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Irisin Enhances Osteoblast Differentiation In Vitro
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It has been recently demonstrated that exercise activity increases the expression of the myokine Irisin in skeletal muscle, which
is able to drive the transition of white to brown adipocytes, likely following a phenomenon of transdifferentiation. This new
evidence supports the idea that muscle can be considered an endocrine organ, given its ability to target adipose tissue by promoting
energy expenditure. In accordance with these new findings, we hypothesized that Irisin is directly involved in bone metabolism,
demonstrating its ability to increase the differentiation of bone marrow stromal cells into mature osteoblasts. Firstly, we confirmed
that myoblasts from mice subjected to 3 weeks of free wheel running increased Irisin expression compared to nonexercised state.
The conditioned media (CM) collected from myoblasts of exercised mice induced osteoblast differentiation in vitro to a greater
extent than those of mice housed in resting conditions. Furthermore, the differentiated osteoblasts increased alkaline phosphatase
and collagen I expression by an Irisin-dependent mechanism. Our results show, for the first time, that Irisin directly targets
osteoblasts, enhancing their differentiation. This finding advances notable perspectives in future studies which could satisfy the

ongoing research of exercise-mimetic therapies with anabolic action on the skeleton.

1. Introduction

The benefits of exercise have been widely recognized, indeed
the physical activity is reported as the better nonpharma-
cological treatment for cardiovascular, metabolic, and bone
diseases [1, 2]. However, for long time, the molecular mecha-
nisms by which exercise exerts its healthful effects remained
mostly unknown. A successful deal for researchers and
clinicians should be to reveal these mechanisms, encouraging
practicing physical activity and promoting the development
of exercise-mimetic drugs.

Recently, several lines of evidence are suggesting that
skeletal muscle is crucial in the regulation of energy home-
ostasis. Therefore, the skeletal muscle is now considered an
endocrine organ that secretes a number of myokines includ-
ing the newly identified Irisin [3]. In this work, Bostrom
and colleagues have reported that physical exercise activ-
ity induces an increase of the transcriptional regulator

Peroxisome Proliferator-Activated Receptor-y Coactivator la
(PGC-1x) in the skeletal muscle, which in turn drives the
production of the membrane protein Fibronectin type III
domain-containing protein 5 (FNDCS5). This is subsequently
cleaved as the myokine Irisin, which acts on white adipose
tissue (WAT), stimulating uncoupling protein 1 (UCPI)
expression, one of the master genes of brown adipose tissue
(BAT), and activating the browning response [3]. The authors
showed that, after 3 weeks of free wheel running, plasma
Irisin levels in mice were increased by 65% and, in healthy
humans, plasma Irisin levels were found to double after
10 weeks of endurance exercise [3]. These results opened
new frontiers for searching the involvement of Irisin in a
broader network, suggesting the intriguing feasibility that this
myokine might represent an endocrine molecule that could
target other organs besides the adipose tissue.

Notably, muscle is important for bone healing and activ-
ity. Indeed, the hypothesis that muscle supports bone mass is



confirmed by studies of microgravity and bed rest [4], as well
as results showing the associated development of sarcopenia
and osteoporosis at the same time [5].

Physical exercise is fundamental for the development
of an efficient weight-bearing skeleton. For instance, the
exercise strengthens bones, given the evidence that tennis
players develop high bone mass in the playing arm compared
to the nonplaying arm [6]. On the other hand, the absence
of physical exercise or, even worse, the complete disuse of
muscles, ensuing by severe pathological conditions, leads
to a likewise severe bone loss. For instance, child growing
with congenital neuromuscular diseases develop fragile long
bones with reduced periosteal circumference [7]. Further-
more, long bones in a paralyzed limb do not achieve their
normal ossification and show delay of mineralization in
newly laid-down bone matrix [8]. Consequently, this par-
alytic phenotype, associated with decreased bone mass, is
prone to severe fractures as frequently occurs in progressive
disease such as spina bifida [8].

Moreover, the propensity of sarcopenic patients to falls
can often degenerate into an osteoporotic hip fracture. This
event may reduce the life expectancy of up to two years and
this corresponds to increased mortality of 20-25% in the
first year after the fracture [2]. For this reason, the onset of
simultaneous sarcopenia and osteoporosis, also described as
“the hazardous duet,” has been defined as one of the most
devastating threats during old age [2].

Although this tight relationship between skeletal muscle
and bone is well recognized, it has hitherto been mainly
explained concerning mechanical loading, as overall effect
[9]. Therefore, the description of bone response to mechan-
ical load is currently defined as the ability of bone cells to
perceive paracrine signals produced by mechanical stimulus
[10]. This mechanotransduction effect is highly anabolic in
bone. Hence, it could be extremely useful to deepen the
understanding of the molecular mechanism involved, reveal-
ing the identity of all these signalling-paracrine molecules
able to affect bone metabolism. For this reason, we propose
a model where exercise induces muscle to release myokines,
which regulate mechanotransduction in bone, basing on
the physical proximity of these two tissues. Noteworthy, we
postulated that the protective effect of muscles on bone could
be dependent on the paracrine action of the myokine Irisin.
To validate the potential role of Irisin on bone metabolism,
we investigated whether Irisin targets bone cells directly,
demonstrating its ability to increase the differentiation of
bone marrow stromal cells into mature osteoblasts.

The relevance of these findings opens new frontiers
in searching the Irisin mechanism of action on bone
metabolism. The in vivo data, confidently obtained in future,
could further correlate the well-known beneficial effects of
physical exercise with bone recovery and improvements.

2. Materials and Methods

2.1. Materials. Antibody anti-FNDC5 (Irisin cleaved form)
was from Abcam; Antibody anti-Collagen I and 5-Actin were
from Santa Cruz, Antibody anti-f -Tubulin was from Ori-
Gene Technologies. Ascorbic acid, b-Glicerophosphate and
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Alkaline Phosphatase (ALP) staining kit were from Sigma
Aldrich. Primers for qPCR are ALP/S-aaacccagacacaagcattcc;
ALP/AS-tccaccagcaagaagaagec; Coll 1/S-ggctectgetectcttag;
Coll I/AS-acagtccagttcttcattgc.

2.2. Exercise Protocol. 2-month-old C57BL/6 male mice were
subjected to 3 weeks of rest activity or free wheel running
activity, as described previously [3]. The rest activity was
performed isolating each mouse in one cage, in order to
avoid their tendency to fight with cage mates, preventing any
exercise-mimetic activity. The wheel mice were individually
housed, in order to avoid that the dominant mouse in the
cage inhibited other mice in the free use of wheel. Animals
were euthanized by cervical dislocation and their tissues were
surgically excised.

2.3. Primary Cell Cultures. Primary myoblasts were obtained
from digestion of vastus lateralis specimens with a solution
of trypsin, collagenase, and CaCl,. The isolated cells were
preplated on an uncoated petri dish for 1 hour to remove
fibroblasts and then transferred on tissue culture plate and
cultured with «-MEM/10% FCS. Cells were then cultured
for 14 days until multinucleated, spontaneously contract-
ing myotubes were formed. After 3 days, the conditioned
media (CM) were collected. Firstly, CM were centrifuged at
1300 rpm to eliminate floating cells. Then, CM were purified
by centrifugation at 13 K rmp to eliminate debris.

Bone marrow stromal cells, obtained by flushing bone
marrow of 2-month-old C57BL/6 mice, were cultured to
induce osteoblast differentiation with «-MEM/5% FCS in
the presence of 50 ug/mL ascorbic acid and 1072°M -
glycerophosphate or with 1/2CM from primary myoblast
+1/2a-MEM/10% FCS in the presence of 50 ug/mL ascorbic
acid and 107 M B-glycerophosphate. Thereafter cells were
subjected to alkaline phosphatase staining and mRNA and
protein analysis.

2.4. RT-PCR. qPCR was carried out after RNA extraction
using spin columns (RNasy, Qiagen) according to the man-
ufacturer’s instruction. By using SuperScript First-Strand
Synthesis System kit (Invitrogen), the resulting cDNA (20 ng)
was subjected to quantitative PCR and, thereafter, to ITAQ
SYBR Green Supermix with ROX kit (Bio-Rad) on an iCycler
iQ5 Cromo4 (BioRad). Each transcript was assayed 3 times,
and cDNA was normalized to murine Gapdbh, 18S or -Actin
and quantitative measures were obtained using the AAC;
method. Analyses were performed using unpaired Student’s
t-tests (Excel) for significant differences at P < 0.05.

2.5. Western Blot. Protein amounts from all samples were
assessed using the BCA-kit (Biorad) followed by protein
concentration normalization before all western blot exper-
iments. 30 ug of cell proteins was subjected to SDS-PAGE.
Subsequently proteins were transferred to nitrocellulose
membranes (Hybond, Amersham). The blots were probed
using primary antibodies, described in Materials section, and
IRDye-labeled secondary antibodies (680/800 CW) (LI-COR
Biosciences). For immunodetection, the Odyssey infrared
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FIGURE 1: qPCR analysis of FNDC5 in mRNA extracts (a) and western blot analysis of Irisin/FNDCS5 in total cell lysates (b) from primary
culture of myoblasts obtained from mice subjected to 3 weeks of rest activity or free wheel running activity. N = 8 for each group, repeated
in 3 separate experiments. Data is presented as mean + SEM. **P < 0.001 and "P < 0.05 compared to rest group. Student’s ¢-test was used for

single comparison.

imaging system was utilized (LI-COR Corp., Lincoln, NE).
All data were normalized to background and loading con-
trols.

3. Results

3.1. Myoblast from Exercised Wheel Mice Express Higher
FNDC5/Irisin Than Rest Mice. FNDCS5 is highly expressed in
skeletal muscle [3, 15]. Therefore, we confirmed the effects of
exercise on FNDCS5 expression in our exercise regimen, based
on 3 weeks of voluntary free wheel running. By qPCR analy-
sis, we detected a 2-fold increase in FNDC5 mRNA of wheel
myoblasts (Figure 1(a)). This result was confirmed by the
analysis of FNDC5/Irisin protein expression (Figure 1(b)).
Indeed, we were able to detect a stronger band, corresponding
to FNDC5/Irisin, in cell lysates of myoblasts from wheel
mice compared with those from rest mice (Figure 1(b)). These

data are, according to previous observations, showing an
increase of about 65% in muscle of mice subjected to three
weeks of voluntary exercise [3]. It should be further noted
that FNDC5/Irisin is slightly detectable also in rest myoblasts,
suggesting a constitutive expression of this myokine even
in nonexercised state that might be related to a basal
metabolism.

3.2. Conditioned Medium from Wheel Myoblasts Enhances
Osteoblast Differentiation. In the last years, accumulating
evidences have shown that skeletal muscle release hormone-
like substances. These secreted proteins are largely myokines
and play important regulatory role in intercellular commu-
nication [16]. Our model of primary murine skeletal muscle
cells allowed us to recapitulate in vitro what occurs in vivo
when muscle is subjected to exercise and releases these cir-
culating myokines. The conditioned medium (CM) collected
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FIGURE 2: Histochemical staining for ALP in osteoblasts primary culture obtained from mouse bone marrow stromal cells treated with a-
MEM/5% FCS in the presence of 50 yg/mL ascorbic acid and 10> M f-glycerophosphate (CTR) or with 1/2 CM from primary myoblast (rest
or wheel) +1/2a-MEM/10% FCS in the presence of 50 pig/mL ascorbic acid and 107> M f-glycerophosphate. The graph shows quantification of
ALP positive colonies as percentage (* P < 0.01) compared to control and is representative for 3 independent experiments. Data is presented

as mean + SEM. Student’s ¢-test was used for single comparisons.

from these myoblasts, which likely contained several released
myokines, was used to evaluate its ability in regulating
maturation of undifferentiated bone marrow stromal cells
toward osteoblast differentiation. Our result shows that the
CM obtained from wheel myoblasts increased by 2.5-fold
the number of alkaline phosphatase (ALP) positive colonies
compared to control medium (Figure 2). This assay, based
on a histochemical staining for ALP, is the first evidence of
osteoblast differentiation, since the ALP enzyme is estab-
lished as the osteoblastogenesis relevant marker. The result
suggests, for the first time, that muscles could exert a direct
anabolic effect on osteoblasts through the paracrine action of
released myokines, rather than the solely mechanotransduc-
tion action on osteocytes, the mechanosensor cells of bone.

3.3. Irisin Secreted from Wheel Myoblasts Increases Alkaline
Phosphatase and Collagen I Expression. Given the ability of
CM from wheel myoblasts to enhance osteoblast differentia-
tion, we investigated which bone proteins were upregulated.
By qPCR analysis, we demonstrated that osteoblasts treated
for 3 days with CM from wheel myoblasts have an increased
expression of ALP and Collagen I mRNA (Figure 3). These
data, further confirming the previously shown increased
number of ALP positive colonies (Figure 2), is supported by
an enhanced expression of ALP mRNA, the marker gene
of osteoblasts. Moreover, the upregulation of Collagen I,
the most abundant bone protein, greatly corroborates the
beneficial effect on osteoblasts exerted by molecules released

from the exercised muscle. Subsequently, our effort has been
to obtain evidence about the involved myokine, present in
CM, responsible for such a great effect on osteoblast differ-
entiation. Given the increased expression of FNDC5/Irisin
seen in myoblasts from wheel mice (Figures 1(a) and 1(b)),
we choose Irisin as candidate myokine. For this challenge, we
cultured osteoblasts with CM from myoblasts in presence of
a neutralizing antibody direct against Irisin. We showed that
the increase in Collagen I and ALP was completely reversed
by neutralizing Irisin in wheel CM used to treat osteoblasts
(Figures 4(a) and 4(b)). This finding demonstrated that the
enhanced osteoblastogenesis, induced by exercised muscle, is
Irisin-dependent.

It should be noted that the molecular weight of the
secreted form of FNDC5/Irisin has remained for long time
controversial. Now it is well ascertained that the sequence
of mouse FNDCS5 is cleaved from aa 29 to aa 151 to give its
released form, as Irisin. Being aware of this, we used an anti-
FNDC5/Irisin antibody (amino acids 50-150 from Abcam)
directed against the predicted Irisin cleaved form.

4. Discussion

Bostrom and colleagues have recently reported that physical
exercise activity induces the release, from skeletal muscle to
bloodstream, of the myokine Irisin which was so called (from
Iris, the messenger goddess) to highlight its role as positive
messenger which targets an endocrine signal from skeletal
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FIGURE 3: qPCRanalysis of ALP and Collagen I in mRNA extracts
from osteoblasts treated with conditioned medium (CM) of
myoblasts from rest and wheel mice. N = 8 for each group, repeated
in 3 separate experiments. Data is presented as mean + SEM. “P <
0.01 compared to rest CM. Student’s t-test was used for single
comparisons.

muscle to adipose tissue (WAT). Irisin induces browning of
WAT (i.e., conversion from WAT to BAT), that is a well-
known new avenue for its great therapeutic potential in
diabetes and obesity [3].

In the present study, we show that mature exercised
primary myoblasts and myotubes secrete factor(s), which
increase osteoblast differentiation in vitro. We also establish
that this enhanced osteoblastogenesis, induced by exercised
muscle, is mediated through Irisin. These results presented
here add new insights in the complex relationship between
muscle and bone tissue, indeed the mechanical influence of
skeletal muscle on bone has long been documented but the
molecular mechanisms involved remain still poorly under-
stood [2]. Skeletal muscle and bone are tightly connected:
they have a common origin, share the same integrated
system that provides shape and physical function, and display
significant changes across the lifespan. In elderly, the severe
decline of skeletal muscle function, known as Sarcopenia,
is associated with impaired function of bone (osteopenia).
These two simultaneous losses of function lead to increased
risk of falls and bone fractures. Therefore, developing a better
understanding of the complex relationship between these
important components of the musculoskeletal system may
reveal new strategies for early identification, prevention, and
treatment of sarcopenia and osteopenia, as well as their
consequences [2, 8,17, 18].

Currently, the most effective measure to counteract both
diseases is exercise [1], but not all patients can perform a
physical exercise program; thus, our evidence that exercise-
induced Irisin could account for this effect greatly improves
the chances of achieving this goal.

We show here that Irisin directly targets osteoblasts,
enhancing their differentiation in vitro, proving that myok-
ines, produced by exercised muscle, might be among the
molecules regulating mechanotransduction in bone. In our
system, mice subjected to three weeks of voluntary exercise
showed an increased expression of Irisin/FNDCS5 in skeletal
muscles.

This result confirms previously published data demon-
strating that endurance exercise training for 10 weeks
increased plasma Irisin levels in healthy adult [3]. Conversely,
Timmons et al. were not able to confirm FNDC5 gene acti-
vation by aerobic exercise in younger subjects [19]. These
discrepancies have been explained by another study, which
demonstrated that Irisin levels increase only when more
energy is needed, such as in circumstances where ATP con-
centration in muscle is strongly decreased [20].

Moreover, we achieved evidence that conditioned
medium from primary culture of myoblasts and myotubes,
obtained from exercised muscles, were able to enhance the
number of alkaline phosphatase (ALP) positive colonies in
culture of undifferentiated bone marrow stromal cells.

Noteworthy, this is the first study showing the osteogenic
potential of Irisin released from exercised skeletal muscle.
From a physiological point of view, this result adds another
explanation of the tightly connection between muscle and
bone, which share a common fate even in positive scenarios,
like in this concomitant gain of mass.

The effects of physical exercise are systemic and, obvi-
ously, cannot be solely related to the energy expenditure
in muscle [21]. The study of Bostrom et al. [3] reported a
new mechanism that explains how the total body energy
expenditure is increased by muscle activity, elucidating the
molecular circuit triggered by exercised muscle. Analysis
of subcutaneous fat tissue depots, in mice overexpressing
the muscle-specific PGC-l«, revealed that white adipocytes
displayed signatures of brown fat cells [3]. Delineating muscle
genes activated by PGC-1a, authors identified the myokine
Irisin, able to drive the white-to-brown adipocyte transdif-
ferentiation [3, 22].

By considering the tight relationship between skeletal
metabolism and energy homeostasis, clinical and experimen-
tal results are giving great importance to the role of BAT on
bone metabolism. Due to the evidence that an inducible form
of BAT exists during adulthood and given the importance of
its ability to dissipate the stored energy with thermogenesis
[23-26], BAT induction is becoming a significant promise
for the treatment of obesity and metabolic syndrome [13].
A cross-sectional study, carried on 15 young women, has
shown a positive correlation between the amount of BAT
and bone mineral density (BMD) [27]. Data derived from
experimental mice model showed that, FoxC2(AD)(+/Tg)
mice, overexpressing FoxC2 as well-established model for
induction of BAT have high bone mass due to increased
bone formation associated with high bone turnover [28]. On
the contrary, mice named Misty (m/m), carrying a very low
amount of BAT, albeit partially functional, have accelerated
age-related trabecular bone loss and impaired brown fat
function, such as reduced temperature and lower expression
of PGC-la [29].
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FIGURE 4: Western blot analysis of Collagen I in total cells lysates (a) and qPCR analysis of ALP in mRNA extracts (b) from osteoblasts
treated with conditioned medium (CM) of myoblasts from rest and wheel mice + Irisin/ENDCS5 neutralizing antibody. The graph (a) shows
quantification of OD ratio Collagen I/f -Tubulin as percentage (“P < 0,01) compared to rest CM and is representative for 3 independent
experiments. Data is presented as mean + SEM. Student’s t-test was used for single comparisons.

This growing body of evidences suggests a functional fat-
bone axis [30], but the discovery of Irisin, together with our
new findings, add a new protagonist to this axis, allowing
enlarging it as the muscle-fat-bone axis (Figure 5).

Based on the scenario described, in which both muscle
and BAT affect bone metabolism, it might be questioning
whether the effect of physical activity on the skeleton could
also be mediated by BAT, which in turn has been affected
by Irisin. This would imply double, direct and indirect, Irisin
action on bone in vivo. In our hands the Irisin-dependent
action on osteoblasts is further supported by the increase
of ALP and Collagen I expression, observed in osteoblasts
cultured in the presence of CM from muscle cells of wheel
mice. The Irisin involvement was proved by the fact that
the CM-induced upregulation of ALP and Collagen I was
abolished when cells were treated with CM containing anti-
Irisin antibody. This suggests that Irisin does not target only
adipocytes but also other body compartments, according to
recent data demonstrating that Irisin could play a role in
the central nervous system. In this context, recent studies
revealed that cerebellar Purkinje cells of rat and mice express
Irisin [31], which is also required for the proper neural differ-
entiation of mouse embryonic stem cells [32]. Hence, given
that physical activity improves neurogenesis, by reducing
risk of neurodegenerative diseases such as Alzheimer and

Parkinson [33, 34], Irisin could represent the molecular link
between exercise and healthy brain.

5. Conclusions

In conclusion, we showed a novel role of Irisin, adding new
evidence to the complex muscle-fat-bone axis (Figure 5).
This seems remarkably promising, considering the aforemen-
tioned tight relationships between skeletal muscle and bone.
Our future efforts will focus on a deepen analysis of the
molecular signalling triggered by its action and, in particular,
on the overall effect of Irisin in the bone context. Moreover,
the characterization of its receptor will allow a more clear
understanding of Irisin-induced signalling. In this respect, we
would also elucidate whether this myokine affects osteoclasts,
the bone resorbing cells. This might better explain the global
regulation of skeletal homeostasis exerted by physical exercise
or, conversely, by lack of mechanical loading.

Future studies could reveal whether expectations on the
potential role of Irisin as pharmacological treatment will
be confirmed. Hopefully, with regard to the skeleton, Irisin
could represent a new anabolic therapy to gain bone mass
in osteopenia caused by muscle-disabling diseases, such
as sarcopenia, tumor-associated cachexia, neuromuscular
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FIGURE 5: The muscle-fat-bone axis. It is been ascertained that a local network exists between the adipose and the bone tissue, which creates
what has been defined as the fat-bone axis. In this paracrine circuit, fat influences bone both positively and negatively by secreting Leptin
[11] and Adiponectin [12], respectively. Recently, it has been emphasized the function of brown adipocytes which also affect bone tissue
byproducing factors that may be secreted to circulation or act directly in the bone marrow environment to induce osteoblast differentiation
and osteocyte support for bone formation and bone turnover. Two of these factors, insulin-like growth factor binding protein 2 (IGFBP2)
and wingless related MMTYV integration site 10b (WNT10b), gather considerable interest because they regulate both bone remodelling and
energy metabolism [13]. Moreover, beside its classical functions, bone acts in turn as endocrine organ secreting Osteocalcin, a hormone
active on glucose and fat metabolism, stimulating insulin secretion and f3-cell proliferation [14]. Of further significance, the discovering of
Irisin, which is released from muscle, acts as endocrine molecule targeting adipose tissue by increasing energy expenditure [3] and bone by
enhancing osteoblast differentiation. As shown in this work, Irisin is a new protagonist of the axis, which now could be considered as the

muscle-fat-bone axis.

disease, or situations with forced lack of mechanical loading,
such as absence of gravity which astronauts undergo.
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