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Myokines & adipokines 
health & disease

Pedersen & Febbraio. Nat Rev Endocrinol. 2012, 8, 457-65
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The adipose organ
Cinti S: The adipose organ, 1999
Editrice Kurtis, Milano Italy

C57BL mouse; 44 % of the adipose organ is 
anterior (dorsal subcutaneous interscapular +) 
& ventral (dorsolumbar, inguinal & gluteal)

Most WAT

BAT in interscapular, inguinal, mediastinal & 
perirenal regions
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Adipose tissue size & location

• Very large 3 - 70 % of body mass
– May store energy for several months fasting

• Location is important 
– Subcutanous; protect, insulate
– Omental; ectopic, insulin resistance
– Perirenal; protect
– Epididymal; essential fatty acids
– Interscapular; BAT, heat
– Inguinal, axillar; essential fatty acids
– Retrobulbar; support
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Adipose tissue (AT) depots
• ~ 85% of total AT is subcutaneous, in lean 

or obese humans
• The remaining 15% is intra-abdominal, 

including visceral & retroperitoneal depots  
• Visceral AT (mesenteric and omental), only 

constitutes ~ 10% of total body fat, with the 
highest risk for metabolic dysregulation
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Metabolic 
alterations 
following 
visceral fat 
removal and 
expansion 

Foster &  
Pagliassott.
Adipocyte
2012, 1, 192-
9
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Adipose tissue functions

• Storage of
– energy - very large & efficient
– cholesterol, vitamin D & E

• “Insulation” - thermic, mechanical & 
(electrical)

• Regulation of metabolism - white & brown 
• Adipokines – auto-/para-/endocrine
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Energy excess
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galanin + receptors

Modified after Lafontan, Annu Rev Pharmacol Toxicol. 2004
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Putative batokines and target organs 
Villarroya et al. Nat Rev Endocrinol. 2017, 13, 26-35

FGF21 and Slit2-C may target WAT browning WAT. FGF21, IL-6 (and ANGPTL8) may improve insulin 
secretion and β-cell function. NRG4 attenuates hepatic lipogenesis; insulin-like growth factor binding 
protein 2 (IGFBP2) promotes bone formation; FGF21 and IL-6 may increase cardiac substrate oxidation. 
BATokines might modulate systemic metabolism indirectly through the CNS; FGF21, IL-6 (and BMP8b) 
may influence sympathetic activity, feeding, circadian behaviour and female endocrine function. IGF1, 
insulin-like growth factor 1; NRG4, neuregulin 4. 
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Leptin expression

• Adipose tissue - white & brown
• Placenta (Hassink et al Pediatrics. 1997; 100 (1):E1)

• Fetus - hair follicles, bone/cartilage (Hoggard et al PNAS. 
1997; 94:11073-11078)

• Gastric epithelium (Bado et al Nature. 1998, 394, 790-793)

• Breast gland epithelium (Casabiell et al. J Clin Endocrinol Metab. 
1997, 82, 4270-4273)

• Skeletal muscle (Wang et al Nature. 1998, 393, 684-648)

• Bone cells (Reseland et al J Bone & Mineral Res. 2001, 16, 1426-1433
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Reseland et al. J Bone Mineral Res, 2001, 16, 1426-33
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Endocrine effects of leptin on bone metabolism

↑ Proliferation
↑ Bone mineralization 
↑ Collagen deposition
≈ Leptin
≈ Leptin receptor

Leptin
PTH

Vit D3
Sex 

hormones
+

Leptin
÷

Osteoblast Osteoclast

Bone tissue adapts to the amount of adipose tissue 
Gordeladze et al. J Cell Biochem. 2002, 85, 825-36
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Effect of energy restriction (diet) & physical 
exercise on mRNA from adipose tissue and whole 

body MRI
Lee et al. Phys Report 2016, 4 (21) e13019

• Exercise group used 15,800 kcal/w, increasing to 
18,400 kcal during intervention (~17% increase; 
MyoGlu)

• Diet group used 14,500 kcal/w; loss in body weight 
(75% AT & 25% fat free mass  2600 kcal/w (18% 
reduction; NutriTech)

• Thus, similar energy alterations
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A) Reduced mRNA 
expression of 12 of 
18 markers of adipose 
tissue M2-like 
macrophages after 
exercise
B) Increased mRNA 
expression of 7 of 18 
markers of adipose 
tissue M1-like 
macrophages after 
energy restriction
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Energy restriction vs exercise
Lee et al. Phys Report 2016, 4 (21) e13019

• Energy restriction
– Increased lipolysis
– Increased expression of markers of M1-like macrophages in AT

• M1 "killer" macrophages activated by LPS and IFN-g, secrete high 
amounts of IL-12 & low amounts of IL-10

• Exercise 
– Reduce expression of markers of M2-like macrophages & T cells

• M2  wound healing & tissue repair; turn off immune activation via 
anti-inflammatory cytokines like IL-10

• Resident tissue macrophages can be further elevated by IL-4
• High levels of IL-10, TGF-b & low levels of IL-12
• Tumor-associated macrophages are mainly M2, promote tumor growth
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Prog Mol Biol Transl Sci. 
2015, 135, 313-36
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Physical activity protects against chronic disorders

• CVD; Thompson ATVB 2003, 23, 1319-21 
• Obesity; Catenacci & Wyatt Nat Clin Pract Endocrinol. 

Metab 2007, 3, 518-29 
• T2D; Knowler et al. NEJM 2002, 346, 393-403 
• Osteoporosis; Gass & Dawson-Hughes Am J Med 2006, 

119, S3-11 
• Dementia; Lautenschlager et al. JAMA 2003, 300, 1027-

37 
• Depression; Martinsen Acta Psychiatr Scand Suppl 1994, 

377, 23-7 
• Cancer; WCRF report 2007, colorectal, breast, prostate
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Contraction-induced signals like IL-6

Pedersen BK et al. Physiol Rev. 2008 

IL-6 from AT 
different 
skeletal muscle?
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Our strategy for identifying novel myokines

Proteomic analyses of secretomeTargeted immunoassay 

Human grown myotubes in culture; 6 h - FCS 

Hit list including ~ 20 most abundant proteins

Concentration by membrane cut-off 3 kD
Separation by 1-D SDS-PAGE
Collection of 10 “bands”, Trypsine
MALDI-TOF MS
Data sorting

LUMINEX multiplex 
assay

Hit list including novel myokines

Validity/ Physiological relevance?

Time-course
Expression detected by RT-PCR & Western
Expression during differentiation of satellite cells to myotubes
Regulated expression/ secretion?
Effect of recombinant peptide in vitro? Paracrine?
Expressed in skeletal muscle tissue?
Expression altered by exercise/ inactivity/ wasting in vivo?



CAD26

Proteomic identification of secreted proteins from human skeletal 
muscle cells and expression in response to strength training
Norheim et al. Am J Physiol. Endocrinology & Metabolism, 2011, 301, E1013-21

• 236 proteins detected by proteomics in medium from 
cultured human myotubes

• 18 classically secreted proteins expressed in skeletal 
muscle, using the SignalP 3.0 and Human Genome 
Expression Profile databases together with a published 
mRNA-based reconstruction of the human skeletal muscle 
secretome

• 17 of the secreted proteins exhibited mRNA expression in 
cultured human myotubes and skeletal muscles biopsies 

• 15 of theses had significantly enhanced mRNA expression
in m. vastus lateralis and/or m. trapezius after 11 wk of 
strength training
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aQM denotes the number matched queries. bScore denotes the proteins’ MASCOT scores. cTheoretical molecular mass of proteins is displayed 
according to the UniProtKB/ Swiss-Prot entry (mass; kDa). dMean mRNA expression from three donors is presented as normalized to RPLP0. 
eMean mRNA expression in m. vastus lateralis biopsies from 10 healthy male subjects normalized to RPLP0

Norheim et al. Am J Physiol Endocrinology Metabolism, 2011, 301, E1013-21 
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CAD30Significant increase in IL-6 after ACUTE exercise (both at 0 and 2 h)  p < 0,01, but NOT after 12 
w training intervention
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Extracellular matrix & exercise
Hjorth et al. Physiol Rep. 2015 Aug;3(8). pii: e12473

• After 45 min cycling ~ 550 genes were upregulated
– 28 genes (5%) were directly related to ECM

• Long-term exercise (12 w) enhanced expression of 289
genes >50% 
– 20% were ECM related

• > 50% of the proteoglycans in muscle were significantly 
enhanced after 12 w

• Secretion of the PG serglycin for the first time from SKM
• SRGN KO  enhanced expression & secretion of serpin E1 

(SERPINE1; serine proteinase inhibitor superfamily. 
Inhibitor of tissue plasminogen activator (tPA) and 
urokinase (uPA)  inhibitor of fibrinolysis)
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Belgian blue – mutated gene encoding myostatin
inhibiting muscle growth
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Myostatin & exercise in humans
Hjorth et al. Acta Physiolog, 2016, 217, 45–60

• Myostatin mRNA expression reduced in SKM after acute & long-term PA
• Even further reduced by acute exercise on top of 12 w training
• Expression of myostatin at baseline correlated negatively with insulin 

sensitivity 
• Myostatin expression in AT increased after 12 w training

– correlated positively with insulin sensitivity markers
• In cultured SKM cells but not in SGBS cells, myostatin promoted insulin-

independent increase of glucose uptake
• SKM cells incubated with myostatin enhanced glucose oxidation & lactate 

production
• Myostatin differentially expressed in muscle (-) and AT (+) in relation to 

PA and dysglycaemia. Recombinant myostatin increased consumption of 
glucose in human skeletal muscle cells, suggesting a role of myostatin in 
skeletal muscle glucose metabolism
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Another strategy is to use whole body intervention to discover new myokines
- Tests before and after training (top)
- Acute 45 min bicycle test at 70% of VO2max (bottom)
- Blood & muscle samples taken before (B), just after (0’), and 2 h after the acute bout (2 h)
- Subcutaneous adipose tissue biopsies taken 30–60 min after acute exercise

26 middle-aged, sedentary 
 endurance and strength 
training for 12 w
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Global mRNA sequencing of human skeletal muscle: 
Search for novel exercise-regulated myokines

Pourteymour et al. Mol Metab. 2017, 6, 352-65

• 161 secretory transcripts enhanced (>1.5-fold ) after acute exercise & 99
increased after 12 w

• 92 secretory transcripts were reduced after acute and/or long-term physical 
activity

• Selected 17 unknown myokines sensitive to short- and/or long-term exercise
• Expression also in cultured human skeletal muscle cells
• One of the 17 candidates was macrophage colony-stimulating factor-1 (CSF1)
• CSF1 mRNA increased in skeletal muscle after acute and long-term exercise, 

accompanied by a rise in plasma CSF1 protein
• In cultured muscle cells, electrical pulse stimulation (EPS) increased expression 

and secretion of CSF1
• Conclusion: 17 new exercise-responsive myokines. CSF1 responded to EPS in 

cultured muscle cells; up-regulated in muscle and plasma after acute & long-term 
exercise. Marker of exercise?
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Venn diagrams showing the number of secretory genes that 
were up- or down-regulated >1.5-fold

Pourteymour et al. Mol Metab. 2017, 6, 352-65
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mRNA expression of selected genes in skeletal muscle biopsies (in A1) or cultured human myotubes. 
mRNA expression in biopsies was determined with RNAseq (n=26), and in myotubes by RT-PCR (n=5-6) 
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A) mRNA expression of CSF1 and B) CSF1 receptor (CSF1R) in skeletal muscle biopsies at 
baseline (A1/A3) and after 12 w (B1eB3), *p < 0.05 vs. A1, $ p < 0.05 vs. B1. C) Plasma 
CSF1 before and after  12 w intervention. D) Differentiating human skeletal muscle cells. E) 
CSF1 conc in culture medium. Pourteymour et al. Mol Metab. 2017, 6, 352-65
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Major findings after 12 weeks training
Langleite et al. Arch Physiol Biochem. 2016, 122, 167-79

• Increased VO2max ~15 %
• Increased GIR ~30 %
• Dysglycemics reduced body weight (-1.7 kg; p<0.05) and 

waist circumference (-3.7 cm; p<0.01)
• Visceral fat preferentially lost compared to other ATdepots
• Hepatic fat was 5-fold higher in dysglycemics than  

controls, and was reduced after training (29%, p<0.01)
• Muscle fat reduced 57% in dysglycemics; 27% in controls 
• Change of VO2max correlated strongly with change of 

GIR
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Francesc Villarroya Irisin, Turning Up the Heat Cell Metabolism 2012, 15, 277 - 8

A PGC1-a-dependent myokine that drives brown-
fat-like development of white fat and thermogenesis

Boström et el. Nature, 2012, 481: 463-8
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Evidence against a beneficial effect of 
irisin in humans

• Raschke et al. PlosOne, 2013, 8(9):e73680
– Mutation in the start codon ATA in stead of ATG, very 

little transcription of irisin

• Norheim F et al. FEBS J. 2014, 281, 739-4
– No brownin g of WAT with long-term training

• Albrecht et al. Sci Rep. 2015 Mar 9;5:8889
– All 4 antibodies used in ~ 100 papers are unspecific
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Interaction between plasma fetuin-A (hepatokine) and free fatty acids 
predicts changes in insulin sensitivity in response to long-term exercise

Lee et al. Physiol Rep. 2017, Mar;5(5)

• Exercise 12 w reduced plasma fetuin-A conc. (~11%, P < 0.01), 
slightly changed FFAs concentration, and improved glucose 
infusion rate (GIR) (~30%, P < 0.01)

• Changes in plasma fetuin-A & FFAs interacted to predict some of 
the change in GIR (b = 42.16, P = 0.030), AT insulin resistance (b 
= 0.579, P = 0.003), gene expression of TLR-signaling in AT & 
AT macrophage mRNA (b = 94.10, P = 0.034) after exercise

• The relation between FFA levels and insulin sensitivity was 
specific for fetuin-A in AT

• Some effect of exercise on insulin sensitivity may be due to 
changes in plasma hepatokine fetuin-A and FFAs,  less TLR4 
signaling in AT perhaps by modulating AT macrophages
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Myokines & adipokines 
health & disease

Modified after Pedersen & Febbraio. Nat Rev Endocrinol. 2012, 8, 457-65
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Myokines & adipokines – sum up
• Several 100 
• Many are important

– Irisin is not
• Often expressed in many tissues
• Cooperation between many tissues
• The truth is rarely pure & never simple

Oscar Wilde 

• Thanks for your attention!
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