
4687

an adequate physical activity, which is considered 
to be as the best nonpharmacological treatment 
for cardiovascular, metabolic, and bone disea-
ses2,3. During exercise, the endocrine activity of 
muscles releases myokines, which are the crucial 
molecules in the regulation of energy homeosta-
sis4,5. Boström et al4,6 found that physical activi-
ty induces transcriptional regulator peroxisome 
proliferator-activated receptor-γ co-activator 1α 
(PGC-1α) in the skeletal muscle. PGC-1α is re-
sponsible for the synthesis of fibronectin type III 
domain-containing protein 5 (FNDC5), which is a 
membrane protein abundantly expressed in skele-
tal muscle. Structurally, FNDC5 is a protein that 
contains a signal peptide and fibronectin type III 
repeats (Figure 1). The C-terminal tail of FNDC5 
is in the cytoplasm, whereas the extracellular 
N-terminal part is released into the circulation as 
irisin during proteolytic cleavage4,6. The term “iri-
sin” was proposed by Boström et al4 after Iris, the 
courier goddess, to underline the function of iri-
sin as a messenger targeting the endocrine signal 
from skeletal muscle to adipose tissue. In animal 
models, increased muscle mRNA expression and 
enhanced irisin plasma concentrations (65%) are 
observed4,7. In humans, irisin circulates at concen-
trations typical of hormones8. It induces the brow-
ning process of white adipose tissue (the appea-
rance of “bright” cells in white adipose depots) 
and increases thermogenesis9-12. It influences 
energy homeostasis, and it is one of the regulators 
of adipocyte metabolism. However, its function 
depends on the actual doses of irisin secreted 
by cells or administered synthetically. Browning 
of adipose tissue occurs when large amounts of 
recombinant irisin are administered (3,500 µg 
kg-1/week); but at lower doses, it modulates the 
skeletal genes expression (Opn and Sost gene)13. 
Irisin also improves the geometry and strength of 
cortical bone, specifically when trabecular bone 
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Introduction

With aging, increased tendency toward sarco-
penic obesity is observed1. Sarcopenia is a medi-
cal condition, which is defined by decreased mu-
scle mass and impaired muscle function, which 
may be associated with frailty. To maintain a pro-
per functioning of muscles, it is important to have 
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(which is a calcium reservoir) is spared14,15. It is 
also expressed in brain in low amounts16,17, and 
its concentration differs with age (inverse corre-
lation) and gender (higher amounts of irisin were 
reported in young men compared with middle-a-
ged women)18. This study summarizes the most 
relevant research findings on the role of irisin in 
muscles, adipose tissue, bones, and brain. As the 
exact role of irisin in humans is still a matter of 

debate, we decided to present recent data regar-
ding this interesting molecule and describe its 
activity in different body parts. 

Irisin and Skeletal Muscles
Irisin is a hormone secreted by myocytes and 

is proposed to be a bridge between exercise and 
metabolic homeostasis4,12,18. The level of irisin 
positively correlates with the amount of muscle 

Figure 1. Activation of irisin and its role onthe muscle–fat–bone–brain axis (FNDC5 is proteolytically cleaved and contains an 
amino (N)-terminal part and a hydrophobic domain inserted in the lipidic bilayer at carboxy (C)-terminal domain).
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mass18,19. In animals, plasma irisin levels are incre-
ased by 65% after 3 weeks of freewheel running, 
whereas in healthy humans, irisin concentration is 
doubled after 10 weeks of endurance exercises4. 
An increased level of irisin is also reported in male 
athletes, 30 minutes after sprinting, but this effect 
disappears after 8 weeks of training18. However, 
some data did not confirm FNDC5 gene activation 
by aerobic exercises in younger humans20, and re-
gular exercises were inversely correlated with iri-
sin concentration in adult men21. These discrepan-
cies have been explained by the fact that the level 
of irisin increases only when more energy is nee-
ded, and such condition is observed in sedentary 
lifestyle, in which ATP concentration is strongly 
decreased in muscles without physical activity18.

Irisin and Adipose Tissue
Irisin is not only a myokine but also an adi-

pokine, which serves as a mediator for the bene-
ficial metabolic effects of exercises4. In adipose 
tissue, irisin stimulates the browning of white 
adipocytes and thermogenesis by the activation of 
uncoupling protein 1 (UCP1)4,22. Brown adipose 
tissue produces energy through thermogenesis, 
improving energy homeostasis. Also, irisin inhi-
bits adipogenesis and highlights the potential role 
of direct signaling from skeletal muscle in brown 
adipocytes23. Not only irisin but also brown fat 
has a positive influence on the metabolic proces-
ses and increases insulin sensitivity and total body 
energy expenditure, which enables the reduction 
of body mass4. Most of the studies describe the 
positive correlation between irisin and adiposity 
18,24; however, some researches indicate the ne-
gative relation between irisin and the amount of 
fat tissue25. In obese people, elevated irisin level 
is positively associated with the resting energy 
expenditure19. Decreased concentration of irisin 
is observed after bariatric surgery18 or in anorexia 
nervosa26, but exercise and lifestyle changes for 1 
year, result in the increase of plasma irisin level 
in obese children27. In healthy women, a positive 
tendency between the circulating irisin and BMI 
is observed18,24; however, this relation disappears 
after adjusting for the potential confounding fac-
tors18. Overexpression of irisin causes an increase 
in glucose tolerance and improvement in insulin 
sensitivity in high-fat-fed mice28. In patients with 
type 2 diabetes mellitus, serum irisin was found 
to be negatively associated with hyperglycemia29, 
and the level of serum irisin in diabetic patien-
ts is lower than that in nondiabetic population30. 
However, some researchers observed an elevated 

level of irisin in obesity, diabetes mellitus, or me-
tabolic syndrome and suggested the physiological 
response of this molecule to the improvement of 
glucose tolerance and lipid profile in patients with 
these diseases18,21. Besides metabolic properties, 
irisin has a pro-proliferation effect and stimulates 
the proliferation of endothelial cells of humans31. 
Further studies are needed to elucidate the com-
plexity of irisin interactions with the metabolic 
endpoints of these facts; however, the role of iri-
sin as a messenger between exercise and metabo-
lic homeostasis may be a reason for the possibility 
to use it in the therapeutic processes in patients 
with obesity or diabetes mellitus. 

Irisin and Bone Mass
Physical exercise has a beneficial influence 

on bone metabolism, because cortical bone is 
highly sensitive to anabolic factors released by 
muscle32,33. In many studies, positive associa-
tions between exercise and increased bone size 
and bone mass are confirmed32-36. Higher muscle 
mass is associated with a higher BMD and redu-
ced risk of fracture in postmenopausal women37. 
Animal and clinical researches have shown some 
beneficial influence of myokines on bone turno-
ver mediated through myokines5. Irisin, released 
upon physical activity, displays anabolic actions 
on the skeleton15. Indeed, in athletes, irisin level 
correlates positively with BMD and bone stren-
gth38, but because of decreased physical activi-
ty in former athletes, the irisin level leads to a 
progressive loss of bone34. Bone tissue is more 
sensitive to the irisin action than adipose tissue, 
and the effect of irisin depends on the admini-
stered dose13. Recombinant irisin (r-irisin), given 
at low dose (100 µg kg-1/week) in young mice, 
increases cortical bone mineral density and po-
sitively modifies bone geometry, thus pro-oste-
oblastic genes are upregulated and the activity 
of osteoblasts increases. Simultaneously, oste-
oblast inhibitors (e.g. Spp1 and Sost gene) are 
decreased13. These genes are responsible for me-
chanostimulation15, and one-month treatment of 
r-irisin causes increased expression of Spp1 on 
cortical surfaces39,40. Irisin enhances the level of 
osteopontin (an osteocyte-specific protein and 
a component of the bone extracellular matrix), 
which is a regulator of biomineralization in bone 
tissue, and decreases the bone formation41. Mo-
reover, recombinant irisin injections downregu-
late sclerostin, a molecule, which decreases the 
bone formation42,43. Similar data are reported in 
humans, in which plasma irisin level is inversely 
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correlated with sclerostin concentration indepen-
dently of age or sex44. In addition, circulating iri-
sin is inversely correlated with sclerostin, which 
not only influences the bone metabolism but also 
is related to the adiposity and glucose metaboli-
sm44. Sclerostin plays a role in the formation of 
bone and fat cell45. It increases with aging and is 
higher in the elderly compared with younger pe-
ople. The negative association between irisin and 
sclerostin 44 may be because of the influence of 
irisin on the stimulation of the browning process 
of adipocytes46. Besides dose-dependent activity, 
irisin influences the bone metabolism directly14 
or indirectly by brown fat-mediated effects. The 
direct effects are related to increased osteobla-
stogenesis (increased differentiation of bone 
marrow stromal cells into mature osteoblasts)14 
via the Wnt/beta-catenin pathway downstream of 
the BMP receptor signal and decreased differen-
tiation of osteoclasts47,48. Studies in vivo showed 
increased bone trabecular volume, cortical bone 
mass, geometry, and strength exhibited by irisin 
in mice15,47. Irisin promotes osteogenesis during 
lineage-specific differentiation47. Similar results 
are reported in humans, in whom irisin levels 
in young athletes are predicted to increase bone 
density and strength38. Indirect effect of irisin 
in bones is mediated through the stimulation of 
adipocyte browning. As mentioned earlier, high 
doses of recombinant irisin (3,500 µg kg-1/week) 
affect uncoupling protein 1 (UCP-1) expression 
in white adipose tissue, whose upregulation cau-
ses browning of fat15. Brown adipose tissue has 
a beneficial influence on the skeleton26, 46, 49 and 
shows anabolic effect on bones46. On the con-
trary, low dose of irisin does not induce brow-
ning of white adipose tissue, and it increases 
the molecular markers of browning (UCP1) or 
adipogenesis (PPARγ)48. Moreover, brown adi-
pocyte-synthesized factors may induce osteo-
blast differentiation in bone marrow, for exam-
ple, insulin-like growth factor binding protein 2 
(IGFBP2)50. The association between brown fat 
and bone strength was proved in women51, as 
well as in children and adolescents (increased 
with cortical thickness)52. Moreover, in adult wo-
men, lower irisin levels were associated with a 
higher risk of osteoporotic fractures53. Irisin can 
be used as a atherapeutic molecule in obesity and 
exercise-associated bone formation54,55.

The risk of osteoporosis is related to age and 
gender (the increase of osteoporosis is observed 
after menopause), which is partially related to 
hormonal changes. Estradiol level can influence 

serum sclerostin and irisin synthesis18,56, and in 
postmenopausal overweight women with osteopo-
rosis, an inverse correlation between irisin levels 
and vertebral fragility and fractures is observed57. 
Positive correlations between irisin and estradiol 
level, muscle mass, and insulin sensitivity are re-
ported18,25. On the contrary, older age and increa-
sed fat mass, as well as insulin resistance and ele-
vated cholesterol, are negatively correlated with 
irisin18,21,25. Moreover, strong positive correlation 
between irisin and 24-hour energy expenditure 
was noted, but only in the group of women with 
energy expenditure higher than predicted58. Re-
cent studies have shown that sclerostin and irisin 
are partly regulated by estrogen18,59. There is also 
an inverse correlation between serum irisin levels 
and vertebral fragility or fractures in postmeno-
pausal women53. As irisin has beneficial effect 
in sarcopenia and osteoporosis, new therapeutic 
approach of this molecule should be considered, 
particularly in older people, who often suffer from 
both the diseases. 

Irisin and Nervous System 
Irisin is also suspected to be the molecular link 

between muscle and brain. It is expressed in ce-
rebellar Purkinje cells of rats and mice60 and is 
necessary for the proper neural differentiation 
of mice embryonic stem cells17. It is suspected 
that there is a neural pathway participating in 
the signal transduction of irisin, produced in ce-
rebellum, to adipocytes through intermediary 
synapses in the medulla and spinal cord60. Irisin 
also influences hippocampal neurogenesis in a 
dose-dependent manner (high concentrations of 
irisin 50-100 nmol/L increases the proliferation 
of neurons)16. Because of the positive effect of 
exercises on neurogenesis and the fact that hippo-
campus is considered as the main region affected 
by neurodegenerative diseases (Alzheimer’s or 
Parkinson’s disease), irisin is regarded as the mo-
lecular messenger between exercise and brain 
function61-63. Data also suggest that some medica-
tions can affect the irisin concentration. Recent-
ly, statins have been reported to exhibit a crucial 
influence on both lipid metabolism and irisin 
concentration64, and simvastatin has been shown 
to increase irisin concentration65. Beside this, the 
expression of FNDC5 can also be induced by nu-
tritional factors including polyunsaturated fatty 
acids (PUFA). The supplementation of omega 3 
fatty acids during 24 and 48h has significantly in-
duced irisin expression in human rhabdomyosar-
coma cells66.
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Conclusions

Irisin shows a strong relation between skele-
tal muscle, adipocytes, bone, and neurons, which 
better explains the comprehensive regulation of 
skeletal homeostasis exerted by physical exerci-
ses. This specific crosstalk between fat, bone, mu-
scle, and neurons shows the significant role of this 
molecule in the metabolic processes of our body. 
Utilizing the metabolic and the osteogenic poten-
tial of irisin might be a therapeutic choice in trea-
ting certain diseases caused by inactive lifestyle. 
Irisin can play a potential role in pharmacological 
treatment and can be the representative of a new 
anabolic therapy in high-burden diseases such as 
osteopenia/osteoporosis, obesity/sarcopenia, and 
tumor-associated cachexia. These disorders often 
occur concurrently and contribute to increased 
morbidity/mortality and impaired quality of life. 
Thus, the beneficial role of irisin in many meta-
bolic and osteogenic processes confirms that phy-
sical exercise is necessary for the development of 
an efficient load-bearing skeleton, browning pro-
cess in white adipose tissue, and proper function 
of neurons. Many studies underline the positive 
role of irisin in metabolic processes; however, the 
therapeutic potential of this molecule is tempora-
rily questioned. The animal studies have shown an 
undeniable thermogenic effect of irisin; but in hu-
mans, this effect remains controversial. Additio-
nal studies with the larger sample size are needed 
to systematically identify these interacting links 
and their causal relations. Also, regular exercises 
are crucial for everyday health and quality of life.

Conflict of interest
The authors declare no conflicts of interest.

References 

  1)	 Molino S, Dossena M, Buonocore D, Verri M. Sarco-
penic obesity: an appraisal of the current status of 
knowledge and management in elderly people. J 
Nutr Health Aging 2016; 20: 780-788. 

  2)	 Dunstan D. Diabetes: exercise and T2DM-move 
muscles more often! Nat Rev Endocrinol 2011; 7: 
189-190. 

  3)	 Crepaldi G, Maggi S. Sarcopenia and osteoporosis: 
a hazardous duet. J Endocrinol Invest 2005; 28: 
66-68.

  4)	 Boström P, Wu J, Jedrychowski MP, Korde A, Ye L, 
Lo JC, Rasbach KA, Boström EA, Choi JH, Long JZ, 
Kajimura S, Zingaretti MC, Vind BF, Tu H, Cinti S, 

Højlund K, Gygi SP, Spiegelman BM. A PGC1-α-dep-
endent myokine that drives brown-fat-like deve-
lopment of white fat and thermogenesis. Nature 
2012; 481: 463-468. 

  5)	 Lombardi G, Sanchis-Gomar F, Perego S, Sansoni V, 
Banfi G. Implications of exercise-induced adi-
po-myokines in bone metabolism. Endocrine 
2016; 54: 284-305. 

  6)	 Wrann CD, White JP, Salogiannnis J, Laznik-Bogosla-
vski D, Wu J, Ma D, Lin JD, Greenberg ME, Spiegelman 
BM. Exercise induces hippocampal BDNF throu-
gh a PGC-1α/FNDC5 pathway. Cell Metab 2013; 
18: 649-659.

  7)	 De Matteis R, Lucertini F, Guescini M, Polidori E, Zeppa 
S, Stocchi V, Cinti S, Cuppini R. Exercise as a new phy-
siological stimulus for brown adipose tissue activity. 
Nutr Metab Cardiovasc Dis 2013; 23: 582-590. 

  8)	 Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, 
Szpyt J, Robinson MM, Nair KS, Gygi SP, Spiegelman 
BM. Detection and quantitation of circulating hu-
man irisin by tandem mass spectrometry. Cell 
Metab 2015; 22: 734-740. 

  9)	 Barbatelli G, Murano I, Madsen L, Hao Q, Jimenez M, 
Kristiansen K, Giacobino JP, De Matteis R, Cinti S. The 
emergence of cold-induced brown adipocytes in 
mouse white fat depots is determined predominantly 
by white to brown adipocyte transdifferentiation. Am 
J Physiol Endocrinol Metab 2010; 298: E1244-1253. 

10)	 Rosen ED, Spiegelman BM. What we talk about when 
we talk about fat. Cell 2014; 156: 20-44. 

11)	 Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idel-
son C, Perron RM, Werner CD, Phan GQ, Kammula US, 
Kebebew E, Pacak K, Chen KY, Celi FS. Irisin and FGF21 
are cold-induced endocrine activators of brown fat 
function in humans. Cell Metab 2014; 19: 302-309. 

12)	 Lecker SH, Zavin A, Cao P, Arena R, Allsup K, Daniels 
KM, Joseph J, Schulze PC, Forman DE. Expression of 
the irisin precursor FNDC5 in skeletal muscle corre-
lates with aerobic exercise performance in patients 
with heart failure. Circ Heart Fail 2012; 5: 812-818. 

13)	 Robling AG, Niziolek PJ, Baldridge LA, Condon 
KW, Allen MR, Alam I, Mantila SM, Gluhak-Heinri-
ch J, Bellido TM, Harris SE, Turner CH. Mechani-
cal stimulation of bone in vivo reduces osteocyte 
expression of Sost/sclerostin. J Biol Chem 2008; 
283: 5866-5875. 

14)	 Colaianni G, Cuscito C, Mongelli T, Oranger A, Mori 
G, Brunetti G, Colucci S, Cinti S, Grano M. Irisin 
enhances osteoblast differentiation in vitro. Int J 
Endocrinol 2014; 2014: 902186. 

15)	 Colaianni G, Grano M. Role of Irisin on the bone-mu-
scle functional unit. Bonekey Rep 2015; 23; 4: 765. 

16)	 Moon HS, Dincer F, Mantzoros CS. Pharmacolo-
gical concentrations of irisin increase cell pro-
liferation without influencing markers of neurite 
outgrowth and synaptogenesis in mouse H19-7 
hippocampal cell lines. Metabolism 2013; 62: 
1131-1136.

17)	 Hashemi MS, Ghaedi K, Salamian A, Karbalaie K, Ema-
di-Baygi M, Tanhaei S, Nasr-Esfahani MH, Baharvand 
H. Fndc5 knockdown significantly decreased neu-



B. Grygiel-Górniak, M. Puszczewicz

4692

ral differentiation rate of mouse embryonic stem 
cells. Neuroscience 2013; 231: 296-304. 

18)	 Huh JY, Panagiotou G, Mougios V, Brinkoetter M, 
Vamvini MT, Schneider BE, Mantzoros CS. FNDC5 
and irisin in humans: I. Predictors of circula-
ting concentrations in serum and plasma and II. 
mRNA expression and circulating concentrations 
in response to weight loss and exercise. Metabo-
lism 2012; 61: 1725-1738. 

19)	 Stengel A, Hofmann T, Goebel-Stengel M, Elbelt U, 
Kobelt P, Klapp BF. Circulatinglevels of irisin in pa-
tients with anorexianervosa and differentstages 
of obesity-correlation with bodymassindex. Pep-
tides 2013; 39: 125-130. 

20)	 Timmons JA, Baar K, Davidsen PK, Atherton PJ. Is irisin 
a human exercise gene? Nature 2012; 488: E9-10. 

21)	 Park KH, Zaichenko L, Brinkoetter M, Thakkar B, 
Sahin-Efe A, Joung KE, Tsoukas MA, Geladari EV, 
Huh JY, Dincer F, Davis CR, Crowell JA, Mantzoros 
CS. Circulating irisin in relation to insulin resistan-
ce and the metabolic syndrome. J Clin Endocrinol 
Metab 2013; 98: 4899-4907. 

22)	 Frontini A, Cinti S. Distribution and development of 
brown adipocytes in the murine and human adi-
pose organ. Cell Metabolism 2010; 11: 253-256. 

23)	 Cereijo R, Villarroya J, Villarroya F. Non-sympa-
thetic control of brown adipose tissue. Int J Obes 
Suppl 2015; 5: S40-44. 

24)	 Crujeiras AB, Pardo M, Arturo RR, Navas-Carretero 
S, Zulet MA, Martínez JA, Casanueva FF. Longitudi-
nal variation of circulating irisin after an energy re-
striction-induced weight loss and following weight 
regain in obese men and women. Am J Hum Biol 
2014; 26: 198-207. 

25)	 Moreno-Navarrete JM, Ortega F, Serrano M, Guerra 
E, Pardo G, Tinahones F, Ricart W, Fernández-Real 
JM. Irisin is expressed and produced by human 
muscle and adipose tissue in association with 
obesity and insulin resistance. J Clin Endocrinol 
Metab 2013; 98: E769-778. 

26)	 Bredella MA, Fazeli PK, Freedman LM, Calder G, 
Lee H, Rosen CJ, Klibanski A. Young women with 
cold-activated brown adipose tissue have higher 
bone mineral density and lower Pref-1 than women 
without brown adipose tissue: a study in women 
with anorexia nervosa, women recovered from 
anorexia nervosa, and normal-weight women. J 
Clin Endocrinol Metab 2012; 97: E584-590. 

27)	 Blüher S, Panagiotou G, Petroff D, Markert J, Wa-
gner A, Klemm T, Filippaios A, Keller A, Mantzoros 
CS. Effects of a 1-yearexercise and lifestyleinter-
vention on irisin, adipokines, and inflammatory-
markers in obesechildren. Obesity (SilverSpring) 
2014; 22: 1701-1708. 

28)	 Zhu G, Wang J, Song M, Zhou F, Fu D, Ruan G, 
Zhu X, Bai Y, Huang L, Pang R, Kang H, Pan X. Irisin 
increased the number and improved the function 
of endothelial progenitor cells in diabetes mellitus 
mice. J Cardiovasc Pharmacol 2016; 68: 67-73.

29)	 Kurdiova T, Balaz M, Vician M, Maderova D, Vlcek M, 
Valkovic L, Srbecky M, Imrich R, Kyselovicova O, Belan 

V, Jelok I, Wolfrum C, Klimes I, Krssak M, Zemkova 
E, Gasperikova D, Ukropec J, Ukropcova B. Effects 
of obesity, diabetes and exercise on Fndc5 gene 
expression and irisin release in human skeletal 
muscle and adipose tissue: in vivo and in vitro 
studies. J Physiol 2014; 592: 1091-1107. 

30)	 Liu JJ, Wong MD, Toy WC, Tan CS, Liu S, Ng XW, 
Tavintharan S, Sum CF, Lim SC. Lower circulating iri-
sin is associated with type 2 diabetes mellitus. J 
Diabetes Complications 2013; 27: 365-369. 

31)	 Song H, Wu F, Zhang Y, Zhang Y, Wang F, Jiang M, 
Wang Z, Zhang M, Li S, Yang L, Wang XL, Cui T, Tang 
D. Irisin promotes human umbilical vein endothe-
lial cell proliferation through the ERK signaling 
pathway and partly suppresses high glucose-in-
duced apoptosis. PLoS One 2014; 9: e110273.

32)	 Ducher G, Bass SL, Saxon L, Daly RM. Effects of re-
petitive loading on the growth-induced changes in 
bone mass and cortical bone geometry: a 12-mon-
th study in pre/peri- and postmenarcheal tennis 
players. J Bone Miner Res 2011; 26: 1321-1329. 

33)	 Johannesdottir F, Aspelund T, Siggeirsdottir K, Jons-
son BY, Mogensen B, Sigurdsson S, Harris TB, Gudna-
son VG, Lang TF, Sigurdsson G. Mid-thigh cortical 
bone structural parameters, muscle mass and 
strength, and association with lower limb fractu-
res in older men and women (AGES-Reykjavik 
Study). Calcif Tissue Int 2012; 90: 354-364. 

34)	 Andreoli A, Celi M, Volpe SL, Sorge R, Tarantino 
U. Long-term effect of exercise on bone mineral 
density and body composition in post-menopau-
sal ex-elite athletes: a retrospective study. Eur J 
Clin Nutr 2012; 66: 69-74. 

35)	 Mori T, Okimoto N, Sakai A, Okazaki Y, Nakura N, 
Notomi T, Nakamura T. Climbing exercise incre-
ases bone mass and trabecular bone turnover 
through transient regulation of marrow osteogenic 
and osteoclastogenic potentials in mice. J Bone 
Miner Res 2003; 18: 2002-2009.

36)	 Huang TH, Lin SC, Chang FL, Hsieh SS, Liu SH, Yang 
RS. Effects of different exercise modes on minera-
lization, structure, and biomechanical properties 
of growing bone. J Appl Physiol (1985) 2003; 95: 
300-307. 

37)	 Clarke BL, Khosla S. Physiology of bone loss. Ra-
diol Clin North Am 2010; 48: 483-495. 

38)	 Singhal V, Lawson EA, Ackerman KE, Fazeli PK, Clarke 
H, Lee H, Eddy K, Marengi DA, Derrico NP, Bouxsein 
ML, Misra M. Irisin levels are lower in young ame-
norrheic athletes compared with eumenorrheic 
athletes and non-athletes and are associated with 
bone density and strength estimates. PLoS One 
2014; 9: e100218. 

39)	 Toma CD, Ashkar S, Gray ML, Schaffer JL, Gersten-
feld LC. Signal transduction of mechanical stimuli 
is dependent on microfilament integrity: identifi-
cation of osteopontin as a mechanically induced 
gene in osteoblasts. J Bone Miner Res 1997; 12: 
1626-1636. 

40)	 Ishijima M, Tsuji K, Rittling SR, Yamashita T, Kurosawa 
H, Denhardt DT, Nifuji A, Ezura Y, Noda M. Oste-
opontin is required for mechanical stress-depen-



A review on irisin, a new protagonist that mediates muscle–adipose–bone–neuron connectivity

4693

dent signals to bone marrow cells. J Endocrinol 
2007; 193: 235-243.

41)	 Wesson JA, Johnson RJ, Mazzali M, Beshensky AM, 
Stietz S, Giachelli C, Liaw L, Alpers CE, Couser WG, 
Kleinman JG, Hughes J. Osteopontin is a critical 
inhibitor of calcium oxalate crystal formation and 
retention in renal tubules. J Am Soc Nephrol 
2003; 14: 139-147.

42)	 Lin C, Jiang X, Dai Z, Guo X, Weng T, Wang J, Li Y, 
Feng G, Gao X, He L. Sclerostin mediates bone re-
sponse to mechanical unloading through antago-
nizing Wnt/beta-catenin signaling. J Bone Miner 
Res 2009; 24: 1651-61.

43)	 Paszty C, Turner CH, Robinson MK. Sclerostin: a 
gem from the genome leads to bone-building an-
tibodies. J Bone Miner Res 2010; 25: 1897-1904. 

44)	 Klangjareonchai T, Nimitphong H, Saetung S, Bhirom-
muang N, Samittarucksa R, Chanprasertyothin S, Suda-
tip R, Ongphiphadhanakul B. Circulating sclerostin 
and irisin are related and interact with gender to 
influence adiposity in adults with prediabetes. Int 
J Endocrinol 2014; 2014: 261545. 

45)	 Moester MJ, Papapoulos SE, Löwik CW, van Bezooijen 
RL. Sclerostin: current knowledge and future per-
spectives. Calcified Tissue International 2010; 87: 
99-107.

46)	 Rahman S, Lu Y, Czernik PJ, Rosen CJ, Enerback S, 
Lecka-Czernik B. Inducible brown adipose tissue, or 
beige fat, is anabolic for the skeleton. Endocrino-
logy 2013; 154: 2687-2701. 

47)	 Zhang Y, Li R, Meng Y, Li S, Donelan W, Zhao Y, Qi 
L, Zhang M, Wang X, Cui T, Yang LJ, Tang D. Irisin 
stimulates browning of white adipocytes through 
mitogen-activated protein kinase p38 MAP kinase 
and ERK MAP kinase signaling. Diabetes 2014; 
63: 514-525.

48)	 Zhang Y, Xie C, Wang H, Foss R, Clare M, George EV, 
Li S, Katz A, Cheng H, Ding Y, Tang D, Reeves WH, 
Yang LJ. Irisin exerts dual effects on browning and 
adipogenesis of human white adipocytes. Am J 
Physiol Endocrinol Metab 2016; 311: E530-541. 

49)	 Motyl KJ, Bishop KA, DeMambro VE, Bornstein SA, 
Le P, Kawai M, Lotinun S, Horowitz MC, Baron R, 
Bouxsein ML, Rosen CJ. Altered thermogenesis and 
impaired bone remodeling in Misty mice. J Bone 
Miner Res 2013; 28: 1885-1897. 

50)	 Cannon B, Nedergaard J. Metabolic consequences of 
the presence or absence of the thermogenic capa-
city of brown adipose tissue in mice (and probably in 
humans). Int J Obes (Lond) 2010; 34: S7-16. 

51)	 Lee P, Brychta RJ, Collins MT, Linderman J, Smith S, 
Herscovitch P, Millo C, Chen KY, Celi FS. Cold-acti-
vated brown adipose tissue is an independent 
predictor of higher bone mineral density in wo-
men. Osteoporos Int 2013; 24: 1513-1518.

52)	 Ponrartana S, Aggabao PC, Hu HH, Aldrovandi GM, 
Wren TA, Gilsanz V. Brown adipose tissue and its 
relationship to bone structure in pediatric patients. 
J Clin Endocrinol Metab 2012; 97: 2693-2698. 

53)	 Anastasilakis AD, Polyzos SA, Makras P, Gkiomisi A, 
Bisbinas I, Katsarou A, Filippaios A, Mantzoros CS. 

Circulating irisin is associated with osteoporo-
tic fractures in postmenopausal women with low 
bone mass but is not affected by either teriparati-
de or denosumab treatment for 3 months. Osteo-
poros Int 2014; 25: 1633-1642. 

54)	 Gouveia MC, Vella JP, Cafeo FR, Affonso Fonse-
ca FL, Bacci MR. Association between irisin and 
major chronic diseases: a review. Eur Rev Med 
Pharmacol Sci 2016; 20: 4072-4077.

55)	 Liu J. Irisin as an exercise-stimulated hormone 
binding crosstalk between organs. Eur Rev Med 
Pharmacol Sci 2015; 19: 316-321.

56)	 Mirza FS, Padhi ID, Raisz LG, Lorenzo JA. Serum 
sclerostin levels negatively correlate with para-
thyroid hormone levels and free estrogen index in 
postmenopausal women. J Clin Endocrinol Metab 
2010; 95: 1991-1997. 

57)	 Palermo A, Strollo R, Maddaloni E, Tuccinardi D, 
D’Onofrio L, Briganti SI, Defeudis G, De Pascalis 
M, Lazzaro MC, Colleluori G, Manfrini S, Pozzilli 
P, Napoli N. Irisin is associated with osteoporotic 
fractures independently of bone mineral density, 
body composition or daily physical activity. Clin 
Endocrinol (Oxf) 2015; 82: 615-619. 

58)	 Swick AG, Orena S, O’Connor A. Irisin levels cor-
relate with energy expenditure in a subgroup of 
humans with energy expenditure greater than 
predicted by fat free mass. Metabolism 2013; 62: 
1070-1073. 

59)	 Al-Daghri NM, Alkharfy KM, Rahman S, Amer OE, 
Vinodson B, Sabico S, Piya MK, Harte AL, McTernan 
PG, Alokail MS, Chrousos GP. Irisin as a predictor 
of glucose metabolism in children: sexually dimor-
phic effects. Eur J Clin Invest 2014; 44: 119-124. 

60)	 Dun SL, Lyu RM, Chen YH, Chang JK, Luo JJ, Dun 
NJ. Irisin-immunoreactivity in neural and non-neu-
ral cells of the rodent. Neuroscience 2013; 240: 
155-162. 

61)	 Spiegelman BM. Banting lecture 2012: regulation of 
adipogenesis: toward new therapeutics for meta-
bolic disease. Diabetes 2013; 62: 1774-1782. 

62)	 Mattson MP. Energy intake and exercise as deter-
minants of brain health and vulnerability to injury 
and disease. Cell Metabol 2012; 16: 706-722. 

63)	 Erickson KI, Weinstein AM, Lopez OL. Physical acti-
vity, brain plasticity, and Alzheimer’s disease. 
Arch Med Research 2012; 43: 615-621. 

64)	 Kokkinos PF, Faselis C, Myers J, Panagiotakos D, Dou-
mas M. Interactive effects of fitness and statin tre-
atmenton mortality risk in veterans with dyslipida-
emia: a cohort study. Lancet 2013; 381: 394-199. 

65)	 Gouni-Berthold I, Berthold HK, Huh JY, Berman R, 
Spenrath N, Krone W, Mantzoros CS. Effects of li-
pid-lowering drugs on irisin in human subjects in 
vivo and in human skeletal muscle cells ex vivo. 
PLoS One 2013; 8: e72858. 

66)	 Vaughan RA, Garcia-Smith R. Bisoffi M, Conn CA, 
Trujillo KA. Conjugated linoleic acid or omega 3 
fatty acids increase mitochondrial biosynthesis 
and metabolism in skeletal muscle cells. Lipids 
Health Dis 2012; 11: 142. 


