin in young men, 8 weeks of resistance
training reduced the differentiation of satellite cells into
myonuclei and attenuated the exercise-related rise in lean
leg mass compared to placebo administration (Kvorning
et al. 2015). These studies suggest that overall, testosterone
signaling dominates skeletal muscle hypertrophy compared
to other signals.

However, it is important to note that even in castrated
rats, in which there is a substantial reduction of circulating

testosterone levels, the plantaris muscle was still able to
hypertrophy in compensation for excess loading produced
after removal of the gastrocnemius muscle (Hickson et al.
1983). Together, these reports further suggest that in the
absence of the dominant signal from testosterone, compen-
satory hypertrophic responses are still possible via other,
non-testosterone-dependent mechanisms (Hickson et al.
1983). It is possible that the myokine response was still
intact and, thus, may have been why the compensatory
hypertrophy occurred.

Even more recently, administration of growth hormone,
but not testosterone, was identified to induce a signifi-
cant increase in systemic levels of the anabolic myokine,
decorin (see above); interestingly, this result was specific
to men and did not occur in women (Bahl et al. 2018).
This evidence indicates the possibility of growth hormone-
stimulated increases in a myokine that is known to influ-
ence muscle hypertrophy. Further research on myokines is
needed to understand the potency of myokine responses
to resistance exercise stimuli and indeed, whether such
responses are unique, complementary, or redundant to
other signals that have been heavily researched.

Therefore, while anabolic hormones are primary endo-
crine stimuli that produce muscle hypertrophy, and their
loss or reduction (e.g., with aging) significantly contrib-
utes to reduced muscle mass, there is debate in the lit-
erature as to whether testosterone is sufficient to regulate
hypertrophy. This debate continues despite the fact that
myokines are released from muscle and appear to stimu-
late distinct hypertrophic pathways that are redundant to
hypertrophic signals from anabolic steroids (West et al.
2010; West and Phillips 2010). Systemic endocrine stim-
uli cannot account for the totality of responses (or lack
of responses) during muscle adaptation, either anabolic
or catabolic (West and Phillips 2010), or local responses
via myokines in the muscle, itself. Given these observa-
tions of systemic endocrine signaling in specific response
to resistance training or other forms of exercise, one or
more myokines may provide a sufficiently potent signal
to induce muscle hypertrophy or modulate its magnitude.
Remarkably, a recent study in a mouse model found that
irisin injection significantly increased muscle hypertro-
phy and muscle function/strength, while also promot-
ing muscle regeneration and hypertrophy in response to
muscle injury (Reza et al. 2017). Clearly, the possibility
that myokines can improve muscle repair and also pro-
mote functional hypertrophy still needs investigation. A
better understanding of local and systemic signaling via
myokines could provide clues that foster new ways to treat
or counteract atrophy by promoting muscle hypertrophy.

@ Springer



950

European Journal of Applied Physiology (2020) 120:941-959

Nitric oxide (NO)

Nitric oxide (NO) production upregulates IL-6 and IL-8
mRNA expression in exercising human skeletal muscle
(Steensberg et al. 2007). NO is also a key signaling mol-
ecule that activates muscle satellite cells into proliferation
and growth (Anderson 2000). Further, NO and peroxyni-
trite (a metabolite of NO) mediate protein synthesis in
skeletal muscle via stimulation of the mTOR pathway (Ito
et al. 2013). Research indicates that exercise during blood
flow restriction dilates arterial vessels, which is also stim-
ulated by NO production (Rudic et al. 1998; Hunt et al.
2012, 2013) and BFR resistance exercise induces satellite
cell proliferation in skeletal muscle and increases protein
synthesis in muscle (Nielsen et al. 2012; Wernbom et al.
2013). In a rat model of overload-induced hypertrophy,
NO signaling was essential in causing skeletal muscle
hypertrophy (Smith et al. 2002). Further, within a mouse
model where hind-limb suspension was used to induce
muscle atrophy, treatment with an NO donor (isosorbide
dinitrate) prevented and attenuated the suspension-induced
decrease in muscle satellite cell proliferation in young and
adult mice compared to suspended controls that did not
receive treatment (Anderson et al. 2018). Notably, the
same NO-donor treatment enabled exercise-induced mus-
cle hypertrophy accompanied by increased satellite cell
proliferation in old female mice, a feature that is typically
lost in aged animals serving as controls without treatment
(Leiter et al. 2012). Thus, there is strong evidence that
supports the involvement of NO and possibly its metabo-
lites in skeletal muscle hypertrophy via both satellite cell
proliferation and fusion into muscle fibers and the growth
of fibers through anabolic pathways. Future explorations
of the relationship between NO metabolites and the puta-
tive anabolic myokines will be interesting.

Chronic resistance training is also linked with increases
in satellite cell proliferation in muscle (Nielsen et al.
2012; Bellamy et al. 2014). This suggests a plausible link
between NO production and myokine release. However,
it is not known whether the systemic release of poten-
tial anabolic myokines is associated with the appearance
of, or changes in a systemic level of NO or peroxynitrite
after resistance exercise. These ideas encourage research
to evaluate the systemic response of putative anabolic
myokines and peroxynitrite to an acute bout of resistance
exercise. It will also be important to determine whether
resistance training can differentially modify that sys-
temic response in younger, middle-aged, and older adults.
It is interesting to note that insulin acts as a vasodilator
through the nitric oxide synthase (NOS) pathway but, in
older adults, the vasodilatory effects of insulin are dimin-
ished and may adversely affect muscle blood flow and
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thus, muscle protein synthesis in this population (Dick-
inson et al. 2013). However, increasing vasodilation by
pharmacological administration of sodium nitroprusside
and co-administering insulin to older adults restored
muscle protein synthesis suggesting that enhancing the
vasodilatory effect may enhance muscle protein anabolism
(Timmerman et al. 2010). Thus, examining the associa-
tion between anabolic myokines and NO production will
help determine if this is a possible mechanism for muscle
hypertrophy. Such research would help to validate the role
of myokines as a mechanism that accounts for the health
benefits associated with exercise, would help to clarify
the role of resistance exercise to sustain muscle mass and
strength in aging and rehabilitation, and would validate
whether anabolic myokines, as proposed above, serve as
part of the underlying mechanism that accounts for the
musculoskeletal health benefits frequently observed with
resistance training exercises.

Blood flow restricted resistance exercise

One particular training method that underscores the neces-
sity to broaden our understanding of hypertrophic mecha-
nisms is blood flow restricted (BFR) resistance training.
BFR resistance training involves the application of a cuff
around the most proximal portion of an exercising limb
(arm or leg), inflating the cuff to a pressure predetermined
to restrict venous return while keeping arterial flow unim-
peded, and completing a low load, high repetition, low rest
training protocol under this mild restriction of vascular flow
(Pope et al. 2013; Wilk et al. 2018). As publications using
this model have emerged, greater research interest in BFR
resistance training has focused on BFR exercise as tool for
enhancing skeletal muscle hypertrophy and strength in ath-
letes, older-age, or clinical populations (Abe et al. 2006;
Scott et al. 2016; Kambic et al. 2019; Wernbom and Aagaard
2019).

An interesting divergence in protocols arises when com-
paring a standard hypertrophy-training protocol and the
BFR resistance training technique. For example, standard
exercise parameters designed to elicit muscular hypertrophy
in novice to intermediate trainees include loading schemes
between 70 and 85% of the trainee’s 1-repetition maximum
(1RM), 1-3 total sets per exercise with 8—12 repetitions per
set, and 1-2 min of rest between each set (American College
of Sports Medicine 2009). Conversely, commonly prescribed
BFR resistance training parameters involve a loading range
of 20-40% 1RM, one set of 30 repetitions followed by three
additional sets of 15 repetitions, and 30 s of rest between sets
(Scott et al. 2015). Despite this disparity in training proto-
cols, both approaches result in muscular hypertrophy (Amer-
ican College of Sports Medicine 2009; Martin-Hernindez
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et al. 2013; Slysz et al. 2016). Research involving individu-
als, either with or without resistance training experience,
demonstrated that low-load, high-repetition resistance exer-
cise provides gains in muscle mass that are similar to those
from high-load, lower-repetition resistance exercise when
resistance exercise is done to fatigue (Mitchell et al. 2012;
Morton et al. 2016). Further, BFR resistance training results
in superior hypertrophic responses compared to unrestricted,
volume-matched low-intensity resistance training (Takarada
et al. 2004; Loenneke et al. 2012).

These observations continue to generate further research
into BFR resistance exercise in relation to the main initiators
of hypertrophy: mechanical loading, metabolic stress, and
muscle damage (Loenneke et al. 2012, 2015; Takada et al.
2012; Sudo et al. 2015; Dankel et al. 2017), in an attempt
to understand the seemingly unique adaptation process.
However, few studies report the role of potential underlying
hypertrophic mechanisms, such as myokines and the rela-
tionship myokines may have in certain clinical conditions
as potential biomarkers of disease/dysfunction (Coelho-
Junior et al. 2019). Moreover, the difference between BFR
and more standardized training protocols serves to highlight
that the mechanisms of action underlying resistance exercise
adaptations are not fully understood.

Age-related muscle atrophy

Muscle atrophy associated with aging (termed age-related
sarcopenia) results in progressive weakness and disabil-
ity. Weakness and disability, in turn, have been associated
with significantly higher risk of falls and serious fractures,
and often lead to loss of function and personal autonomy.
A recent study reported that over 80% of individuals over
65 years of age were hospitalized in Canada from injuries
directly related to a fall (Canadian Institute for Health Infor-
mation 2019). The reduced quality of life and escalating
costs of providing health care to an aging population serve
to highlight the importance and urgency for determining
forms of exercise that can best be used to safely prevent the
loss of muscle mass and strength which occurs due to dis-
ability, obesity, injury, or age. In particular, greater under-
standing is required of anabolic resistance that occurs with
age, in which a decrease in muscle mass happens in older
adults, especially if resistance exercise and nutrition are not
adequate (Dickinson et al. 2013). Furthermore, there is an
impairment of the signaling cascades that stimulate muscle
protein synthesis in older ages, such as mTOR signaling,
which may indicate a decreased ability to enhance mus-
cle protein synthesis more than muscle protein breakdown
(Dickinson et al. 2013). However, we and others have shown
that progressive resistance exercise training over 12 weeks
can and does enhance whole body lean tissue mass, muscle

strength measures, and functional ability even in older indi-
viduals (Cornish and Chilibeck 2009; Cornish et al. 2018).
It is, therefore, important to understand whether secretion of
these myokines with proposed anabolic activity could be a
mechanism that underlies the effectiveness of regular resist-
ance exercise as part of one’s lifestyle to sustain or even
increase muscle mass and strength during aging.

Maintaining skeletal muscle health (mass and strength)
through exercise or normal activity is increasingly dif-
ficult as we age, particularly after an injury that requires
rehabilitation. Resistance training is effective in maintain-
ing and can even be effective in increasing muscle mass in
both younger and older adults. However, older adults do not
respond as robustly to chronic resistance exercise training
stimuli compared to younger adults (Farnfield et al. 2012).
BFR resistance training may be an effective modality to help
older adults achieve increases in strength and muscle mass
(Patterson and Ferguson 2011; Yasuda et al. 2015); these
two studies demonstrated that BFR resistance training is
effective in increasing muscle mass and improving muscle
strength more than the same degree of muscle loading with-
out BFR. However, the mechanism by which BFR resistance
exercise enhances skeletal muscle mass and strength remains
elusive. Given the impact of sarcopenia and muscle atrophy
that follows from our modern, increasingly sedentary life-
style, research to investigate the possibility of systemically
released, putatively anabolic myokines and/or nitric oxide
metabolites (such as peroxynitrite) following an acute bout
of BFR resistance exercise in untrained individuals could
be effective in maintaining or growing muscle mass across
the age spectrum. Such research will help to clarify the
basis of the significant functional effects of BFR exercise,
an intervention that would be easily implemented in regu-
lar exercise activities. An additional impact of participation
in a regular resistance training program may also include
effects on the magnitude or pattern of systemic release of
anabolic myokines. The aim of future research should be
more directly focused on exploring details of the cellular and
molecular mechanisms that could be used to improve muscle
health in rehabilitation and gerontology.

Future directions

There are limitations associated with each type of experi-
mental approach when trying to unravel the mechanism(s)
regulating muscle hypertrophy. There are also numerous
methodologies used to elucidate these mechanisms, from
cell culture to animal models, and further to applied research
on human participants. Every method and model system
has its limitations, including the powerful tools available in
molecular biology research (Ash et al. 2013).

@ Springer



952

European Journal of Applied Physiology (2020) 120:941-959

In general, chronic resistance training adaptations pro-
ducing muscle hypertrophy can happen (i.e., an increase
in muscle size), although unfortunately, researchers appear
to assume that a single, acute bout of resistance exercise
represents the range of biological processes that occur dur-
ing repeated stimulation toward chronic adaptations. While
this may hold true in general, it is beneficial to understand
the different physiological and biological effects of resist-
ance exercise activity when completing an intervention to
an unaccustomed versus accustomed exercise stimulus. For
example, the muscle response of individuals who are trained
in that particular activity may differ from that of untrained
individuals and such differences may explain some of the
variability observed in research datasets and results (Fernan-
dez-Gonzalo et al. 2013). Since myokines have been studied
very little in the context of muscle hypertrophy, increasing
interest and support for this type of research as collabora-
tions among basic scientists and applied physiologists will
go a long way to illuminate the mechanisms of muscle
hypertrophy associated with myokine production (Lee and
Jun 2019).

Designing well-controlled in vivo animal and human
exercise experiments to address the mechanistic complexity
represented by previous research on the six established para-
digms of resistance exercise-induced muscle hypertrophy
is necessary to fully appreciate the biological relevance of
myokines. While certain myokines like IL-6 have been more
intensively researched, data on the hypertrophic potential of
myokines in response to in vivo human exercise trials are
still relatively sparse and difficult to interpret. This is espe-
cially the case when the research aims to consider and evalu-
ate the potentially confounding effects of other mechanisms
underlying skeletal muscle hypertrophic in a given popula-
tion and after a particular type of exercise intervention. A
comprehensive series of experiments modeled after newly
emerging literature on the most recently established mecha-
nisms of hypertrophic signaling pathways, particularly those
mediated by hormones and nitric oxide, would be helpful
in delineating the potential for myokines to contribute to
functionally important levels of skeletal muscle hypertrophy.

Some current human studies are offering valuable insights
regarding the in vivo response of muscle to myokines and
how those molecules may be involved in targeting the mTOR
pathway of skeletal muscle hypertrophy. However, even
comparing research findings from younger and older adults,
there is little clarity and a distinct lack of information on
whether the anabolic myokines with hypertrophic potential
may have differential responses to exercise, or understanding
the details of the mechanistic interaction of myokines with
the mTOR and Wnt signaling pathways. Although invasive,
muscle biopsy research from human participants would open
the potential to reveal more about myokine effects on the
mTOR or other pathways involved in skeletal muscle cell
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growth and hypertrophy, similar to the basic science inves-
tigations of satellite cell responsiveness to nitric oxide in
biopsy samples from participants with rotator-cuff injury
(Gigliotti et al. 2015, 2016, 2017).

Ultimately, it will be important to determine whether
myokines might be effective in treatment for atrophy of
many types in many age groups, which will require sepa-
rate study from the question of whether myokines might
be a useful intervention in preventing age-related atrophy.
It is interesting to note that the influence of myokines from
contracting skeletal muscle is a temporal phenomenon in
which acute bouts of exercise cause a significant increase
in myokines, either locally or systemically, for brief peri-
ods of time (Peake et al. 2015a). This response to acute
exercise is viewed as beneficial. However, paradoxically, a
chronic increase in many pro-inflammatory cytokines that
are also myokines and would be released in the same time-
frame, can add another layer to the complexity of these
signaling pathways, as they would function to oppose or
attenuate the growth of skeletal muscle through a chronic
low-grade inflammatory response that promotes muscle
catabolism (Degens 2010). Thus, an important direction of
future research is to clarify whether the myokine response
to resistance exercise is similar between younger and older
individuals, since older individuals frequently experience
chronic low-grade inflammation (Xia et al. 2016) that could
counteract any benefit of myokines released after resistance
exercise.

It is also important for future research to evaluate the
potential or even likely differences in the myokine response
to resistance exercise between untrained and trained indi-
viduals, given there are clear differences in resistance train-
ing parameters recommended for novice and highly trained
individuals (American College of Sports Medicine 2009).
Thus, it would be interesting to evaluate whether the local
myokine response is dependent on the level of training. A
difference between untrained and highly resistance-trained
individuals could help to explain time-dependent sequence
of changes in the mechanisms of hypertrophy during the
experience of resistance training, itself.

Further suggestions for research include establishing
data on the time-course and magnitude of the appearance of
myokines in local tissue (assessed via muscle biopsy) and
the appearance of myokines and hormones in the systemic
circulation in response to resistance exercise. Additionally,
understanding the magnitude of hypertrophic effects stimu-
lated by each myokine, including for example, the rate of
muscle protein synthesis via mTOR activation, inhibition of
myostatin or potential myokine synergies with nitric oxide
pathways, or quantifying the mobilization and integration
of satellite cells comparing their stimulation by myokines
versus their responses to the other signaling mechanisms.
Further, basic research to clarify the location and regulation
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of myokine receptors, and their potential for upregulation by
exercise will greatly advance our potential to understand and
integrate the concurrent, pleiotropic effects of each myokine.
These research avenues will help determine the relative sig-
nificance of myokines in comparison to the other established
muscle hypertrophic signaling pathways.

Conclusion

Since the anabolic resistance observed in older age results
in loss of skeletal muscle mass, it is important to gain a
better understanding of the range of mechanisms, including
myokines, that regulate or mediate muscle hypertrophy and
gains in strength. Such knowledge will help us identify how
best to combat the rising health-care costs that result from
declines in musculoskeletal function associated with the
aging process. Finding specific and measureable methods
of maintaining or enhancing skeletal muscle mass as a per-
son ages, through application of training techniques such as
blood flow restricted resistance exercise, will help us to elu-
cidate the mechanisms that could be valuable in enhancing
skeletal muscle hypertrophy in the older adult population.
That myokines have a role in muscle hypertrophy is clear,
even though the degree of their influence requires further
exploration before we have a solid base of knowledge about
these small signaling proteins. More focused research on
the hypertrophic potential of myokines from collaborations
of basic and applied scientists and clinicians will extend
our current speculations and explain the role of myokines
in producing adaptations in skeletal muscle.

From the perspective of foundational skeletal muscle
biology, our knowledge about the regulation of muscle stem
cells from models of development, health, aging, and disease
have provided researchers with a very broad and rich range
of disciplines and approaches. Future research on myokines
needs to take leverage from the interconnections between
basic skeletal muscle biology, often explored in animal
models and human tissue culture studies, and the applied
physiology of skeletal muscle to advance our understand-
ing of mechanisms underlying skeletal muscle adaptation to
resistance exercise and training. Further integration of these
disciplines, particularly explorations that utilize the benefit
of direct application in humans (best provided through mul-
tidisciplinary collaboration and enhanced by biopsy studies),
will augment our ability to put science into application by
developing evidence-based treatment strategies; such strate-
gies will be the best approach to improving skeletal muscle
health and the quality of life of our aging population and
those in rehabilitation.

Determining the role of myokines, particularly those
with anabolic potential, and their interplay with NO and
its metabolites in regulating or mediating skeletal muscle

hypertrophy will be an important topic for future investiga-
tions. Moreover, determining the role of anabolic myokines
in producing the effects of BFR resistance training could
bring the possibility of inducing muscle growth during or
before the onset of age-related atrophy in healthy men and
women, and in those challenged by injury or illness requir-
ing short- or longer-term rehabilitation. Understanding the
complex and interacting relationships among the numerous
hypertrophy pathways in skeletal muscle and acting upon it
from systemic influences is essential in developing evidence-
based interventions that are effective and realistic interven-
tions to improve overall muscle health in our aging popula-
tion worldwide.
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