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Irisin is a hormone-like myokine produced in abundance by skeletal muscle in response to exercise, both in mice
and humans. Once released into the circulation, irisin acts on white adipocytes to induce the browning response
and subsequently activates nonshivering thermogenesis. We have examined the premise that irisin produced during
exercise may subserve further functions in the musculoskeletal system. We review evidence for its possible skeletal
effects, including the central role that irisin plays in the control of bone mass, with positive effects on cortical mineral
density and geometry in mice. We also review the autocrine effects of irisin in skeletal muscle, in which it upregulates
the expression of its precursor (FNDC5). Since loss of bone and muscle mass occurs with aging, immobility, and
several metabolic diseases, future studies exploring the efficacy of irisin in restoring bone and reversing muscle wasting
could be important to establishing irisin as a molecule that combines beneficial effects for treating osteoporosis and
muscular atrophy. If the results from mice were confirmed in human studies, an irisin-based therapy could be
developed for physically disabled or bedridden patients.
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Introduction
Regular physical activity helps to improve health
status and can help prevent several diseases, such
as obesity, diabetes, osteoporosis, and age-related
muscle wasting.1,2
It is widely accepted that muscle and bone are
tightly coupled, not only in their anatomical proximity and mechanical interaction but also in terms
of paracrine and endocrine signals in both physiological and pathological conditions.3,4
Studies in humans and animal models have extensively demonstrated that physical activity, immo-
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bility, aging, and several diseases can cause parallel
changes in bone and muscle mass. Osteoporosis,
a systemic bone disease characterized by low bone
mass with occurrence of spontaneous fractures, and
sarcopenia, characterized by muscle wasting and
progressive loss of physical performance, are twin
conditions of aging, showing many shared pathways,
including reduction in anabolic molecule release
or increased secretion of inflammatory molecules.5
Although the anabolic effects due to increased exercise and mechanical load and the catabolic responses
due to unloading or immobility states have been well
documented, the molecular mechanisms through
which bone–muscle cross talk occurs are still under investigation. Studies have shown that different
bone-derived signals affect skeletal muscle; some of
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them, such as osteocalcin, insulin-like growth factor 1 (IGF-1), prostaglandin E2, and FGF-23, display positive effects, while others, such as activin
or TGF-␤, cause negative responses.6 Additionally,
some muscle-derived signals, such as interleukins
(IL-6, IL-8, IL-15), indirectly target bone through
actions on other tissues, while other myokines, such
as irisin, can affect bone directly.7–11
Irisin is released by the cleavage of the extracellular domain of the transmembrane receptor
fibronectin type III domain–containing 5 (FNDC5),
expressed in skeletal muscle as well as other tissues.
Structural and biochemical data have shown that
irisin is a preformed dimer and can bind an
as-yet unknown receptor. Following the initial
studies, many authors have tried to identify the
physiological role of irisin.7 In 2012, irisin, secreted
abundantly by skeletal muscle during exercise,
was described as a hormone-like molecule that
elicits the browning response in white fat (WAT),
causing its transdifferentiation into brown fat.7
This elegant study suggested that irisin could have
beneficial effects in the treatment of obesity and
metabolic disorders. Here, we provide an overview
of the role of irisin on bone and suggest that this
molecule is an additional link in bone–muscle cross
talk.
The osteogenic potential of the myokine
irisin
Regular exercise, through its systemic action, has
beneficial effects for an organism and is a potent stimulus for new bone formation. Therefore, we postulated that irisin, an exercised-induced
myokine, might have beneficial effects on bone accrual and contribute to the protective effect of muscle on bone tissue. Our hypothesis was confirmed by
the finding that the medium collected from muscle
cells from exercised mice, which contains irisin, enhanced the differentiation of bone marrow stromal
cells into osteoblasts. We have shown that, in these
cell cultures, osteoblastic parameters, such as the
number of alkaline phosphatase (ALP)+ colonies,
as well as the gene levels of ALP and collagen type
I, were higher in the presence of conditioned media from exercised mice compared with myoblasts
from sedentary mice. These effects were irisin dependent, since they were blunted when the culture
medium was spiked with a neutralizing antibody
against irisin.8 Moreover, the occurrence of Erk
2

phosphorylation in osteoblasts within 5 min after
irisin treatment has demonstrated that the action
of the myokine on osteoblasts is receptor mediated. We have demonstrated that irisin plays a role
in all the stages of osteoblast differentiation: it increases the number of ALP+ colonies, a parameter of
the early phase of osteoblastogenesis, and enhanced
the formation of mineralized nodules, a crucial
feature of the late stage of the differentiation process.
These effects were associated with irisin-induced
overexpression of mRNA levels of crucial transcription factors involved in osteoblast differentiation,
such as Atf4, RUNX2, and osterix, as well as the
upregulation of gene levels of lipoprotein receptor–
related protein 5 and ␤-catenin, critical in the activation of the Wnt pathway, which is the key signal
in the process of osteoblastogenesis.9
Many studies have shown that, in addition to the
quality, the strength of bone depends not only on its
density and mass but also on the geometrical organization of cortical bone and its distribution in space.
It has been well established that increased bone
strength, accompanied by enlarged cross-sectional
area, which is responsible of distributing bone mass
farther from the bending axis, can improve skeletal
resistance.12 Exercise also strengthens bone by modifying its geometry, as observed in tennis players who
develop increased bone mass and bone perimeter
in the playing arm compared with the non-playing
arm.13
Therefore, on the basis of these findings and
our in vitro data on the osteogenic potential of
irisin, we investigated whether the myokine could
induce beneficial effects on the skeleton in vivo.9
We treated healthy young mice with recombinant
irisin (r-irisin) for 4 weeks, and micro–computed
tomography analysis of the tibia showed that cortical bone mineral density, periosteal circumference,
and polar moment of inertia were increased.9 The
increased polar moment of inertia and index of long
bone resistance to torsion, together with the enlarged bone perimeter, suggest that irisin treatment
modifies bone geometry to make long bones more
efficient at resisting torsional forces. Likewise, bending strength and energy to fracture were increased
in irisin-treated mice, as demonstrated by a 3-point
bending test, suggesting that irisin treatment might
make bone less susceptible to fracture. We have also
shown an increase in osteoblast number and a parallel decrease in osteoclast number in irisin-treated
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mice, indicating that irisin can contribute to the
improvement in bone quality.9
Although irisin clearly mimics the effects of physical activity, and its efficacy on bone loss has not
yet been investigated, our future studies will explore its effect on the skeleton in animal models of
osteoporosis in which the resorption activity exceeds the formation of bone, such as hindlimbsuspended mice.14 These mice are also a widely
accepted murine model for simulating weightlessness, in which hindlimb weight bearing is prevented
but the hindlimbs are not immobilized; thus, the
passive muscular forces remain functional. Interestingly, in these animals, bone loss is accompanied by
muscle wasting; therefore, the effect of the myokine
can be studied at the same time in both osteoporosis
and sarcopenia.
The myogenic potential of the myokine
irisin
The physiological roles of irisin in bone–muscle
cross talk and the question of whether irisin can
reciprocally affect both tissues are topics that need
to be investigated in vivo. We have hitherto demonstrated in vivo that mice treated with r-irisin displayed a higher number of FNDC5+ fibers than
mice injected with vehicle. This finding suggests
that irisin synthesis, by enhancing the expression
of the precursors from whose cleavage it derives,
may exert its autocrine action.9 Moreover, it supports in vitro findings of other authors who treated
C2C12 myotubes with 3.1–12.4 ng/mL of r-irisin for
24 h and observed an increased expression of specific
mitochondrial transcription factors, such as peroxisome proliferator–activated receptor ␥ coactivator1␣, nuclear respiratory factor 1, and mitochondrial
transcription factor A, all involved in increasing mitochondrial content and oxygen consumption.15 It
has also been demonstrated that FNDC5 mRNA
and irisin synthesis were increased during myogenic differentiation of human myocytes in vitro,
supporting the idea of the myogenic potential of
irisin.16 Moreover, human myocytes treated with
r-irisin expressed elevated levels of IGF-1 and low
levels of myostatin, the expression of which were
modulated by r-irisin through an ERK-dependent
pathway.16
Interestingly, irisin and myostatin are both synthetized by skeletal muscle, and their secretion is
inversely regulated by physical activity.17 Indeed,
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it has been demonstrated that myostatin negatively regulates skeletal muscle mass, since myostatin
deficiency leads to increased cortical area and bone
mineral content.18 Importantly, data showing that
irisin and its precursor were highly expressed in
skeletal muscle of myostatin knock-out mice19 suggests that the increased muscle mass observed in
these mice could also be dependent on increased
irisin synthesis.
Skeletal muscle tissue rapidly adapts to mechanical load.20 Resistance exercise increases load through
muscle, which in turn results in increased muscle
size and strength, mainly attributable to hypertrophy (growth of preexisting muscle cells) rather than
hyperplasia (increase in cell number).20 Conversely,
the increase in muscle mass due to myostatin inhibition leads to both hypertrophy and hyperplasia.21
Therefore, even though myostatin unequivocally
regulates muscle mass, its role in skeletal muscle
hypertrophy triggered by mechanical loading has
been unclear for a long time. In defining the role
of myostatin as a predictor of muscle growth, some
questions remained elusive. For example, although
exercise training decreased myostatin mRNA proportionally to the loading applied,22 this effect was
more evident in subjects unresponsive to physical
exercise, in whom muscle mass did not increase.23
Additionally, it was not clear why only the muscles subjected to load increased their mass compared with all the muscles throughout the body, as
it was expected that exercise-induced decrease of
myostatin levels in the circulation should affect the
whole body.24 Taken together, these results suggest
that another yet-unidentified soluble factor, produced by skeletal muscle following exercise, could be
responsible for the positive effect on muscle growth
in response to load. Future studies are needed to
verify if this unknown molecule is irisin.
On the other hand, during aging and immobility, the physiological changes caused by skeletal unloading determine the onset of sarcopenia,
which is characterized by a decrease in muscle fiber
size (atrophy) and number (hypoplasia). Numerous
pharmacological and nutritional approaches have
been attempted to protect against musculoskeletal
damage caused by mechanical unloading, but conclusive results have not been obtained. Therefore,
further investigations should be aimed at determining whether disuse-induced sarcopenia could
be prevented by r-irisin treatment.
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Irisin and the inducible brown adipose
tissue are anabolic for the skeleton
External stimuli, such as cold exposure or physical activity through irisin action,9 stimulate the expansion of inducible brown adipose tissue, whose
cells show morphological characteristics similar to
classical brown adipose tissue, such as the presence of multilocular lipid droplets and numerous
mitochondria.7 Considering the tight relationship
between skeletal metabolism and energy homeostasis, researchers are placing great importance
on the role of BAT in bone metabolism. Transgenic mice overexpressing forkhead box protein C2
in adipose tissue are a well-established model for
BAT induction. These mice displayed elevated bone
mass owing to increased bone formation, triggered
by wingless-related MMTV integration site 10b
(WNT10b) and insulin-like growth factor–binding
protein 2, two bone anabolic molecules produced
by BAT.25
Previous work showed that therapeutic treatment
of normal and obese mice with r-irisin at a dose of
3500 mg/kg/week activated the browning response
in white adipose tissue.26 The effect was confirmed
by a significant increase of uncoupling protein
1 expression (>25-fold change) in mice receiving
r-irisin and was accompanied by total body weight
reduction. In our study, when mice were treated
with a lower dose of r-irisin (100 mg/kg/week) to
rule out an indirect action of irisin on bone mass
via BAT expansion, we did not observe transdifferentiation of white to brown adipose tissue.11 Hence,
we demonstrated that the low dose of r-irisin was effective to reinforce bone but not sufficient to induce
the browning response; this suggests that bone tissue
is more sensitive than adipose tissue to the action of
irisin.9 However, further investigations may explore
the synergistic effect of both direct and indirect irisin
action by injecting mice with a higher dose of irisin.
Addressing this topic could be relevant, considering
the well-known inverse relationships between BAT
in aging27 and muscle activity and bone integrity.9
Conclusions
In view of the findings reported here, the exercisemimetic activity of r-irisin seems evident. However,
further studies on murine models of osteoporosis
and muscle atrophy would allow us to assess whether
irisin is also effective at preventing or reversing bone
4

loss and muscle wasting. Equally important will be
future human studies that could encourage the use
of irisin as therapeutic strategy for the prevention
and treatment of osteoporosis, sarcopenia, or both,
particularly in those patients who are unable to perform physical activity, such as the aged population
or bedridden patients.
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