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Exercise activates a plethora of metabolic and signalling pathways in skeletal muscle and other 

organs causing numerous systemic beneficial metabolic effects. Thus, regular exercise may 

ameliorate and prevent the development of several chronic metabolic diseases. Skeletal muscle is 

recognized as an important endocrine organ regulating systemic adaptations to exercise. Skeletal 

muscle may mediate crosstalk with other organs through the release of exercise-induced cytokines, 

peptides and proteins, termed myokines, into the circulation. Importantly, other tissues such as the 

liver and adipose tissue may also release cytokines and peptides in response to exercise. Hence, 

exercise-released molecules are collectively called exerkines. Moreover, extracellular vesicles 

(EVs), in the form of exosomes or microvesicles, may carry some of the signals involved in tissue 

crosstalk. This review focuses on the role of factors potentially mediating crosstalk between 

muscle and other tissues in response to exercise.
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Introduction

Physical activity has several beneficial effects on whole-body metabolism, and plays an important 

role in the  prevention of chronic diseases including, sarcopenia, hypertension, coronary heart 

disease, cancer, obesity, and type 2 diabetes (T2D).1 High levels of cardiovascular respiratory 

fitness (typically measured by maximal oxygen uptake, VO2max) and physical activity are 

associated with reduced mortality and lower risk for many chronic diseases  e.g. cancer and 

cardiovascular disease.1 Animal and human studies have consistently shown that the exercise-

induced adaptations include improved insulin sensitivity2,3 and glycaemic control in diabetes,4 

enhanced VO2max,1,5 reduced adiposity,6 decreased systemic inflammation,7 and improved bone A
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strength.8 Some studies also support beneficial effects of exercise on pancreatic β-cell function,4 

endothelial function,9 hepatic fat accumulation, hepatic lipoprotein clearance and hepatic VLDL 

production.1,5 Moreover, in humans improved muscle fitness following exercise is characterised 

by increased muscle mitochondrial content and function and maintenance of muscle mass.1,10 

Studies in humans suggest that exercise could also improve brain function and cognition and may 

reduce the risk or delay the onset of neurodegenerative diseases.11 Although, regular exercise 

activates various molecular pathways in whole organ systems, the biological mechanisms 

underlying the systemic metabolic benefits of exercise are not fully elucidated.

     The skeletal muscle is the key site for glucose disposal at rest and during exercise and is now 

well-recognized as an endocrine organ. In response to exercise, skeletal muscle releases humoral 

factors (cytokines and peptides) into the circulation, which play a key role in systemic energy 

homeostasis and are termed myokines.12 The myokines are expressed, produced, and released by 

muscle fibres, and may exert autocrine, paracrine, or endocrine effects.12 Similar to skeletal 

muscle, the liver and adipose tissue also release factors (hepatokines and adipokines) in response 

to exercise.13 Factors that are released into the circulation in response to exercise from any tissue 

are collectively referred to as  “exerkines” and are shown to mediate multi-systemic benefits.14 In 

addition to cytokines and proteins, there is also exercise-induced production and release of 

metabolites, microRNAs (miRNA) and other RNA species. Some of these exerkines are 

potentially released into the circulation within extracellular vesicles (EVs) and may have systemic 

metabolic effects. 

    The purpose of this review is (I) to briefly describe the potential paracrine, autocrine or 

endocrine roles of selected exerkines based on in vitro cells studies or in vivo mice and human 

studies, (II) to describe exerkine activation and origin in relation to mainly acute exercise in 

humans, (III) to discuss their potential role in organ crosstalk to promote systemic metabolic 

adaptations to exercise, and (IV)  finally to discuss the role(s) of extracellular vesicles (EVs) in 

tissue communication during/after exercise. 

The Myokinome

In 1998, Ostrowski et al. showed that muscle transcript and circulating levels of IL-6 were 

immediately increased in males after a marathon race.15 Later it was established using arterial-to-

venous (a-v) differences over the leg (approximating to skeletal muscle) in healthy males that the 

exercise-induced increase of plasma IL-6 potentially originated from skeletal muscle,16 identifying A
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this cytokine as a myokine and the skeletal muscle as an endocrine organ.12 Subsequent studies 

have identified other putative myokines by antibody-based profiling, genome-based computational 

prediction analysis by applying transcriptomics17,18 and secretomics/proteomics19 on human 

skeletal muscle or muscle cell cultures after electrical pulse stimulation.20,21,22 

    Although most of the myokines are hypothesised to mediate beneficial effects on whole-body 

metabolism, the effects of myokines on body composition and metabolic characteristics in humans 

are not well-explored. Table 1 enlists selected bona fide (IL-6, IL-15 and myostatin) and newer 

proposed myokines (follistatin, FGF21, ANGPTL4, GDF15, CHI3L1, erythroferrone and irisin) 

based on evidence of increased transcript levels in skeletal muscle and increased circulation levels 

in response to acute exercise in humans. We discuss to which extent the selected exercise-induced 

factors meet the criteria of a myokine or not. Recent studies highlight that some of these myokines 

are to a major extent also released by other tissues in response to exercise. Moreover, the exercise-

induced factors are also selected based on their reduced (erythroferrone) or elevated (all others) 

circulating levels in metabolic disorders such as obesity, polycystic ovary syndrome, and T2D. 

IL-6

The pleiotropic cytokine IL-6 was one of the first myokines discovered and remain the best 

studied (Figure 1). Evidence from in vitro studies have shown that treatment of L6 myotubes with 

IL-6 enhanced basal and insulin-stimulated glucose uptake via translocation of GLUT4 to the 

plasma membrane and increased fatty acid oxidation possibly through activation of AMPK.23 This 

suggests an autocrine/paracrine role of IL-6. Acute IL-6 infusion in healthy active men enhanced 

the insulin-stimulated glucose disposal,23 but this effect was absent in men with T2D,24 suggesting 

that it could be due to an impaired effect of IL-6 on the glucose metabolism within muscle or IL-6 

resistance. A potential skeletal-muscle enteroendocrine-islet axis was suggested by a study 

showing that a single bolus of IL-6 into mice increases insulin secretion through enhanced release 

of gastrointestinal glucagon-like peptide-1 (GLP-1).25 

    IL-6 is one of few myokines, which is rapidly and markedly induced by acute exercise and the 

circulating levels increase up to 100-fold (less is more common) in humans.26 Muscle gene 

expression and circulating levels of IL-6 are increased immediately in response to acute exercise 

in healthy16,18,27-32 and obese individuals31,33,34 and patients with T2D.33 Importantly, the exercise-

induced gene expression and circulating levels of IL-6 were not different between obese 

individuals with or without T2D indicating an intact response to exercise in patients with T2D.33 A
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Intriguingly, acute exercise also increases the adipose tissue transcript levels of IL-6 in healthy 

lean and overweight/obese individuals.34,35 Contrary to the exercise-induced muscular gene 

expression pattern (an immediate increase and return to baseline levels in the 2-3-h into recovery), 

the adipose tissue IL-6 mRNA immediately increased and remained elevated 2-h into recovery.35 

    Infusion of physiological concentrations of recombinant IL-6 in healthy males inhibited the 

endotoxin-induced increase in circulating levels of TNF-α and thereby reduced a marker of low-

grade inflammation,36 indirectly suggesting a positive effect of exercise on inflammation mediated 

by IL-6. In healthy humans the anti-inflammatory effects of IL-6 were also established by the fact 

that infusion of IL-6 promotes the production of two known anti-inflammatory molecules, IL-1ra 

and IL-10.37 A randomized placebo-controlled trial in obese adults showed that the ability to 

reduce visceral adipose tissue (VAT) mass in response to 12-weeks of exercise training was 

abolished in the presence of an IL-6 receptor antibody tocilizumab,38 suggesting the exercise-

induced reductions in VAT mass is regulated by IL-6 signalling. 

    Although accumulating evidence continues to support a favourable role of IL-6 in mediating 

systemic metabolic effects in response to acute exercise, the molecular mechanisms underlying 

these effects remain elusive. A potential IL-6 mediated muscle-liver crosstalk during exercise is 

discussed later.

IL-15

IL-15 is highly expressed in skeletal muscle.39 In C2C12 myotubes, the IL-15 mRNA expression 

was upregulated more than 10-fold compared to undifferentiated myoblasts.40 In contrast, 3T3-L1 

cells expressed low levels of IL-15 in both preadipocytes and mature adipocytes,40 suggesting this 

cytokine/myokine to be predominantly produced by the muscle cells. However, incubation of  

3T3-L1 preadipocytes with recombinant human IL-15 stimulated the secretion of the insulin-

sensitizing molecule adiponectin,40 suggesting a potential muscle-fat crosstalk. Administration of 

a single dose of IL-15 resulted in increased glucose uptake in rats.41 Studies in C2C12 myotubes 

suggests that IL-15 activates the Jak3/STAT3 signalling pathway and increases GLUT4 

translocation and thereby leading to enhanced glucose uptake.42 Transgenic mice with skeletal 

muscle-specific overexpression of IL-15, showed increased insulin sensitivity, increased muscle 

mitochondrial function and reduced adiposity.43,44,45 Additionally, when recombinant IL-15 was 

administered to rats, WAT mass was reduced, circulating triacylglycerols was decreased and this 

was associated with lower hepatic lipogenic rate and a lower plasma VLDL triacylglycerol A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

content.45 These data collectively suggest that an increased production and release of IL-15 from 

skeletal muscle into the circulation may benefit systemic metabolism, possibly through its 

autocrine/paracrine/endocrine effects.

    In human studies, conflicting data exist on whether acute exercise increases muscle gene 

expression, muscle protein content or circulating levels of IL-15. Thus, the physiological role of 

this molecule in humans remains unclear. Circulating levels of IL-15 are only slightly increased 

immediately after acute exercise in young healthy,34,46,47 overweight/obese individuals33,34,47 and 

T2D patients33 and return to the baseline levels during recovery.33,34,46,47 In a study of obese 

individuals with and without T2D, muscle transcript levels of IL-15 did not increase after acute 

exercise, and in fact decreased 3-h into recovery.33 Another study of healthy individuals showed 

that neither muscle transcript levels nor plasma IL-15 changed immediately after exercise or into 

recovery after a 3-h exercise bout.48 Further studies are required to address these discrepancies. 

Whilst an exercise-induced increase in plasma IL-15 is evident in most studies, the absence of 

changes in muscle gene expression of  IL-15 33 suggests that other tissues are responsible for the 

increase in plasma IL-15 in response to exercise. In healthy lean and obese individuals, Pierce et 

al. demonstrated using blood and microdialysis sampling techniques that neither muscle nor 

subcutaneous WAT might be the major contributors to the elevations in plasma IL-15 during 1-h 

cycling exercise.47 Thus, further studies are warranted to identify the tissue origin of exercise-

induced circulating IL-15, if it plays a role in crosstalk between tissues in response to exercise, 

and potential effects of IL-15 on markers of metabolic health in humans.

Myostatin 

Myostatin [growth differentiation factor (GDF-8)] belongs to the TGF-ß superfamily and is 

expressed and secreted by the muscle and acts as a negative regulator of skeletal muscle growth.49 

Myostatin overexpression in C2C12 cells leads to myogenesis inhibition,50 whereas knock-out of 

myostatin in mice increased muscle mass up to 2-fold due to both muscle cell hyperplasia and 

hypertrophy.49 In addition to increased muscle mass,49 decreased WAT mass, increased fatty acid 

oxidation in liver, muscle and WAT, increased lipolysis in WAT and enhanced browning of 

WAT51 have also been shown. Also, the ratio of mitochondrial to nuclear DNA and mitochondria 

number are decreased in mice with myostatin-deficient muscle, indicating that myostatin can 

impact mitochondrial bioenergetics in muscle.52 Molecularly, myostatin binds to the activin type 

IIB receptor causing activation of SMAD2/3, which subsequently recruits SMAD4 into a complex A
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to translocate to the nucleus to cause upregulation of atrogenes and downregulation of 

transcription factors involved in myogenesis leading to muscle wasting.53 Furthermore myostatin 

inhibits protein synthesis by suppressing Akt-mediated mTOR signalling pathway.53

    Contrary to other myokines, the muscle gene expression and circulating levels of myostatin 

have been reported to decrease in response to acute and exercise training in healthy30,54-56 and 

insulin-resistant individuals.57 Unpublished data from our laboratory support a decreased 

transcription of myostatin in muscle of obese individuals with and without T2D immediately after 

1-h of acute exercise as well as a sustained decrease 3-h into recovery. Taken together, myostatin 

is a true myokine with an autocrine/paracrine function negatively regulating the muscle mass. 

However, the effect of the exercise-induced release of myostatin on muscle mitochondrial 

function, WAT lipolysis, or browning of WAT and its potential endocrine effects in humans 

remain to be established. 

Follistatin

Follistatin (FST) is an autocrine glycosylated protein that binds and antagonizes several members 

of the TGF-β super-family including myostatin and activin A stimulating signalling events that 

promote muscle hypertrophy.49 The potential autocrine/paracrine role of follistatin was 

demonstrated when mice were given an adeno-associated viral vector expressing follistatin-288aa, 

which binds and counteracts myostatin or Activin A effects.58 This induced skeletal muscle 

hypertrophy through relieving of activin A- or myostatin-induced Smad3-mediated suppression of 

AKT/mTOR signalling.58 Clinical trials have shown that an ActRII (activin receptor type 2) 

antibody bimagrumab enhanced muscle mass in older adults with sarcopenia,59 whilst in insulin 

resistant individuals bimagrumab treatment enhanced insulin sensitivity and reduced HbA1C,60 

suggesting beneficial effects of follistatin on systemic metabolism. In human islets, follistatin 

treatment acutely reduced glucagon secretion, whilst chronic follistatin treatment prevented 

apoptosis and induced proliferation of rat β cells.61 

    Several studies of healthy and obese individuals have shown that circulating follistatin levels 

are increased in response to acute exercise61-64 and remain elevated in the recovery period (up to 6-

h).61,62 In patients with T2D63 but not in obese subjects with normal glucose tolerance64 the 

exercise-induced increase in circulating levels of follistatin is impaired compared to healthy lean 

controls, suggesting that hyperglycaemia or associated factors other than obesity blunt the 

exercise-induced release of follistatin. A
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    The exercise-induced tissue of origin of follistatin has been investigated in few studies.61,62 In 

healthy male individuals, acute exercise enhanced the circulating levels of follistatin after 3-h of 

bicycle exercise and remained elevated 6-h into recovery but follistatin mRNA content was not 

changed upon exercise.62 Measuring a-v differences over the leg at rest, during acute exercise and 

6-h into recovery in healthy humans showed that follistatin is not released from the muscle.62 

Arterial-to-hepatic vein (a-hv) differences in healthy male subjects revealed an increase in plasma 

follistatin in both hepatic vein and artery in response to acute exercise (2-h of cycling at 60% of 

VO2max).61 Moreover, the a-hv difference was negative during the exercise session, demonstrating 

a continuous hepatic release of follistatin from the splanchnic bed.61 The results of this study 

indicate that circulating follistatin is a hepatokine. Mechanistically, in humans the circulating 

levels of follistatin were reported to be partly regulated by an increased glucagon-to-insulin ratio 

in response to acute exercise.61 However, other regulatory mechanisms may also exist as inhibition 

of insulin and glucagon secretion through a pancreatic clamp in healthy males only reduced the 

exercise-induced increase of follistatin levels by 50%.61 In this study, the investigators combined 

the pancreatic clamp with exercise to study the role of pancreatic hormones in response to 

exercise, thus somatostatin was infused to block exercise-induced changes in glucagon and 

insulin.61 

    From the above studies, the exercise-induced increase of this hepatokine during exercise and 

particularly in recovery allows one to speculate a possible signal from the liver to (1) muscle to 

preserve or even increase muscle mass and (2) to endocrine pancreas to regulate insulin and 

glucagon secretion. Further studies are required to identify the molecular mechanisms underlying 

the tissue crosstalk during and after exercise and the physiological relevance of follistatin in 

humans. 

FGF21

Fibroblast growth factor 21 (FGF21) was identified as a putative myokine in skeletal muscle 

specific Akt1 transgenic mice, where elevated levels of muscle gene expression and circulating 

levels of FGF21 were observed.65 FGF21 is predominantly expressed in the liver,66,67 but also in 

adipose tissue68 and to a less extent in skeletal muscle in normal conditions.65,69 FGF21 is 

suggested to be regulated by PPARα. In healthy males, two weeks treatment with PPARα or 

PPARδ agonists increased the circulating levels of FGF2170 and the activation of PPARα is 

thought to occur primarily through stimulation of free fatty acids (FFA).71 FGF21 signals through A
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a cell surface tyrosine kinase FGF receptor (FGFR) in complex with its co-receptor, β-Klotho.72 

Rodent studies have shown that FGF21 stimulates the oxidation of fatty acids, ketogenesis, 

gluconeogenesis and inhibits lipogenesis in the liver.73,74 In obese mice, FGF21 enhances glucose 

uptake and promotes the browning of WAT.74,75 The latter is possibly due to muscle derived 

FGF21.75 Clinical studies have shown that FGF21 analogues improve dyslipidaemia in obese 

patients with T2D.76-78 However, data on other effects on energy metabolism are inconsistent.76-78 

In obese individuals with T2D, treatment with a FGF21 analogue resulted in increased plasma 

adiponectin and high-density lipoprotein cholesterol and reduced fasting insulin, reduced body 

weight, low-density lipoprotein cholesterol and triglycerides.76 However, in two other trials 

performed in obese individuals with or without T2D, no significant improvements were found on 

fasting insulin or weight loss.77,78 These differences could be attributable to the interindividual 

patient characteristics, or subtle differences in the pharmacology of the FGF21 analogues. 

Nevertheless, these studies suggest that FGF21 analogues improve lipid profiles in humans, whilst 

their effects on glucose metabolism appears limited. A recent study showed that FGF21 is 

implicated in preference for sweet foods in adult humans, indicating that FGF21 is potentially 

involved in modulating specific food intake.79 

    Acute exercise increased immediately the circulating levels of FGF21 in healthy 

individuals.31,63,64,80-82 In obese individuals and in patients with T2D, a single 1-h bout of acute 

exercise increased the muscle mRNA and circulating levels of FGF21 immediately after exercise 

and both remained elevated 3-h into recovery without any differences between the two groups.33 

Studies have reported an attenuated plasma FGF21 response to acute exercise in obese 

individuals31 and in patients with T2D.63 In obese individuals, the exercise-induced increase in 

plasma FGF21 correlated with VO2max, suggesting that an impaired cardiorespiratory fitness may 

blunt the FGF21 response to acute exercise.31 During rest and exercise, FGF21 has been found to 

be released mainly from the splanchnic circulation and show a temporal relationship with changes 

in the glucagon-to-insulin ratio in healthy humans.81 This indicates that the glucagon-to-insulin 

ratio regulates FGF21 in humans81 similar to follistatin.61 However, insulin-stimulation within the 

physiological range increased both muscle gene expression and serum levels of FGF21 in lean and 

obese individuals as well as patients with T2D,83 whereas plasma follistatin was actually reduced 

in response to insulin in the same groups.84 This illustrates the complex interplay of factors that 

regulate circulating FGF21. The absence of a correlation between the exercise-induced 

upregulation of muscle FGF21 and serum FGF21 in obesity and T2D33 supports that the muscle is A
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not the origin of FGF21.63 Thus, FGF21 appears to be a significant exerkine, which might play a 

key role in tissue crosstalk and promote the beneficial effects of exercise on whole-body 

metabolism. However, the mechanisms are yet to be unravelled.

ANGPTL4

Angiopoietin-like 4 (ANGPTL4) belongs to the angiopoietin-like protein family85 and was 

identified as a muscle-derived molecule in human myotubes, which was increased by FFA 

possibly through peroxisome proliferator-activated receptor delta (PPAR)-δ.86 ANGPTL4 is 

expressed in skeletal muscle and adipose tissue, but most abundantly in the liver.87 It is a key 

repressor of lipoprotein lipase activity in WAT by which it reduces uptake of triacylglycerol-

derived fatty acids into tissues.88 ANGPTL4 has been suggested to potentially promote lipolysis in 

murine WAT89 whereas its role in muscle remains unclear.

    In healthy and overweight individuals, acute exercise increased the circulating levels of 

ANGPTL4 immediately after90-94 and more significantly 4-h into recovery.92 Transcriptional 

profiling revealed that muscle ANGPTL4 increased 30 minutes into recovery after 1-h of 

exercise.90 A similar increase in the muscle transcript and circulating levels of ANGPTL4 were 

observed in obese individuals with and without T2D.33 In these individuals, basal plasma FFA 

correlated positively with muscle ANGPTL4 expression both before acute exercise and 3-h into 

recovery,33 supporting previous studies linking FFA with enhanced muscle transcription levels of 

ANPGTL4.86 Only a few studies have investigated the potential origin of the exercise-induced 

increase in plasma ANGPTL4. In humans, measuring the leg and hepato-splanchnic a-v difference 

during an acute bout of exercise showed liver as the source of exercise-induced increase in 

circulating ANGPTL4 levels.93 In line with this, we previously showed no correlation between 

exercise-induced muscle gene expression and circulating levels of ANGPTL4 in T2D and obese 

individuals.33 Hormone infusion studies in resting subjects revealed when increasing the glucagon-

to-insulin ratio for 1-h by infusion of glucagon in the absence of elevated insulin through infusion 

of somatostatin an enhanced plasma ANGPTL4 were observed with similar kinetics to that 

developed in the recovery from exercise.93 This suggests that enhanced glucagon-to-insulin ratio is 

a potential stimulator for ANGPTL4 production. Moreover, in vitro studies of human hepatocytes 

showed that the ANGPTL4 release is stimulated via the cAMP-Protein kinase A pathway.93 

     Collectively, data suggest that ANGPTL4 is mainly a hepatokine but is also transcriptionally 

activated in muscle. However, its wider role as a potential endocrine molecule in regulating the A
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systemic metabolism and its role in tissue-communication during and after exercise remains 

unclear. 

GDF15

GDF15 (also known as macrophage inhibitory cytokine 1, MIC-1) is a stress-response cytokine 

and belongs to the TGF-β superfamily like myostatin and Follistatin.95 Increased muscle transcript 

and circulating levels of GDF15 are observed in states of cellular stress such as muscle 

mitochondrial stress in mice,96 in patients with muscle atrophy97 or mitochondrial diseases.98,99

    Transgenic global overexpression of GDF15 in mice under normal chow diet and an obesogenic 

diet improved glucose tolerance, decreased body weight, and adiposity and reduced food intake,100 

suggesting a role for GDF15 in appetite regulation and food intake. Intraperitoneal injection of 

GDF15 in mice caused activation of hypothalamic neurons, leading to reduced food intake and 

body weight.101 The orphan receptor GDNF family receptor alpha like (GFRAL) located in the 

brainstem, particularly the nucleus tractus solitarius and area postrema was identified as the 

receptor mediating the effects of GDF15 on food intake and body weight.102-105 Recently, it has 

been suggested that physiological concentrations of recombinant GDF15 protein increases 

lipolysis in human adipose tissue.106 

    In professional soccer players,107 elite rugby players108 and in healthy endurance-trained 

individuals109,110 increased circulating levels of GDF15 have been reported after exercise. 

However, none of these studies investigated the transcriptional levels in any tissues to study the 

origin of elevated GDF15 levels. 

    In sedentary volunteers with obesity, 12-weeks of aerobic exercise intervention was reported to 

increase plasma GDF15 and the increase in plasma GDF15 correlated with decrease in total fat 

mass and total abdominal fat.111 When participants were stratified as responders and non-

responders defined by a positive GDF15 response to exercise training, a post hoc analysis 

indicated enhanced insulin sensitivity was only observed in the responder subgroup111 suggesting 

the positive effect of exercise-induced increase of GDF15 on insulin sensitivity. In healthy male 

individuals, 1-h of exercise at 67% of VO2max increased the circulating levels of GDF15, but 

similar concentrations in the femoral artery and vein suggesting that the increase of GDF15 levels 

was not released from skeletal muscle.112 A 60-min non-exhaustive treadmill exercise in mice A
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increased the hepatic transcript levels of GDF15 suggesting a hepatic in origin.13 However, an 

immediate increased muscle GDF15 mRNA levels were reported in lean healthy young active 

males in response to 1-hour acute exercise bout.106 Unpublished data from our lab show both 

increased muscle transcript and serum levels of GDF15 immediately after 1-h of exercise at 70% 

of VO2max in obese individuals and patients with T2D, supporting the previous finding106 that 

GDF15 is in fact transcriptionally activated in muscle. Due to the limited data on exercise-induced 

release of GDF15, one can only speculate the physiological role(s) of GDF15 on systemic 

metabolism. As Kleinert et al. and others suggest, GDF15 is possibly involved in exercise-induced 

suppression of appetite,110,112 which is conceivably only an ephemeral effect. Taken together, 

GDF15 is an exercise-induced exerkine, but the biological role(s) of GDF15 during exercise and 

after exercise and the potential endocrine effects on systemic metabolism needs to be addressed.  

CHI3L1

Chitinase-3-like protein 1 (CHI3L1, also known as YKL-40) is expressed multiple cell types such 

as fibroblasts, macrophages, and endothelial cells.113 CHI3L1 was identified as a putative myokine 

based on its expression and release by primary human myocytes, and its expression and secretion 

in a differentiation-dependent manner in response to stimulation with inflammatory markers.114 

The potentially autocrine/paracrine actions of CHI3L1 were established when CHI3L1 treatment 

of human myotubes inhibited the TNF-α-induced mediated inflammation and insulin resistance 

via suppression of NFκB activation.114 

     In sedentary and well-trained lean males, 1-h of bicycling increased the muscle gene expression 

and circulating levels of CHI3L1.115 In healthy obese individuals and patients with T2D, 1-h of 

acute exercise immediately and equally increased the muscle gene expression and plasma levels of 

CHI3L1 and mRNA levels continued to increase 3-h into recovery.33 However, the exercise-

induced increase of circulating CHI3L1 was modest and transient.33 Moreover, there was no 

correlation between the changes in muscle transcript and plasma levels of CHI3L1 suggesting that 

skeletal muscle is not responsible for the transient exercise-induced increase in plasma CHI3L1in 

human in vivo.33 The physiological role, the origin of circulating CHI3L1 and whether this 

exercise-induced molecule has any systemic effects on whole-body metabolism, remains to be 

established.

Erythroferrone A
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Erythroferrone (ERFE) or myonectin (also known as CTRP15) belongs to the C1q/TNF-related 

protein family. ERFE is involved in iron metabolism and is predominantly produced by erythroid 

precursors in the bone marrow and the spleen. It decreases hepcidin by inhibiting the hepatic 

BMP4/SMAD1/5/8 signalling116 leading to increased iron availability for new red blood cell 

synthesis.117  In human abdominal adipocytes but not in gluteofemoral adipocytes cultured in 

vitro, BMP2 treatment enhanced adipogenesis through the SMAD1/5/8 signalling. Interestingly 

ERFE inhibited this signalling and may reduce the expansion of abdominal adipocytes, suggesting 

ERFE as a potential depot-specific regulator of BMP2 action on human fat distribution.118 

    In mice, two-weeks exercise training increased muscle gene expression and serum levels of 

ERFE,119 suggesting that skeletal muscle may release ERFE in response to exercise-training. 

However, in that study the effect of ERFE on iron metabolism and erythropoiesis through hepcidin 

was not investigated, and therefore a possible link between muscle biology, muscle-liver crosstalk 

and iron metabolism remains unclear. Recombinant ERFE administrated to mice reduced the 

circulating FFA levels and promoted the uptake of FA in adipocytes and hepatocytes, 

demonstrating its role in systemic lipid homeostasis.119 

    Human data on acute exercise-induced release of ERFE is very limited. In healthy individuals, 

an increase of ERFE in plasma was observed after a 45-minute bout of exercise.120 However, the 

sensitivity and specificity of the ELISA has been questioned by others,121 because both the 

baseline and the exercise induced ERFE blood concentrations were below the detection limit.120 

These results therefore need to be interpreted with caution. Interestingly, unpublished work from 

our laboratory shows that muscle mRNA expression of ERFE was increased after 1-h of acute 

exercise and remained elevated 3-h into recovery in obese individuals and patients with T2D 

supporting the observed increase in mice after exercise-training.119 Future a-v studies need to 

confirm if the contracting limb releases ERFE into the circulation in response to exercise. 

    Due to the limited data on the physiological role and relevance of ERFE in response to exercise 

in humans, a role for ERFE as an exercise factor needs to be confirmed, and further studies are 

warranted to investigate its potential roles in modulating systemic lipid homeostasis, iron 

metabolism and tissue crosstalk.

Irisin

Using transcription profiling to study gene expression of secreted proteins in transgenic mice 

overexpressing PPARGC1A selectively in muscle, Bostrom et al. identified irisin (transcribed and A
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translated from the FNDC5 gene) with increased muscle expression and increased plasma irisin in 

response to 3 weeks of free wheel running into blood.122 Furthermore, 10-weeks of endurance 

exercise training in eight healthy individuals caused increased muscle expression and circulating 

levels of irisin, establishing this as a putative myokine.122 Bostrom et al. also showed increased 

circulating levels of irisin from exercised mice overexpressing PPARGC1A was associated with 

improved insulin sensitivity, increased energy expenditure, browning of WAT and induced weight 

loss.122 Evidence suggests that irisin enhances lipolysis in 3T3-L1 cells,123 implying irisin as a 

potential lipolytic factor. In vitro studies demonstrate irisin binding to integrin aV/b5 receptor to 

promote osteocyte survival and sclerostin secretion,124 advocating for a possible role of irisin in 

regulating osteoclastogenesis and a potential muscle-bone crosstalk. 

    Contrastingly, a 12‐week exercise-intervention of combined endurance and strength training in 

healthy and physically inactive males did not increase plasma irisin but resulted in increased gene 

expression levels of FNDC5 and PPARGC1A in skeletal muscle, however, with only little changes 

in selected browning genes (UCP1, PRDM16, TBX1, TMEM26 and CD137) in abdominal 

subcutaneous WAT.125 On the other hand, this study found an increase in plasma irisin in response 

to acute exercise, but this took place without an acute increase in muscle FNDC5 expression.125 

The fact that irisin may play a key role in energy metabolism, led to many studies trying to 

investigate the exercise-induced release of irisin. However, the results are inconsistent, and one 

proposed explanation is that the human FNDC5 gene has a noncanonical translation start codon of 

ATA, rather than ATG, which may contribute to incomplete translation of FNDC5 into a full-

length protein.126 In addition, detection of the circulating protein has been doubtful due to the 

validity of assays used for measurement of irisin.126 Using quantitative mass spectrometry in 

human plasma, Jedrychowski et al. demonstrated that irisin is mainly translated from its non-

canonical start codon and that 12 weeks of high-intensity aerobic training in six healthy 

individuals increased the circulating levels of irisin,127 indicating the possibility to detect irisin in 

humans by using an unequivocal method. 

    Whilst Bostrom et al. reported no changes in circulating levels of irisin following acute 

exercise,122 other studies have demonstrated that the circulating levels of irisin to be increased in 

response to acute exercise and resistance training in young healthy individuals.122,127-131 

     Although speculative, an exercise-induced increase in plasma irisin could promote lipolysis123 

and fatty acid mobilization from WAT providing metabolic substrates for the exercising muscle. A
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Whilst irisin effects on systemic metabolism in mice are promising, further studies in humans are 

needed to confirm any potential beneficial effects of irisin.

The Liver and Adipose Tissue in Exerkine-Mediated Effects of Exercise 

The liver and adipose tissue are two important endocrine tissues which during exercise secrete 

hepatokines and adipokines/cytokines, respectively. There is a substantial overlap between 

myokines, adipokines and hepatokines, and emerging evidence supports that exercise-induced 

human hepatokines such as ANGPTL4,13,93,33 FGF21,13,81,33 and follistatin13,62 are suggested to be 

regulated by two key mechanisms: 1) the glucagon-to-insulin ratio and 2) FFA signalling (FGF21 

and ANGPTL4) potentially via activation of PPARs (Fig. 2). Interestingly, these hepatokines seem 

to be stimulated by raised hepatocyte cAMP implicating a potential role of G-protein-coupled 

receptors. The potential role of the glucagon-to-insulin ratio as a common denominator in the 

exercise-induced release of exerkines from the liver and the role of these exerkines in the 

interaction between e.g., the liver, adipose tissue, skeletal muscle, and other organs needs further 

clarification 

    The liver plays an important role for the maintenance of glucose homeostasis during acute 

exercise. Enhanced glucose uptake in response to acute exercise in skeletal muscle may 

correspond to increased hepatic glycogenolysis and gluconeogenesis from an enhanced de novo 

synthesis of glucose from increased circulating levels of lactate, glycerol and amino acids.132 An 

increase in the portal venous glucagon-to-insulin ratio and catecholamines such as epinephrine and 

norepinephrine coordinate the hepatic glucose production during muscular exercise. Goldstein133 

speculated that muscle might secrete a humoral signalling molecule that could enhance hepatic 

glucose production. To support this idea of a potential muscle-liver crosstalk, Febbrario et al. 

demonstrated in lean healthy individuals, that recombinant human IL-6 infusion during moderate 

intensity exercise caused enhanced hepatic glucose production to the same extent during high-

intensity exercise (bicycle exercise for 2-h at 70% of VO2peak), an effect that cannot be solely 

attributable to IL-6.134 Other mechanisms may exist, because in the same study, the rates of 

glucose appearance during exercise at a low intensity (bicycle exercise for 2-h at 40% of VO2peak) 

was increased from rest at the onset of exercise even though plasma IL-6 did not increase during 

this particular exercise session.134   

   Due to its anatomical structure, the liver might play an essential role in tissue communication.135 

The liver receives a dual blood supply from the hepatic portal vein and the hepatic arteries and is A
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involved in redistribution of hormones, lipoproteins, carbohydrates and fatty acids to other 

tissues.135 Moreover, the “open-pore” sinusoids located between hepatocyte planes allow 

exchange of molecules135 including hepatokines or other exerkines.     

    Adipose tissue is a highly dynamic and vascularized, metabolically active organ involved in a- 

multitude of physiological processes.136 An exercise-induced increase in adipose tissue lipolysis is 

stimulated by catecholamines (epinephrine and norepinephrine) through the sympathetic nervous 

system activation and by natriuretic peptides from the heart during exercise.6 The increase in 

exercise-induced lipolysis leads to enhanced release and delivery of FFA to the muscle and liver 

and this contributes to increased oxidation of FA in muscle and liver depending on the exercise 

intensity.6 Further work is required to establish a greater understanding of a possible muscle-

adipose tissue interaction and vice versa. 

    Taken together, the systemic adaptation in response to exercise is tightly regulated by several 

organs and the tissue crosstalk between the muscle-liver and muscle-adipose tissue may play 

major roles in the metabolic adaptations to exercise. However, further studies are necessary to 

identify and decipher the molecular mechanisms involved in tissue crosstalk during and after 

exercise.      

Elevated Levels of Exerkines in Metabolic Diseases 

Except for erythroferrone,137-140 the circulating levels of IL-6, FGF21, follistatin, irisin, GDF15, 

CHI3L1, and ANGPTL4, have been reported to be increased in insulin resistant conditions such as 

obesity,33,57,141 T2D,33,83,84,120,142-146 polycystic ovary syndrome,147 and non-alcoholic fatty liver 

disease.141,148 However, as described, the production and release of these exerkines are also highly 

induced in response to acute exercise after which insulin sensitivity is enhanced.12 Thus, it seems 

that a potential differential regulation of exerkine production and secretion may exist according to 

the pathophysiological or physiological context. One of the best examples indicating that the 

production and secretion of exerkines is tissue and context specific is IL-6. During exercise an 

immediate response is detected in muscle, which subsequently increases the circulating levels of 

IL-6. The chronic elevated levels of IL-6 in obesity or T2D could be driven by the WAT-derived 

proinflammatory cytokine TNF-α, which stimulates the systemic increase of IL-6.36,149 The 

chronic elevated levels of IL-6 in metabolic disease may reflect a feedback mechanism due to 

impaired IL-6 signalling, a phenomenon called IL-6 resistance.150 In line with IL-6 resistance, 

evidence also suggests the potential existence of FGF2183 or IL-1547 resistance in obesity. It A
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remains to established if the other exerkines mentioned above also share similar resistance 

mechanisms and the physiological and pathophysiological relevance of this. 

Exosomes and Microvesicles as Potential Mediators of Organ Crosstalk

Safdar A. et al.14 proposed an intriguing hypothesis that the beneficial effect of exercise on 

glucometabolic homeostasis,2-4 VO2max,1,5 systemic inflammation,7 bone remodelling,8 muscle 

mitochondrial bioenergetics and muscle mass1,10 and brain function11 may in part be mediated by 

EVs (Fig. 3). EVs can be divided into exosomes (20-150 nm in diameter), microvesicles (100–

1000 nm in diameter) and apoptotic bodies (500–5000 nm in diameter), of which exosomes is the 

best characterized subtype.151 EVs can carry DNA, RNA (mRNA, microRNAs (miRNAs), and 

other small regulatory RNAs), membrane-bound proteins, lipids, and metabolites, and may deliver 

these messenger molecules into recipient tissues and cells and act in juxtacrine or endocrine 

fashion.151 

    Recent in vitro studies of WAT in mice have implicated an important role of exosomes in 

organ-to-organ communication with other tissues such as the liver.152-157 As a proof-of-concept 

study, Thomou et al. demonstrated that circulating miRNAs transported by adipose tissue-derived 

exosomes can be delivered to the liver and improve glucose tolerance and regulate energy 

homeostasis and hereby provided evidence of a tissue crosstalk.152 However, a quantitative and 

stoichiometry analysis of the miRNAs contained in isolated exosomes from plasma, seminal fluid, 

dendritic cells, mast cells, and ovarian cancer cells revealed that the miRNA copy number per 

exosome was on average less than one158 indicating that within each EV only few and selected 

miRNAs are present. 

     Interestingly, most of the reported exerkines such as FGF21, ANGPTL4 and GDF15 and many 

more are in fact listed on ExoCarta and Vesiclepedia14,159 – two online databases for curated 

compendium of identified lipids/RNAs/proteins in EVs from numerous independent studies 

published. However, more evidence deciphering the cellular origin and how and if EVs interact 

with the recipient cells and tissues in response to exercise remains to be established.  

    In healthy male individuals, it was shown that small EVs (size 100-130 nm) were rapidly 

increased immediately after cycling exercise and declined to baseline levels after 90 min.160 

However, this study did not reveal the origin of these EVs or the presence of exerkines in these 

EVs, and, therefore, the biological importance remains unclear.160 In obese individuals with and 

without T2D, we showed that acute exercise increased plasma levels of muscle-derived A
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microvesicles carrying long-chain fatty acid transport proteins (CD36 and FATP4),161 However, 

we did not investigate whether the released vesicles were taken up by any tissues.161 

    In vivo proteome analyses of human plasma EVs from healthy male individuals carrying out 

acute exercise revealed increase abundance of more than 300 EV-derived proteins and increased 

levels of small EVs immediately after exercise before returning to basal levels 4-h into recovery.19 

This suggests a transient release of EVs (small vesicles and exosomes) into circulation and a 

potential uptake in other tissues. Further experiments demonstrated that exercise released EVs 

tend to localize in the liver. However, the physiological and biological relevance of the identified 

molecules are at present unknown. When the isolated EVs from treadmill-exercised or sedentary 

C57BL6/J donor mice were intravenously administered to normal recipient mice, most of the 

vesicles were only detectable in the liver,19 again, denoting that the liver might be one of the key 

regulators of exercise-induced signalling mechanisms. Moreover, this demonstrates a possible 

transfer of molecules and tissue crosstalk during exercise and that potential systemic biological 

effects are mediated through EVs.19 

     In healthy male individuals, 45 min of acute exercise followed by single leg, knee extensor, 

resistance exercise increased the muscular transcript levels of Clathrin and Alix, both molecules 

known to induce exosome biogenesis and release.162 In addition, regulators of miRNA processing, 

Dicer and Exportin mRNA levels in muscle were increased after both acute exercise and 

resistance exercise.162 A positive association between components of exosome biogenesis and 

miRNA processing were reported, suggesting that exercise may stimulate exosome production and 

miRNA processing in muscle.162 Unfortunately, the investigators did not investigate the 

circulating levels of markers of exosome biogenesis or miRNA processing. Thus, further work is 

required to establish the role(s) of the muscular exosome production and miRNA processing on 

systemic metabolism. Nair et al. compared circulating exosomal miRNAs (exomiRs) expression in 

healthy trained men to their sedentary counterparts and observed that acute exercise increased 

baseline exomiR expression of miR-486-5p, miR-215-5p, miR-941, and decreased exomiR 

expression of miR-151b.163 In addition, the acute exercise-induced circulating exomiR signatures 

in trained and sedentary groups were distinct and in-silico analyses revealed that the majority of 

exercise-regulated exomiRs either targeted or were predicted to target components of the IGF1 

signalling pathway, which is a key regulator of muscle growth and glucose homeostasis.163 

Intriguingly, Brahmer et al. demonstrated using a multiplexed flow-cytometry platform that EVs 

secreted from healthy male athletes during incremental exercise, originating from lymphocytes, A
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monocytes, endothelial cells, and platelets,164 and surprisingly with reduced contribution from 

skeletal muscle and liver.164 This suggests that the exercise-induced signalling mechanisms are 

regulated by a heterogenous pool of cells of the circulatory system, potentially involved in 

regulating the systemic metabolism164. However, whether the reduced EV release from muscle and 

liver is dependent on the type of exercise, duration or intensity remains to be clarified. 

    Mice studies demonstrated that treatment with muscle-derived exosomal miRNAs of trained 

mice can improve glucose tolerance in sedentary mice to a level similar to that of exercise itself.165 

It can thus be suggested that the exercise-induced exosomes (exersomes) and their cargo can be 

thought of as promising candidates for potential exercise-induced therapeutic applications for 

metabolic diseases.  

    Molecularly, the EV biogenesis has been shown to be Ca2+-mediated and knockdown of 

Synaptotagmin-7 (Syt7), a Ca2+ sensor in cancer cells has been shown to reduce EV secretion.166 

Intracellular Ca2+ release and signalling is an essential physiological regulator involved in the 

metabolic response to exercise and activates an array of downstream molecules e.g. calcineurin 

and CaMKII.167 Thus, the relatively large flux in Ca2+ in muscle during repeated muscle 

contractions e.g., during exercise may result in a relatively accelerated exercise induced EV efflux 

from muscle compared to other tissues. However, more accurate measurements of tissue specific 

release of EVs are needed to compare how much each cell type/tissue contributes to the overall 

plasma levels in response to exercise. 

    Although, there is a growing interest in EVs research and at least some studies indicate the 

potential of EVs in tissue communication, the underlying molecular mechanisms are unclear. In-

depth understanding of the mechanisms involved in generation, tissue-specific release, and uptake 

of EVs requires further improvements in EVs isolation and purification techniques. In addition, 

improved methodologies are necessary to track and characterize the cargo contents and 

physiological/biological functions of EVs in the recipient cells and tissues. 

Concluding Remarks

Exercise causes numerous changes to muscle, liver and perhaps adipose tissue leading to secretion 

of exerkines, which might influence several aspects of whole-body metabolism. There is growing 

interest in elucidating the role of exercise-induced release of exerkines and exersomes/EVs, and 

the latter may play a key role, because exersomes may be the missing link in understanding 

intercellular communication during and after exercise. However, human data investigating the A
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relationship between the tissue-specific release of exersomes and the content of exersomes in 

response to exercise is still limited. Deciphering the intricate molecular and regulatory 

mechanisms of exercise-induced release and uptake of exerkines and EVs and their potential role 

in orchestrating tissue crosstalk is highly required to discover and develop novel exercise-induced 

therapies in obesity, T2D and other metabolic diseases.

Author Contributions 

Conceptualization: RS. and KH.; Writing—original draft preparation, RS.; writing, review and 

editing, RS., JFPW., and KH.; visualization: RS and KH. 

Funding

The work was supported by grants from the Danish Diabetes Academy supported by the Novo 

Nordisk Foundation (RS.), the Danish Council for Independent Research Medical Sciences 

(including Sapere Aude DFF Starting grant) (KH.) and Steno Diabetes Center Odense funded by 

the Novo Nordisk Foundation (RS. and KH.). 

Conflict of interest

The authors have declared no conflict of interest.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

References

1. Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of chronic diseases. 

Compr Physiol. 2012;2(2):1143-1211.

2. Martin IK, Katz A, Wahren J. Splanchnic and muscle metabolism during exercise in 

NIDDM patients. Am J Physiol. 1995;269(3 Pt 1):E583-590.

3. Mikines KJ, Sonne B, Farrell PA, Tronier B, Galbo H. Effect of physical exercise on 

sensitivity and responsiveness to insulin in humans. Am J Physiol. 1988;254(3 Pt 

1):E248-259.

4. Madsen SM, Thorup AC, Overgaard K, Jeppesen PB. High Intensity Interval Training 

Improves Glycaemic Control and Pancreatic beta Cell Function of Type 2 Diabetes 

Patients. PLoS One. 2015;10(8):e0133286.

5. Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative biology of exercise. Cell. 

2014;159(4):738-749.

6. Thompson D, Karpe F, Lafontan M, Frayn K. Physical activity and exercise in the 

regulation of human adipose tissue physiology. Physiol Rev. 2012;92(1):157-191.

7. Geffken DF, Cushman M, Burke GL, Polak JF, Sakkinen PA, Tracy RP. Association 

between physical activity and markers of inflammation in a healthy elderly 

population. Am J Epidemiol. 2001;153(3):242-250.

8. Santos L, Elliott-Sale KJ, Sale C. Exercise and bone health across the lifespan. 

Biogerontology. 2017;18(6):931-946.

9. DeSouza CA, Shapiro LF, Clevenger CM, et al. Regular aerobic exercise prevents and 

restores age-related declines in endothelium-dependent vasodilation in healthy men. 

Circulation. 2000;102(12):1351-1357.

10. Hey-Mogensen M, Hojlund K, Vind BF, et al. Effect of physical training on 

mitochondrial respiration and reactive oxygen species release in skeletal muscle in 

patients with obesity and type 2 diabetes. Diabetologia. 2010;53(9):1976-1985.

11. Tyndall AV, Clark CM, Anderson TJ, et al. Protective Effects of Exercise on Cognition 

and Brain Health in Older Adults. Exerc Sport Sci Rev. 2018;46(4):215-223.

12. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a 

secretory organ. Nat Rev Endocrinol. 2012;8(8):457-465.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

13. Weigert C, Hoene M, Plomgaard P. Hepatokines-a novel group of exercise factors. 

Pflugers Arch. 2019;471(3):383-396.

14. Safdar A, Saleem A, Tarnopolsky MA. The potential of endurance exercise-derived 

exosomes to treat metabolic diseases. Nat Rev Endocrinol. 2016;12(9):504-517.

15. Ostrowski K, Rohde T, Zacho M, Asp S, Pedersen BK. Evidence that interleukin-6 is 

produced in human skeletal muscle during prolonged running. J Physiol. 1998;508 ( 

Pt 3):949-953.

16. Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B. 

Production of interleukin-6 in contracting human skeletal muscles can account for the 

exercise-induced increase in plasma interleukin-6. J Physiol. 2000;529 Pt 1:237-242.

17. Pourteymour S, Eckardt K, Holen T, et al. Global mRNA sequencing of human skeletal 

muscle: Search for novel exercise-regulated myokines. Mol Metab. 2017;6(4):352-

365.

18. Catoire M, Mensink M, Kalkhoven E, Schrauwen P, Kersten S. Identification of human 

exercise-induced myokines using secretome analysis. Physiol Genomics. 

2014;46(7):256-267.

19. Whitham M, Parker BL, Friedrichsen M, et al. Extracellular Vesicles Provide a Means 

for Tissue Crosstalk during Exercise. Cell Metab. 2018;27(1):237-251 e234.

20. Norheim F, Raastad T, Thiede B, Rustan AC, Drevon CA, Haugen F. Proteomic 

identification of secreted proteins from human skeletal muscle cells and expression in 

response to strength training. Am J Physiol Endocrinol Metab. 2011;301(5):E1013-

1021.

21. Raschke S, Eckardt K, Bjorklund Holven K, Jensen J, Eckel J. Identification and 

validation of novel contraction-regulated myokines released from primary human 

skeletal muscle cells. PLoS One. 2013;8(4):e62008.

22. Scheler M, Irmler M, Lehr S, et al. Cytokine response of primary human myotubes in 

an in vitro exercise model. Am J Physiol Cell Physiol. 2013;305(8):C877-886.

23. Carey AL, Steinberg GR, Macaulay SL, et al. Interleukin-6 increases insulin-stimulated 

glucose disposal in humans and glucose uptake and fatty acid oxidation in vitro via 

AMP-activated protein kinase. Diabetes. 2006;55(10):2688-2697.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

24. Harder-Lauridsen NM, Krogh-Madsen R, Holst JJ, et al. Effect of IL-6 on the insulin 

sensitivity in patients with type 2 diabetes. Am J Physiol Endocrinol Metab. 

2014;306(7):E769-778.

25. Ellingsgaard H, Hauselmann I, Schuler B, et al. Interleukin-6 enhances insulin 

secretion by increasing glucagon-like peptide-1 secretion from L cells and alpha cells. 

Nat Med. 2011;17(11):1481-1489.

26. Fischer CP. Interleukin-6 in acute exercise and training: what is the biological 

relevance? Exerc Immunol Rev. 2006;12:6-33.

27. MacDonald C, Wojtaszewski JF, Pedersen BK, Kiens B, Richter EA. Interleukin-6 

release from human skeletal muscle during exercise: relation to AMPK activity. J Appl 

Physiol (1985). 2003;95(6):2273-2277.

28. Steensberg A, Febbraio MA, Osada T, et al. Interleukin-6 production in contracting 

human skeletal muscle is influenced by pre-exercise muscle glycogen content. J 

Physiol. 2001;537(Pt 2):633-639.

29. Keller C, Keller P, Marshal S, Pedersen BK. IL-6 gene expression in human adipose 

tissue in response to exercise--effect of carbohydrate ingestion. J Physiol. 2003;550(Pt 

3):927-931.

30. Louis E, Raue U, Yang Y, Jemiolo B, Trappe S. Time course of proteolytic, cytokine, and 

myostatin gene expression after acute exercise in human skeletal muscle. J Appl 

Physiol (1985). 2007;103(5):1744-1751.

31. Slusher AL, Whitehurst M, Zoeller RF, Mock JT, Maharaj M, Huang CJ. Attenuated 

fibroblast growth factor 21 response to acute aerobic exercise in obese individuals. 

Nutr Metab Cardiovasc Dis. 2015;25(9):839-845.

32. Keller C, Steensberg A, Pilegaard H, et al. Transcriptional activation of the IL-6 gene in 

human contracting skeletal muscle: influence of muscle glycogen content. FASEB J. 

2001;15(14):2748-2750.

33. Sabaratnam R, Pedersen AJT, Kristensen JM, Handberg A, Wojtaszewski JFP, Hojlund 

K. Intact regulation of muscle expression and circulating levels of myokines in 

response to exercise in patients with type 2 diabetes. Physiol Rep. 2018;6(12):e13723.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

34. Christiansen T, Bruun JM, Paulsen SK, et al. Acute exercise increases circulating 

inflammatory markers in overweight and obese compared with lean subjects. Eur J 

Appl Physiol. 2013;113(6):1635-1642.

35. Hojbjerre L, Rosenzweig M, Dela F, Bruun JM, Stallknecht B. Acute exercise increases 

adipose tissue interstitial adiponectin concentration in healthy overweight and lean 

subjects. Eur J Endocrinol. 2007;157(5):613-623.

36. Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK. Exercise and IL-6 

infusion inhibit endotoxin-induced TNF-alpha production in humans. FASEB J. 

2003;17(8):884-886.

37. Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK. IL-6 enhances plasma IL-

1ra, IL-10, and cortisol in humans. Am J Physiol Endocrinol Metab. 2003;285(2):E433-

437.

38. Wedell-Neergaard AS, Lang Lehrskov L, Christensen RH, et al. Exercise-Induced 

Changes in Visceral Adipose Tissue Mass Are Regulated by IL-6 Signaling: A 

Randomized Controlled Trial. Cell Metab. 2019;29(4):844-855 e843.

39. Duan Y, Li F, Wang W, et al. Interleukin-15 in obesity and metabolic dysfunction: 

current understanding and future perspectives. Obes Rev. 2017;18(10):1147-1158.

40. Quinn LS, Strait-Bodey L, Anderson BG, Argiles JM, Havel PJ. Interleukin-15 stimulates 

adiponectin secretion by 3T3-L1 adipocytes: evidence for a skeletal muscle-to-fat 

signaling pathway. Cell Biol Int. 2005;29(6):449-457.

41. Busquets S, Figueras M, Almendro V, Lopez-Soriano FJ, Argiles JM. Interleukin-15 

increases glucose uptake in skeletal muscle. An antidiabetogenic effect of the 

cytokine. Biochim Biophys Acta. 2006;1760(11):1613-1617.

42. Krolopp JE, Thornton SM, Abbott MJ. IL-15 Activates the Jak3/STAT3 Signaling 

Pathway to Mediate Glucose Uptake in Skeletal Muscle Cells. Front Physiol. 

2016;7:626.

43. Quinn LS, Anderson BG, Strait-Bodey L, Stroud AM, Argiles JM. Oversecretion of 

interleukin-15 from skeletal muscle reduces adiposity. Am J Physiol Endocrinol Metab. 

2009;296(1):E191-202.

44. Quinn LS, Anderson BG, Conner JD, Pistilli EE, Wolden-Hanson T. Overexpression of 

interleukin-15 in mice promotes resistance to diet-induced obesity, increased insulin A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

sensitivity, and markers of oxidative skeletal muscle metabolism. Int J Interferon 

Cytokine Mediat Res. 2011;3:29-42.

45. Carbo N, Lopez-Soriano J, Costelli P, et al. Interleukin-15 mediates reciprocal 

regulation of adipose and muscle mass: a potential role in body weight control. 

Biochim Biophys Acta. 2001;1526(1):17-24.

46. Tamura Y, Watanabe K, Kantani T, Hayashi J, Ishida N, Kaneki M. Upregulation of 

circulating IL-15 by treadmill running in healthy individuals: is IL-15 an endocrine 

mediator of the beneficial effects of endurance exercise? Endocr J. 2011;58(3):211-

215.

47. Pierce JR, Maples JM, Hickner RC. IL-15 concentrations in skeletal muscle and 

subcutaneous adipose tissue in lean and obese humans: local effects of IL-15 on 

adipose tissue lipolysis. Am J Physiol Endocrinol Metab. 2015;308(12):E1131-1139.

48. Rinnov A, Yfanti C, Nielsen S, et al. Endurance training enhances skeletal muscle 

interleukin-15 in human male subjects. Endocrine. 2014;45(2):271-278.

49. McPherron AC, Lawler AM, Lee SJ. Regulation of skeletal muscle mass in mice by a 

new TGF-beta superfamily member. Nature. 1997;387(6628):83-90.

50. Rios R, Carneiro I, Arce VM, Devesa J. Myostatin is an inhibitor of myogenic 

differentiation. Am J Physiol Cell Physiol. 2002;282(5):C993-999.

51. Zhang C, McFarlane C, Lokireddy S, et al. Inhibition of myostatin protects against diet-

induced obesity by enhancing fatty acid oxidation and promoting a brown adipose 

phenotype in mice. Diabetologia. 2012;55(1):183-193.

52. Amthor H, Macharia R, Navarrete R, et al. Lack of myostatin results in excessive 

muscle growth but impaired force generation. Proc Natl Acad Sci U S A. 

2007;104(6):1835-1840.

53. Elkina Y, von Haehling S, Anker SD, Springer J. The role of myostatin in muscle 

wasting: an overview. J Cachexia Sarcopenia Muscle. 2011;2(3):143-151.

54. Lundberg TR, Fernandez-Gonzalo R, Gustafsson T, Tesch PA. Aerobic exercise alters 

skeletal muscle molecular responses to resistance exercise. Med Sci Sports Exerc. 

2012;44(9):1680-1688.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

55. Fernandez-Gonzalo R, Lundberg TR, Tesch PA. Acute molecular responses in 

untrained and trained muscle subjected to aerobic and resistance exercise training 

versus resistance training alone. Acta Physiol (Oxf). 2013;209(4):283-294.

56. Hjorth M, Pourteymour S, Gorgens SW, et al. Myostatin in relation to physical activity 

and dysglycaemia and its effect on energy metabolism in human skeletal muscle cells. 

Acta Physiol (Oxf). 2016;217(1):45-60.

57. Hittel DS, Axelson M, Sarna N, Shearer J, Huffman KM, Kraus WE. Myostatin decreases 

with aerobic exercise and associates with insulin resistance. Med Sci Sports Exerc. 

2010;42(11):2023-2029.

58. Winbanks CE, Weeks KL, Thomson RE, et al. Follistatin-mediated skeletal muscle 

hypertrophy is regulated by Smad3 and mTOR independently of myostatin. J Cell Biol. 

2012;197(7):997-1008.

59. Rooks D, Praestgaard J, Hariry S, et al. Treatment of Sarcopenia with Bimagrumab: 

Results from a Phase II, Randomized, Controlled, Proof-of-Concept Study. J Am Geriatr 

Soc. 2017;65(9):1988-1995.

60. Garito T, Roubenoff R, Hompesch M, et al. Bimagrumab improves body composition 

and insulin sensitivity in insulin-resistant individuals. Diabetes Obes Metab. 

2018;20(1):94-102.

61. Hansen JS, Rutti S, Arous C, et al. Circulating Follistatin Is Liver-Derived and 

Regulated by the Glucagon-to-Insulin Ratio. J Clin Endocrinol Metab. 

2016;101(2):550-560.

62. Hansen J, Brandt C, Nielsen AR, et al. Exercise induces a marked increase in plasma 

follistatin: evidence that follistatin is a contraction-induced hepatokine. 

Endocrinology. 2011;152(1):164-171.

63. Hansen JS, Pedersen BK, Xu G, Lehmann R, Weigert C, Plomgaard P. Exercise-Induced 

Secretion of FGF21 and Follistatin Are Blocked by Pancreatic Clamp and Impaired in 

Type 2 Diabetes. J Clin Endocrinol Metab. 2016;101(7):2816-2825.

64. Sargeant JA, Aithal GP, Takamura T, et al. The influence of adiposity and acute 

exercise on circulating hepatokines in normal-weight and overweight/obese men. 

Appl Physiol Nutr Metab. 2018;43(5):482-490.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

65. Izumiya Y, Bina HA, Ouchi N, Akasaki Y, Kharitonenkov A, Walsh K. FGF21 is an Akt-

regulated myokine. FEBS Lett. 2008;582(27):3805-3810.

66. Mashili FL, Austin RL, Deshmukh AS, et al. Direct effects of FGF21 on glucose uptake 

in human skeletal muscle: implications for type 2 diabetes and obesity. Diabetes 

Metab Res Rev. 2011;27(3):286-297.

67. Nishimura T, Nakatake Y, Konishi M, Itoh N. Identification of a novel FGF, FGF-21, 

preferentially expressed in the liver. Biochim Biophys Acta. 2000;1492(1):203-206.

68. Muise ES, Azzolina B, Kuo DW, et al. Adipose fibroblast growth factor 21 is up-

regulated by peroxisome proliferator-activated receptor gamma and altered 

metabolic states. Mol Pharmacol. 2008;74(2):403-412.

69. Hojman P, Pedersen M, Nielsen AR, et al. Fibroblast growth factor-21 is induced in 

human skeletal muscles by hyperinsulinemia. Diabetes. 2009;58(12):2797-2801.

70. Christodoulides C, Dyson P, Sprecher D, Tsintzas K, Karpe F. Circulating fibroblast 

growth factor 21 is induced by peroxisome proliferator-activated receptor agonists 

but not ketosis in man. J Clin Endocrinol Metab. 2009;94(9):3594-3601.

71. Mai K, Andres J, Biedasek K, et al. Free fatty acids link metabolism and regulation of 

the insulin-sensitizing fibroblast growth factor-21. Diabetes. 2009;58(7):1532-1538.

72. Kurosu H, Choi M, Ogawa Y, et al. Tissue-specific expression of betaKlotho and 

fibroblast growth factor (FGF) receptor isoforms determines metabolic activity of 

FGF19 and FGF21. J Biol Chem. 2007;282(37):26687-26695.

73. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-Flier E. Hepatic 

fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of 

hepatic lipid metabolism in ketotic states. Cell Metab. 2007;5(6):426-437.

74. Inagaki T, Dutchak P, Zhao G, et al. Endocrine regulation of the fasting response by 

PPARalpha-mediated induction of fibroblast growth factor 21. Cell Metab. 

2007;5(6):415-425.

75. Kim KH, Jeong YT, Oh H, et al. Autophagy deficiency leads to protection from obesity 

and insulin resistance by inducing Fgf21 as a mitokine. Nat Med. 2013;19(1):83-92.

76. Gaich G, Chien JY, Fu H, et al. The effects of LY2405319, an FGF21 analog, in obese 

human subjects with type 2 diabetes. Cell Metab. 2013;18(3):333-340.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

77. Charles ED, Neuschwander-Tetri BA, Pablo Frias J, et al. Pegbelfermin (BMS-986036), 

PEGylated FGF21, in Patients with Obesity and Type 2 Diabetes: Results from a 

Randomized Phase 2 Study. Obesity (Silver Spring). 2019;27(1):41-49.

78. Kim AM, Somayaji VR, Dong JQ, et al. Once-weekly administration of a long-acting 

fibroblast growth factor 21 analogue modulates lipids, bone turnover markers, blood 

pressure and body weight differently in obese people with hypertriglyceridaemia and 

in non-human primates. Diabetes Obes Metab. 2017;19(12):1762-1772.

79. Soberg S, Sandholt CH, Jespersen NZ, et al. FGF21 Is a Sugar-Induced Hormone 

Associated with Sweet Intake and Preference in Humans. Cell Metab. 

2017;25(5):1045-1053 e1046.

80. Tanimura Y, Aoi W, Takanami Y, et al. Acute exercise increases fibroblast growth 

factor 21 in metabolic organs and circulation. Physiol Rep. 2016;4(12).

81. Hansen JS, Clemmesen JO, Secher NH, et al. Glucagon-to-insulin ratio is pivotal for 

splanchnic regulation of FGF-21 in humans. Mol Metab. 2015;4(8):551-560.

82. Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS. Acute exercise induces FGF21 

expression in mice and in healthy humans. PLoS One. 2013;8(5):e63517.

83. Kruse R, Vienberg SG, Vind BF, Andersen B, Hojlund K. Effects of insulin and exercise 

training on FGF21, its receptors and target genes in obesity and type 2 diabetes. 

Diabetologia. 2017;60(10):2042-2051.

84. Sylow L, Vind BF, Kruse R, et al. Circulating Follistatin and Activin A and Their 

Regulation by Insulin in Obesity and Type 2 Diabetes. J Clin Endocrinol Metab. 

2020;105(5).

85. Santulli G. Angiopoietin-like proteins: a comprehensive look. Front Endocrinol 

(Lausanne). 2014;5:4.

86. Staiger H, Haas C, Machann J, et al. Muscle-derived angiopoietin-like protein 4 is 

induced by fatty acids via peroxisome proliferator-activated receptor (PPAR)-delta 

and is of metabolic relevance in humans. Diabetes. 2009;58(3):579-589.

87. Romeo S, Yin W, Kozlitina J, et al. Rare loss-of-function mutations in ANGPTL family 

members contribute to plasma triglyceride levels in humans. J Clin Invest. 

2009;119(1):70-79.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

88. Robciuc MR, Skrobuk P, Anisimov A, et al. Angiopoietin-like 4 mediates PPAR delta 

effect on lipoprotein lipase-dependent fatty acid uptake but not on beta-oxidation in 

myotubes. PLoS One. 2012;7(10):e46212.

89. Gray NE, Lam LN, Yang K, Zhou AY, Koliwad S, Wang JC. Angiopoietin-like 4 (Angptl4) 

protein is a physiological mediator of intracellular lipolysis in murine adipocytes. J 

Biol Chem. 2012;287(11):8444-8456.

90. Catoire M, Mensink M, Boekschoten MV, et al. Pronounced effects of acute endurance 

exercise on gene expression in resting and exercising human skeletal muscle. PLoS 

One. 2012;7(11):e51066.

91. Norheim F, Hjorth M, Langleite TM, et al. Regulation of angiopoietin-like protein 4 

production during and after exercise. Physiol Rep. 2014;2(8).

92. Kersten S, Lichtenstein L, Steenbergen E, et al. Caloric restriction and exercise 

increase plasma ANGPTL4 levels in humans via elevated free fatty acids. Arterioscler 

Thromb Vasc Biol. 2009;29(6):969-974.

93. Ingerslev B, Hansen JS, Hoffmann C, et al. Angiopoietin-like protein 4 is an exercise-

induced hepatokine in humans, regulated by glucagon and cAMP. Mol Metab. 

2017;6(10):1286-1295.

94. Catoire M, Alex S, Paraskevopulos N, et al. Fatty acid-inducible ANGPTL4 governs lipid 

metabolic response to exercise. Proc Natl Acad Sci U S A. 2014;111(11):E1043-1052.

95. Tsai VWW, Husaini Y, Sainsbury A, Brown DA, Breit SN. The MIC-1/GDF15-GFRAL 

Pathway in Energy Homeostasis: Implications for Obesity, Cachexia, and Other 

Associated Diseases. Cell Metab. 2018;28(3):353-368.

96. Ost M, Keipert S, van Schothorst EM, et al. Muscle mitohormesis promotes cellular 

survival via serine/glycine pathway flux. FASEB J. 2015;29(4):1314-1328.

97. Bloch SA, Lee JY, Syburra T, et al. Increased expression of GDF-15 may mediate ICU-

acquired weakness by down-regulating muscle microRNAs. Thorax. 2015;70(3):219-

228.

98. Kalko SG, Paco S, Jou C, et al. Transcriptomic profiling of TK2 deficient human skeletal 

muscle suggests a role for the p53 signalling pathway and identifies growth and 

differentiation factor-15 as a potential novel biomarker for mitochondrial 

myopathies. BMC Genomics. 2014;15:91.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

99. Lehtonen JM, Forsstrom S, Bottani E, et al. FGF21 is a biomarker for mitochondrial 

translation and mtDNA maintenance disorders. Neurology. 2016;87(22):2290-2299.

100. Macia L, Tsai VW, Nguyen AD, et al. Macrophage inhibitory cytokine 1 (MIC-1/GDF15) 

decreases food intake, body weight and improves glucose tolerance in mice on 

normal & obesogenic diets. PLoS One. 2012;7(4):e34868.

101. Johnen H, Lin S, Kuffner T, et al. Tumor-induced anorexia and weight loss are 

mediated by the TGF-beta superfamily cytokine MIC-1. Nat Med. 2007;13(11):1333-

1340.

102. Emmerson PJ, Wang F, Du Y, et al. The metabolic effects of GDF15 are mediated by the 

orphan receptor GFRAL. Nat Med. 2017;23(10):1215-1219.

103. Mullican SE, Lin-Schmidt X, Chin CN, et al. GFRAL is the receptor for GDF15 and the 

ligand promotes weight loss in mice and nonhuman primates. Nat Med. 

2017;23(10):1150-1157.

104. Hsu JY, Crawley S, Chen M, et al. Non-homeostatic body weight regulation through a 

brainstem-restricted receptor for GDF15. Nature. 2017;550(7675):255-259.

105. Yang L, Chang CC, Sun Z, et al. GFRAL is the receptor for GDF15 and is required for the 

anti-obesity effects of the ligand. Nat Med. 2017;23(10):1158-1166.

106. Laurens C, Parmar A, Murphy E, et al. Growth and differentiation factor 15 is secreted 

by skeletal muscle during exercise and promotes lipolysis in humans. JCI Insight. 

2020;5(6).

107. Sanchis-Gomar F, Bonaguri C, Aloe R, et al. Effects of acute exercise and xanthine 

oxidase inhibition on novel cardiovascular biomarkers. Transl Res. 2013;162(2):102-

109.

108. Galliera E, Lombardi G, Marazzi MG, et al. Acute exercise in elite rugby players 

increases the circulating level of the cardiovascular biomarker GDF-15. Scand J Clin 

Lab Invest. 2014;74(6):492-499.

109. Tchou I, Margeli A, Tsironi M, et al. Growth-differentiation factor-15, endoglin and N-

terminal pro-brain natriuretic peptide induction in athletes participating in an 

ultramarathon foot race. Biomarkers. 2009;14(6):418-422.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

110. Klein AB, Nicolaisen TS, Ortenblad N, et al. Pharmacological but not physiological 

GDF15 suppresses feeding and the motivation to exercise. Nat Commun. 

2021;12(1):1041.

111. Zhang H, Fealy CE, Kirwan JP. Exercise training promotes a GDF15-associated 

reduction in fat mass in older adults with obesity. Am J Physiol Endocrinol Metab. 

2019;316(5):E829-E836.

112. Kleinert M, Clemmensen C, Sjoberg KA, et al. Exercise increases circulating GDF15 in 

humans. Mol Metab. 2018;9:187-191.

113. Lee CG, Da Silva CA, Dela Cruz CS, et al. Role of chitin and chitinase/chitinase-like 

proteins in inflammation, tissue remodeling, and injury. Annu Rev Physiol. 

2011;73:479-501.

114. Gorgens SW, Eckardt K, Elsen M, Tennagels N, Eckel J. Chitinase-3-like protein 1 

protects skeletal muscle from TNFalpha-induced inflammation and insulin resistance. 

Biochem J. 2014;459(3):479-488.

115. Gorgens SW, Hjorth M, Eckardt K, et al. The exercise-regulated myokine chitinase-3-

like protein 1 stimulates human myocyte proliferation. Acta Physiol (Oxf). 

2016;216(3):330-345.

116. Arezes J, Foy N, McHugh K, et al. Erythroferrone inhibits the induction of hepcidin by 

BMP6. Blood. 2018;132(14):1473-1477.

117. Kautz L, Jung G, Du X, et al. Erythroferrone contributes to hepcidin suppression and 

iron overload in a mouse model of beta-thalassemia. Blood. 2015;126(17):2031-2037.

118. Denton NF, Eghleilib M, Al-Sharifi S, et al. Bone morphogenetic protein 2 is a depot-

specific regulator of human adipogenesis. Int J Obes (Lond). 2019;43(12):2458-2468.

119. Seldin MM, Peterson JM, Byerly MS, Wei Z, Wong GW. Myonectin (CTRP15), a novel 

myokine that links skeletal muscle to systemic lipid homeostasis. J Biol Chem. 

2012;287(15):11968-11980.

120. Li K, Liao X, Wang K, et al. Myonectin Predicts the Development of Type 2 Diabetes. J 

Clin Endocrinol Metab. 2018;103(1):139-147.

121. Gagliano-Juca T. Letter to the Editor: "Myonectin Predicts the Development of Type 2 

Diabetes". J Clin Endocrinol Metab. 2018;103(4):1649.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

122. Bostrom P, Wu J, Jedrychowski MP, et al. A PGC1-alpha-dependent myokine that 

drives brown-fat-like development of white fat and thermogenesis. Nature. 

2012;481(7382):463-468.

123. Xiong XQ, Chen D, Sun HJ, et al. FNDC5 overexpression and irisin ameliorate 

glucose/lipid metabolic derangements and enhance lipolysis in obesity. Biochim 

Biophys Acta. 2015;1852(9):1867-1875.

124. Kim H, Wrann CD, Jedrychowski M, et al. Irisin Mediates Effects on Bone and Fat via 

alphaV Integrin Receptors. Cell. 2018;175(7):1756-1768 e1717.

125. Norheim F, Langleite TM, Hjorth M, et al. The effects of acute and chronic exercise on 

PGC-1alpha, irisin and browning of subcutaneous adipose tissue in humans. FEBS J. 

2014;281(3):739-749.

126. Albrecht E, Norheim F, Thiede B, et al. Irisin - a myth rather than an exercise-

inducible myokine. Sci Rep. 2015;5:8889.

127. Jedrychowski MP, Wrann CD, Paulo JA, et al. Detection and Quantitation of Circulating 

Human Irisin by Tandem Mass Spectrometry. Cell Metab. 2015;22(4):734-740.

128. Huh JY, Panagiotou G, Mougios V, et al. FNDC5 and irisin in humans: I. Predictors of 

circulating concentrations in serum and plasma and II. mRNA expression and 

circulating concentrations in response to weight loss and exercise. Metabolism. 

2012;61(12):1725-1738.

129. Loffler D, Muller U, Scheuermann K, et al. Serum irisin levels are regulated by acute 

strenuous exercise. J Clin Endocrinol Metab. 2015;100(4):1289-1299.

130. Daskalopoulou SS, Cooke AB, Gomez YH, et al. Plasma irisin levels progressively 

increase in response to increasing exercise workloads in young, healthy, active 

subjects. Eur J Endocrinol. 2014;171(3):343-352.

131. Kraemer RR, Shockett P, Webb ND, Shah U, Castracane VD. A transient elevated irisin 

blood concentration in response to prolonged, moderate aerobic exercise in young 

men and women. Horm Metab Res. 2014;46(2):150-154.

132. Trefts E, Williams AS, Wasserman DH. Exercise and the Regulation of Hepatic 

Metabolism. Prog Mol Biol Transl Sci. 2015;135:203-225.

133. Goldstein MS. Humoral nature of the hypoglycemic factor of muscular work. Diabetes. 

1961;10:232-234.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

134. Febbraio MA, Hiscock N, Sacchetti M, Fischer CP, Pedersen BK. Interleukin-6 is a novel 

factor mediating glucose homeostasis during skeletal muscle contraction. Diabetes. 

2004;53(7):1643-1648.

135. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The Liver as an Endocrine Organ-

Linking NAFLD and Insulin Resistance. Endocr Rev. 2019;40(5):1367-1393.

136. Funcke JB, Scherer PE. Beyond adiponectin and leptin: adipose tissue-derived 

mediators of inter-organ communication. J Lipid Res. 2019;60(10):1648-1684.

137. Demir I, Guler A. Association of decreased myonectin levels with metabolic and 

hormonal disturbance in polycystic ovary syndrome. Gynecol Endocrinol. 

2020;36(11):947-950.

138. Li L, Wang Q, Qin C. Serum myonectin is increased after laparoscopic sleeve 

gastrectomy. Ann Clin Biochem. 2020;57(5):360-364.

139. Li Z, Yang YL, Zhu YJ, et al. Circulating Serum Myonectin Levels in Obesity and Type 2 

Diabetes Mellitus. Exp Clin Endocrinol Diabetes. 2019.

140. Zou H, Yang W, Liu Y. Correlation of serum myonectin concentrations with the 

presence and severity of obstructive sleep apnoea syndrome. Ann Clin Biochem. 

2021;58(2):117-122.

141. Dushay J, Chui PC, Gopalakrishnan GS, et al. Increased fibroblast growth factor 21 in 

obesity and nonalcoholic fatty liver disease. Gastroenterology. 2010;139(2):456-463.

142. Chen WW, Li L, Yang GY, et al. Circulating FGF-21 levels in normal subjects and in 

newly diagnose patients with Type 2 diabetes mellitus. Exp Clin Endocrinol Diabetes. 

2008;116(1):65-68.

143. Hansen J, Rinnov A, Krogh-Madsen R, et al. Plasma follistatin is elevated in patients 

with type 2 diabetes: relationship to hyperglycemia, hyperinsulinemia, and systemic 

low-grade inflammation. Diabetes Metab Res Rev. 2013;29(6):463-472.

144. Abu-Farha M, Al-Khairi I, Cherian P, et al. Increased ANGPTL3, 4 and 

ANGPTL8/betatrophin expression levels in obesity and T2D. Lipids Health Dis. 

2016;15(1):181.

145. Nielsen AR, Erikstrup C, Johansen JS, et al. Plasma YKL-40: a BMI-independent marker 

of type 2 diabetes. Diabetes. 2008;57(11):3078-3082.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

146. Palsgaard J, Brons C, Friedrichsen M, et al. Gene expression in skeletal muscle 

biopsies from people with type 2 diabetes and relatives: differential regulation of 

insulin signaling pathways. PLoS One. 2009;4(8):e6575.

147. Vgontzas AN, Trakada G, Bixler EO, et al. Plasma interleukin 6 levels are elevated in 

polycystic ovary syndrome independently of obesity or sleep apnea. Metabolism. 

2006;55(8):1076-1082.

148. Koo BK, Um SH, Seo DS, et al. Growth differentiation factor 15 predicts advanced 

fibrosis in biopsy-proven non-alcoholic fatty liver disease. Liver Int. 2018;38(4):695-

705.

149. Petersen AM, Pedersen BK. The anti-inflammatory effect of exercise. J Appl Physiol 

(1985). 2005;98(4):1154-1162.

150. Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived 

interleukin-6. Physiol Rev. 2008;88(4):1379-1406.

151. Svenningsen P, Sabaratnam R, Jensen BL. Urinary extracellular vesicles: Origin, role as 

intercellular messengers and biomarkers; efficient sorting and potential treatment 

options. Acta Physiol (Oxf). 2020;228(1):e13346.

152. Thomou T, Mori MA, Dreyfuss JM, et al. Adipose-derived circulating miRNAs regulate 

gene expression in other tissues. Nature. 2017;542(7642):450-455.

153. Zhao H, Shang Q, Pan Z, et al. Exosomes From Adipose-Derived Stem Cells Attenuate 

Adipose Inflammation and Obesity Through Polarizing M2 Macrophages and Beiging 

in White Adipose Tissue. Diabetes. 2018;67(2):235-247.

154. Crewe C, Joffin N, Rutkowski JM, et al. An Endothelial-to-Adipocyte Extracellular 

Vesicle Axis Governed by Metabolic State. Cell. 2018;175(3):695-708 e613.

155. Kranendonk ME, Visseren FL, van Herwaarden JA, et al. Effect of extracellular vesicles 

of human adipose tissue on insulin signaling in liver and muscle cells. Obesity (Silver 

Spring). 2014;22(10):2216-2223.

156. Hubal MJ, Nadler EP, Ferrante SC, et al. Circulating adipocyte-derived exosomal 

MicroRNAs associated with decreased insulin resistance after gastric bypass. Obesity 

(Silver Spring). 2017;25(1):102-110.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

157. Deng ZB, Poliakov A, Hardy RW, et al. Adipose tissue exosome-like vesicles mediate 

activation of macrophage-induced insulin resistance. Diabetes. 2009;58(11):2498-

2505.

158. Chevillet JR, Kang Q, Ruf IK, et al. Quantitative and stoichiometric analysis of the 

microRNA content of exosomes. Proc Natl Acad Sci U S A. 2014;111(41):14888-14893.

159. Kalra H, Simpson RJ, Ji H, et al. Vesiclepedia: a compendium for extracellular vesicles 

with continuous community annotation. PLoS Biol. 2012;10(12):e1001450.

160. Fruhbeis C, Helmig S, Tug S, Simon P, Kramer-Albers EM. Physical exercise induces 

rapid release of small extracellular vesicles into the circulation. J Extracell Vesicles. 

2015;4:28239.

161. Nielsen MH, Sabaratnam R, Pedersen AJT, Hojlund K, Handberg A. Acute exercise 

increases plasma levels of muscle-derived microvesicles carrying fatty acid transport 

proteins. J Clin Endocrinol Metab. 2019.

162. Garner RT, Solfest JS, Nie Y, Kuang S, Stout J, Gavin TP. Multivesicular body and 

exosome pathway responses to acute exercise. Exp Physiol. 2020;105(3):511-521.

163. Nair VD, Ge Y, Li S, et al. Sedentary and Trained Older Men Have Distinct Circulating 

Exosomal microRNA Profiles at Baseline and in Response to Acute Exercise. Front 

Physiol. 2020;11:605.

164. Brahmer A, Neuberger E, Esch-Heisser L, et al. Platelets, endothelial cells and 

leukocytes contribute to the exercise-triggered release of extracellular vesicles into 

the circulation. J Extracell Vesicles. 2019;8(1):1615820.

165. Castano C, Mirasierra M, Vallejo M, Novials A, Parrizas M. Delivery of muscle-derived 

exosomal miRNAs induced by HIIT improves insulin sensitivity through down-

regulation of hepatic FoxO1 in mice. Proc Natl Acad Sci U S A. 2020;117(48):30335-

30343.

166. Savina A, Furlan M, Vidal M, Colombo MI. Exosome release is regulated by a calcium-

dependent mechanism in K562 cells. J Biol Chem. 2003;278(22):20083-20090.

167. Egan B, Zierath JR. Exercise metabolism and the molecular regulation of skeletal 

muscle adaptation. Cell Metab. 2013;17(2):162-184.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Table 1: Studies of Acute Exercise-Induced Production and Release of Exerkines in 

Humans.
Exerkine Study 

Characteristics

Exercise type Plasma/

Serum

mRNA and

Tissue 

Ref.

IL-6 Healthy, young, trained 

men

Healthy, young males 

untrained

Young, healthy lean and 

obese, trained (mixed)

Healthy, middle- aged 

males

Young, healthy, trained 

(mixed sex)

Young, healthy, obese 

and lean men

Healthy, lean and 

overweight/obese 

individuals

T2D and Obese

Healthy, physically 

active males

Two 60-min trials on a bicycle 

ergometer at 70% VO2max

3-h at 60% Wmax knee extensions

30 min exercise at 75% of the 

subject's VO2max

1-h 50% Wmax 1-legged

cycling

30 min of treadmill running at 75% 

VO2max

1-h exercise at 55% VO2max

2-h ergometer bicycle at 55–60 % of 

maximal heart rate

1-h bicycle ergometer at 70% VO2max

One-legged exercise for 5-h, 40% 

VO2max

 Plasma

 Plasma

 Plasma

No change

- 

 Plasma 

(both groups) 

 Plasma 

(both groups) 

 Plasma

(both groups) 

 Plasma

(only exercising 

leg) 

-

 Muscle mRNA

-

 Muscle mRNA 

 Muscle mRNA

 Fat mRNA (both 

groups)

 Muscle and fat 

mRNA (both 

groups) 

 Muscle mRNA

(both groups) 

-

27

32

31

18

30

35

34

33

16

IL-15 Young, healthy, trained 

males

Healthy untrained males 

3-h bicycle ergometer at 60% VO2max

30-min treadmill running at 70% of 

No change

 Serum 

 21-h into 

recovery (muscle) 

-

48
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Young, healthy lean and 

obese (mixed sex)

Young, healthy, trained 

(mixed sex)

Healthy, lean and 

overweight/obese 

individuals

T2D and Obese

age-predicted maximal heart rate (HR 

(max))

1-h bicycle ergometer at 60% of age-

predicted maximal heart rate (HR 

(max))

30 min of treadmill running at 75% 

VO2max

2-h ergometer bicycle at 55–60 % of 

maximal heart rate

1-h bicycle ergometer at 70% VO2max

 Plasma 

(both groups)

-

 Plasma 

(both groups) 

 Plasma 

(both groups)

-

 2-h but 8-h 

into recovery 

(muscle)

No change in 

muscle 

 3-h into recovery

(both groups)

47

30

34

33

Myostatin 

(GDF8)

Young, healthy, trained 

males

Young, healthy, trained 

(mixed sex)

myostatin

Healthy, aged males

(dysglycaemia vs. 

normoglycaemia)

T2D and Obese

45-min one-legged bi-cycle at 70% 

Wmax

30 min of treadmill running at 75% 

VO2max

45‐min bicycle at 70% of VO2max

1-h bicycle ergometer at 70% VO2max

-

-

-

muscle mRNA

muscle mRNA

muscle mRNA 

(both groups),  fat 

mRNA 

(normoglycaemia)

muscle mRNA 

(both groups)

54

30

56

*

FST Young, healthy males

Young, healthy males

Young, healthy 

individuals

Young, healthy 

individuals

T2D and obese

Healthy normal weight 

and overweight/obese

3-h bicycle ergometer at 50% VO2max

2-h of one-legged knee extensor 

exercise at 50% of max. workload

2-hour bicycle bout at 60% VO2max

2-hour bicycle bout at 60% VO2max

1-h bicycle ergometer at 50% VO2max

1-h bicycle ergometer at 60% VO2max

 Plasma

 Plasma

 Plasma

 Plasma

No change in 

plasma for T2D

 Plasma

-

No change in 

muscle mRNA 

-

-

-

-

62

62

63

61

63

64
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FGF21 Young, healthy lean and 

obese, trained (mixed)

Young, healthy 

individuals

Young, healthy 

individuals

Young, healthy 

individuals

Healthy normal weight 

overweight/obese

Young, healthy 

individuals

T2D and obese

T2D and Obese

30 min exercise at 75% of the 

subject's VO2max

1-h bicycle ergometer at 75% VO2max

Treadmill running for 30 min at 50 or 

80% VO2max

2-h of one-legged knee extensor 

exercise at 50% of max. workload

1-h bicycle ergometer at 60% VO2max

2-hour bicycle bout at 60% VO2max

1-h bicycle ergometer at 50% VO2max

1-h bicycle ergometer at 70% VO2max

 Plasma (only 

lean 

individuals)

 Serum

 Serum

 Plasma

 Plasma

 Plasma

No change in 

plasma for T2D

 Plasma (both 

groups)

-

-

-

-

-

-

-

 muscle mRNA 

(both groups)

31

80

82

81

64

63

63

33

ANGPTL4 Elderly, untrained, 

healthy males

Young, untrained, 

healthy males

Young, healthy, 

untrained males

Young, healthy males

Young, healthy, 

untrained males

Healthy, physically 

inactive males

Middle-aged males

T2D and Obese

60 min of one-legged cycling at 50% 

of their one-legged Wmax

3-h of cycling exercise at 40% Wmax

2-h bicycle ergometer at 50% VO2max

2-h of one-legged knee extensor 

exercise at 50% of max. workload

3-h bicycle ergometer at 50% VO2max

45 min bicycle at 70% VO2max

1-h of one-legged cycling at 50% 

Wmax

1-h bicycle ergometer at 70% VO2max

 Plasma 

 Plasma 

 Plasma 

 Plasma 

-

 Serum 

-

 Plasma 

(both groups)

 muscle mRNA

-

-

 muscle mRNA 

 muscle mRNA 

 muscle and fat 

mRNA

 muscle 

-

 muscle mRNA 

(both groups)

94

94

92

93

93

91

90

33

GDF15 Young, healthy trained 

males

T2D and Obese

Young, healthy trained 

runners

Elite male triathletes

young, healthy males

1-h bicycle at 67% VO2max

1-h bicycle ergometer at 70% VO2max 

1-h at 70% of VO2peak 

4-h cycling exercise at 73 ± 1% of 

maximal heart rate

75% of VO2peak until exhaustion

 Plasma

 Plasma

 Plasma

 Plasma

 Plasma

-

 muscle mRNA 

-

-

-

112

*
110

110
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lean healthy volunteers

Young active men

1-hour acute exercise bout at 55% 

peak power output

1-h at 60% VO2max

-

 Plasma

 muscle mRNA

-

-

106

106

CHI3L1 Healthy young 

individuals 

T2D and Obese

1-h bicycle ergometer at 70% VO2max

1-h bicycle ergometer at 70% VO2max

 Plasma 

 Plasma (both 

groups)

 Muscle mRNA 

 Muscle mRNA 

(both groups)

115

33

ERFE Young, healthy 

individuals

T2D and Obese

45-min of treadmill exercise at 60% 

VO2max

1-h bicycle ergometer at 70% VO2max

No changes in 

plasma

-

-

 muscle mRNA 

(more significant in 

T2D)

120

*

Irisin Healthy lean and obese 

children

young healthy adults

obese children

Young, healthy 

individuals

Young, healthy males 

and young women 

Middle-aged healthy 

and physically inactive 

males

15-minute maximum cycling 

spiroergometric test

30-min physical program

10-min treadmill exercise at 70% 

VO2max

90 min treadmill exercise at 60% of 

VO2max

45‐min bicycle at 70% of VO2max

 Serum

 Serum

 Plasma

 Plasma (both 

groups)

 Plasma

-

-

-

-

No change in 

muscle

129

129

130

131

125

* Unpublished data from our laboratory. – Not measured 
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Figure legends

Figure 1: The autocrine/paracrine and endocrine role of IL-6 during exercise. 

IL-6 produced and released by muscle in response to exercise increases the muscular fat oxidation 

and glucose uptake. The endocrine effects of IL-6 during exercise include increased hepatic 

glucose production, and enhanced insulin secretion through increased GLP-1 secretion from the 

gastrointestinal tract (GI). Elevated circulating IL-6 may also decrease visceral fat mass and 

reduce low-grade inflammation. Figure created in BioRender.com.

Figure 2: Regulation of hepatokines (ANGPTL4, FGF21, and follistatin) during exercise.

Acute exercise increases the release of fatty acids through lipolysis and increases the glucagon-to-

insulin ratio. The rise in the glucagon-to-insulin ratio leads to increased hepatic cAMP levels. In 

the liver, transcription factors such as peroxisome proliferator-activated receptors (PPARs) and 

others are activated causing increased transcriptional activity, production, and release of the 

hepatokines, ANGPTL4, FGF21, and follistatin (FST). Fatty acid signalling through PPARs may 

also contribute to the transcriptional regulation of e.g., FGF21 and ANGPTL4 in the liver. The 

autocrine/paracrine effects of these hepatokines may include increased fat oxidation and decreased 

lipogenesis by FGF21. The endocrine effects of FST may include increased muscle hypertrophy, 

while ANGPTL4 may regulate fatty acid uptake in muscle. Exercise-induced FST regulates 

insulin and glucagon secretion from pancreas. FGF21 may increase browning of adipose tissue, 

while ANGPTL4 may regulate adipose tissue lipolysis. Figure created in BioRender.com.

Figure 3: EVs in mediating tissue communication during/after exercise.

In this working hypothesis, acute exercise stimulates the production and secretion of exercise 

factors packed into EVs and released into the circulation for tissue crosstalk and mediates the 

chronic systemic adaptations to repeated bouts of exercise. Figure created in BioRender.com. 
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