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Abstract
Irisin is well-known to contribute to bone homeostasis due to its bidirectional regulation on osteogenesis and
osteoclastogenesis. However, the mechanisms of irisin involved in mesenchymal stem/stromal cells
(MSCs)-derived osteogenesis are still under investigated. Fibronectin type III domain-containing protein 5
(FNDC5) is the precursor protein of irisin, compare with wild type (WT) littermates, FNDC5-/- mice lost bone
mass significantly, collectively evidenced by the decrease of bone mineral density (BMD), impaired bone
formation and reduced N-terminal propertied of type I procollagen (P1NP) in sera. Meanwhile, the bone
resorbing of FNDC5-/- mice has enhanced accompanied by increased tartrate phosphatase (TRAP) staining cells
morphologically and cross-Linked C-telopeptide of type 1 collagen (CTX) level in sera. In vitro study showed
that lack of irisin impeded the MSC-derived osteogenesis of FNDC5-/- mice. The addition of irisin promote the
osteogenesis of WT and irisin-deficient MSCs, by activating αV integrin-induced ERK/STAT pathway,
subsequently enhancing bone morphogenetic protein 2 (BMP2) expression and BMP/SMAD signaling activation.
Taken together, these findings further indicate that irisin regulates bone homeostasis. Moreover, irisin
promotes MSC-derived osteogenesis by binding to αV integrin and activating BMP/SMAD signaling
consequently. Thus, irisin may be a promising therapeutic target for osteoporosis and bone defects.
Key words: Irisin, mesenchymal stem/stromal cell, Osteogenesis, BMP/SMAD signaling, αV integrin.

Introduction
Osteoporosis has become one of the most
significant public health issues characterized by the
reduction of BMD with the increased probability of
fracture [1]. In China, 70%-80% of fractures in the
elderly were caused by osteoporosis [2]. With the life
expectancy of human and the aging of world
population trend intensifying, this problem continued
to deteriorate [3]. By their very nature, osteoporosis is
caused by excessive bone loss. In terms of incentives.
New bone formed by osteoblasts is less than old bone
absorbed by osteoclasts, which destroys the
homeostasis of bone metabolism and produces a

negative balance effect. There are a class of drugs that
quite effective in the treatment of osteoporosis in
recent years [4]. Currently, the anti-osteoporosis
drugs wildly used in clinic including estradiol for
preserve postmenopausal osteoporosis (PMOP) [5],
calcitonin
gene-related
peptide
(CGRP)
in
osteoporosis patients [6], bisphosphonates by
inhibiting bone resorption [7]. Denosumab is first
used to inhibit receptor activator of nuclear factor-kB
ligand (RANKL), which combined with its receptor
RANK, induces osteoclast precursors mature into
functional osteoclasts [8, 9]. In a nutshell, the current
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treatment of osteoporosis is more focused on the
precise treatment of osteogenic differentiation and
osteoclast activation. Therefore, maintaining bone
metabolic homeostasis by regulating the subtle
metabolic processes of osteoblasts and osteoclasts has
still been a hotspot in osteoporosis research.
Osteoblasts are mainly derived from MSCs.
Upon inductive conditions, MSCs may differentiate
into osteoblasts, chondrocytes, myoblasts, adipocytes,
and other functional cells [10]. Therefore, MSCs are
considered as promising multipotent stem cells
especially as the resource of osteoblasts and widely
applied in the bone metabolic diseases and tissue
engineering [11, 12]. Multiple regulations including
biological, physical, and chemical factors control
osteogenic differentiation of MSCs [13]. Aging and
metabolism as the most important elements will
reduce the number of MSCs and the ability of
osteogenic differentiation, leading to abnormal
differentiation of MSCs [14]. Taken together, it has
been a focus of enhancing not only MSCs proliferation
but also MSCs differentiation towards the osteoblastic
fate.
Activation of osteoclast is another important part
in bone remodeling [15]. It originates from
hematopoietic stem cells (HSCs), degrades bone by
secreting acids and proteolytic enzymes such as
cathepsin K (CTSK) after activation, then dissolves
collagen and other matrix proteins produced during
bone resorption to absorb old and damaged bones
[16]. In sum of, bone remodeling begins with the
absorption of bone matrix by osteoclasts, followed by
the recruitment of osteoblast-related cells to the
resorption site for remodeling, adapting to changes in
the mechanical environment of the body or repairing
bone injury through the formation and secretion of
bone matrix [17].
Currently, skeletal muscle is identified as
endocrine organ secreting sorts of myokines such as
myostatin, IL-6, insulin. These myokines act on lots of
organs and tissues such as adipose, liver and bones
[18]. As a new type of muscle factor secreted during
exercise, irisin was discovered by Bostrom et al. in
2012. It has been demonstrated that exercise could
increase peroxisome proliferator-activated receptorgamma coactivator-1α (PGC1α), upregulate the
expression of membrane protein FNDC5, promote the
release of its cracking product irisin, and finally
facilitate the browning of white adipose tissue to
regulate energy metabolism [19]. It is mentioned
above that, the transformation of MSCs into
adipocytes and osteoblasts has a special relationship
with the pathological environment of abnormal bone
remodeling [13]. Therefore, in addition to its
importance in lipid metabolism, the effect on bone

metabolism has also been confirmed by lots of
research. Studies have shown that the level of irisin
was negatively correlated with fragile vertebral
fractures and had no significant correlation with bone
density and obesity [20]. Qiao et al. has reported that
osteoblast differentiation was mediated by activating
p38 mitogen-activated protein kinase (MAPK) and
extracellular signal-regulated kinase (ERK), irisin
directly act on osteoblast, promoting osteoblast both
proliferation and differentiation in vitro [21].
Meanwhile, irisin could reduce the number of
osteoclasts and increase the quality and strength of
cortical bone [22]. These studies demonstrated that
irisin contained a certain positive effect on bone
metabolic balance and could be a great potential
application in osteoporosis.
It was reported that in RAW264.7 macrophages,
irisin inhibited inflammatory cytokine generation and
M1 macrophage polarization induced by lipopolysaccharide (LPS) via Adenosine Monophosphate
Activated Protein Kinase (AMPK) phosphorylation
[23]. Another study indicated that FNDC5/irisin was
required for ovariectomy-induced osteoporosis and
endogenous FNDC5/irisin induced bone resorption,
partly through its application to osteocytes [24].
FNDC5 conditional deficiency in osteoblast has been
used as a loss-of-function model to determine the
effects of irisin deficiency during bone development
and physical activity [25]. However, further
exploration of irisin in the whole process of bone
formation and development and its possible new
mechanism of action are still lacking.
Therefore, in our present study, FNDC5-/- and
littermate WT mice were used to evaluate the bone
mass during the growth period. We found that lack of
FNDC5/irisin could accelerate the progress of
osteoporosis, and demonstrated that irisin regulated
ERK/STAT3 signaling pathway through binding to
membrane receptor integrin αV, and further affected
bone metabolism BMP/SMAD pathway to promote
osteogenic differentiation of MSCs during the vitro
osteogenic induction. Through this study, we further
verified the important role of irisin in osteoporosis
and explored possible new regulatory pathways to
expand the research direction of irisin in bone
metabolism and provide a possible new target for the
treatment of osteoporosis.

Materials and Methods
Animals
The experimental protocols of the mice were
followed the National Institute of Health’s Guide for
the Care and Use of Laboratory Animals and
permitted by the Animal Care and Use Committee of
https://www.ijbs.com
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Soochow University. Global deletion of the FNDC5
gene in mice (FNDC5-/-) were generously provided by
Department of Physiology, Nanjing Medical
University (Nanjing, Jiangsu, China). WT and
FNDC5-/- mice global deletion of the FNDC5 gene in
mice (FNDC5-/-) were on a C57BL/6 background, and
the identification was performed in accordance with
the literature [26], while the genotype identification
was placed in supplementary Figure 1. All mice were
fed in the specific pathogen-free (SPF) animal facility
at Laboratory Animal Center of Soochow University.
FNDC5-/- mice and WT littermates were sacrificed at
postnatal 6, 12, 18 and 24weeks, Tissues and sera were
collected immediately and stored at 4 °C.

Micro-computed tomography (micro-CT) and
Analysis
The distal femoral epiphyses were scanned using
the micro-CT system (Skyscan 1176, Bruker, Belgium).
Bones were scanned at a high resolution (9μm) with
an energy of 50 kV, 200 mA of intensity and regular
increments of 0.7 in the 180° rotational steps.
Three-dimensional (3D) reconstruction of CT scan
data and analysis of bone related parameters: BMD,
bone volume/tissue volume (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N),
trabecular separation (Tb.Sp) were performed
according to previous research methods [12].

Enzyme Linked Immunosorbent Assay
(ELISA)
In this study, P1NP and CTX in the sera of the
mice were analyzed by ELISA kits: (Elabscience,
China), according to the instructions of manufacturer.

Histological and immunological staining
The femurs were decalcified in 14% ethylene
diamine tetraacetic acid (EDTA) for 28 days. Both
frozen sections and paraffin-embedded sections were
prepared.
Hematoxylin
and
eosin-staining
(H&E-staining), TRAP staining (Sigma Aldrich, USA)
for osteoclast, masson trichrome staining (Salorbio,
G1340, China) for new immature collagen was
performed histologically. Frozen sections were used
for immunohistochemical staining with antibodies to
analyze the expression of osteogenetic markers:
Phosphorylated-Smad1/5/9 (CST, USA), Osterix
(Abcam, USA).

Cell culture
Isolating and culturing bone marrow MSCs
(BMSCs) and bone marrow macrophages cells
(BMMs) were followed the methods described in the
previous articles [12, 27]. The osteogenesis induction
medium was supplemented with dexamethasone
(Dex) at a concentration of 1x10-9M/L, 1%

β-glycerophosphate and 0.2% AA. 50ng/ml RANKL
(R&D, USA) and 30 ng/ml macrophage colony
stimulating factor (M-CSF) (R&D, USA) were used for
osteoclastgenesis of BMMs, then we did osteoclast
staining by TRAP kit and examined under a
microscope (Zeiss, Germany) after 6 day-induction.

Cell Counting Kit-8 (CCK-8)
BMSCs were inoculated into 96-well plates with
and added with different concentrations
of recombinant irisin (0.1 ng/ml, 1 ng/ml, 5 ng/ml, 10
ng/ mL, 20 ng/ mL). Cell proliferation was detected
by cell counting kit at day 1, 3, 5. The medium was
removed at the same time point, and the medium
containing 10% CCK-8 liquid was added, then
incubated in an incubator for 2 hours without light. At
last, the medium was transferred to a new well plate
and the absorbance was read at 450 nm.
2X103/well

Colony formation units
All bone marrow primitive cells of WT and
FNDC5-/- mice were collected from bone marrow
flushing. Then cells were directly seeded in the well
plate at a rate of 3 million/well and cultured in the
medium containing 10% fetal bovine serum (FBS).
After culturing for one week, the culture medium was
sucked out, and washed twice with PBS, fixed by 4%
paraformaldehyde for 15 minutes. After washing with
PBS, the crystal violet solution was added for staining.
The efficiency of cell clone formation was analyzed
according to the number and size of purple nodules.

Alkaline Phosphatase (ALP/AKP) Staining and
AKP Activity
On the seventh day of osteogenesis induction,
BMSCs were fixed by 4% paraformaldehyde for 30
minutes, then covered with BCIP/NBT working
solution (Beyotime, China) for 20 minutes in dark. The
cells were observed under a microscope and
photographed. After the protein concentration was
measured by BCA protein quantitative kit, AKP
staining kit (Jiancheng, China) was used to measure
the OD values of blank, standard and measured wells
by spectrophotometer at 520 nm, and AKP activity
was calculated by formula.

Alizarin Red S (ARS) Staining and
Quantification
After osteogenic induction for two weeks,
BMSC-derived
cells
were
fixed
with
4%
paraformaldehyde. ARS staining solution (Cyagen,
China) was used to stain for 20min. Finally, ddH2O
was used to wash for three times. The mineralized
nodules containing calcium stained in red and images
were captured by microscope. The quantification of
ARS staining was carried out in accordance with
https://www.ijbs.com
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previous studies in our laboratory [12]. 5% perchloric
acid was added to dissolve the calcium nodules. After
30 minutes incubation, detected the absorbance
(optical density) at 490 nm.

Quantitative real-time PCR (qRT-PCR)
Extract the total RNA with Trizol (Beyotime,
China). NanoDrop-2000 (Thermo Fisher, USA) was
used to survey the density. Reverse transcriptase
reactions were done by Prime Script RT reagent Kits
(TaKaRa, Japan). SYBR Premix Ex Taq™ (BIO-RAD,
USA) was used to qRT-PCR. GAPDH was used as
internal reference, and the quantitative results were
calculated by 2 ΔΔCT method. The sequences of mouse
primer were listed in Table 1.
Table 1. Primer sequences of mouse for qRT-PCR.
Genes
ALP
OPN
RUNX2
Osterix
DC-STAMP
NFATc1
TRAP
OSCAR
GAPDH

Primer sequences
Forward
CTTGCTGGTGGAAGGAGGCAGG
Reverse
CACGTCTTCTCCACCGTGGGTC
Forward
GCGAGGAGTTGAATGGTG
Reverse
CTTGTGGCTGTGGGTTTC
Forward
CAAGAAGGCTCTGGCGTTTA
Reverse
TGCAGCCTTAAATGACTCGG
Forward
ATGGCGTCCTCTCTGCTTG
Reverse
TGAAAGGTCAGCGTATGGCTT
Forward
TACGTGGAGAGAAGCAAGGAA
Reverse
ACACTGAGACGTGGTTTAGGAAT
Forward
TGGGAGATGGAAGCAAAGAC
Reverse
ATAGAAACTGACTTGGACGGG
Forward
AGACCCAATGCCACCC
Reverse
GGACCTCCAAGTTCTTATC
Forward
GTTTGGGGCTGGCAGGAATGGT
Reverse
GAGGTGGGGAGCCGGAAATAAGG
Forward
GGTGAAGGTCGGTGTGAACG
Reverse
CTCGCTCCTGGAAGATGGTG

Western Blot
Cells were resuspended with RIPA buffer (NCM
Biotech, China) and total protein was collected. BCA
kit (Beyotime, China) was used to detect the
concentration of protein sample. After electrophoresis
and membrane transfer processes [27], the fiber
membranes were incubated with primary antibodies
against Smad1/5/9, BMP2, Smad4, phospho-STAT3,
BMPR2,
Erk1/2,
Integrin
αV,
runt-related
transcription factor 2 (RUNX2), osteopontin
(OPN)(Abcam, ab66737, ab96826, ab40759, ab76315,
ab130206, ab17942, ab179475, ab236639, ab283656,
USA), phospho-Smad1/5/9 (CST, 13820S, USA),
β-Actin (Beyotime, AA128, China) respectively, then
they were incubated with corresponding secondary
antibodies. In the end, the target bands were
developed with chemiluminescence reagent (Thermo
Fisher Scientific, USA) and imaged under ChemiDoc
Touch Imaging System (Bio-Rad). Quantification of
the band intensity was performed using Image J
software.

Statistical Analysis
Data were analyzed by SPSS 19.0 software (SPSS
Inc, Chicago, IL, USA) and presented as mean ±
standard deviation from at least three independent
samples. Paired t-test was used to compare two
groups, and one-way analysis of variance was used to
compare more than two groups. P < 0.05 was
considered as a significant difference.

Results
FNDC5 deficiency in mice reduced bone mass.
Since fibronectin type III domain-containing
protein 5 (FNDC5) is the precursor protein of irisin,
FNDC5 deficiency mice are lack of irisin. We detected
bone mass of FNDC5 deficiency mice at different
growth points. Micro-CT images showed that,
compared with littermate WT mice by 3D&2D-rebuilt,
FNDC5-/- mice showed no significant difference in
bone mass during the first 6 weeks. However, from
the 12th week, the cancellous bone mass of FNDC5-/mice decreased significantly (Figure 1A-B). The
quantitative analysis of bone parameters accurately
revealed that the BV/TV, Tb.Th, Tb.N, and BMD of
FNDC5-/- mice were reduced by one third compared
with WT mice at the indicated time points (Figure 1C).
Herein, the lack of FNDC5/irisin affect the bone
development process of mice.

FNDC5 deficiency in mice reduced bone
formation and increased bone resorption.
Consistent with the results of micro-CT,
histological analysis confirmed the protective effect of
irisin in FNDC5-/- mice. Obviously, the absence of
FNDC5 resulted in thinner and disordered trabeculae
under the epiphyseal plate compared with the ones of
WT group (Figure 2A). In Masson staining, bone
collagen fibers (in blue) was reduced about 36% below
the femoral metaphysis of FNDC5-/- mice (Figure 2B).
Immunohistochemical staining of the metaphysis of
the femur in mice displayed that the number of
Osterix positive cells in WT mice was nearly three
times higher than that in FNDC5-/- mice (Figure 2C).
The results further indicated that TRAP positive area
on the bone trabecular surface in FNDC5-/- mice was
more than three times as large as that in WT mice
(Figure 2D). As expected, the bone formation marker
P1NP dramatically decreased and the bone resorption
marker CTX increased in the sera of the 24-week-old
FNDC5-/- mice (Figure 2E). Collectively, deficiency of
FNDC5/irisin reduced bone formation and promoted
bone resorption, which eventually led to abnormal
bone development in mice.
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Int. J. Biol. Sci. 2022, Vol. 18

576

Figure 1: FNDC5 deficiency in mice reduced bone mass. (A) 3D and (B) 2D reconstruction of micro-CT images of femurs. (C) Bone parameters of femurs at indicative time
point. BV/TV (%), Tb.Th (mm), Tb.N (1/mm), Tb.Sp, BMD (mg/cm3), (n=6, *P < 0.05, **P <0.01, ***P <0.001).

Figure 2: FNDC5 deficiency in mice reduced bone formation and increased bone resorption. (A) H&E-staining of femur section. (B) Masson trichrome staining showing new
bone collagen fibers in blue and red for mature bone. (C) Immunohistochemical staining indicating Osterix expression level in femur. (D) TRAP staining of femur sections. (E)
P1NP, CTX in serum determined by ELISA. (n=6, *P < 0.05, **P <0.01, ***P <0.001).
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Figure 3: R-irisin promoted osteogenic differentiation in vitro. (A) ALP staining of BMSCs after osteogenic induction. (B) AKP activity. (C) Alizarin Red staining. (D)
Semi-quantitative analysis of mineralized nodules. (E) qRT-PCR analysis of OPN, RUNX2, ALP, and Osterix after osteogenic induction for 7 days. (n=5, **P <0.01, ***P <0.001,
****P <0.0001).

Recombination irisin (r-irisin) promoted
MSC-differentiated osteogenesis in vitro.
To test if irisin facilitated osteogenesis directly,
we treated mouse BMSCs with exogenous irisin in
vitro. At the beginning, we explored the effect of
r-irisin on BMSCs proliferation in a metrological
gradient by CCK-8. The results indicated that, from
0.1 to 20ng/mL, r-irisin did not affect the BMSC
proliferation (Supplementary Figure 2A). Live-death
staining on the third day under the same condition
showed that no dead cells appeared, further
confirming the similar result (Supplementary Figure
2B-C). We chose r-irisin at a concentration of 5 ng/ml
in the subsequent experiments to better simulate the
effect of irisin on osteogenesis under physiological
state[28]. After 7 days osteogenic induction of BMSCs,
ALP staining was enhanced obviously by r-irisin
(Figure 3A-B). ARS staining indicated that r-irisin also
promoted the formation of mineralized nodules after
14 days osteogenic induction. Through quantitative

analysis, it was clear that the ability to osteogenic
differentiation of BMSCs was doubled after the
addition of irisin (Figure 3C-D). Quantitative analysis
of gene profiles showed that OPN, ALP, Osterix, and
RUNX2 of BMSCs after induction were significantly
higher when treated with r-irisin (Figure 3E). The
Western blot results displayed the same trend as
qRT-PCR (Supplementary Figure 3A-B). As
mentioned above, it is an art-of-state that exogenous
r-irisin could promoted osteoblast differentiation.

Irisin deficiency did not affect the clonal
formation efficiency of bone marrow cells but
inhibited osteogenic differentiation
We collected bone marrow cells from WT and
FNDC5-/- mice at the age of 12 weeks, the cell colony
formation units (CFU) were observed after direct
cultured for 7days. The crystal violet staining showed
no significant difference in the number of colonies
between the two sources of cells (Figure 4A). After 7
days of osteogenesis, the CFU-ALP expression of
https://www.ijbs.com
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BMSCs from WT mice was significantly higher than
that of FNDC5-deficient mice (Figure 4B). The same
result was also found in CFU-AR staining after 14
days of osteogenesis (Figure 4C). It was indicated that
FNDC5/irisin deficiency did not affect the clonal
formation efficiency of BMSCs but inhibited their
osteogenic differentiation.

R-irisin rescued the osteogenic differentiation
reduction of BMSCs caused by FNDC5
deficiency
According to the previous micro-CT analysis,
FNDC5-deficient mice showed significant bone mass
loss at the age of 12 weeks (Figure 1A-C). Therefore,
12-week FNDC5-/- and littermate WT mice were
selected to isolate bone marrow BMSCs for
osteogenesis induction and intervene with r-irisin.
ALP staining showed about 28% reduction in
FNDC5-deficient group (Figure 5A-B). ARS staining
on the 14th day of induction displayed a 30%
reduction in the number of mineralized nodules
formed in the FNDC5-deficient group (Figure 5C-D).
The analysis of qRT-PCR showed decreased
expression of osteoblast-related genes in BMSCs from
FNDC5-/- mice after 7 days of osteogenic
differentiation, including RUNX2, ALP, Osterix, OPN
(Figure 5E). However, when FNDC5-deficient group
added with r-irisin, the osteogenic ability reduction of

BMSCs was rescued (Figure 5A-E). As expected, the
results of Western blot showed the similar trend to
qRT-PCR (Supplementary Figure 4A-B). In summary,
r-irisin could rescue the osteogenic differentiation of
BMSCs caused by FNDC5 deficiency.

Both of endogenous and exogenous r-irisin
restrained osteoclast activation
We further study the influence of irisin on the
activation process of osteoclasts. First, r-irisin with the
concentration of 5ng/ml was added to BMMs of WT
mice in the process of osteoclast differentiation. On
the third day, the expressions of osteoclast-related
genes: dendritic cell-specific transmembrane protein
(DC-STAMP), nuclear factor of activated T-cells c1
(NFATC1), TRAP and osteoclast-associated receptor
(OSCAR) were significantly reduced (Figure 6A).
TRAP staining and quantitative analysis on the 6th
day
showed
that
r-irisin
could
inhibit
RANKL-induced osteoclast activation (Figure 6B).
Then BMMs were extracted from WT mice and
FNDC5-/- mice aged 12 weeks for osteoclast induction,
qRT-PCR analysis confirmed that during the process
of osteoclast differentiation, the expression of
osteoclast differentiation related genes: OSCAR,
TRAP, DC-STAMP, and NFATc1 in BMMs of
FNDC5-/- mice were significantly up-regulated
(Figure 6C), and more osteoclasts could be obtained

Figure 4: The clonal formation efficiency and osteogenic differentiation of bone marrow cells in WT and irisin deficiency mice. (A) Crystal violet staining and the number of cell
colonies analysis after 7 days culture. (B) ALP staining and ALP positive area analysis after 7 days osteogenesis. (C) ARS staining and semi-quantitative analysis after 14 days
osteogenesis (n=5, ****P <0.0001).
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Figure 5: R-irisin rescued the reduced osteogenic differentiation of BMSCs caused by the deficiency of FNDC5. (A) ALP staining after osteogenic induction for 7 days. (B) AKP
activity. (C) ARS staining after osteogenic induction for 14 days. (D) Quantitative analysis of ARS staining. (E) qRT-PCR analysis of the relative messenger RNA (mRNA)
expression of the osteogenesis-related genes, including RUNX2, ALP, Osterix and OPN after osteogenic induction for 7 days (n=5, *P <0.05, **P <0.01, ***P <0.001, ****P
<0.0001).

(Figure 5D). However, these increases were obviously
inhibited by the addition of r-irisin (Figure 5C-D). It is
indicated that FNDC5/irisin deficiency could enhance
osteoclast activation, while exogenous irisin was able
to inhibit this phenomenon.

Irisin promoted the phosphorylation of
ERK/STAT through integrin receptor αV to
up-regulate the expression of BMP2 and
promote osteogenic differentiation of BMSCs
Studies have proved that STAT/BMP signaling
pathway play a crucial role in the process of bone
formation and development [29]. To investigate the
regulatory mechanism of irisin in osteogenesis,
several signaling proteins were detected. SB273005,
the inhibitor of αV integrin, and r-irisin were used to

intervene the osteogenesis induction of BMSCs. While
the expression of p-ERK1/2, p-STAT3, BMPR2,
p-Smad1/5/9, and Smad4 were increased after
r-irisin intervention, it was significantly reduced by
addition of SB273005 (Figure 7A). The quantitative
analysis of the western blot was shown in
Supplementary Figure 5A. The ALP and ARS staining
showed the same trend (Figure 7B). The BMP/SMAD
signaling has been demonstrated as a crucial part in
the process of bone formation and development. We
detected BMP/SMAD signaling in the process of
r-irisin-induced osteogenesis by Western Blot. During
the osteogenic differentiation of BMSCs, after 3 days
of r-irisin treatment, the protein expressions of BMP2,
and Smad4 were increased (Supplementary Figure
5B). The ratio of quantitative analysis of
https://www.ijbs.com
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phosphorylated Smad1/5/9 to non-phosphorylated
in the irisin intervention group was doubled (Figure
7C). Immunohistochemical staining revealed that the
expression of p-Smad1/5/9 in femur of FNDC5-/mice was reduced by 53% (Figure 7D). These results
demonstrated that r-irisin affected the osteogenesis of
BMSCs through the integrin αV receptor. At the same
time, we speculated that irisin could activate the
ERK/STAT signaling pathway through binding to the
integrin αV receptor to increase the production of
BMP2, and then combine with the membrane receptor
BMPR2 to activate BMP/SMAD signaling to promote
osteogenic differentiation at last.

Discussion
In this study, we explored the bone metabolism
of irisin with FNDC5-/- mice systemically. Firstly, the
bone mass of FNDC5-/- and WT mice at different

580
weeks of age was analyzed by micro-CT. During the
growth process of FNDC5-/- mice, bone mass
decreased more sharply compared with normal
age-matched mice, which accelerated the process of
osteoporosis. It was proved that irisin participated in
the bone metabolism process in vivo, corresponding to
the previously study [25]. In vitro study r-Irisin not
only activated ERK/STAT signaling pathway and
up-regulated BMP2 expression through integrin
receptor αV to promoted osteoblast differentiation
from MSCs, but also had a certain inhibitory effect on
osteoclast activation (Scheme 1). Our results
confirmed that irisin affect both bone formation and
bone resorption, and further explored the molecular
mechanism of osteogenic differentiation. The results
provided new ideas and directions for the research on
the occurrence and development of osteoporosis.

Figure 6: Endogenous and exogenous irisin restrain osteoclast activation. (A) qRT-PCR analysis of DC-STAMP, NFATc1, TRAP and OSCAR of WT mice after induction for 3
days. (B) TRAP staining of BMMs from WT mice after induction for 6 days. (C) qRT-PCR analysis of OSCAR, TRAP, DC-STAMP, and NFATc1 of BMMs from WT and FNDC5-/mice after osteoclastogenesis induction under the intervention of r-irisin for 3 days. (D) TRAP staining (**P <0.01, ***P <0.001, ****P <0.0001).
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Figure 7: Irisin promoted the phosphorylation of ERK/STAT through binding to integrin receptor αV and up-regulates the expression of BMP2 to enhance osteogenic
differentiation. (A) Cell lysates were subjected to immunoblotting analysis. Protein expression levels of integrin αV, p-Erk1/2, p-STAT3, BMPR2, p-Smad1/5/9, and Smad4 of
BMSCs induced into osteoblasts for 3 days in the presence of r-irisin and SB273005. (B) ALP and ARS staining. (C) Protein expression levels of BMP2, Smad1/5/9, p-Smad1/5/9
and Smad4 after 3 days of osteogenic induction of BMSCs treated with r-irisin, and the ratio of p-Smad1/5/9 to Smad1/5/9 of the protein grayscale values. (D)
Immunohistochemical staining of p-Smad1/5/9 in the femur of WT and FNDC5-/- mice (n=6, *P <0.05, ***P <0.001, ****P <0.0001).

Scheme 1: Schematic illustration indicating FNDC5-deficient mice experienced bone loss by inhibiting osteogenic differentiation and promoting osteoclast activation. (A)
Schematic diagram of the mechanism of irisin regulating bone formation. Irisin combined with its receptor integrin αV on the surface of BMSCs, then in turn activated the
phosphorylation of ERK and STAT3, promotes an increase of BMP2. It banded to the receptor BMPR2 on the membrane surface to activate the phosphorylation of Smad1/5/9
and promote osteogenic differentiation.
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Bone metabolic diseases include osteoporosis,
end secretory bone disease, renal bone disease,
hereditary bone disease and so on, among which
osteoporosis is the most common disease [30, 31].
Nowadays, with the rapid acceleration of aging, the
incidence of osteoporosis is on the rise. Exercise can
delay osteoporosis to some extent by maintaining the
bone mass and strength, which is an important
anti-aging factor for holding bone integrity [32]. As a
motion-induced muscle secretion factor, irisin is
produced by the cleavage of its precursor FNDC5,
which has a wide range of biological functions. In
recent years, it has provided that irisin promotes the
proliferation and differentiation of osteoblasts
through activation of P38 and ERK pathways [21]. In
vivo and vitro studies on FNDC5 gene global knockout
mice, Kim et al. found that irisin directly act on the
integrin receptor αV on osteocytes and increased bone
resorptive by adding the expression of sclerostin in
osteoclast induction [24]. Another vitro study argued
that r-irisin increased the differentiation of bone
marrow progenitor cells into osteoclasts in C57BL/6
mice,
and
positively
correlated
with
the
concentration. This increase was blocked by the
integrin αVβ5 antibody, demonstrating that the
integrin receptor αV may be a key factor in the
regulation of osteocyte metabolism by irisin. We used
FNDC5 knockout mice, and the horizontal
comparison with same weeks of WT littermates,
through the analysis and study of the change process
of bone mass, it was found that the mice without the
precursor of irisin, FNDC5, began to show significant
bone loss at 12 weeks, and their BMSCs showed low
osteogenic ability, while high osteoclastic activation
ability of BMMs, but could be rescued by adding
r-irisin. From our vitro studies, we confirmed that
r-irisin promoted osteogenic differentiation of BMSCs
and inhibited osteoclastic activation of BMMs at
physiological dose [28]. To sum up, we conducted a
time-dimension study on the occurrence and
development of osteoporosis and verified the
character of irisin in bone metabolism.
Studies have shown that the main pathways
which regulated bone formation including Wnt
β-catenin, Hedgehog, Notch, and so on [33, 34]. While,
irisin could promote the proliferation and
differentiation of osteoblasts by activating the P38 and
ERK pathways [35]. STAT3 is a transcription factor
that is phosphorylated in response to various
cytokines such as LIF, EGF, IL-6, OSM, and BMP2.
p-STAT3 promotes RUNX2 expression by directly
binding to the promoter region of RUNX220, leading
to osteogenic differentiation. Osteocyte specific
STAT3 deficiency reduces body weight and bone
mass, and leads to spinal deformity, suggesting that
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STAT3 plays an important role in bone development.
Aiming to explore more potential mechanisms about
irisin regulates osteoblast differentiation, combined
with reported studies, we found that r-irisin activated
ERK/STAT pathway through binding to its receptor
integrin αV and promoted the expression of BMP2.
BMP is a large family of signal transduction molecules
that regulates a variety of key processes, including
morphogenesis, proliferation, differentiation, and
apoptosis. Subsequently, Smad1/5/9 is phosphorylated and forms a complex with Smad4 and thereby
allowing them to translocate into the nucleus. It
regulates the expression of target proteins such as
ALP, RUNX2, Osterix, OPN, promote osteogenic
differentiation and eventually leads to improve bone
mass, strength, and structure by promoting
osteogenic differentiation [36, 37]. In addition, there
was an interesting finding that low BMP expression of
BMSCs tended to favor adipogenic differentiation,
and high expression tended to osteogenesis, which
may explain why the reduction of BMP2 caused by
FNDC5 deficiency would result in decreasing
osteogenic ability [13]. Our experimental results also
proved that during the process of osteogenic
differentiation of BMSCs, irisin could up-regulate the
expressions of BMP2 and promote phosphorylation of
Smad1/5/9, which was low expressed in bone tissues
of FNDC5-deficient mice. These results revealed a
new regulatory mechanism that irisin activated
ERK/STAT phosphorylation through integrin
receptor αV, promoted the expression of BMP2,
bound with membrane receptor BMPR2, and
regulated bone formation and development through
BMP/SMAD signaling pathway.
In addition, osteoclast is another important part
of bone remodeling and dominates bone resorption.
Studies have shown that FNDC5/irisin deficient mice
showed an increasing of osteoclastogenesis [38]. Ma et
al. found that irisin promoted the proliferation of
osteoclastogenesis precursor cells, but inhibited the
NF-κB signaling pathway, it activated the p38 and
JNK signaling pathways, and thus inhibited the
activation of osteoclasts [35]. Therefore, we have also
verified the increase of osteoclasts in FNDC5-/- mice,
and recombinant irisin could inhibit this activation.
However, whether the mechanism of action is
consistent with the reported mechanism still needs
further investigation.
Certainly, there are still a few inevitable
limitations in our study. Firstly, due to the whole gene
knockout of FNDC5, which may affect the
physiological activities of nerve, skeletal muscle,
adipose, and other multiple tissues [39]. Studies have
shown that overexpression of FNDC5 promoted
neural differentiation of mouse embryonic stem cells
https://www.ijbs.com
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(ESCs), while FNDC5 knockout could significantly
reduce the maturation of neurons and astrocytes by
inhibiting neural differentiation of ESCs [40, 41].
Other studies have suggested that irisin could be a
myotrophic factor that induced skeletal muscle
hypertrophy and rescue denervation-induced
muscular atrophy [42]. In brain, irisin rescinded
synaptic plasticity and memory deficits in the model
of Alzheimer [43]. The human body is a combination
of multiple organs and systems. Organs and tissues
are interrelated and interacted with each other to
maintain the entirety homeostasis during the process
of embryo, growth, and aging. Therefore, deletion of
irisin precursor FNDC5 in any organ may also cause
abnormal bone metabolism. In subsequent studies,
osteocyte-specific knockout of FNDC5 will be carried
out for more precise exploration, especially in the
study of bone metabolism mechanism.
Since the discovery of irisin in skeletal muscle, it
has not only played an important role in lipid
metabolism, liver, Alzheimer's disease, etc., but also
in bone [43, 44]. Irisin was negatively associated with
sclerosing protein levels in adults with prediabetes
and
with
vertebral
fragility
fractures
in
postmenopausal women [45]. In addition, it was
observed to be positively correlated with BMD at
different anatomical sites in athletes [45]. Some
articles have shown a positive correlation between
serum irisin and bone status in healthy children, and a
stronger determinant of bone mineral status, rather
than bone alkaline phosphatase [45]. In children with
type 1 diabetes, serum irisin concentration was
positively correlated with bone mass and glycemic
control after continuous subcutaneous insulin
infusion [46].
Therefore, we advocate that exercise promotes
the secretion of irisin and rescue osteoporosis. In bone
defect and other diseases, exogenous irisin may be
injected for bone repair. In conclusion, irisin has a
critical effect on bone metabolism and provides new
ideas and targets for the treatment of osteoporosis.

Supplementary Material
Supplementary figures.
https://www.ijbs.com/v18p0572s1.pdf

Acknowledgements
This work was supported by Wuxi Top medical
expert team of “Taihu Talent Program”, the National
Natural Science Foundation of China (81972059,
81772313), Social Development Project of Jiangsu
Province
(BK2019668),
the
Natural
Science
Foundation of Jiangsu Province General Project
(BK20181130), the Priority Academic Program
Development
of
Jiangsu
Higher
Education

Institutions (PAPD).

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.

Leslie WD, Morin SN. Osteoporosis epidemiology 2013: implications for
diagnosis, risk assessment, and treatment. Curr Opin Rheumatol. 2014; 26:
440-6.
Chen P, Li Z, Hu Y. Prevalence of osteoporosis in China: a meta-analysis and
systematic review. BMC Public Health. 2016; 16: 1039.
Si L, Winzenberg TM, Jiang Q, Chen M, Palmer AJ. Projection of
osteoporosis-related fractures and costs in China: 2010-2050. Osteoporos Int.
2015; 26: 1929-37.
Khosla S, Hofbauer LC. Osteoporosis treatment: recent developments and
ongoing challenges. The Lancet Diabetes & Endocrinology. 2017; 5: 898-907.
Levin VA, Jiang X, Kagan R. Estrogen therapy for osteoporosis in the modern
era. Osteoporos Int. 2018; 29: 1049-55.
Liang W, Li L, Cui X, Tang Z, Wei X, Pan H, et al. Enhanced proliferation and
differentiation effects of a CGRP- and Sr-enriched calcium phosphate cement
on bone mesenchymal stem cells. J Appl Biomater Funct Mater. 2016; 14:
e431-e40.
Black DM, Rosen CJ. Clinical Practice. Postmenopausal Osteoporosis. N Engl J
Med. 2016; 374: 254-62.
Deeks ED. Denosumab: A Review in Postmenopausal Osteoporosis. Drugs
Aging. 2018; 35: 163-73.
Singh AS, Chawla NS, Chawla SP. Giant-cell tumor of bone: treatment options
and role of denosumab. Biologics. 2015; 9: 69-74.
Hutchings G, Moncrieff L, Dompe C, Janowicz K, Sibiak R, Bryja A, et al. Bone
Regeneration, Reconstruction and Use of Osteogenic Cells; from Basic
Knowledge, Animal Models to Clinical Trials. J Clin Med. 2020; 9.
Liu K, Jing Y, Zhang W, Fu X, Zhao H, Zhou X, et al. Silencing miR-106b
accelerates osteogenesis of mesenchymal stem cells and rescues against
glucocorticoid-induced osteoporosis by targeting BMP2. Bone. 2017; 97: 130-8.
Huang Y, Yin Y, Gu Y, Gu Q, Yang H, Zhou Z, et al. Characterization and
immunogenicity of bone marrow-derived mesenchymal stem cells under
osteoporotic conditions. Sci China Life Sci. 2020; 63: 429-42.
Chen Q, Shou P, Zheng C, Jiang M, Cao G, Yang Q, et al. Fate decision of
mesenchymal stem cells: adipocytes or osteoblasts? Cell Death Differ. 2016; 23:
1128-39.
Hiba Khan PM, Reza Mafi and Wasim Khan. The Effects of Ageing on
Differentiation and Characterisation of Human Mesenchymal Stem Cells.
Current Stem Cell Research & Therapy. 2017; 12: 000-.
Lorenzo J. The many ways of osteoclast activation. J Clin Invest. 2017; 127:
2530-2.
Jacome-Galarza CE, Percin GI, Muller JT, Mass E, Lazarov T, Eitler J, et al.
Developmental origin, functional maintenance and genetic rescue of
osteoclasts. Nature. 2019; 568: 541-5.
Ono T, Nakashima T. Recent advances in osteoclast biology. Histochem Cell
Biol. 2018; 149: 325-41.
Gomarasca M, Banfi G, Lombardi G. Myokines: The endocrine coupling of
skeletal muscle and bone. Adv Clin Chem. 2020; 94: 155-218.
Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A
PGC1-alpha-dependent myokine that drives brown-fat-like development of
white fat and thermogenesis. Nature. 2012; 481: 463-8.
Palermo A, Strollo R, Maddaloni E, Tuccinardi D, D'Onofrio L, Briganti SI, et
al. Irisin is associated with osteoporotic fractures independently of bone
mineral density, body composition or daily physical activity. Clin Endocrinol
(Oxf). 2015; 82: 615-9.
Qiao X, Nie Y, Ma Y, Chen Y, Cheng R, Yin W, et al. Irisin promotes osteoblast
proliferation and differentiation via activating the MAP kinase signaling
pathways. Sci Rep. 2016; 6: 18732.
Colaianni G, Cuscito C, Mongelli T, Pignataro P, Buccoliero C, Liu P, et al. The
myokine irisin increases cortical bone mass. Proc Natl Acad Sci U S A. 2015;
112: 12157-62.
Xiong XQ, Geng Z, Zhou B, Zhang F, Han Y, Zhou YB, et al. FNDC5 attenuates
adipose tissue inflammation and insulin resistance via AMPK-mediated
macrophage polarization in obesity. Metabolism. 2018; 83: 31-41.
Kim H, Wrann CD, Jedrychowski M, Vidoni S, Kitase Y, Nagano K, et al. Irisin
Mediates Effects on Bone and Fat via alphaV Integrin Receptors. Cell. 2018;
175: 1756-68 e17.
Zhu X, Li X, Wang X, Chen T, Tao F, Liu C, et al. Irisin deficiency disturbs bone
metabolism. J Cell Physiol. 2021; 236: 664-76.
Liu TY, Xiong XQ, Ren XS, Zhao MX, Shi CX, Wang JJ, et al. FNDC5 Alleviates
Hepatosteatosis by Restoring AMPK/mTOR-Mediated Autophagy, Fatty
Acid Oxidation, and Lipogenesis in Mice. Diabetes. 2016; 65: 3262-75.
Chen M, Zhang Y, Zhou P, Liu X, Zhao H, Zhou X, et al. Substrate stiffness
modulates bone marrow-derived macrophage polarization through
NF-kappaB signaling pathway. Bioact Mater. 2020; 5: 880-90.

https://www.ijbs.com

Int. J. Biol. Sci. 2022, Vol. 18

584

28. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J, Robinson MM, et
al. Detection and Quantitation of Circulating Human Irisin by Tandem Mass
Spectrometry. Cell Metab. 2015; 22: 734-40.
29. Zhang B, Yang L, Zeng Z, Feng Y, Wang X, Wu X, et al. Leptin Potentiates
BMP9-Induced Osteogenic Differentiation of Mesenchymal Stem Cells
Through the Activation of JAK/STAT Signaling. Stem Cells Dev. 2020; 29:
498-510.
30. Lunyera J, Scialla JJ. Update on Chronic Kidney Disease Mineral and Bone
Disorder in Cardiovascular Disease. Semin Nephrol. 2018; 38: 542-58.
31. Sabir AH, Cole T. The evolving therapeutic landscape of genetic skeletal
disorders. Orphanet J Rare Dis. 2019; 14: 300.
32. Watson SL, Weeks BK, Weis LJ, Harding AT, Horan SA, Beck BR.
High-Intensity Resistance and Impact Training Improves Bone Mineral
Density and Physical Function in Postmenopausal Women With Osteopenia
and Osteoporosis: The LIFTMOR Randomized Controlled Trial. J Bone Miner
Res. 2018; 33: 211-20.
33. Zanotti S, Canalis E. Notch Signaling and the Skeleton. Endocr Rev. 2016; 37:
223-53.
34. Deng Q, Li P, Che M, Liu J, Biswas S, Ma G, et al. Activation of hedgehog
signaling in mesenchymal stem cells induces cartilage and bone tumor
formation via Wnt/beta-Catenin. Elife. 2019; 8.
35. Ma Y, Qiao X, Zeng R, Cheng R, Zhang J, Luo Y, et al. Irisin promotes
proliferation but inhibits differentiation in osteoclast precursor cells. FASEB J.
2018: fj201700983RR.
36. Antebi YE, Linton JM, Klumpe H, Bintu B, Gong M, Su C, et al. Combinatorial
Signal Perception in the BMP Pathway. Cell. 2017; 170: 1184-96 e24.
37. Olthof MGL, Lu L, Tryfonidou MA, Loozen LD, Pouran B, Yaszemski MJ, et al.
The Osteoinductive Effect of Controlled Bone Morphogenic Protein 2 Release
Is Location Dependent. Tissue Eng Part A. 2019; 25: 193-202.
38. Estell EG, Le PT, Vegting Y, Kim H, Wrann C, Bouxsein ML, et al. Irisin
directly stimulates osteoclastogenesis and bone resorption in vitro and in vivo.
Elife. 2020; 9.
39. B. GRYGIEL-GÓRNIAK MP. A review on irisin, a new protagonist that
mediates muscle–adipose–bone–neuron connectivity. European Review for
Medical and Pharmacological Sciences. 2017; 21: 4687-93.
40. Hashemi MS, Ghaedi K, Salamian A, Karbalaie K, Emadi-Baygi M, Tanhaei S,
et al. Fndc5 knockdown significantly decreased neural differentiation rate of
mouse embryonic stem cells. Neuroscience. 2013; 231: 296-304.
41. Forouzanfar M, Rabiee F, Ghaedi K, Beheshti S, Tanhaei S, Shoaraye Nejati A,
et al. Fndc5 overexpression facilitated neural differentiation of mouse
embryonic stem cells. Cell Biol Int. 2015; 39: 629-37.
42. Reza MM, Subramaniyam N, Sim CM, Ge X, Sathiakumar D, McFarlane C, et
al. Irisin is a pro-myogenic factor that induces skeletal muscle hypertrophy
and rescues denervation-induced atrophy. Nat Commun. 2017; 8: 1104.
43. Lourenco MV, Frozza RL, de Freitas GB, Zhang H, Kincheski GC, Ribeiro FC,
et al. Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory
defects in Alzheimer's models. Nat Med. 2019; 25: 165-75.
44. Briganti SI, Gaspa G, Tabacco G, Naciu AM, Cesareo R, Manfrini S, et al. Irisin
as a regulator of bone and glucose metabolism. Minerva Endocrinol. 2018; 43:
489-500.
45. Colaianni G, Sanesi L, Storlino G, Brunetti G, Colucci S, Grano M. Irisin and
Bone: From Preclinical Studies to the Evaluation of Its Circulating Levels in
Different Populations of Human Subjects. Cells. 2019; 8.
46. Panati K, Suneetha Y, Narala VR. Irisin/FNDC5--An updated review. Eur Rev
Med Pharmacol Sci. 2016; 20: 689-97.

https://www.ijbs.com

