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It is unclear how physical activity stimulates new bone synthesis.
We explored whether irisin, a newly discovered myokine released
upon physical activity, displays anabolic actions on the skeleton.
Young male mice were injected with vehicle or recombinant irisin
(r-irisin) at a low cumulative weekly dose of 100 μg kg−1. We ob-
served significant increases in cortical bone mass and strength,
notably in cortical tissue mineral density, periosteal circumference,
polar moment of inertia, and bending strength. This anabolic ac-
tion was mediated primarily through the stimulation of bone
formation, but with parallel notable reductions in osteoclast
numbers. The trabecular compartment of the same bones was
spared, as were vertebrae from the same mice. Higher irisin doses
(3,500 μg kg−1 per week) cause browning of adipose tissue; this
was not seen with low-dose r-irisin. Expectedly, low-dose r-irisin
modulated the skeletal genes, Opn and Sost, but not Ucp1 or
Pparγ expression in white adipose tissue. In bone marrow stromal
cell cultures, r-irisin rapidly phosphorylated Erk, and up-regulated
Atf4, Runx2, Osx, Lrp5, β-catenin, Alp, and Col1a1; this is consistent
with a direct receptor-mediated action to stimulate osteogenesis.
We also noted that, although the irisin precursor Fndc5 was
expressed abundantly in skeletal muscle, other sites, such as bone
and brain, also expressed Fndc5, albeit at low levels. Furthermore,
muscle fibers from r-irisin–injected mice displayed enhanced Fndc5
positivity, and irisin induced Fdnc5 mRNA expression in cultured
myoblasts. Our data therefore highlight a previously unknown
action of the myokine irisin, which may be the molecular entity
responsible for muscle–bone connectivity.

mechanical loading | sarcopenia | osteoporosis

Physical exercise has widely recognized benefits on metabolic
and skeletal health, and is routinely used as a nonpharmacologic

intervention in therapeutic protocols for a variety of diseases (1, 2).
Decreases in the level of physical activity, for example in former
athletes, can lead to progressive loss of bone (3). Likewise, disuse
and weightlessness invariably cause acute, rapid, and severe bone
loss with a profound increase in fracture risk (4). For example,
astronauts lose bone mass 10 times faster than women in early
menopause (5), whereas patients in a vegetative state or with
spinal cord injuries display a high risk of fragility fractures, even
at a low-normal bone mineral density (BMD) (6).
Although there is a clear link between physical activity and

bone acquisition and maintenance, the question of whether and
how muscle function regulates bone mass has remained largely
unresolved. Several lines of evidence point toward direct muscle–
bone connectivity. First, higher muscle mass appears closely re-
lated to a higher BMD and, consequently, reduced fracture risk in
postmenopausal women. Conversely, age-related sarcopenia has
been linked to senile osteoporosis (7). Second, glucocorticoid
excess and vitamin D deficiency are catabolic, whereas andro-
gens are anabolic to both bone and muscle (8, 9). Third, we find
that, in rats with experimental spinal cord injury, electrical
stimulation of muscle rescues the elevated bone resorption
and osteoclastogenesis in vivo, in essence providing direct

evidence for muscle–bone communication, likely through a soluble
molecule (10).
The newly identified myokine irisin, produced by skeletal

muscle in response to exercise, has recently drawn attention as a
potential target for treating metabolic disorders (11). Over-
expression of Pgc-1α in muscle during exercise has been shown to
stimulate the production of the membrane protein fibronectin
type III domain containing protein 5 (Fndc5). The latter is
subsequently cleaved to, and released as, irisin (11). Irisin in-
duces a “browning response” in white adipose tissue (WAT) (12–
14), and triggers a transdifferentiation program wherein white
adipocytes (15) or de novo beige/brite cells (14, 16) shift from a
WAT to a brown adipose tissue (BAT)-like phenotype (11). These
elegant studies have directly linked muscle function to obesity via
a myokine.
We have shown previously that myokine-enriched medium

from myoblast cultures was able to enhance the differentiation of
bone marrow stromal cells into mature, bone-forming osteo-
blasts in vitro (17). Here, we demonstrate that recombinant irisin
(r-irisin), when injected into mice, increases cortical bone mass
and strength. We find that this action arises from a direct effect
of irisin on osteoblastic bone formation, which is exerted mainly
through the suppression of sclerostin (Sost), a Wnt signaling
inhibitor. We believe that irisin may serve as a lead molecule
toward the future development of novel therapies that might
simultaneously target disorders of bone, muscle and metabolism.

Significance

Although exercise is a well known and potent stimulus for new
bone formation, and weightlessness or muscle loss character-
istically cause bone loss, it has remained unclear how muscle
talks to bone, despite their close proximity. Here, we show that
a molecule irisin derived from skeletal muscle in response to
exercise has profound effects in enhancing mass and improv-
ing the geometry and strength specifically of cortical bone, the
key function of which is to resist bending and torsion. Trabec-
ular bone, which is a reservoir for bodily calcium, is remarkably
spared. Irisin may therefore not only be themolecule responsible
for muscle–bone connectivity, but could also become a therapy
for sarcopenia and osteoporosis, which occur in tandem in
the elderly.
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Results
We have previously reported that conditioned medium from
cultures of myoblasts harvested from mice postexercise was able
to enhance osteoblast differentiation in vitro (17). This obser-
vation suggested that the newly discovered myokine irisin could
be a potential candidate for muscle-osteoblast connectivity. We
therefore injected young male mice with r-irisin (100 μg kg−1) or
vehicle once a week for 4 wk. X-ray imaging of intact animals
showed increased radiodensity of femora and tibia of irisin-
treated mice compared with those treated with vehicle (Fig. 1A).
Tibiae were particularly radiodense at both midshaft and meta-
physeal regions (arrows).
Micro-CT of the tibial midshaft showed a marked effect on

cortical, but not on trabecular bone (Fig. 1 B and C). To allow
for the determination of cortical tissue mineral density (TMD-
Cortical) by converting grayscale to mineral density values, we
used a density calibration phantom containing a hydroxyapatite
standard. TMD-Cortical was higher in r-irisin–treated mice
compared with vehicle controls (Fig. 1D). This difference was
accompanied by an increase in cortical bone surface (Fig. 1D).
Qualitative observations of tibia size, noted in micro-CT images

(Fig. 1B), were confirmed by measuring bone perimeter (Pm). The
latter was also higher in r-irisin–injected compared with vehicle-
treated control mice (Fig. 1D). There were no differences in
cortical thickness (Ct.Th). However, consistent with the in-
creased Ct.Pm, both total cross-sectional area (Tt.Area) and
marrow area (Ma.Area), were increased. These data are con-
sistent with altered geometry of long bones.
Polar moment of inertia (pMOI), which is a quantity used to

predict an object with an invariant circular cross-section, such as
cortical bone, to resist torsion, was calculated as J = (Ro

4 − Ri
4)π/2,

with Ro and Ri being radii of the periosteal and endosteal surfaces,
respectively (18). Of note is that, as J is a function of the fourth
power of difference in radii, any such difference is expected to
have a large effect on pMOI. Expectedly, therefore, r-irisin–
treated mice exhibited a profound ∼19% increase in pMOI (P ≤
0.01) compared with vehicle-treated controls (Fig. 1D). Consis-
tent with this, the three point bending test demonstrated a sig-
nificant increase in bending strength and force at peak (Fig. 2A).
Very interestingly, and in stark contrast to any other known

therapy, r-irisin did not induce a change in trabecular bone at the
proximal tibia (Fig. 1 C andD). Microstructural parameters, such as
bone mineral density (BMD), bone volume/total, volume (BV/TV),
trabecular number (Tb.N), thickness (Tb.Th), and Tb.Sp remained
unchanged in r-irisin–treated compared with control mice (Fig.
1D). This remarkable finding indicated that irisin had a selective
anabolic action on the cortical component of a long bone, essen-
tially sparing its trabecular, metaphyseal component. Absence of an
action of r-irisin on trabecular bone was further confirmed through
histomorphometry of vertebral bodies (Fig. 1E).
Dynamic histomorphometry of the tibial cortical bone using

timed injections of xylelol orange and calcein showed a signifi-
cant increase in bone formation parameters, including bone
formation rate (BFR) and mineral apposition rate (MFR) (Fig.
2B). Of note is the visible increase in osteoid (unmineralized
bone) in Fig. 2C, which is again consistent with increased bone
formation. Also consistent is an absolute increase in osteoblast
numbers (Fig. 2C). In contrast, osteoclast numbers were signifi-
cantly lower in the r-irisin–treated group (Fig. 2D). Thus, although
the primary action of r-irisin is to stimulate bone formation, the
inhibition of osteoclastic bone resorption in parallel also likely
contributes to the increase in bone strength.
Irisin is known to activate the browning response in WAT,

when injected daily at a dose of 500 μg kg−1 for 14 d (19, 20). We
therefore chose a substantially lower dose of r-irisin (100 μg kg−1,
weekly injections) to determine whether or not the skeletal ac-
tion of irisin was dependent on the expansion of inducible BAT
(iBAT). Our cumulative weekly r-irisin dose was therefore
35-fold lower than that used to induce browning (100 μg kg−1

versus 3,500 μg kg−1 per mouse per week). Mice treated with
r-irisin did not display a difference in tissue weight/body weight
of either interscapular BAT or inguinal WAT (iWAT) (Fig. 3A).
An absent browning response with 100 μg kg−1 r-irisin was also
consistent with unchanged uncoupling protein 1 (Ucp1) expres-
sion in BAT and iWAT (Fig. 3B). Furthermore, there was no
difference in morphology of iWAT adipocytes from r-irisin–
treated and control mice (Fig. 3C). Additionally, no BAT-like
phenotype was noted in r-irisin–injected mice (Fig. 3C).
To study actions of r-irisin on peroxisome proliferator-

activated receptor-γ (PPARγ), the transcription factor that regu-
lates adipogenesis, we analyzed marrow isolated from long bones
of irisin-treated mice. Pparγ mRNA was not changed upon r-irisin
injection, suggesting that r-irisin did not shift mesenchymal stem
cell commitment toward an adipocyte lineage (Fig. 3D). Instead,
there was a notable increase in marrow activating transcription
factor 4 (Atf4) mRNA expression, indicating enhanced precursor
differentiation toward an osteoblast lineage (Fig. 3D). Consistent
with increased osteoblastic bone formation, we found a strong in-
duction of secreted phosphoprotein 1 (osteopontin, Spp1) mRNA

Fig. 1. Anabolic action of low-dose recombinant irisin (r-irisin) on cortical
bone. (A) Contact radiographs of selected long bones from mice treated
with vehicle or low-dose r-irisin (100 μg kg−1 per week for 28 d, mice killed
24 h after last dose). Arrows indicate areas of increased radiodensity. Rep-
resentative micro-CT–generated section images of cortical (midshaft, B) and
trabecular (metaphyseal, C) bone in tibia harvested from vehicle- or irisin-
injected mice. (D) Calculated cortical and trabecular parameters at the tibial
midshaft and metaphysis of vehicle- or r-irisin–injected mice. Cortical bone
parameters included tissue mineral density (TMD-Cortical), polar moment of
inertia (pMOI), cortical bone surface (Ct.BS), cortical bone perimeter (Ct.Pm),
total cross-sectional area (Tt.Area), marrow cross-sectional area (Marrow
Area), and cortical thickness (Ct.Th). Trabecular bone parameters for tibial
epiphyses included bone mineral density (BMD), bone volume/total volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and tra-
becular separation (Tb Sp). (E) von Kossa-stained vertebral sections from
vehicle- or irisin-injected mice, together with trabecular bone parameters as
in D. Data are presented as mean ± SEM. Statistics: Unpaired Student’s t test,
n = 5–7 mice per group. *P ≤ 0.05, or shown in D.
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expression in whole tibia (Fig. 3E). Conversely, mRNA expres-
sion for Sost, a natural inhibitor of bone formation, was reduced
in tibiae from r-irisin–treated mice (Fig. 3E). Immunofluores-
cence also revealed more abundant Spp1 immunolabeling, quan-
titated as Spp1/BS, in the endosteal and periosteal surfaces of
cortical bone from mice treated with r-irisin compared with con-
trol mice (Fig. 3F).
We tested the effect of r-irisin on the differentiation of bone

marrow stromal cells in the presence of ascorbic acid and β-glyc-
erophosphate. Incubation with r-irisin (100 ng/mL) significantly
increased in the number of Alp-positive (Cfu-f) and von Kossa-
positive (mineralized) colonies (Cfu-ob), and up-regulated Spp1
and Bone gamma-carboxyglutamic acid-containing protein (Bglap)
mRNA expression at 10 d (Fig. 4 A–C). In the short term, there
was a rapid up-regulation, within 3 h, of Atf4 mRNA, suggesting a
key role for Atf4 in mediating irisin-induced osteoblast differen-
tiation (Fig. 4D). Interestingly, there was no change in Runt-related
transcription factor-2 (Runx2) mRNA expression at 3 or 8 h of
r-irisin treatment (Fig. 4D). However, further incubation for 48 h
induced the up-regulation of Runx2 and Sp7 transcription factor
(osterix, Sp7) mRNA, together with the Wnt signal-related genes
low density lipoprotein receptor-related protein 5 (Lrp5) and
β-catenin (Fig. 4E). The up-regulation of Atf4, Runx2, and Sp7
was consistent with the global enhancement of expression of
early differentiation genes, including alkaline phosphatase (Alp)
and collagen, type I, alpha 1 (Col1a1) mRNA (Fig. 4E). Late
genes, such as Bglap, integrin-binding sialoprotein (Ibsp), and
Spp1 remained unchanged at 48 h (Fig. 4E). Finally, whereas a
receptor for irisin has not yet been identified, it was clear that
irisin targeted the osteoblast directly, and in doing so, stimulated
Erk phosphorylation with 5 min of application (Fig. 4F).

Finally, we explored whether irisin was produced at locations
other than muscle. Quantitative PCR (qPCR) showed that, whereas
muscle was the major site for Fndc5 expression, the molecule was
also produced in bone and brain tissue, albeit to a significantly lesser
extent (Fig. 5A). Fat tissue, namely iWAT and eWAT, contributed
minimally to irisin production (Fig. 5A); this is in line with previous
studies (21). Using a specific Fndc5 antibody (Fig. S1), we found a
modest increase in Fndc5 immunofluorescence in muscle fibers
from r-irisin–injected mice compared with vehicle-injected mice
(Fig. 5B). Irisin-induction of Fndc5 mRNA expression was con-
firmed in C2C12 myoblasts (Fig. 5C), further suggesting that irisin
signaling could perhaps be amplified through an autocrine action.

Discussion
Here, we report that the myokine irisin, when injected at cu-
mulative weekly dose of 100 μg kg−1, profoundly stimulates
cortical bone mass and bone strength in mice but spares the
trabecular compartment. This action is accompanied by dramati-
cally increased osteoblastic bone formation, up-regulated pro-
osteoblastic genes, and diminished osteoblast inhibitors, such as
Sost. Importantly, at this dose, irisin does not induce browning of
WAT, nor does it change the levels of molecular markers of
browning (Ucp1) or adipogenesis (Pparγ), a phenomenon classically
noted at a 35-fold higher cumulative dose (11). We hypothesize,
therefore, that irisin is fundamental to muscle–bone communica-
tion, and likely translates the well known skeletal anabolic action of
exercise by directly stimulating new bone synthesis by osteoblasts.
It is clear that r-irisin injection not only alters cortical bone

density, but also bone geometry typified by an increase in peri-
osteal perimeter. This effect likely arises from greater bone for-
mation at the periosteal surface, a notion consistent with enhanced

Fig. 2. Low-dose r-irisin increases bone strength by stimulating bone formation. (A) Three-point bending test on tibia from mice treated with vehicle or low-
dose r-irisin (100 μg kg−1 per week for 28 d, mice killed 24 h after last dose). Bending strength and force-at-break are noted. (B) Dynamic histomorphometry
on tibial sections following timed injections (2 and 7 d before sacrifice) of xylelol orange and calcein, respectively. Representative images are shown, together
with calculated indices of bone formation, including mineralized surface/total bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate
(BFR). Also shown are representative images of toluidine blue-stained osteoblasts (C) and tartrate-resistant acid phosphatase-stained osteoclasts (D) in tibial
diaphyseal sections, together with cell counts (Ob and Oc, respectively) per bone perimeter (BPm). Data are presented as mean ± SEM. Statistics: Unpaired
Student’s t test, n = 4–5 mice per group. P values as shown.
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Spp1 immunostaining. As a consequence, pMOI, an index of long
bone resistance to torsion, and bending strength are signifi-
cantly increased. Both BMD increases and geometry improve-
ments are known to underlie enhanced bone strength (22–24).
Specifically, by distributing bone mass away from the center,
enlarged bone perimeter and cross-sectional area both contrib-
ute to increased pMOI and resistance to bending. The effect of
r-irisin, essentially mimicking the effect of mechanotransduction
(25–27), thus allows bone to become structurally more efficient
for bending and torsion. Indeed, both mouse (28–30) and rat
(31–34) models have collectively shown positive associations
between exercise and increased bone size and bone mass.
Despite this profound proosteoblastic action on cortical bone, r-

irisin did not induce a change in trabecular compartment of
the same bone. There was no change in thickness, number, and
separation of trabeculae in r-irisin–treated compared with control
mice. Although it remains unclear why osteoblasts at cortical sur-
faces will behave differently from those synthesizing trabecular bone,
our observation is in line with data indicating greater sensitivity of
cortical bone to anabolic factors released by muscle (26, 27, 35). The
selective action of r-irisin on cortical bone is likely to be related to
the different functionalities of cortical and trabecular bone. Admit-
tedly speculative, it is possible that points of maximal biomechanical
stress in cortical bone are irisin targets, as is obvious in Fig. 1A.
The bone-forming action of irisin is mediated initially by Atf4,

followed by Runx2 expression, which, in turn, triggers a global
osteogenesis gene program. Although the mechanism of this
action needs further study, it seems clear that it is receptor-
mediated, in that Erk phosphorylation is stimulated within 5 min
of r-irisin application. Furthermore, in in vivo studies, we show
downstream effects of r-irisin on two osteoblast genes that are
known to be responsive to mechanostimulation, namely Spp1
and Sost. This effect is consistent with the observation that

Spp1−/− mice are resistant to unloading-induced bone loss (36,
37). Spp1 expression is increased on cortical surfaces upon 4 wk
of r-irisin treatment in vivo. However, r-irisin does not enhance
Spp1 expression in 48-h cultures, likely because of our use of yet-
undifferentiated marrow stromal cells. We therefore speculate
that Spp1 up-regulation by irisin may underlie its role in trans-
ducing the effects of mechanical stimulation (38, 39).
In contrast to Spp1, r-irisin injections down-regulates sclerostin,

a Wnt/β-catenin pathway inhibitor known to negatively regulate
bone formation (40–42). Load-induced decreases in Sost expres-
sion have been associated with increased bone formation (43).
Furthermore, and interestingly, serum irisin levels in people are
inversely correlated with serum sclerostin levels independently of
age or sex (44). There is also an inverse correlation between serum
irisin levels and vertebral fragility fractures in postmenopausal
women (45, 46). In contrast, irisin levels in athletes positively
correlate with BMD (47). In addition, we provide in vitro evidence
for an early up-regulation of Lrp5 and β-catenin, both of which
may play key roles in stimulating Wnt signaling.
Irisin was discovered as a myokine that triggered the trans-

differentiation of white to brown adipose tissue in mice (11).
Notably, at a dose of 500 μg kg−1 daily (3,500 μg kg−1 per week),
r-irisin increased Ucp1 expression and reduced body weight.
However, because BAT, particularly iBAT, can be beneficial to
the skeleton (20, 48, 49), it was imperative that we exclude in-
direct effects of irisin on the skeleton exerted through iBAT. We
therefore used a 35-fold lower cumulative weekly dose of r-irisin
than that used previously to induce browning (19). At this dose,
r-irisin did not affect WAT-to-BAT conversion, essentially ruling
out an indirect action of r-irisin on bone mass via adipose tissue
browning. Equally importantly, it suggested that the skeleton was
more sensitive to irisin than fat cells; this is not inconceivable, as
the skeleton is more primitive evolutionarily. However, it is quite

Fig. 3. Low-dose r-irisin modulates osteoblast gene expression in vivo without causing a browning response. (A) Mice injected with low-dose r-irisin (100 μg
kg−1 per week for 28 d, mice killed 24 h after last dose) do not display a difference in tissue weight/body weight of interscapular brown adipose tissue (BAT)
and inguinal white adipose tissue (iWAT). (B) r-irisin injection also does not affect uncoupling protein-1 (Ucp1) mRNA expression in BAT or iWAT. (C) Pho-
tomicrographs of hematoxylin and eosin stained sections of iWAT from vehicle- and r-irisin–injected mice (magnification: 40×), showing no difference.
(D) Pparγ and Atf4 mRNA expression (qPCR) in whole bone marrow isolated from tibiae of vehicle- or r-irisin–injected mice. (E) Spp1 and Sost mRNA ex-
pression (qPCR) in whole tibia (depleted of bone marrow) harvested from vehicle- or r-irisin–injected mice. (F) Fluorescent micrographs of metatarsal sections
of vehicle- or r-irisin–injected mice immunolabeled for Spp1 (green; nuclei labeled blue; magnification: 20×). Spp1 positivity was measured as percentage of
green fluorescence area/total bone area (Spp1/BS). Data are presented as mean ± SEM. Statistics: Unpaired Student’s t test, n = 4–5 mice per group. *P ≤ 0.05.
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possible that higher doses of r-irisin, which affect BAT expansion
(11), may have anabolic actions on both cortical and trabecular
bone, particularly as BAT is anabolic to the skeleton (20).
Taken together, our data add another milestone to the biological

evidence supporting the tight relationship between skeletal muscle
tissue and the skeleton. We also report a previously unidentified
role for irisin, likely in mediating muscle–bone connectivity. This
connection could shed further light on how exercise triggers a
skeletal anabolic response, and in particular, how age-related dec-
rements in physical activity may impact irisin production. Whether
these effects in mice recapitulate human physiology needs further
study, particularly as the pattern of expression of irisin in humans is
somewhat unclear due to an unusual ATA start codon of the hu-
man FNDC5 gene (50–52). Nonetheless, the therapeutic potential
of r-irisin analogs stems from the possibility of treating osteoporosis,
sarcopenia, and metabolic syndrome all at once.

Methods
All procedures were performed on 2-mo-old C57BL/6 male mice in protocols
approved by the Institutional Animal Care and Use Committees. Harvested
femur and tibia were imaged by contact X-ray radiography (VistaScan Combi
View, Durr Dental) at a setting of 60 kV, 8 mA, and 2.5 s, and X-ray films were
digitized for image analysis. For micro-CT, images were acquired using Bruker
Skyscan 1172 (voxel size = 6 μm3; peak tube potential = 59 kV, X-ray intensity =
167 μA, ring artifact correction = 10, beam hardening correction = 60%).
Three hydroxyapatite (HA) phantoms were used for calibration to compute
volumetric BMD. Structural indices were calculated using the Skyscan CT
Analyzer (CTAn) software (Bruker). For cortical bone properties, tibiae were
scanned at the middiaphysis starting 5.5 mm from proximal tibial condyles
and extending for 100 6-μm slices (0.6 mm). For trabecular bone, tibiae were
scanned starting 1.9 mm from the proximal tibial condyles, just distal to the
growth plate, in the direction of the metaphysis, and extending for 100 slices

(0.6 mm). Calculated cortical and trabecular parameters are noted in Fig. 1D.
Dynamic histomorphometry was performed as described (53). The three-
point bending test was carried out according to a previous protocol (54).

Fig. 4. Recombinant irisin enhances osteoblast differentiation. Bone marrow stromal cells were grown in osteoblast differentiation medium in the presence
of r-irisin (100 ng/mL). The percentage of alkaline phosphatase-positive colonies (10 d) (A) and von Kossa-positive mineralized colonies (21 d) (B) were cal-
culated versus untreated cultures. Representative wells are shown. (C) mRNA expression levels of osteoblast marker genes (Bmp2, Spp1, Bglap, Runx2, Alp,
Opg, Bmp4, Ibsp, Sp7, and Atf4) were assayed (qPCR) after 10-d culture with r-irisin. Osteoblast transcription regulators (Atf4, Runx2, and Sp7) and osteo-
genesis genes (Alp, Col1a1, Bglap, Ibsp, Spp1, Lrp5, Wnt7b, and β-catenin) were evaluated (qPCR) following culture with r-irisin for 3, 8 (D), or 48 h (E). (F)
Western immunoblotting showing Erk phosphorylation (p-Erk) triggered by r-irisin (100 ng/mL) in osteoblast cultures. Data are presented as mean ± SEM.
Statistics: Unpaired Student’s t test. *P ≤ 0.05; **P ≤ 0.01.

Fig. 5. Irisin expression beyond muscle. (A) Fibronectin type III domain-
containing protein-5 (Fndc5) mRNA levels in different tissues, namely mus-
cle, iWAT (inguinal white adipose tissue), eWAT (epididymal white adipose
tissue), BAT (brown adipose tissue), bone, brain, kidney, and liver (qPCR).
(B) Immunofluorescence micrograph of muscle fibers from mice injected
with vehicle or r-irisin (100 μg kg−1 per week for 28 d) costained for Fndc5
(green) and dystrophin (red) (Magnification: 20×). Fndc5-positive fibers were
quantitated as percentage of green fluorescent fibers/total fibers. (C) Effect of
r-irisin on Fndc5mRNA in C2C12myoblasts (qPCR). Data are presented as mean ±
SEM. Statistics: Unpaired Student’s t test, n = 4–5 mice per group. *P ≤ 0.05.
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Primary osteoblast culture, immunoblotting and qPCR were performed as
described (17). Cfu-f and Cfu-ob were determined by alkaline phosphatase
(day 10) and von Kossa (day 21) labeling, respectively. Anti-pErk and anti-
tErk antibodies were purchased from Santa Cruz. Analyses were performed
using unpaired Student’s t test for significant differences at P < 0.05. For
immunohistochemistry, vastus lateralis muscles were excised from the
quadriceps, fixed and embedded in paraffin. Histological sections (5 μm
thick) were cut and incubated with primary antibodies against dystrophin
and Fndc5 (Abcam). Fluorescent-labeled goat anti-mouse or anti-rabbit
secondary antibodies (Alexa-555 and Alexa-488, respectively; Invitrogen)
were used for detection. Specificity of the antibody was assessed by Western

immunoblotting (Fig. S1). Recombinant irisin was purchased from Adipogen
(AG-40B-0103).
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Fig. S1. Specificity of the anti-irisin antibody (Abcam). Western immunoblot showing that the antibody not only recognized recombinant irisin (ng), but also,
in C2C12 myoblast supernatants, its high-molecular-weight glycosylated form.
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