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Abstract

Exercise training results in adaptations to both skeletal muscle and white adipose tissue (WAT) and
protects against metabolic disorders including obesity and type 2 diabetes. Exercise-induced
adaptations include an altered profile of secreted proteins, both myokines (from skeletal muscle)
and adipokines (from adipose tissue). These secreted proteins may act in an endocrine manner to
facilitate tissue-to-tissue communication and “cross talk,” likely working together to improve
overall metabolic health. Some studies suggest that contracting skeletal muscles release myokines
that may function to alter the phenotype of WAT, including WAT “beiging,” in which there is
increased expression of beige marker genes and increased presence of multilocular cells within the
WAT.

Transplantation of exercise-trained subcutaneous white adipose tissue (SCWAT) into
sedentary mice results in improvements in skeletal muscle glucose uptake, suggesting that
SCWAT acts in an endocrine manner to improve skeletal muscle function. Studies in humans
and rodents have shown that both an acute bout of exercise and exercise training can alter
adipokines in circulation. Here, we will discuss studies investigating the exercise-induced
regulation of myokines and adipokines and their potential role in skeletal muscle—adipose
tissue cross talk. Identification of novel exercise factors could eventually lead to the
development of new treatments, including exercise protocols and pharmaceuticals, for the
treatment of obesity, type 2 diabetes, and other diseases.

Physical exercise is a well-established tool to prevent, manage, and treat several chronic
conditions, including type 2 diabetes, hypertension, heart disease, obesity, and sarcopenia
(Haskell et al. 2007; Colberg et al. 2010; Egan and Zierath 2013). Exercise improves
metabolic health through adaptations to several tissues, including skeletal muscle and white
adipose tissue (WAT). Adaptations to skeletal muscle include improved glucose uptake
(Hussey et al. 2012; Howlett et al. 2013; Richter and Hargreaves 2013; Look AHEAD
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Research Group 2014), increased glucose transporter type 4 (GLUTA4) translocation and
expression (Higashida et al. 2011; Richter and Hargreaves 2013), augmented mitochondrial
activity (Little et al. 2011), increased ability to take up and oxidize fat as a fuel (Jeukendrup
2002), and an increase in exercise-induced myokines into the circulation (Pedersen and
Febbraio 2008; Bostrom et al. 2012; Seldin et al. 2012; Rao et al. 2014; Roberts et al. 2014;
Dong et al. 2016). Myokines exert autocrine, paracrine, and endocrine effects to influence
and regulate whole-body metabolism of glucose and lipids and energy balance and act on
WAT, as well as other tissues. Exercise-induced adaptations to WAT include decreased
adipocyte size (Craig et al. 1981; Gollisch et al. 2009), reduced lipid content (Craig et al.
1981; Gollisch et al. 2009), increased expression of metabolic proteins such as GLUT4 and
peroxisome proliferator-activated receptor-y coactivator 1a (PGC-1a) (Craig et al. 1981;
Hirshman et al. 1989; Stallknecht et al. 1991; Gollisch et al. 2009; Sutherland et al. 2009;
Stanford et al. 2015a,b), increased mitochondrial activity (Stallknecht et al. 1991; Stanford
et al. 2015a), and altered expression of exercise-induced adipokines (Stanford et al.
2015a,b). Adipokines are secreted factors released from WAT that modulate inflammation,
lipid and glucose metabolism, blood pressure, and atherosclerosis (Rabe et al. 2008), and
can act in an autocrine, endocrine, or paracrine manner.

Exercise also results in a “beiging” of the subcutaneous WAT (scWAT) (Cao et al. 2011;
Bostrom et al. 2012; Rao et al. 2014; Roberts et al. 2014; Trevellin et al. 2014; Stanford et
al. 2015a) in rodents, although whether exercise-induced beiging in humans exists is less
conclusive (Norheim et al. 2014; Vosselman et al. 2015). “Beiging” indicates the presence of
multilocular cells within WAT. These cells are more metabolically active than white
adipocytes (Wu et al. 2012) and have a distinct molecular signature, expressing 76xZ,
TmemZ26, and Cd137, gene markers that are not expressed in mature brown or white
adipocytes (Cao et al. 2011; Bostrom et al. 2012; Wu et al. 2012; Trevellin et al. 2014;
Stanford et al. 2015a). Beige adipoyctes also have increased expression of Ucpl, Pradm16,
and other markers of brown adipose tissue (BAT) such as Cidea, Elovi3, Pgcla., Ppary,
Cox8b, Dio2, and Otopetrin.

Although the metabolic improvements to both skeletal muscle and WAT are important in
their own right, another important concept in exercise biology is the idea of tissue-to-tissue
communication, or “cross talk,” which can mediate some of the beneficial effects of
exercise. This means that when myokines are released from skeletal muscle in response to
exercise, they alter the metabolic function of other tissues, particularly WAT. Adipokines
secreted from exercise-trained WAT operate in a similar manner to influence other tissues,
specifically to improve the metabolic function of skeletal muscle. Here, we will discuss the
exercise-induced release of myokines from skeletal muscle that can alter both the beiging
and metabolic function of WAT, and the exercise-induced release of adipokines from WAT
that alter skeletal muscle function.

MYOKINES REGULATE THE BEIGING OF scWAT

Numerous studies have identified various myokines released from skeletal muscle during
exercise that can cause a beiging of SCWAT (Fig. 1) (Pedersen and Febbraio 2012; Stanford
and Goodyear 2016). Exercise-induced myokines include irisin (Bostrom et al. 2012),
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meteorin-like 1 (Rao et al. 2014), myostatin (Feldman et al. 2006), B-aminoisobutyric acid
(BAIBA) (Roberts et al. 2014), myonectin (Seldin et al. 2012), lactate (Carriére et al. 2014),
and fibroblast growth factor 21 (FGF-21) (Lee et al. 2014). In the following sections, we will
discuss the potential role of exercise-induced myokines in altering the beiging of SCWAT.

A recently identified myokine that has been a topic of intense investigation is irisin. Irisin
was initially identified through studies in transgenic mice with increased skeletal muscle
PGC-1a expression (Bostrom et al. 2012). These mice had beige adipocytes within their
SCWAT, an effect that was further amplified when mice were exercise trained (Bostrom et al.
2012). Irisin was identified as a polypeptide cleaved from the membrane protein fibronectin
type Il domain-containing protein 5 (FNDC5a), and its concentration was significantly
increased in circulation after 8 weeks of voluntary wheel-cage running in mice. When mice
were injected with an FNDC5-neutralizing antibody, which decreased the concentration of
circulating irisin, the exercise-induced beiging of sSCWAT was reduced. To determine
whether circulating irisin was also a factor in human subjects, young healthy males
underwent a 10-week endurance-training program. After 10 weeks, plasma irisin was
increased twofold. These data indicate that chronic exercise in both mice and humans
significantly increases blood irisin concentrations, and in mice this increase significantly
contributes to the beiging of SCWAT (Bostrom et al. 2012).

Although these initial data indicate a role for irisin in response to exercise training in both
mice and humans, results from several subsequent studies came to varying conclusions
(Bostrom et al. 2012; Raschke et al. 2013; Ellefsen et al. 2014; Huh et al. 2014; Norheim et
al. 2014; Albrecht et al. 2015; Jedrychowski et al. 2015; Kim et al. 2015). These follow-up
studies addressed two specific questions: (1) is circulating irisin increased in humans with
exercise, and (2) does an exercise-induced increase in irisin cause a beiging of human
SCWAT. One study used a combined endurance and strength-training program in male
subjects for a 12-week period and observed no effect on circulating irisin concentrations
(Norheim et al. 2014). In addition to the lack of effect on circulating irisin, there was only a
modest increase in beiging of SCWAT, indicated by increased UCPI expression. Another
study measured circulating irisin after 8 weeks of endurance or strength-training exercise in
young men who were overweight or obese. There was no increase in circulating irisin with
endurance exercise training, but resistance exercise significantly increased irisin
concentrations (Kim et al. 2015). In contrast, a 12-week strength-training program in women
ages 20 to 32 did not alter circulating irisin concentrations (Ellefsen et al. 2014). In another
study, circulating irisin concentration was measured after both an acute bout of exercise and
a 6-week exercise-training program. Young healthy women preformed a vibration exercise, a
moderate intensity exercise that resembles shivering. A single bout of vibration exercise
significantly increased circulating irisin (~twofold), but there was no effect of 6 weeks of
vibration exercise on serum irisin concentrations (Huh et al. 2014).

It is important to note that a possible reason for the discrepancies in determining the effects
of exercise on circulating irisin are the techniques used to measure irisin. Studies have
indicated that commercial ELISA kits may not accurately detect irisin (Erickson 2013;
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Albrecht et al. 2015) because the antibody used measures the transmembrane domain of
FNDCS5 and not the secreted irisin peptide. The use of these ELISA kits may have resulted
in inaccurate measurements of circulating irisin in response to exercise. Recently, studies
have begun to use mass spectrometry to quantify the amount of circulating irisin in humans
(Daskalopoulou et al. 2014; Jedrychowski et al. 2015), allowing for quantification of
circulating irisin in an antibody-independent manner. When this technique was used to
quantify irisin in human subjects, circulating irisin was increased after both acute exercise
(35% increase; < 0.001) (Daskalopoulou et al. 2014) and 12 weeks of aerobic interval
training (1.2-fold; P< 0.05) (Daskalopoulou et al. 2014; Jedrychowski et al. 2015). Thus,
studies have shown that both endurance (Bostrom et al. 2012; Daskalopoulou et al. 2014;
Jedrychowski et al. 2015) and resistance (Kim et al. 2015) exercise can increase circulating
irisin in humans. Importantly, the function of the exercise-induced increase in circulating
irisin in human subjects is still unknown. Cell culture experiments have indicated that
incubation of mouse or rat preadipocytes with irisin increases markers of beiging, including
Ucpl (Bostrom et al. 2012; Shan et al. 2013; Zhang et al. 2014), but when irisin was
incubated with isolated human preadipocytes, there was no increase in beiging markers
(Schulz et al. 2011). Additionally, several of the studies that measured circulating irisin after
exercise in humans did not measure markers of beiging in the sSCWAT (Bostrom et al. 2012;
Daskalopoulou et al. 2014; Jedrychowski et al. 2015; Kim et al. 2015). Thus, more studies
are necessary to elucidate the role of irisin as an exercise-induced myokine responsible for
the beiging of sSCWAT in human subjects. As will be discussed below, this interesting
molecule has been implicated as a mediator of other putative myokines and their metabolic
functions.

Myostatin

Myostatin is a myokine that inhibits skeletal muscle cell growth and differentiation
(McPherron et al. 1997; McNally 2004). Myostatin knockout mice have an increased muscle
mass and decreased fat mass (Whittemore et al. 2003), as well as a dramatic increase in
beiging of sSCWAT (Shan et al. 2013). Cells isolated from the stromal vascular fraction (SVF)
of ScWAT and incubated with conditioned media from the skeletal muscle of myostatin
knockout mice have a marked increase in beiging of the SVF cells, suggesting a role for
myostatin as a muscle myokine that inhibits the beiging of sScWAT (Shan et al. 2013; Dong
et al. 2016).

Meteorin-Like (Metrnl)

The myokine Metrnl was identified from a screen analyzing factors secreted from primary
myotubes overexpressing PGC-1a4 (Rao et al. 2014), the splice form of PGC-1a that
regulates skeletal muscle hypertrophy and energy expenditure (Ruas et al. 2012). Mice that
received injections of adenoviral vectors containing Metrnl, resulting in a fivefold to sixfold
increase in circulating Metrnl, had a significant increase in whole-body energy expenditure.
The increase in whole-body energy expenditure was correlated with an increased beiging of
SCWAT (Rao et al. 2014). Importantly, administration of an anti-Metrnl antibody partially
prevented cold-induced beiging of SCWAT, indicating that Metrnl is likely an important
myokine mediating the beiging phenotype. Exercise also increased Metrnl expression in
mice and humans; a single bout of eccentric exercise (downhill running) increased Metrnl
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messenger RNA (MRNA) expression by threefold in triceps muscle and in circulation in
mice, whereas a single bout of combined resistance and aerobic exercise significantly
increased circulating Metrnl in humans. Interestingly, voluntary wheel-cage exercise in
mice, which is a well-established training method to induce beiging of scWAT, did not
increase Metrnl expression. These data suggest that Metrnl functions in the beiging of
SCWAT and is increased in response to resistance exercise in mice and humans. The role of
Metrnl in exercise-induced beiging in human scWAT requires future investigation.

B-Aminoisobutyric Acid

BAIBA (Roberts et al. 2014) is another myokine that has been recently identified to have a
role in the beiging of SCWAT after exercise. BAIBA was identified as a potential myokine by
liquid chromatography—mass spectrometry (LC-MS) metabolic profiling of human
myocytes that overexpressed PGC-1a.. The addition of BAIBA to the drinking water of mice
significantly increased the expression of the beiging genes Ucp and Cideain scWAT, and
the incubation of primary SVF isolated from WAT with BAIBA increased the expression of
Ucpland Cideain the SVF. Human pluripotent stem cells that were exposed to BAIBA
while undergoing differentiation to mature white adipocytes had an increased expression of
the beiging markers. Exercise significantly increased BAIBA expression in both mice and
humans. In mice, 3 weeks of voluntary wheel-cage running significantly increased
circulating BAIBA, whereas in humans, 20 weeks of supervised submaximal aerobic
exercise training (HERITAGE Family Study) in 80 subjects resulted in a significant increase
in circulating BAIBA (Roberts et al. 2014). These data suggest that exercise in both mice
and human subjects significantly increased circulating BAIBA and, in rodents and isolated
human cells, BAIBA may play a role in increased beiging of SCWAT. Similar to the
myokines Metrnl and irisin, the direct role of BAIBA in exercise-induced beiging in human
SCWAT has yet to be established.

Fibroblast Growth Factor 21

Lactate

FGF-21 is a memberof the FGF superfamily that is involved in the regulation of systemic
glucose and lipid metabolism (Kharitonenkov et al. 2005; Kharitonenkov and Larsen 2011)
as well as the beiging of SCWAT in response to cold exposure (Hondares et al. 2011).
Although the role of FGF-21 in response to exercise has not been fully established, recent
studies have shown that an exercise-induced increase in irisin can stimulate FGF-21,
resulting in increased beiging of SCWAT in both human and mouse adipocytes (Lee et al.
2014).

Lactate has also been recently shown to induce beiging of both human and mouse white
adipocytes and scCWAT. Lactate is the end product of anaerobic glycolysis and is typically
considered a metabolic waste product. Intense exercise causes a ~20-fold increase in
circulating lactate. Lactate was recently identified as a signaling molecule derived from
muscle to communicate with other tissues, particularly the brain, the liver, and the heart
(Brooks 2009). To determine whether lactate, such as the amount that would accumulate
after either exercise or cold exposure, could also act as a myokine that altered scCWAT, mice
were placed at 4°C for 1 to 7 days. After cold exposure, mice had an increase in beiging and
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Ucp1 expression in SCWAT, and the increase in beiging correlated with the increase in
circulating lactate and expression of the lactate-importing transporter MctI in sSCWAT
(Carriere et al. 2014).

To directly test the effects of lactate on the beiging of SCWAT, human and mouse white
adipocytes were incubated with lactate. After 24h, the beiging genes Ucpl, Cidea, and Fgf21
were significantly increased. To determine whether the lactate-induced beiging also occurred
in vivo, rosiglitazone-treated mice were injected intraperitoneally with lactate every day for
11 days. These lactate injections enhanced Ucpl and Cidea expression in the sScWAT
(Carriére et al. 2014). These data indicate that an increase in lactate can have a direct effect
on the beiging of sCWAT. To this point, the effects of an exercise-induced increase in lactate
to increase expression of UcpZ and MCT1 have only been studied in BAT (De Matteis et al.
2013), and future investigations are needed to directly link an exercise-induced increase in
lactate to the remodeling and beiging of sCWAT.

MYOKINES THAT IMPROVE WAT METABOLISM THROUGH MECHANISMS
OTHER THAN BEIGING

Another myokine, myonectin, has been identified to improve glucose and lipid metabolism
in SCWAT. Myonectin, or C1g/tumor necrosis factor (TNF)-related protein isoform 15
(CTRP15), was discovered as a myokine that functions to improve lipid metabolism in
SCWAT. Myonectin is regulated by both diet and exercise because it is decreased in response
to fasting, increased after feeding, and increased after chronic exercise training (Seldin et al.
2012). Two weeks of voluntary exercise (wheel-cage running) in mice significantly
increased myonectin expression in the soleus and plantaris muscles, as well as in circulation.
It is not clear if myonectin increases in concentration in response to the exercise itself, or to
the refeeding that occurs after exercise. Myonectin functions to decrease plasma-free fatty
acids (FFAs) by increasing CD36 and FATP1 in adipose tissue, which stimulates adipose
tissue FFA uptake. These effects appear to be specific to fatty acid uptake because
administration of exogenous myonectin decreases serum FFA but has no effect on adipose
tissue lipolysis or glucose metabolism (Seldin et al. 2012).

DOES EXERCISE-TRAINED ADIPOSE TISSUE REGULATE SKELETAL
MUSCLE FUNCTION?

Exercise training increases metabolic activity and mitochondrial function of adipose tissue,
alters adipokine expression within adipose tissue, and affects circulating concentrations of
adipokines. Although these training-induced adaptations are observed in both perigonadal
(pg)WAT and scWAT, they are more pronounced in SCWAT. Previous work in our laboratory
investigated if these exercise-induced adaptations to WAT could improve whole-body
metabolic health. To examine this, sedentary recipient mice were transplanted with SCWAT
from donor mice trained by voluntary wheel running for 11 days (Stanford et al. 2015a).
Control mice were either transplanted with scWAT from sedentary mice or sham operated.
Nine days after transplantation, there was a significant improvement in glucose tolerance in
mice transplanted with sSCWAT from trained mice compared with both sham-operated mice
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and mice transplanted with sSCWAT from sedentary mice. This marked improvement in
glucose tolerance was accompanied by decreased fasting levels of blood glucose, insulin,
and cholesterol. This improvement was short-lived; there was no difference in glucose
tolerance in mice that received trained or sedentary SCWAT 28 days posttransplantation.
There were also no differences in body weight, food intake, energy expenditure, or
spontaneous activity observed among groups throughout the 28 days posttransplantation.

Interestingly, there was no improvement in glucose tolerance when trained pgWAT was
transplanted into recipient mice, indicating that there is a specific exercise-induced
adaptation to SCWAT that results in improved metabolic health in recipient mice.

To determine which tissue was most responsible for the increase in glucose uptake in the
mice that were transplanted with trained sScCWAT, we measured insulin-stimulated glucose
disposal in vivo. These data reveal increased rates of glucose uptake into oxidative skeletal
muscles and BAT in mice transplanted with trained scWAT. These exciting data indicate that
transplantation of SCWAT from trained mice improves skeletal muscle glucose uptake, likely
through an endocrine-related mechanism (Stanford et al. 2015a). These endocrine effects are
likely mediated by the release of adipokines that are unique to the trained sSCWAT. Although
the specific adipokine(s) secreted from trained scWAT that could influence skeletal muscle
glucose uptake have not been identified, microarray analysis revealed several putative
secreted proteins that were significantly increased in sScWAT from trained mice (Stanford et
al. 2015a). These data suggest that in addition to exercise triggering skeletal muscle to
release myokines and result in the stimulation of tissue-to-tissue cross talk, exercise also
stimulates adipose tissue to release adipokines, which may improve skeletal muscle and
systemic metabolism.

DO EXERCISE-INDUCED ADIPOKINES IMPROVE SKELETAL MUSCLE
FUNCTION?

Several studies in humans and rodents have investigated the effects of exercise training on
adipokine expression and secretion, particularly the two most well-studied adipokines, leptin
and adiponectin (Zachwieja et al. 1997; Kraemer et al. 1999; Kanaley et al. 2001; Hauner
2005; Bradley et al. 2008; Halberg et al. 2008; Bouassida et al. 2010; Golbidi and Laher
2014; Zhang et al. 2014), and the cytokine TNF-a (Klimcakova et al. 2006; Polak et al.
2006; Clark 2015). Leptin is secreted by adipocytes and helps to regulate energy balance by
acting as an appetite suppressant. The amount of leptin in circulation is correlated with
adiposity. Because exercise training reduces adiposity, exercise results in decreased
circulating leptin in both rodents and humans (Zachwieja et al. 1997; Kraemer et al. 1999;
Kanaley et al. 2001; Bradley et al. 2008; Bouassida et al. 2010; Golbidi and Laher 2014).
The concentration of adiponectin in circulation is inversely correlated to fat mass and is
linked to increased insulin sensitivity (Berg et al. 2002; Kim et al. 2007). TNF-a is
increased in adipose tissue during obesity and can alter the endocrine functions of adipose
tissue (Cawthorn and Sethi 2008).

A recent study performed a meta-analysis of 66 publications comparing several
combinations of exercise and dietary interventions in healthy adults aged 18 to 65 (Clark
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2015). This analysis examined studies that used dietary interventions in combination with
endurance or resistance exercise over at least a 4-week period. Each of these studies revealed
striking improvements in body mass, circulating blood hormones, and circulating lipids in
response to an exercise intervention. Both resistance and endurance exercise interventions
elicited positive changes in the adipokine profile by increasing adiponectin concentrations
and decreasing both leptin and TNF-a in circulation. These data indicate that either type of
exercise combined with diet intervention significantly improves circulating adipokines.

In contrast to these data, studies in obese human subjects showed that a 12-week exercise-
training program resulted in little or no change in adipokine mRNA for LEP, ADIPOQ,

IL-6, or TNF-a in sScWAT (Klimcakova et al. 2006; Polak et al. 2006). Serum concentrations
of adipokines were not measured in these studies, so it is not clear what the effect of exercise
in obese subjects is on circulating adipokines. Taken together, these data indicate that
exercise in healthy adults improves the adipokine profile. However, the role of exercise-
induced changes in adipokines on skeletal muscle metabolism, as well as how they change in
response to exercise in obese patients, is unclear.

There is less known about the effects of exercise on the circulating adipokine retinol-binding
protein 4 (RBP4). Serum RBP4 is increased in both mouse and human insulin resistance.
One study examined the effects of exercise training on RBP4 in insulin-resistant human
subjects. These subjects underwent supervised exercise training (60 min of bicycling and
running per day, 3 days a week) for 4 weeks. At the end of the training period, euglycemic—
hyperinsulinemic clamps were performed to determine insulin sensitivity. Circulating RBP4
was significantly decreased in human subjects who had improved insulin sensitivity after the
exercise regimen. However, subjects whose insulin sensitivity did not improve in response to
exercise training had no decrease in circulating RBP4 (Graham et al. 2006). These data
suggest that exercise-induced improvements in insulin resistance are inversely correlated to
circulating RBP4, although further studies are needed to truly define the role of exercise on
RBP4. Taken together, these studies indicate that exercise alters the adipokine profile, but
the direction of these changes and their effects on metabolism will be a topic of future
investigation.

The physiological consequence of the exercise-induced regulation of adipokines, as well as
the mechanism of exercise-induced adipokine regulation, is a topic of intense investigation.
It is possible that increased expression of adipokines enhances free fatty acid supply to
working skeletal muscle (Zachwieja et al. 1997; Bradley et al. 2008; Halberg et al. 2008), or
that the altered adipokine profile contributes to regulation of skeletal muscle or whole-body
glucose homeostasis.

CONCLUSION

Exercise training results in profound changes to skeletal muscle and WAT, including an
altered profile of both myokines and adipokines. These secreted proteins act in an endocrine
manner to facilitate tissue-to-tissue communication and “cross talk,” likely working together
to improve overall metabolic health. Although investigations of exercise-induced myokines
to improve the metabolic profile and increase beiging in WAT have been well established in
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rodents, future studies are needed to determine the mechanisms through which adipokines
improve skeletal muscle function. Given the increasing prevalence of obesity and type 2
diabetes, human exercise studies will be critical to gain further insight into the function of
novel adipokines, and define their role in skeletal muscle and whole-body metabolism, as
well as their impact on human health. Exercise-induced adipokines may have additional
benefits on overall health beyond glucose metabolism and could be interesting novel
therapeutic targets for obesity, type 2 diabetes, and other diseases.
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Figure 1.
Putative exercise-induced myokines regulating subcutaneous white adipose tissue (SCWAT).

Multiple studies suggest that exercise causes release of several myokines that may result in
beiging and/or improved metabolic activity of SCWAT. More studies are needed to
understand the mechanism. Metrnl, Meteorin-like; BAIBA, p-aminoisobutyric acid; Mstn,
myostatin; FGF-21, fibroblast growth factor 21.
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