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Irisin promotes bone formation in the bony callus and accelerates the fracture repair process,
suggesting a possible use as a novel pharmacologic modulator of fracture healing.
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1. Introduction
Bone fractures have a high incidence in the world population and are often associated with
signiﬁcant disability, imposing high social and health care costs

[1].

In 2010, it was estimated that

the number of individuals aged >50 years at high risk for osteoporotic fracture worldwide was 158
million, which is expected to double by 2040. The economic burden of fractures has been
estimated at 37 billion, with the costs expected to increase by 25% by 2025

[2].

In many cases, fractures heal devoid of adverse outcomes. However, delayed healing may occur
in some patients, particularly in those suﬀering metabolic or vascular disorders. In such cases,
surgery is necessary to increase stability and/or promote healing

[3][4].

The development of

pharmacological agents could provide alternative or additional new approaches to accelerate
fracture healing

[5].

Fracture healing is a multiphasic process that generally requires months to be completed
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mesenchymal progenitor cells leads to the formation of a ﬁbrocartilaginous or soft callus, which is
crucial for early stability of the fracture site [7]. As healing progresses, formation of the cartilage
callus occurs, and chondroblasts, typically expressing collagen Type II (COL II) matrix protein and
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(SOX9),

gradually

undergo

diﬀerentiation, lose the expression of the above markers and acquire those typical of hypertrophic
chondrocytes, such as collagen Type X (COL X)

[8].

The cartilaginous callus turns into the bony callus due to the replacement of cartilage by bone
through a process reminiscent of the events occurring during endochondral bone development
including the crucial bone-forming activity of osteoblasts, which express the runt related
transcription factor 2 (RUNX2). An essential role is also played by osteoclasts, which resorb the
cartilage callus and cooperate with osteoblasts for the proper remodeling of the bony callus

[9].

Numerous studies, mostly in animal models, have investigated the eﬀect of some bone anabolic
agents, such as BMPs, FGFs, activators of the Wnt/Î²catenin pathway and PTH/PTHrP receptor
agonists

[10],

in accelerating fracture repair.

Although left unexplored, previous observations have suggested that fracture healing is more
eﬃcient when there are muscle ﬂaps present in the area of injury

[11]

. This pioneering observation

was recently brought to light by recent evidence showing that skeletal muscle is an endocrine
organ that produces hormone-like molecules, called myokines, with an endocrine/paracrine action
on bone tissue [12]. The hormone-like myokine irisin is a newly discovered molecule aﬀecting bone
metabolism and it has never been studied as a treatment for fracture healing before.

Irisin, produced by skeletal muscle during exercise, was initially described as crucial for inducing
the browning of white adipose tissue, but shortly thereafter, pleiotropic eﬀects emerged in several
tissues and organs (bone, muscle, cartilage, pancreas, liver and brain)

[13][14].

Previous studies

were the ﬁrst to prove that the musculoskeletal system is likely to be an important target, as an
irisin dose 35 times lower than that eﬀective on adipose tissue, increased bone mass in healthy
mice

[15]

, and prevented bone and muscle losses in an osteo-sarcopenic mouse model of disuse-

induced osteoporosis and muscle atrophy

[16]

.

These studies showed that irisin treatment in vitro enhanced osteoblast diﬀerentiation

[17]

and

improved bone mass in young adult mice in vivo by raising the tibial diaphyseal cross-sectional
area due to an enhanced osteoblast activity and bone formation
ng/mL of recombinant irisin directly acts on osteoblasts

[17]

[15].

It was also shown that 100

and osteocytes

[18]

by activating

Erk1/2 phosphorylation and increasing the expression of the Activating Transcription Factor 4
(Atf4), a key transcription factor for osteoblast proliferation, diﬀerentiation and survival

[15]

. In

contrast with these results, Kim and colleagues showed that mice with global deletion of the irisin
precursor, the Fibronectin Type III Domain Containing 5 (FNDC5), were resistant to ovariectomyinduced bone loss through inhibition of osteoclastic bone resorption and osteocytic osteolysis

[19].

In vitro data showed that continuous exogenous treatment with 10 ng/mL irisin stimulated
osteoclast diﬀerentiation from bone marrow precursors. However, increasing the dose to 20 ng/mL
had a lower eﬀect on osteoclast number, and doses of irisin equal or exceeding 100 ng/mL
decreased osteoclastogenesis

[20].

Therefore, it has been hypothesized that the opposing eﬀects

of irisin could be due to its concentration, as well as the duration or frequency of treatment. Since
its discovery, some reports have questioned the existence of circulating irisin in humans, both
because human FNDC5 has a non-canonical ATA translation start and because of the previous
unreliable assay methods used for its detection

[21]

. In 2015, the study by Jedrychowski and

colleagues demonstrated by tandem mass spectrometry that irisin is expressed in humans and is
regulated by exercise through the detection and quantiﬁcation of circulating human irisin at a
concentration of ~4 ng/mL

[22]

. Conversely, another study also using mass spectrometry

demonstrated that irisin was not present in human plasma but was detectable in cerebrospinal
ﬂuid samples in the range of 0.3 to 1.9 ng/mL

[23]

. Although quantiﬁcation of irisin by mass

spectrometry should be the gold standard for determining its concentration, this technique
requires multi-step sample preparation, such as removal of albumin and immunoglobulins, which
could lead to variable amounts of protein being retained for analysis and result in uncontrollable
variations in the measurement of irisin

[24].

However, since the discovery of irisin, numerous

studies have proposed a role of irisin in multi-organ protection in humans, and much progress has
also been made to demonstrate its key role as one of the determinants of skeletal status. Human
studies have shown that postmenopausal women with previous osteoporotic fractures had low
irisin levels

[25]

and that circulating irisin was inversely related to vertebral fragility fractures [26].

Furthermore, previous work demonstrated a positive association between circulating irisin levels
and bone mineral status in adult and child populations

[27][28][29][30].

More recently, it was reported

that low concentrations of irisin in older women were associated with an increased risk of hip
fractures

[31].

Notably, the levels of the irisin precursor, FNDC5, in the skeletal muscle of the older adult subjects
were positively associated with irisin serum levels and osteocalcin mRNA expression in bone
biopsies, indicating a strong correlation between healthy muscle and bone tissues

[29]

.

Moreover, recent ﬁndings highlighted that irisin also targets cartilage. An in vitro study of human
osteoarthritic chondrocytes showed that the myokine directly aﬀects chondrocytes and improves
cellular anabolism while decreasing their catabolism

[32].

Additionally, irisin signaling was required

to protect against oxidative damage, apoptosis and extracellular matrix underproduction in
inﬂamed chondrocytes, delaying osteoarthritis development [33].

2. Irisin Induces Maturation of the Soft Callus at 10 Days
Post-Fracture
X-ray radiography performed directly after surgery conﬁrmed transverse mid-diaphyseal tibial
fractures and the adequate positioning of intramedullary pins (Figure 1A). Serial radiographs of
representative mice, intermittently treated with normal saline (vehicle) or irisin, showed clearly
visible fracture lines in both treatment groups at 10 days post-fracture (Figure 1B,C). To
determine the total cartilage area within the soft callus, Safranin-O staining was performed at the
same time point (Figure 1D). Histological analysis revealed increased callus area but lower
proteoglycan content in the soft callus of irisin-treated mice (Figure 1D). The histological
observation was conﬁrmed by morphometric analysis of the entire callus, showing a signiﬁcantly
higher percentage of soft callus area (+25%; p = 0.0114) but lower proteoglycan content (â40%;
p = 0.0018) in irisin-treated mice compared with control mice. Furthermore, tartrate-resistant acid
phosphatase (Trap)-positive osteoclasts within the callus tissue were also assessed by histology
(Figure 1G). Quantiﬁcation of Trap-positive (Trap+) cells within the callus area showed a 2.4-fold
increase in osteoclast numbers on the callus area (OC N. /CA) at 10 days (p = 0.026) after fracture
in irisin-treated mice (Figure 1H), thus suggesting a diﬀerent stage of soft callus formation
following treatment with irisin. To decipher the factors involved in irisin-induced cartilaginous
callus formation, we performed an immunohistochemical analysis of the matrix proteins and
transcription factors expressed by the chondrocytes during their progression to the hypertrophic
phenotype.

Figure 1. (A) Representative radiological images of fractured tibia at Time 0 (T0), and mice
intermittently treated with (B) normal saline (vehicle) or (C) irisin at 10 days post-fracture. (D)
Representative Safranin O-staining images of callus sections from vehicle- and irisin-treated mice
at 10 days post-fracture (scale bar 0.8 mm). The black squares indicate the areas of higher
magniﬁcation (scale bar: 60 Î¼m). (E) Dot-plot graphs showing the increased soft callus area and
(F) decreased proteoglycan-rich cartilage matrix in irisin-treated mice (n = 6) compared with
vehicle-treated mice (n = 6). (G) Representative Trap staining images of callus sections from
vehicle- (n = 6) and irisin-treated (n = 6) mice at 10 days post-fracture (scale bar: 0.8 mm). The

black squares indicate the areas of higher magniﬁcation. (H) Dot-plot graph showing the
signiﬁcantly increased number of Trap-positive cells in the callus area (OC n. /CA) in irisin-treated
mice (n = 6) compared with vehicle-treated mice (n = 6) (scale bar: 60 Î¼m). Data are presented
as dot-plots with medians, from maximum to minimum, with all data points shown. The
MannâWhitney test was used to compare groups.
Immunohistochemical staining for COL II in callus sections (Figure 2A) and relative quantiﬁcation
(Figure 2B) showed no signiﬁcant diﬀerence between the two experimental groups. However, the
expression of COL X, a well-established marker of hypertrophic chondrocytes, was increased
threefold (p = 0.0012) in the callus of irisin-treated mice compared with the vehicle group (Figure
2C,D). Of note, the positivity for the master regulator of osteoblast diﬀerentiation, RUNX2, was
2.2-fold higher (p = 0.0137) (Figure 2E,F), whereas the positivity for SOX9, the transcription
factor that regulates chondrogenesis, was twofold lower (p = 0.0058) (Figure 2G,H) in the callus
of irisin-treated mice than in the vehicle-treated group.

Figure 2. Representative images of (A) COL II, (C) Col X, (E) RUNX2 and (G) SOX9 immunostaining
in callus sections from vehicle-treated mice (n = 6) and irisin-treated mice (n = 6) at 10 days
post-fracture (scale bars: 20 Âµm). Dot-plot graphs showing the quantiﬁcation of (B) COL II, (D)
COL X, (F) RUNX2 and (H) SOX9 expression. Data are presented as dot-plots with medians, from
maximum to minimum, with all data points shown. The MannâWhitney test was used to compare
groups.

3. Irisin Increased Bony Callus Size at 28 Days PostFracture
After 28 days post-fracture, X-ray images showed that callus was still evident in both vehicle- and
irisin-treated mice (Figure 3A). However, longitudinal and cross-sectional micro-computed
tomography (microCT) 3D reconstructions (Figure 3B,C) clearly indicated an increased callus size
in the tibia of irisin-treated mice. Due to the absence of mineralization of the callus at 10 days
post-fracture, microCT analysis was performed only on the callus at 28 days post-fracture. Callus

total volume (Cal TV) (Figure 3D) and callus bone volume (Cal BV) (Figure 3E) increased by 68%
(p = 0.0003) and 67% (p = 0.00193), respectively, in irisin-treated mice compared with the
control group, resulting in an unchanged callus bone volume fraction (Cal. BV/TV) (Figure 3F).
Moreover, the bone mineral content of the callus (Cal. BMC) (Figure 3G) was 74% higher (p =
0.0012) in irisin-treated mice than in the controls, whereas the callus bone mineral density (cal.
BMD) (Figure 3H) was unchanged. Consistent with the unchanged bone volume fraction in the
callus, measurements of trabecular parameters showed that there was no signiﬁcant diﬀerence in
trabecular thickness (Cal. Tb. Th) (Figure 3I), trabecular separation (Cal. Tb. Sp) (Figure 3J) and
trabecular number (Cal. Tb. N) (Figure 3K) between the two groups of mice.

Figure 3. Mice sacriﬁced at 28 days post-fracture. (A) Representative radiological images. (B)
Longitudinal and (C) cross-sectional micro-computed tomography (Î¼CT) 3D reconstructions of
fractured tibiae from vehicle- and irisin-treated mice at 28 days post-fracture. ÂµCT analysis of the
bone callus: (D) Cal. TV= callus total volume; (E) Cal. BV= callus bone volume; (F) Cal. BV/TV=
callus bone volume/total volume; (G) Cal. BMC = callus bone mineral content; (H) Cal. BMD =
callus bone mineral density; (I) Cal. Tb. Th = callus trabecular thickness; (J) Cal. Tb. Sp = callus
trabecular separation; (K) Cal. Tb. n= callus trabecular number. Vehicle-treated mice (n = 7);
irisin-treated mice (n = 8). Data are presented as box-and-whisker plots with median and
interquartile ranges, from maximum to minimum, with all data points shown. The MannâWhitney
test was used to compare groups.

4. Irisin Accelerated Bony Callus Formation at 28 Days
Post-Fracture
To further characterize the inﬂuence of irisin treatment on the structural organization of the bony
callus at 28 days post-fracture, we performed histological and immunohistochemical analysis of
callus sections. Hematoxylin and eosin staining showed that irisin promoted the formation of bony
callus (Figure 4A), thereby accelerating fracture healing. In contrast, in vehicle-injected mice, the
ﬁbrous tissue was still prevalent in the fracture gap. Trap staining (Figure 4B) of callus sections
and the relative morphometric analysis (Figure 4D) showed the decreasing, although not
signiﬁcant, trend of the osteoclast number in the callus area (OC N./CA) in irisin-treated mice
compared with the vehicle group. Interestingly, immunohistochemistry for osteocalcin (Figure 4C)
revealed a higher percentage of positive cells for this bone matrix protein (+26%; p = 0.0019)
(Figure 4E) in irisin-treated mice, thus suggesting that irisin promotes bone formation in the bony
callus, possibly improving the fracture repair process.

Figure 4. (A) Representative hematoxylin and eosin staining images on callus sections from
vehicle- and irisin-treated mice at 28 days post-fracture (scale bar: 0.8 mm). The black squares
indicate the area of higher magniﬁcation (scale bar: 60 Âµm). Arrowheads indicate the ﬁbrous
tissue. (B) Representative Trap staining images of callus sections from vehicle- and irisin-treated
mice at 28 days post-fracture (scale bar: 30 Âµm). (C) Representative images of osteocalcin
immunostaining in callus sections from vehicle- and irisin-treated mice at 28 days post-fracture
(scale bar: 30 Âµm). (D) Quantiﬁcation of OC N./CA in sections from vehicle- (n = 6) and irisintreated mice (n = 6) at 28 days post-fracture. (E) Quantiﬁcation of the percentage of osteocalcinpositive cells (osteocalcin+ cell, %) out of all cells of the callus from vehicle-treated mice (n = 6)
and irisin-treated mice (n = 6) at 28 days post-fracture. Data are presented as dot-plots with
medians, from maximum to minimum, with all data points shown. The MannâWhitney test was
used to compare groups.

5. Conclusion
Systemic administration of intermittent low doses of irisin accelerates bone fracture healing in
mice by promoting bone formation and mineralization. The transcription factor and matrix
component expression analysis, histomorphometry and microCT data together demonstrate that
irisin during fracture repair stimulates osteogenesis to produce more bone tissue that can stabilize
the fracture more rapidly without altering the normal process of bone remodeling. Nevertheless,
this study lays the basis for the use of recombinant irisin in fracture repair by providing a
complementary analysis of tibial callus tissue following systemic irisin administration. Most
importantly, we have added new data that increase our understanding of the processes that
regulate and promote the conversion of cartilage to bone during fracture repair. Speculatively, our
results may also provide a possible explanation for why bone fractures heal faster when muscle
ﬂaps are present at the fracture site: it could be irisin, produced by the muscle cells, that mediates
this eﬀect.
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