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Miocinas y hueso
the concomitant presence of skeletal alteration with
sarcopenic obesity has been described leading to a
new clinical entity, defined osteosarcopenic obesity
(OSO) [5]. Ongoing studies aim to unravel the com-
plex metabolic mechanisms, facilitating early diag-
nosis and improved therapeutic approaches, as
discussed in this narrative review (Fig. 1).

INTERPLAY OF ADIPOSE TISSUE,
SKELETAL MUSCLE, AND BONES
Bonemarrow adipose tissue increases, inflammatory
adipokines, and adipocyte-derived extracellular
vesicles together with a sedentary behavior, associ-
ated with obesity, appear to play a pivotal role for
the development of the composition alterations
leading to sarcopenia, but also to osteoporosis
[6,7], in addition to the aforementioned chronic

diseases. The cross-talk between fat, skeletal muscle
and the skeleton represents an important homoeo-
static feedback system in which adipokines, myo-
kines and molecules secreted by osteoblasts
represent the link of an active bone–adipose-muscle
axis [8]. Research is focusing on the characterization
of the mechanisms underneath the alteration of
mesenchymal cells leading to a disrupted differen-
tiation of these lineages to further clarify the poten-
tial pathways to be modulated as potential
therapeutic approach [9]. For instance, the influence
of obesity and overweight on the aging phenotype
of bone marrow stem cells (MSCs) appears as a
critical issue which has not been fully clarified
[10–12], but could be of extreme importance to
modulate, in order to prevent further alteration in
body composition. Indeed, cellular senescence, a
state of irreversible growth arrest, may limit the
regeneration potential of MSCs, decreasing the
maturing cells toward muscle and/or bone lineages,
further leading to increased adipogenesis. Recent
studies have also highlighted the impact of infec-
tious diseases on these processes. For example,
COVID-19 infection significantly affected muscle
health, potentially exacerbating sarcopenic condi-
tions [13]. In addition, a link between infectious
diseases and the development of complex condi-
tions related to body composition has been sug-
gested [14]. Furthermore, the lack of new original
data on the potential cellular and molecular mech-
anisms involved in the events leading to the skeletal
alterations in subjects with sarcopenic obesity,
recent interesting reviews highlight the main points
of future research in this field [15&].

BIOMARKERS
Since the concomitant presence of obesity, sarcope-
nia, andosteoporosis represents adreadful triopoten-
tially occurring in postmenopausal women and
individuals of advanced age, as each of these con-
ditions is related with adverse outcomes in terms of
morbidity, quality of life, and mortality [16], recent
works have tried to identify clinical potential early
biomarkers and factors further involved in OSO
development [17]. Interestingly, a few studies have
suggested that high serum ferritin levels are strongly
linked to metabolic syndrome, obesity, impaired
muscle quality, and sarcopenia [18]. Moreover, a
population study indicated that ferritin appears
inversely related with bone mineral density in older
women [19]. It is known that iron accumulation
easily occurs in the elderly and can concurrently
impair bone metabolism and, also, induce muscle
loss and fat accumulation. Thus, the authors of a
recent study hypothesized that serum ferritin might

KEY POINTS

! Osteosarcopenic obesity is a complex condition
involving the coexistence of obesity, sarcopenia, and
osteoporosis, particularly significant in older adults and
postmenopausal women, highlighting the importance of
early diagnosis and effective treatment.

! Research showed the role of diet, particularly protein
supplementation, and exercise, including resistance
training, in managing osteosarcopenic obesity by
improving muscle health.

! Current studies are investigating the molecular
mechanisms underlying osteosarcopenic obesity,
examining the role of inflammation, microRNAs, and
the potential of serum ferritin as a biomarker
for diagnosis.

FIGURE 1. Osteosarcopenic obesity.
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biological effects and metabolic control on most tissues in the body,

and its receptors are distributed in various tissues in the body

(Perakakis et al., 2017). Kim et al has demonstrated the αV class of

integrins are irisin receptors in osteocytes and adipose tissues (Kim

et al., 2019). Metrnl mainly binds to receptors and participates in

controlling inflammatory responses, improving glucose metabolism

and increasing thermogenesis in adipose tissue (Li et al., 2015; Rao

et al., 2014; Ushach et al., 2018). Further studies are needed to re-

veal the body cell distribution of the receptors for myokines and the

underlying mechanism, especially for myokines with multiple target

tissues.

3.1 | Muscle‐muscle cross talk

Myokines are the key mediators of maintenance of muscle structure

and function in autocrine and paracrine manners. Myostatin is one of

the best‐characterized myokines that negatively regulates skeletal

muscle growth and development. Myostatin knock‐out animals ex-

hibit increased muscle mass and inhibition of myostatin signaling

contracts the cancer cachexia associated loss of muscle mass (Zhou

et al., 2010). Apelin is reduced in an age‐dependent manner in hu-

mans (Vinel et al., 2018). Restored apelin signaling during aging

contributes to enhancing muscle function by triggering mitochon-

driogenesis and anti‐inflammatory pathways in myofibers and im-

proving regenerative capacity by targeting muscle stem cells (Vinel

et al., 2018). LIF transplantation diminishes pathology, abrogates

TGFβ signaling, reduces the number of fibro/adipogenic progenitor

cells, and inhibits fibrogenesis of muscle cells (Welc et al., 2019).

Musclin is an exercise‐responsive myokine that is associated with

levels of plasma atrial NP (ANP) and cyclic guanosine monopho-

sphate (cGMP) and the expression of the peroxisome proliferator‐
activated receptor γ coactivator 1‐α (PGC1‐α) in skeletal muscles

after exposure to exercise (Subbotina et al., 2015). Musclin acts on

enhancing exercise capacity by promoting mitochondrial biogenesis

in mice (Subbotina et al., 2015). In addition to the regulation of

physical performance, musclin rescues muscle tissue loss during de-

velopment of cachexia‐inducing tumors and has beneficial effects on

cancer patients with risk of cachexia (Re Cecconi et al., 2019). C‐X‐C
motif chemokine ligand 12 (CXCL12) is another kind of myokines

involved in skeletal muscle development. CXCL12 helps to promote

the proliferation of both myogenic and angiogenic progenitor cells of

the somite and controls myotome formation (Abduelmula et al.,

2016). Taken together, several myokines mediate the beneficial ef-

fects of exercise, including regulating muscle development, prevent-

ing muscle loss and enhancing muscle function and regeneration.

3.2 | Muscle‐adipose tissue cross talk

Muscle‐adipose crosstalk is the most studied form of interactions

between muscle and other tissues. In mammals, there are two main

types of adipose tissues and they have different morphologies, lo-

cations and functions: WAT and brown adipose tissue (BAT;

Fruhbeck, Sesma, & Burrell, 2009). WAT stores excess energy as a

food supply in a major energy backup system (Rodriguez, Becerril,

F IGURE 1 Skeletal muscle secretes myokines and communicates with other organs. Myokines mediate the cross talk between skeletal
muscle and other organ by binding to receptors on target cells in autocrine, endocrine and paracrine manners
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Abstract

Myokines are muscle‐derived cytokines and chemokines that act extensively on

organs and exert beneficial metabolic functions in the whole‐body through specific

signal networks. Myokines as mediators provide the conceptual basis for a whole

new paradigm useful for understanding how skeletal muscle communicates with

other organs. In this review, we summarize and discuss classes of myokines and their

physiological functions in mediating the regulatory roles of skeletal muscle on other

organs and the regulation of the whole‐body energy metabolism. We review the

mechanisms involved in the interaction between skeletal muscle and nonmuscle

organs through myokines. Moreover, we clarify the connection between exercise,

myokines and disease development, which may contribute to the understanding of a

potential mechanism by which physical inactivity affects the process of metabolic

diseases via myokines. Based on the current findings, myokines are important fac-

tors that mediate the effect of skeletal muscle on other organ functions and whole‐
body metabolism.

K E YWORD S
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1 | INTRODUCTION

Skeletal muscle occupies approximately 40% of the total body mass

and plays an important role in our locomotor system. Recent studies

have identified skeletal muscle acts as a secretory organ that can

produce cytokines and other muscle fiber‐derived peptides (Giudice

& Taylor, 2017; Pedersen, 2013; Pedersen & Febbraio, 2012). It has

been found that contracting skeletal muscle cells release humoral

factors to regulate metabolic processes (Goldstein, 1961). The cy-

tokines and peptides released by skeletal muscle are usually

classified as “myokines.” In general, myokines are muscle‐derived
molecules that exert physiological and pathological functions on

maintaining systemic homeostasis. Myokines regulate whole‐body
metabolism in an autocrine, paracrine, or endocrine manner (So, Kim,

Kim, & Song, 2014). On the one hand, muscle fiber‐driven myokines

have positive autocrine and paracrine effects on satellite cell pro-

liferation and muscle hypertrophy (Li, Chen et al., 2019; Serrano,

Baeza‐Raja, Perdiguero, Jardi, & Munoz‐Canoves, 2008), which can

provide a feedback loop for the muscle to adapt to exercise training.

On the other hand, myokines exert physiological functions by

Abbreviations: AMPK, adenosine 5′‐monophosphate (AMP)‐activated protein kinase; BAIBA, β‐aminoisobutyric acid; BAT, brown adipose tissue; BDNF, brain‐derived neurotrophic factor;

BRINP3, BMP/retinoic acid inducible neural specific 3; CIDEA, cell death‐inducing DNA fragmentation factor α subunit‐like effector A; CNTF, ciliary neurotrophic factor; CREB, cyclic AMP‐
pesponsive element‐binding protein; CTSB, cathepsin B; CX3CL1, chemokine (C‐X3‐C motif) ligand 1; ERK, extracellular regulated MAP kinase; FABP, fatty acid binding protein; FATP, fatty acid

transport protein; FFA, free fatty acid; FGF‐2, fibroblast growth factor 2; FGF21, fibroblast growth factor 21; FNDC5, fibronectin type III domain‐containing protein 5; Foxo1, forkhead box O1;

FST, follistatin; FSTL‐1, follistatin‐like protein 1; GSK3, serine/threonine protein kinase; HFD, high fat diet; IFN‐γ, interferon γ; IGF‐1, insulin‐like growth factor 1; IL‐15, interleukin‐15; IL‐1ra,
interleukin‐1 receptor antagonist; IL‐6, interleukin‐6; IL‐7, interleukin‐7; JAK, Janus kinase; LIF, leukemia inhibitory factor; MAPK, mitogen‐activated protein kinase; MCP‐1, monocyte
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the concomitant presence of skeletal alteration with
sarcopenic obesity has been described leading to a
new clinical entity, defined osteosarcopenic obesity
(OSO) [5]. Ongoing studies aim to unravel the com-
plex metabolic mechanisms, facilitating early diag-
nosis and improved therapeutic approaches, as
discussed in this narrative review (Fig. 1).

INTERPLAY OF ADIPOSE TISSUE,
SKELETAL MUSCLE, AND BONES
Bonemarrow adipose tissue increases, inflammatory
adipokines, and adipocyte-derived extracellular
vesicles together with a sedentary behavior, associ-
ated with obesity, appear to play a pivotal role for
the development of the composition alterations
leading to sarcopenia, but also to osteoporosis
[6,7], in addition to the aforementioned chronic

diseases. The cross-talk between fat, skeletal muscle
and the skeleton represents an important homoeo-
static feedback system in which adipokines, myo-
kines and molecules secreted by osteoblasts
represent the link of an active bone–adipose-muscle
axis [8]. Research is focusing on the characterization
of the mechanisms underneath the alteration of
mesenchymal cells leading to a disrupted differen-
tiation of these lineages to further clarify the poten-
tial pathways to be modulated as potential
therapeutic approach [9]. For instance, the influence
of obesity and overweight on the aging phenotype
of bone marrow stem cells (MSCs) appears as a
critical issue which has not been fully clarified
[10–12], but could be of extreme importance to
modulate, in order to prevent further alteration in
body composition. Indeed, cellular senescence, a
state of irreversible growth arrest, may limit the
regeneration potential of MSCs, decreasing the
maturing cells toward muscle and/or bone lineages,
further leading to increased adipogenesis. Recent
studies have also highlighted the impact of infec-
tious diseases on these processes. For example,
COVID-19 infection significantly affected muscle
health, potentially exacerbating sarcopenic condi-
tions [13]. In addition, a link between infectious
diseases and the development of complex condi-
tions related to body composition has been sug-
gested [14]. Furthermore, the lack of new original
data on the potential cellular and molecular mech-
anisms involved in the events leading to the skeletal
alterations in subjects with sarcopenic obesity,
recent interesting reviews highlight the main points
of future research in this field [15&].

BIOMARKERS
Since the concomitant presence of obesity, sarcope-
nia, andosteoporosis represents adreadful triopoten-
tially occurring in postmenopausal women and
individuals of advanced age, as each of these con-
ditions is related with adverse outcomes in terms of
morbidity, quality of life, and mortality [16], recent
works have tried to identify clinical potential early
biomarkers and factors further involved in OSO
development [17]. Interestingly, a few studies have
suggested that high serum ferritin levels are strongly
linked to metabolic syndrome, obesity, impaired
muscle quality, and sarcopenia [18]. Moreover, a
population study indicated that ferritin appears
inversely related with bone mineral density in older
women [19]. It is known that iron accumulation
easily occurs in the elderly and can concurrently
impair bone metabolism and, also, induce muscle
loss and fat accumulation. Thus, the authors of a
recent study hypothesized that serum ferritin might

KEY POINTS

! Osteosarcopenic obesity is a complex condition
involving the coexistence of obesity, sarcopenia, and
osteoporosis, particularly significant in older adults and
postmenopausal women, highlighting the importance of
early diagnosis and effective treatment.

! Research showed the role of diet, particularly protein
supplementation, and exercise, including resistance
training, in managing osteosarcopenic obesity by
improving muscle health.

! Current studies are investigating the molecular
mechanisms underlying osteosarcopenic obesity,
examining the role of inflammation, microRNAs, and
the potential of serum ferritin as a biomarker
for diagnosis.
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Sarcopenia and its relationship with bone mineral density
in middle-aged and elderly European men

S. Verschueren & E. Gielen & T. W. O’Neill & S. R. Pye &

J. E. Adams & K. A. Ward & F. C. Wu & P. Szulc &

M. Laurent & F. Claessens & D. Vanderschueren & S. Boonen
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Abstract
Summary The aim of this study was to determine the
relationship between reduced muscle mass (sarcopenia)
and areal bone mineral density (BMDa) in middle-aged
and elderly community-dwelling European men. Men
with sarcopenia had significantly lower BMDa and were
more likely to have osteoporosis compared with men
without sarcopenia.
Introduction In men, the relationship between reduced mus-
cle mass (sarcopenia) and BMDa is unclear. This study
aimed to determine this relationship in middle-aged and
elderly community-dwelling men.
Methods Men aged 40–79 years from the Manchester (UK)
and Leuven (Belgium) cohorts of the European Male Age-
ing Study were invited to attend for assessment including

dual-energy X-ray absorptiometry, from which appendicular
lean mass (aLM), fat mass (FM) and whole-body, spine and
hip BMDa were determined. Relative appendicular skeletal
muscle mass (RASM) was calculated as aLM/height². Mus-
cle strength was assessed in subjects from Leuven. Sarco-
penia was defined by RASM at <7.26 kg/m² and by the
recent definition of the European Working Group on Sarco-
penia in Older People (RASM at <7.26 kg/m2 plus low
muscle function). Linear regression was used to determine
the associations between aLM, FM, muscle strength and
BMDa and logistic regression to determine the association
between sarcopenia and osteoporosis.
Results Six hundred seventy-nine men with a mean age of
59.6 (SD010.7), contributed data to the analysis; 11.9 % were
sarcopenic by the conventional definition. After adjustment

S. Verschueren and E. Gielen contributed equally to the manuscript.

S. Verschueren
Research Group for Musculoskeletal Rehabilitation,
Department of Rehabilitation Sciences, KU Leuven,
Leuven, Belgium

E. Gielen :M. Laurent : S. Boonen (*)
Gerontology and Geriatrics, Department of Clinical
and Experimental Medicine, KU Leuven,
Leuven, Belgium
e-mail: steven.boonen@uzleuven.be

T. W. O’Neill : S. R. Pye
Arthritis Research UK Epidemiology Unit, Manchester Academic
Health Science Centre (MAHSC), University of Manchester,
Manchester, UK

J. E. Adams :K. A. Ward
Manchester Academic Health Science Centre (MAHSC)
and Radiology at Manchester Royal Infirmary,
Manchester, UK

K. A. Ward
Nutrition and Bone Health, MRC Human Nutrition Research,
Cambridge, UK

F. C. Wu
Andrology Research Unit, Manchester Academic Health Science
Centre (MAHSC), University of Manchester,
Manchester, UK

P. Szulc
INSERM UMR 1033, University of Lyon,
Lyon, France

M. Laurent : F. Claessens
Laboratory of Molecular Endocrinology, Department of Cellular
and Molecular Medicine, KU Leuven,
Leuven, Belgium

D. Vanderschueren
Clinical and Experimental Endocrinology, Department of Clinical
and Experimental Medicine, KU Leuven,
Leuven, Belgium

Osteoporos Int (2013) 24:87–98
DOI 10.1007/s00198-012-2057-z

1028

Osteoporos Int (2013) 24: 87-98

A B

RASM (kg/m2) RASM (kg/m2) 

Lu
m

ba
r 

S
pi

ne
 B

M
D

 (
g/

cm
2 ) 

  
Lu

m
ba

r 
S

pi
ne

 B
M

D
 (

g/
cm

2 ) 
  

T
ot

al
 H

ip
 B

M
D

 (
g/

cm
2 ) 

  
T

ot
al

 H
ip

 B
M

D
 (

g/
cm

2 ) 
  

β coeff = 0.047   p<0.001 β coeff = 0.064   p<0.001 

DC β coeff = 0.015   p<0.001 β coeff = 0.014   p<0.001 

Relative total fat mass (kg/m2 m/gk(ssamtaflatotevitaleR) 2) 

0.5

1.0

1.5

6 7 8 9 10 11

0.5

1.0

1.5

2.0

6 7 8 9 10 11

0.5

1.0

1.5

0 5 10 15

0.5

1.0

1.5

2.0

0 5 10 15

F

Isometric quadriceps strength 90o (Nm)  Isometric quadriceps strength 90o (Nm) 

Lu
m

ba
r 

S
pi

ne
 B

M
D

 (
g/

cm
2 ) 

 
Lu

m
ba

r 
S

pi
ne

 B
M

D
 (

g/
cm

2 ) 
 

T
ot

al
 H

ip
 B

M
D

 (
g/

cm
2 ) 

 
T

ot
al

 H
ip

 B
M

D
 (

g/
cm

2 ) 
 

β coeff = 0.001   p<0.001 β coeff = 0.0004   p<0.05 
E

β coeff = 0.0006   p=NS 

H

Grip strength (kg) Grip strength (kg) 

β coeff = 0.004   p<0.001 
G

0.5

1.0

1.5

50 100 150 200 250 300

0.5

1.0

1.5

2.0

50 100 150 200 250 300

0.5

1.0

1.5

20 30 40 50 60 70

0.5

1.0

1.5

2.0

20 30 40 50 60 70

Osteoporos Int (2013) 24:87–98 91

Relative appendicular skeletal muscle mass (RASM)
Vs Total Hip BMD 



2640

q Osteosarcopenia, Dr Duque www.eldoctorcastillo.com

145© Springer Nature Switzerland AG 2019
G. Duque (ed.), Osteosarcopenia: Bone, Muscle and Fat Interactions, 
https://doi.org/10.1007/978-3-030-25890-0_7

Chapter 7
The Endocrine Actions 
of Undercarboxylated Osteocalcin 
in Skeletal Muscle: Effects 
and Mechanisms

Xuzhu Lin, Alan Hayes, Glenn McConell, Gustavo Duque ,  
Tara C. Brennan- Speranza, and Itamar Levinger

Abstract Recent evidence has indicated that bone interacts with skeletal muscle, in 
part, via undercarboxylated osteocalcin (ucOC)  −  a hormone predominantly 
secreted from osteoblasts. Experimental studies suggest ucOC has both metabolic 
and anabolic effects on muscle cells. These effects include improved muscle insulin 
sensitivity, glucose and fatty acid uptake, mitochondrial function, protein synthesis, 
as well as myoblast proliferation and differentiation. Current mechanistic evidence 
also implicates that the underlying mechanisms by which ucOC affects muscle cells 
include multiple signaling pathways which are orchestrated by its putative receptor 
− G protein-coupled receptor, class C, group 6, member A (GPRC6A). The ucOC/
GPRC6A axis may trigger the activation of signaling cascades involving protein 
kinase B (Akt), extracellular signal-regulated kinases (ERK), 5′ adenosine 
monophosphate- activated protein kinase (AMPK), and numerous alternative 
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7.3.1  The Insulin-Independent Effect of ucOC on Muscle 
Glucose Uptake

It has been established that skeletal muscle can take up glucose from the general 
circulation without the requirement for insulin (Alvim et al. 2015). There are sev-
eral stimuli that can trigger insulin-independent muscle glucose uptake, including 
acute exercise/muscle contraction, passive muscle stretching, reactive oxygen spe-
cies (ROS) generation, and hypoxic stress (Richter and Hargreaves 2013; Chambers 
et al. 2009; Higaki et al. 2008; Mu et al. 2001). Furthermore, it is reported that 
administration of some recombinant proteins such as insulin-like growth factor 1 
(IGF-1) and adiponectin, as well as chemical compounds such as insulin mimetics, 
5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR), and phorbol 
12-myristate 13-acetate (PMA), are able to stimulate muscle glucose uptake in the 

Fig. 7.1 Suggested effects of ucOC on skeletal muscle
The actions of ucOC in skeletal muscle favor energy metabolism and mass growth. ucOC increases 
muscle insulin sensitivity both at rest and following exercise. Furthermore, ucOC increases the 
uptake of glucose and FAs, promotes mitochondrial function, and enhances nutrient utilization. 
During exercise, the increase in ucOC stimulates the secretion of IL-6 from skeletal muscle, which 
in turn favors the production of ucOC in bone via the enhancement of bone resorption. In addition, 
ucOC attenuates high fat diet (HFD)-induced insulin resistance and related abnormality, including 
ER stress, fat accumulation, and autophagy. Regarding the effects on muscle mass, ucOC increases 
protein synthesis, inhibits protein degradation, and promotes myotube formation.
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Osteocalcin is necessary and sufficient to
maintain muscle mass in older mice

Paula Mera, Kathrin Laue, Jianwen Wei, Julian Meyer Berger, Gerard Karsenty*

ABSTRACT

Objective: A decrease in muscle protein turnover and therefore in muscle mass is a hallmark of aging. Because the circulating levels of the
bone-derived hormone osteocalcin decline steeply during aging in mice, monkeys and humans we asked here whether this hormone might
regulate muscle mass as mice age.
Methods: We examined muscle mass and strength in mice lacking osteocalcin (Ocn!/!) or its receptor in all cells (Gprc6a!/!) or specifically
in myofibers (Gprc6aMck!/!) as well as in 9 month-old WT mice receiving exogenous osteocalcin for 28 days. We also examined protein
synthesis in WT and Gprc6a!/! mouse myotubes treated with osteocalcin.
Results: We show that osteocalcin signaling in myofibers is necessary to maintain muscle mass in older mice in part because it promotes protein
synthesis in myotubes without affecting protein breakdown. We further show that treatment with exogenous osteocalcin for 28 days is sufficient
to increase muscle mass of 9-month-old WT mice.
Conclusion: This study uncovers that osteocalcin is necessary and sufficient to prevent age-related muscle loss in mice.

! 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Osteocalcin; Muscle mass; Aging

1. INTRODUCTION

With the increase of life expectancy our societies experience comes
a slew of age-related diseases. The aging process is characterized
for instance by changes in body composition that include a decrease
in muscle mass and/or strength. This manifestation of aging known
as muscle wasting [1,2], is a cause of a metabolic deregulation
[3,4], and also contributes to the increased morbidity seen in the
elderly because of the higher risk of falls and fractures. One of the
proposed causes for this age-related decline in muscle mass is a
reduced muscle protein turnover, defined as the balance between
muscle protein synthesis and breakdown [5]. How protein turnover
in muscle is regulated and can be affected by aging remains
however, poorly understood. The recent demonstration that the
bone-derived hormone osteocalcin favors muscle functions during
exercise [6,7] raises the question of whether this hormone may also
regulate muscle mass.
In support of this working hypothesis we note that osteocalcin favors
physiological functions that like testosterone synthesis and male
fertility [8,9], memory or adaptation to exercise [7,10], tend to
decrease with age. At the same time the circulating levels of bioactive
osteocalcin decrease rapidly and steeply in life in mice, monkeys and
humans [7]. These findings were two additional incentives to ask
whether osteocalcin signaling in myofibers also prevents another
aspect of aging namely the decrease in muscle mass. Here we show

that osteocalcin signaling in myofibers is necessary to maintain muscle
mass in older mice because it promotes protein synthesis in muscle
cells. More importantly, exogenous osteocalcin is also sufficient to
increase muscle mass in 10-month-old mice. These results expand
the importance of the regulation of muscle physiology by bone-derived
hormones and suggest novel and adapted therapies to treat age-
related muscle wasting.

2. MATERIALS AND METHODS

2.1. Animal studies
Osteocalcin (Ocn!/!) mice were maintained on 129-Sv genetic back-
grounds. Gprc6a!/!, Gprc6aMck!/! and Ocnþ/!;Gprc6aMckþ/!
mice were maintained on 129-Sv/C57/BL6 mixed genetic background.
To minimize the possible confounding effect of a different genetic
background all experiments were performed using control littermates.
Generation of mice harboring a Gprc6a conditional allele has been
described [9]. For osteocalcin treatment studies 9-month-old WT 129-Sv
mice (Taconic) were implanted with subcutaneous osmotic pumps (Alzet,
model 1004) delivering osteocalcin (90 ng/h) for 28days. After this period,
mice were euthanized and muscles dissected for analyses of muscle
mass and histology examination. Recombinant osteocalcin was purified
as previously described [10]. All procedures involving mice were
approved by CUMC IACUC and conform to the relevant regulatory
standards.
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promotes protein synthesis in myotubes. This function of osteocalcin
signaling in myofibers can explain why this hormone is necessary for
the maintenance of muscle mass in aging mice.

3.4. Exogenous osteocalcin is sufficient to increase muscle mass
in older mice
The fact that osteocalcin signaling in myofibers is necessary to
maintain muscle mass in older mice and that its levels decrease
dramatically in mice during aging, immediately raises the following
question: Can exogenous osteocalcin increase muscle mass in older
mice? To answer this question we implanted osmotic mini-pumps that
delivered subcutaneously recombinant mouse uncarboxylated osteo-
calcin (osteocalcin) for 28 days (90 ng/h) to 9-month-old WT mice that
have already low osteocalcin circulating levels [7]. This chronic delivery
of osteocalcin increased significantly osteocalcin circulating levels and
muscle weight in 10-month-old mice (Figure 4A,B). This was explained
in part by an increase in the cross-section area of the muscle fibers
(Figure 4C). Muscle strength was the same in vehicle- and osteocalcin-
treated mice (Figure 4D). These results indicate that exogenous
osteocalcin has the ability to increase muscle mass in older mice.

4. DISCUSSION

This study reveals that the bone-derived hormone osteocalcin is
necessary to maintain muscle mass in older mice in part because it
promotes protein synthesis in myotubes. Furthermore, exogenous
osteocalcin is sufficient to increase muscle mass in aging mice.
During aging the loss of muscle mass is believed to be due in part to a
progressive decrease in the myofibers cross-section area. Several
mechanisms have been proposed to explain this phenomenon [21].
Those include age-related intrinsic changes in muscle properties, age-
related decrease in physical activity and in the circulating levels of

anabolic hormones and growth factors [22e24]. The fact that osteo-
calcin positively regulates exercise capacity and that its levels
decrease sharply during aging [7] raised the prospect that osteocalcin
may regulate muscle mass. By analyzing mutant mice lacking
Osteocalcin or its receptor, Gprc6a, specifically in myofibers we have
shown here that osteocalcin signaling in myofibers is necessary to
maintain muscle mass in mice as they age. The fact that this regulation
of muscle mass by osteocalcin signaling in myofibers cannot be
detected in young mice [7] indicates that other mechanisms besides
osteocalcin signaling are at work to maintain muscle mass in young
mice. Circulating osteocalcin decreases drastically with age. As such,
we also show here that administration of exogenous osteocalcin to
older mice increases muscle mass and the myofiber cross-section
area. Thus, based on these results it appears that osteocalcin
signaling in myofibers is both necessary and sufficient to maintain
muscle mass in older mice. While muscle mass was consistently
decreased in the larger muscle types analyzed the phenotype was less
consistent in small muscle types. This can be explained, in part by the
technical difficultly of dissecting small muscles, such as the soleus
with precision. However, this observation also intimates the existence
of other mechanisms that work with osteocalcin to dictate muscle
mass in young and older mice.
The maintenance of muscle mass depends on the balance of
anabolic (protein synthesis) and catabolic (muscle breakdown)
events which together determine the levels of muscle proteins. We
failed to record any influence of osteocalcin on protein breakdown in
muscle. In contrast we observed that osteocalcin signaling in
myofibers favors protein synthesis. Other muscle anabolic hormones
activate the PI3K/Akt/mTOR pathway to stimulate protein synthesis
and muscle hypertrophy [25]. Consistent with this notion and with
the fact that osteocalcin is necessary and sufficient to stimulate Akt
phosphorylation in muscle during exercise [7], we show here that
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Figure 1: Osteocalcin is necessary to maintain muscle mass in adult mice. (A) Weight of hindlimb muscles and (B) body weight in 6 month-old Ocn!/! female mice and WT
littermates. (C) Representative histology and measurement of the cross section area (CSA) of the muscle fibers in 6 month-old Ocn!/! female mice and WT littermates. (D) Muscle
strength determined as the maximal grip force in 12 month-old Ocn!/! female mice and WT littermates.
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promotes protein synthesis in myotubes. This function of osteocalcin
signaling in myofibers can explain why this hormone is necessary for
the maintenance of muscle mass in aging mice.

3.4. Exogenous osteocalcin is sufficient to increase muscle mass
in older mice
The fact that osteocalcin signaling in myofibers is necessary to
maintain muscle mass in older mice and that its levels decrease
dramatically in mice during aging, immediately raises the following
question: Can exogenous osteocalcin increase muscle mass in older
mice? To answer this question we implanted osmotic mini-pumps that
delivered subcutaneously recombinant mouse uncarboxylated osteo-
calcin (osteocalcin) for 28 days (90 ng/h) to 9-month-old WT mice that
have already low osteocalcin circulating levels [7]. This chronic delivery
of osteocalcin increased significantly osteocalcin circulating levels and
muscle weight in 10-month-old mice (Figure 4A,B). This was explained
in part by an increase in the cross-section area of the muscle fibers
(Figure 4C). Muscle strength was the same in vehicle- and osteocalcin-
treated mice (Figure 4D). These results indicate that exogenous
osteocalcin has the ability to increase muscle mass in older mice.

4. DISCUSSION

This study reveals that the bone-derived hormone osteocalcin is
necessary to maintain muscle mass in older mice in part because it
promotes protein synthesis in myotubes. Furthermore, exogenous
osteocalcin is sufficient to increase muscle mass in aging mice.
During aging the loss of muscle mass is believed to be due in part to a
progressive decrease in the myofibers cross-section area. Several
mechanisms have been proposed to explain this phenomenon [21].
Those include age-related intrinsic changes in muscle properties, age-
related decrease in physical activity and in the circulating levels of

anabolic hormones and growth factors [22e24]. The fact that osteo-
calcin positively regulates exercise capacity and that its levels
decrease sharply during aging [7] raised the prospect that osteocalcin
may regulate muscle mass. By analyzing mutant mice lacking
Osteocalcin or its receptor, Gprc6a, specifically in myofibers we have
shown here that osteocalcin signaling in myofibers is necessary to
maintain muscle mass in mice as they age. The fact that this regulation
of muscle mass by osteocalcin signaling in myofibers cannot be
detected in young mice [7] indicates that other mechanisms besides
osteocalcin signaling are at work to maintain muscle mass in young
mice. Circulating osteocalcin decreases drastically with age. As such,
we also show here that administration of exogenous osteocalcin to
older mice increases muscle mass and the myofiber cross-section
area. Thus, based on these results it appears that osteocalcin
signaling in myofibers is both necessary and sufficient to maintain
muscle mass in older mice. While muscle mass was consistently
decreased in the larger muscle types analyzed the phenotype was less
consistent in small muscle types. This can be explained, in part by the
technical difficultly of dissecting small muscles, such as the soleus
with precision. However, this observation also intimates the existence
of other mechanisms that work with osteocalcin to dictate muscle
mass in young and older mice.
The maintenance of muscle mass depends on the balance of
anabolic (protein synthesis) and catabolic (muscle breakdown)
events which together determine the levels of muscle proteins. We
failed to record any influence of osteocalcin on protein breakdown in
muscle. In contrast we observed that osteocalcin signaling in
myofibers favors protein synthesis. Other muscle anabolic hormones
activate the PI3K/Akt/mTOR pathway to stimulate protein synthesis
and muscle hypertrophy [25]. Consistent with this notion and with
the fact that osteocalcin is necessary and sufficient to stimulate Akt
phosphorylation in muscle during exercise [7], we show here that

Soleus

WT (n=24)

Ocn-/- (n=23)

EDL

*

Gastrocnemius Quadriceps

M
us

cl
e 

W
ei

gh
t (

m
g)

A B WT (n=24)

Ocn-/- (n=23)

60

70

80

90

100

110

C
SA

( μ
m

2 ) *

WT (n=4)

Ocn-/- (n=4)

WT (n=4) Ocn-/- (n=4)

C WT (n=8)

Ocn-/- (n=7)

M
ax

. g
rip

 fo
rc

e 
(N

)

D

0

500

1000

1500

0.0

0.5

1.0

1.5

100 μm 100 μm

2

4

6

8

*

5

6

7

8

9

10

*

100

150

200

*

20

30

40

B
od

y 
w

ei
gh

t (
g)

Figure 1: Osteocalcin is necessary to maintain muscle mass in adult mice. (A) Weight of hindlimb muscles and (B) body weight in 6 month-old Ocn!/! female mice and WT
littermates. (C) Representative histology and measurement of the cross section area (CSA) of the muscle fibers in 6 month-old Ocn!/! female mice and WT littermates. (D) Muscle
strength determined as the maximal grip force in 12 month-old Ocn!/! female mice and WT littermates.
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Figure 3: Osteocalcin increases protein synthesis in WT myotubes. (A) Urine levels of 3-methylhistidine (3MH) in Ocn!/! female mice and WT littermates. (B) Protein
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mTOR inhibitor Torin 1.
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Figure 4: Exogenous osteocalcin is sufficient to increase muscle mass in older mice. (A) Weight of hindlimb muscles and (B) body weight of 10 month-old WT female mice
receiving vehicle or osteocalcin (Ocn) for 28 days. (C) Representative histology and measurement of the cross section area (CSA) of the muscle fibers in 10 month-old WT female
mice receiving vehicle or Ocn for 28 days. (D) Circulating Ocn levels in 10 month-old WT female mice receiving vehicle or Ocn for 28 days. (E) Muscle strength determined as the
maximal grip force in 10 month-old WT female mice receiving vehicle or Ocn for 28 days.
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focused only on the proximal femur situation, this concept can be
generalized to other bones in the human body.

Second, the forces experienced by bone arise from muscle ac-
tion rather than from mere gravitational forces [15]. Hence, muscle
mass/strength correlates with bone strength [12]. This concept was
demonstrated in a study by Sievänen et al. [16]. The patella bone
mineral apparent density and average strain magnitude were mea-
sured in a chained event experiment that included one-year unilat-
eral strength training interventions, an accidental knee ligament rup-
ture and a two-year rehabilitation period. The patella was selected as
the target bone because it is a non-weight-bearing bone that receives
mechanical stimuli from only the quadriceps activity. Sievänen et al.
showed that a decline in muscle mass precedes a decline in bone
strength under conditions of disuse and that the recovery of mus-
cle mass increases before bone mass. In another study, Schönau et al.
[17] compared the muscle development with age as well as muscle
development and bone strength.

Disuse can be asserted to cause muscle wasting and bone loss,
whereas physical activity increases muscle strength and bone mass.
However, according to Rittweger et al. [15], this relationship only
holds to a certain extent. The authors claim that muscular exercise
can only enhance bone strength up to 1–2% because tendon stiffness
may limit the musculoskeletal peak forces.

In several studies [9,12,16,18], a time lag of up to 5 days was reg-
istered between a single period of mechanical loading in vivo and the
onset of collagen and mineral apposition increases on the bone sur-
face. This phenomenon is justified by the delay between the initial
formation of new bone and the establishment of fully mineralized
and mature bone.

The third key aspect was stated in one of the earliest far-reaching
interpretations of bone loading made by Pauwels [19], who suggested
that bending moments are transmitted along limbs by a combina-
tion of tensile forces in the muscle and compressive forces on bone.
Hence, gravitational forces tend to lower and collapse our body seg-
ments in any upright posture. However, bending moments are accen-
tuated rather than reduced due to the physiological curvature of long
bones. In response to these external loads, muscles not only provide
the necessary moment equilibrium in joints, but they counteract the
passive bending moments along bones in an energetically efficient
manner, as stated by Munih et al. [20]. While reducing the bending
stress, muscles increase the axial compressive load irrespective of the
posture to ensure minimal bone stress and minimal bone weight [21].
From all registered loading modes in long bone, bending is the most
significant for bone adaptation [22–24].

Fourth and last, in addition to mechanical stimuli, bone remod-
elling may also be regulated by hormones, such as estrogen and
parathyroid hormone [25,26], and induced by the nervous system
[18,27] and inflammatory reactions [28].

3. Mechanotransduction system

Over the last several years, osteocytes have become generally
accepted as the mechanosensory cells within the bone. Osteocytes
coordinate the remodelling process by converting external mechani-
cal forces into biochemical responses – a process known as mechan-
otransduction. However, the mechanism by which these cells sense
the mechanical loads and facilitate adaptive alterations in bone mass
and architecture is not yet completely understood [10,18,29,30].

3.1. Stimuli perceived by osteocytes

Osteocytes are generally assumed to react to bone deformation
or to one of the consequences of bone deformation, such as shear
stress due to load-induced fluid flow, electric fields caused by stress-
generated streaming potentials, and hydrostatic pressure [22,31,32].

Fig. 1. Schematic representation of mechanical loading that causes interstitial fluid

flow through bone’s lacuna-canalicular network (adapted from Duncan et al. [9]). The

tension/compression stresses associated with bending cause a pressure gradient that

promotes fluid flow along the osteocytes.

3.1.1. Cell deformation
The immediate consequence of mechanical loading is strain,

which is a small deformation throughout the calcified matrix. These
stimuli will stretch the osteocytes to the same extent as the sur-
rounding bone tissue. When stretched in one direction, bone tends to
slightly contract in the perpendicular direction. Hence, direct biaxial
osteocyte strain is common [9,33]. Several authors [33–35] suggest
that the strains experienced by an osteocyte are much higher than
those measured on the bone surface, with registered amplification
factors that are up to 9 times larger than the applied global strain.
This difference may be due to a magnification effect caused by the
cell’s complex surrounding pericellular and extracellular matrix. In a
recent study, Wang et al. [36] proposed that the strain amplification
factor positively correlates with the loading frequency and loading
strain.

3.1.2. Shear induced by fluid-flow
Loading the bone first pressurizes the interstitial fluid around the

osteocytes before flow is initiated [32]. A study developed by Gar-
dinier et al. [37] predicted that in vivo osteocytes could experience
hydrostatic pressures of up to 5 MPa. The interstitial fluid within the
lacuno-canalicular (LC) is then driven to flow through the thin layer of
non-mineralized pericellular matrix surrounding the osteocytes and
towards the Harversian or Volkmann’s channels [22,32]. In this sense,
bone can be compared to a water-soaked sponge. A compressive force
on the sponge will squeeze water out of it. Similarly, mechanical load-
ing will result in a flow of interstitial fluid through the LC network of
bone (see Fig. 1) [38]. The flow of interstitial fluid through the LC net-
work places shear stress on the cell membranes. This stress is thought
to initiate a biochemical response from the cells [39].

Piekarski [40] was the first researcher to propose that mechanical
loading induces fluid-flow in bone. He stated that this flow enabled
nutrition and waste removal.

The effect of the three-dimensional LC network complex geom-
etry of bone on the fluid flow shear stress stimuli mechanism and
its role in osteocyte mechanobiology are not yet fully understood.
However, a recent study developed by Verbruggen et al. [41] showed
that individual osteocytes may be subjected to a maximum shear
stress stimulus of approximately 11 Pa and an average fluid veloc-
ity of 60.5 µm/s in response to vigorous activity. Mechanosensing
bone cells also seem to be able to sense low fluid-flow stress val-
ues, as demonstrated by Morris et al. [42], Delaine-Smith et al. [43],
Young et al. [44].

Several studies have also evaluated the responsiveness of bone
cells to different flow profiles. Of these studies, we would like to
highlight the important work developed by Jacobs’ group [45–47], in

Please cite this article as: N. Rosa et al., From mechanical stimulus to bone formation: A review, Medical Engineering and Physics (2015),

http://dx.doi.org/10.1016/j.medengphy.2015.05.015

Medical Engineering and Physics000 (2015) 1–10



Metabolites 2020, 10, 90 

metabolites
H

OH

OH

Article

Exercise Promotes the Osteoinduction of HA/�-TCP
Biomaterials via the Wnt Signaling Pathway

Lijia Cheng *,† , Ahmad Taha Khalaf † , Tianchang Lin, Ling Ran, Zheng Shi, Jun Wan,
Xin Zhou and Liang Zou *

College of Medicine (College of Nursing), Chengdu University, Chengdu 610106, China;
ahmadtaha11@yahoo.com (A.T.K.); tianchanglin1999@outlook.com (T.L.); rldgj@163.com (L.R.);
drshiz1002@hotmail.com (Z.S.); wanjun0726@163.com (J.W.); zhouxin9711@163.com (X.Z.)
* Correspondence: chenglijia@cdu.edu.cn (L.C.); zouliang@cdu.edu.cn (L.Z.)
† These authors contributed equally to this work.

Received: 9 January 2020; Accepted: 3 March 2020; Published: 5 March 2020
!"#!$%&'(!
!"#$%&'

Abstract: To investigate the osteoinductive mechanism triggered by hydroxyapatite/�-tricalcium
phosphate (HA/�-TCP) biomaterials in mice which keep exercising. Methods: The HA/�-TCP
biomaterials were implanted in the muscle of bilateral thighs (non-osseous sites) of eighty Balb/C
mice. All animals were then randomly divided into 4 groups (n = 20). In group 1 (negative control
group), the mice were fed routinely. In group 2 (running group), all mice were put on a treadmill
which was set to a 60-degree incline. The mice ran 20 min thrice each day. A 5-minute break
was included in the routine from day three onwards. In group 3 (weight-bearing group), all mice
underwent weight-bearing running. The mice in this group performed the same routine as group 2
while carrying 5 g rubber weights. In group 4 (positive control group), dexamethasone was injected
in the implanted sites of the biomaterials from the day of the operation. All mice were injected once
per week and received a total of 8 injections. One and eight weeks after surgery, the blood serum was
collected to detect inflammatory and immunological factors by ELISA. In addition to this, biomaterial
specimens were obtained to observe inflammatory and osteogenic levels via histological staining
and to facilitate analysis of the osteogenic mechanism by Western Blot. Results: The inflammation
indexes caused by surgery were alleviated through running or weight-bearing running: The tumor
necrosis factor-↵ (TNF-↵) and interleukin-6 (IL-6) levels were significantly reduced in groups 2
and 3 at week 8. Exercise also enhanced the secretion of interferon-� (IFN-�) in mice; this can
strengthen their immunity. The new bone tissues were observed in all groups; however, the area
percentage of new bone tissues and the number of osteoblasts were highest in the weight-bearing
group. Furthermore, the key proteins of wingless/integrated (Wnt) signaling pathway, Wnt1, Wnt3a,
and �-catenin, were up-regulated during osteoinduction. This up-regulation activated runt-related
transcription factor-2 (Runx2), increased the expression of osteopontin (OPN) and osteocalcin (OCN).
Conclusion: Weight-bearing exercise can promote the bone and bone marrow formation through the
Wnt signaling pathway: Observations documented here suggest that the proper exercise is beneficial
to the recovery of bone damage.

Keywords: osteoinduction; hydroxyapatite/�-tricalcium phosphate; wnt signaling pathway; exercise

1. Introduction

Common bone injuries or defects are often occasionally a di�cult period of recovery for patients.
For single osteoporosis-related fractures, the number of patients is forecasted to exceed 3 million per
year by 2025 in the USA [1]. Therefore, the recovery of bone injuries in a short time is an urgent
scientific problem. Recently, synthetic biomaterials have been identified as promising sca↵olds to
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increased significantly in groups 2 and 3 at week eight of this experiment (Figure 2D). This indicates 
that exercise could enhance the level of IFN-γ to regulate and heighten immunity in mice. 

 

Figure 2. (A) Hematoxylin and eosin (HE) micrograph of group 3 (n = 6) showed inflammatory 
reactions and new blood vessels one week after surgery, arrow: blood vessel; bar: 200 μm. (B) The 
levels of tumor necrosis factor-α (TNF-α) secreted in serum of four groups (n = 5) at weeks 1 and 8; 
comparison among group 4 and other the three groups at week 1, *P < 0.05. (C) The levels of 
interleukin-6 (IL-6) secreted in serum of four groups (n = 5) at weeks 1 and 8; comparison among 
group 4 and other three groups at week 1, comparison between group 1 and group 4 at week 8, *P < 
0.05. (D) The levels of interferon-γ (IFN-γ) secreted in serum of four groups (n = 5) at weeks 1 and 8; 
comparison among group 1 and groups 2, 3 at week 8, *P < 0.05. Group 1 = negative control group; 
Group 2 = running group; Group 3 = weight-bearing group; Group 4 = positive control group. 

3.4. New Bone and Bone Marrow Formation 

With or without eight weeks’ exercise or dexamethasone injection, all the biomaterials were 
induced ectopic bone formation. However, the amount of new bone and bone marrow tissues 
generated was disproportionate in the four groups. In group 1, few bone tissues were observed and 
no bone marrow tissues growth was evident. In groups two through four, a substantial amount of 
bone and bone marrow tissues developed. The distribution of bone growth here can be attributed to 
the various treatments each group of mice experienced running, weight-bearing running, or 
dexamethasone administration (Figure 3A). The special staining of serial sections, SFG, MBFS, and 
MT staining, were performed to identify bone tissues present in group 3. The cartilage is stained red 
and the bone is stained green in SFG staining. Our results show only green. This proves that 
osteoinduction occurred through intramembranous ossification as opposed to endochondral 
osteogenesis. We also observed that the osteoblasts were stained dark blue, while bone was stained 
red in MBFS staining. The MT staining showed that some bone tissues containing collagen fibers were 

Figure 2. (A) Hematoxylin and eosin (HE) micrograph of group 3 (n= 6) showed inflammatory reactions
and new blood vessels one week after surgery, arrow: blood vessel; bar: 200 µm. (B) The levels of
tumor necrosis factor-↵ (TNF-↵) secreted in serum of four groups (n = 5) at weeks 1 and 8; comparison
among group 4 and other the three groups at week 1, * P < 0.05. (C) The levels of interleukin-6 (IL-6)
secreted in serum of four groups (n = 5) at weeks 1 and 8; comparison among group 4 and other three
groups at week 1, comparison between group 1 and group 4 at week 8, * P < 0.05. (D) The levels of
interferon-� (IFN-�) secreted in serum of four groups (n = 5) at weeks 1 and 8; comparison among
group 1 and groups 2, 3 at week 8, * P < 0.05. Group 1 = negative control group; Group 2 = running
group; Group 3 =weight-bearing group; Group 4 = positive control group.

3.4. New Bone and Bone Marrow Formation

With or without eight weeks’ exercise or dexamethasone injection, all the biomaterials were
induced ectopic bone formation. However, the amount of new bone and bone marrow tissues generated
was disproportionate in the four groups. In group 1, few bone tissues were observed and no bone
marrow tissues growth was evident. In groups two through four, a substantial amount of bone and
bone marrow tissues developed. The distribution of bone growth here can be attributed to the various
treatments each group of mice experienced running, weight-bearing running, or dexamethasone
administration (Figure 3A). The special staining of serial sections, SFG, MBFS, and MT staining, were
performed to identify bone tissues present in group 3. The cartilage is stained red and the bone is
stained green in SFG staining. Our results show only green. This proves that osteoinduction occurred
through intramembranous ossification as opposed to endochondral osteogenesis. We also observed
that the osteoblasts were stained dark blue, while bone was stained red in MBFS staining. The MT
staining showed that some bone tissues containing collagen fibers were stained red, indicating that the
bone tissues observed were mature and able to transform collagen into calcium salt (Figure 3B).
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air. During the surgery, all mice were anesthetized with an intraperitoneal injection of pentobarbital
sodium. The hair on the bilateral thigh was removed using an electric shaver and the skin underneath
was disinfected with ethanol, and then an approximately 10-mm longitudinal skin incision was made
and parallel to the femur, after that, an approximately 8-mm longitudinal muscle pouch was prepared
immediately along skin incision. Next, two (F3 ⇥ 5) mm HA/�-TCP were implanted into the left and
right thigh muscle of each mouse, respectively (Figure 1A). Finally, the wounds were closed with single
interrupted suturing, and penicillin was injected intramuscularly to prevent infection.Metabolites 2020, 10, x FOR PEER REVIEW 5 of 13 
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(left side) and suturing during surgery (right side). (B) Running mouse of group 2 on the treadmill. 
(C) Weight-bearing running mouse with rubber of group 3 on the treadmill. (D) The micropores 
(upper side, bar: 1 mm) and super-micropores (downside, bar: 10 μm) of HA/β-TCP biomaterials 
scanned by scanning electron microscopy (SEM). 

3.2. Inflammation after Implantation 

Surgery is bound to cause inflammation in both general blood circulation and local tissues. 
Therefore, inflammatory reactions were observed in HE sections, in addition to this, typical 
inflammatory factors, TNF-α and IL-6 levels in serum were detected by ELISA. HE micrograph 
results showed that inflammatory cells including macrophages, neutrophils, lymphocytes, etc., 
invaded the micropores of implanted materials forming mesenchymal tissues in the margin and 
central region of biomaterials, while lots of new blood vessels appeared one week after surgery 
(Figure 2A). In addition to this, levels of TNF-α and IL-6 sharply increased in groups 1, 2, and 3, while 
the positive control group (group 4) maintained the normal level, since the dexamethasone is a steroid 
anti-inflammatory drug which does not only promote bone formation, but also reduces the 
inflammation caused by surgery. After eight weeks of recovery, the inflammatory levels of TNF-α 
and IL-6 decreased. As indicated by the image below, it seems running can reduce inflammation to 
some extent (Figure 2B,C). 

3.3. Immune Regulation through Exercise  

IFN-γ is an immune regulator that can recruit and activate macrophages. In addition, IFN-γ can 
activate cytotoxicity T lymphocyte (CTL) and promote B cell to produce opsonizing antibodies. 
Therefore, the level of IFN-γ was also determined by ELISA. The results showed that IFN-γ secretion 

Figure 1. (A) The hydroxyapatite/�-tricalcium phosphate (HA/�-TCP) biomaterial transplanted site
(left side) and suturing during surgery (right side). (B) Running mouse of group 2 on the treadmill.
(C) Weight-bearing running mouse with rubber of group 3 on the treadmill. (D) The micropores (upper
side, bar: 1 mm) and super-micropores (downside, bar: 10 µm) of HA/�-TCP biomaterials scanned by
scanning electron microscopy (SEM).

The study has been approved by the Animal Care and Use Committee of Chengdu University.
The operative procedures and animal care were performed in compliance with NIH guidelines on the
care and use of laboratory animals, under the supervision of a licensed veterinarian.

2.3. Animal Grouping

After surgery, all mice were randomly divided into 4 groups (n = 20). In group 1 (negative control
group), all mice were regularly fed without any treatment. In group 2 (running group), a treadmill
for mice was set to a 60-degree incline, all mice were put on the treadmill to run for 20 min thrice as
6 m/h speed-moderate exercise for mice. A 5-minute break was included in the routine from day three
onwards (Figure 1B). In group 3 (weight-bearing group), all mice underwent weight-bearing running.
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Figure 5. (A) Western blot showing the expression of wingless/integrated 1 (Wnt1), Wnt3a, Wnt5a, β-
catenin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in five groups (n = 3). G1: 
negative control group; G2: running group; G3: weight-bearing group; G4: positive control group; 
Neonatal: the neonatal bone, control. (B) The corresponding gray-scale value of Wnt1, Wnt3a, Wnt5a 
and β-catenin in the five groups (n = 3); comparison among G1 and other three groups (G3, G4, and 
Neonatal), *P < 0.05. 

3.7. The Expression of Osteogenesis Related Proteins 

In addition to identifying osteogenesis induced by HA/β-TCP from histological view, we also 
verified the expression of osteogenesis related proteins, Runx2, OPN, and OCN by Western Blot. The 
results showed that the expression of all the three proteins had been significantly up-regulated in 
groups 3 and 4 in contrast to group 1, while the neonatal bone was used as control (Figure 6A), 
indicating that both exercise and dexamethasone could enhance bone induction to stimulate the 
generation of new bone tissues through activation of RUNX2 pathway. The gray-scale value of each 
band was converted to the relative expression of these proteins (Figure 6B, *P < 0.05). 

Figure 5. (A) Western blot showing the expression of wingless/integrated 1 (Wnt1), Wnt3a, Wnt5a,
�-catenin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in five groups (n = 3). G1:
negative control group; G2: running group; G3: weight-bearing group; G4: positive control group;
Neonatal: the neonatal bone, control. (B) The corresponding gray-scale value of Wnt1, Wnt3a, Wnt5a
and �-catenin in the five groups (n = 3); comparison among G1 and other three groups (G3, G4, and
Neonatal), * P < 0.05.Metabolites 2020, 10, x FOR PEER REVIEW 10 of 13 
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osteopontin (OPN), osteocalcin (OCN), and GAPDH in five groups (n = 3). G1: negative control group; 
G2: running group; G3: weight-bearing group; G4: positive control group; Neonatal: neonatal bone, 
control. (B) The corresponding gray-scale value of RUNX2, OPN, and OCN in the five groups (n = 3); 
comparison of RUNX2 and OPN among G1 and other three groups (G3, G4, and Neonatal), 
comparison of OCN among G1 and other four groups (G2, G3, G4, and Neonatal), *P < 0.05. 

4. Discussion 

The immune system includes the coordinated action of a variety of immune cells that can 
produce different pro- or anti-inflammatory cytokines, these include e.g., TNF-α, interleukins, and 
chemokines in a very complex pattern. When a bone is subjected to trauma, the numerous cytokines 
initiate immune reactions that eventually instigate a regenerative process. In our experimental 
design, the surgery of biomaterial implantation caused trauma, thereby inducing inflammatory 
reactions. Normal wound healing can be roughly divided into four continuous and overlapping 
phases: hemostasis, inflammation, proliferation, and remodeling [14]. During the inflammation 
phase, the platelets released chemokines for leukocytes to enhance inflammation, including IL-1α, 
IL-1β, IL-6, TNF-α, platelet-derived growth factor (PDGF), and transforming growth factor-β (TGF-
β), etc. [15,16]. Our results show that IL-6 and TNF-α increased one week after implantation; these 
cytokines play an important role in initiating the chemotaxis of neutrophils, monocytes and 
fibroblasts [17]. These leukocytes could resolve the inflammation through removing the dead cells 
and recruiting endothelial cells and fibroblasts in the first two weeks [18–20]; however, it still could 
cause chronic inflammation if earlier phases of the healing process have failed to clear dead cells and 
debris [14,21]. In this study, there were lots of neutrophils, macrophages, fibroblasts aggregated 
inside and around the biomaterials, which were recruited by inflammatory factors one week after 

Figure 6. (A) Western Blot showing the expression of runt-related transcription factor-2 (RUNX2),
osteopontin (OPN), osteocalcin (OCN), and GAPDH in five groups (n = 3). G1: negative control group;
G2: running group; G3: weight-bearing group; G4: positive control group; Neonatal: neonatal bone,
control. (B) The corresponding gray-scale value of RUNX2, OPN, and OCN in the five groups (n = 3);
comparison of RUNX2 and OPN among G1 and other three groups (G3, G4, and Neonatal), comparison
of OCN among G1 and other four groups (G2, G3, G4, and Neonatal), * P < 0.05.
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Abstract: To investigate the osteoinductive mechanism triggered by hydroxyapatite/�-tricalcium
phosphate (HA/�-TCP) biomaterials in mice which keep exercising. Methods: The HA/�-TCP
biomaterials were implanted in the muscle of bilateral thighs (non-osseous sites) of eighty Balb/C
mice. All animals were then randomly divided into 4 groups (n = 20). In group 1 (negative control
group), the mice were fed routinely. In group 2 (running group), all mice were put on a treadmill
which was set to a 60-degree incline. The mice ran 20 min thrice each day. A 5-minute break
was included in the routine from day three onwards. In group 3 (weight-bearing group), all mice
underwent weight-bearing running. The mice in this group performed the same routine as group 2
while carrying 5 g rubber weights. In group 4 (positive control group), dexamethasone was injected
in the implanted sites of the biomaterials from the day of the operation. All mice were injected once
per week and received a total of 8 injections. One and eight weeks after surgery, the blood serum was
collected to detect inflammatory and immunological factors by ELISA. In addition to this, biomaterial
specimens were obtained to observe inflammatory and osteogenic levels via histological staining
and to facilitate analysis of the osteogenic mechanism by Western Blot. Results: The inflammation
indexes caused by surgery were alleviated through running or weight-bearing running: The tumor
necrosis factor-↵ (TNF-↵) and interleukin-6 (IL-6) levels were significantly reduced in groups 2
and 3 at week 8. Exercise also enhanced the secretion of interferon-� (IFN-�) in mice; this can
strengthen their immunity. The new bone tissues were observed in all groups; however, the area
percentage of new bone tissues and the number of osteoblasts were highest in the weight-bearing
group. Furthermore, the key proteins of wingless/integrated (Wnt) signaling pathway, Wnt1, Wnt3a,
and �-catenin, were up-regulated during osteoinduction. This up-regulation activated runt-related
transcription factor-2 (Runx2), increased the expression of osteopontin (OPN) and osteocalcin (OCN).
Conclusion: Weight-bearing exercise can promote the bone and bone marrow formation through the
Wnt signaling pathway: Observations documented here suggest that the proper exercise is beneficial
to the recovery of bone damage.

Keywords: osteoinduction; hydroxyapatite/�-tricalcium phosphate; wnt signaling pathway; exercise

1. Introduction

Common bone injuries or defects are often occasionally a di�cult period of recovery for patients.
For single osteoporosis-related fractures, the number of patients is forecasted to exceed 3 million per
year by 2025 in the USA [1]. Therefore, the recovery of bone injuries in a short time is an urgent
scientific problem. Recently, synthetic biomaterials have been identified as promising sca↵olds to
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blasts occurs. It also obviates the need for a 
“postal code” system ensuring that resorptive and 
formative cells adhere to areas on the bone sur-
face, where they are needed. Bone surfaces are 
generally covered by lining cells, which would 
prevent direct contact between bone cells and 
integrins or other adhesion molecules known to 
modulate cell activity. The BRC would be the 
only place where circulating osteoclasts as well 
as circulating osteoblast precursors would be in 
contact with these matrix constituents, because 
the formation of the BRC involves detachment of 
lining cells from the bone surface [117].

 The Remodeling Cycle – Cellular 
and Molecular Mechanisms

The remodeling cycle occurs in a highly regu-
lated and stereotyped fashion with five overlap-
ping steps of activation, resorption, reversal, 
formation, and termination occurring over the 
course of 120–200 days in cortical and trabecular 
bone, respectively [120]. The remodeling cycle 
can be as short as 100 days in thyrotoxicosis and 
primary hyperparathyroidism and exceed 
1000 days in low turnover states like myxedema 
and after bisphosphonate treatment [121].
Osteocytes orchestrate the bone remodeling by 

regulating osteoclast and osteoblast differentia-
tion and consequently bone resorption and 
formation.

 Activation

The first stage of bone remodeling involves 
detection of an initiating remodeling signal. This 
signal can take several forms, e.g. direct mechan-
ical strain on the bone that results in structural 
damage or hormone (e.g. estrogen or parathyroid 
hormone [PTH]) action on bone cells in response 
to more systemic changes in homeostasis.

Daily activity places ongoing mechanical 
strain on the skeleton, and it is thought that osteo-
cytes sense changes in these physical forces and 
translate them into biological signals that initiate 
bone remodeling (Fig.  1.11) [122]. Damage to 
the bone matrix [123] or limb immobilization 
[72] results in osteocyte apoptosis and increased 
osteoclastogenesis. Under basal conditions, 
osteocytes secrete transforming growth factor β 
(TGF-β), which inhibits osteoclastogenesis. 
Focal osteocyte apoptosis lowers local TGF-β 
levels, removing the inhibitory osteoclastogene-
sis signals and allowing osteoclast formation to 
proceed [73].

Bone Remodeling System
Mechanical Load

Mineralization Mechanotransduction

Regulation

Regulation

Resorption

Regulation
Differentiation

Formation

Mineralized
Bone

Osteoid Osteoclast Osteocyte

Osteoblast

Nutrients Hormones Precursor Cells Waste

Fig. 1.11 Bone 
remodeling system in 
response to mechanical 
stimuli. In addition to 
the local factors, other 
systemic factors play a 
role in the remodeling 
process
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activation of β-catenin in cells of the osteoblast and 
osteo clast lineages causes osteopetrosis, a condition 
characterized by high bone mass and abnormally dense 
bone.8,30,40 The inhibition of osteoclastogenesis by Wnt is 
in part caused by an induction of osteoprotegerin (also 
known as tumour necrosis factor receptor superfamily 
member 11B), a secreted protein that impairs osteo-
clastogenesis by binding RANKL. Downregulation of 
β-catenin in osteoblast precursors, osteocytes and/or 
osteoblasts causes osteopaenia, a condition in which 
bone mass is lower than normal owing to a decrease in 
osteoprotegerin expression and an increase in osteo-
clast number, which result in increased bone resorp-
tion.8,23,30,31,41 In addition, canonical Wnt signal ling 
has direct inhibitory effects on osteoclast pre cursors, 
indepen dent of osteoprotegerin, and inactivation of 
Ctnnb1 in these cells increases osteoclastogenesis 
and osteopaenia.42

Wnt interacts with other signalling pathways in the 
bone cellular environment. One of these signals, insulin-
like growth factor 1 (IGF-1), enhances the stabilization of 
β-catenin.43,44 Notch, a family of transmembrane recep-
tors that determine cell fate, impair Wnt signalling, pos-
sibly by enhancing the availability or activity of glycogen 
synthase kinase-3β (GSK-3β) and of serine–threonine-
protein kinase NLK (NEMO-like kinase) to phosphory-
late and degrade β-catenin and TCF-4, respectively.7,45 
The activity of Wnt signalling is also modulated by intra-
cellular and extracellular factors that bind to Wnt proteins 
or to various components of the signalling pathway.46

Mechanical loading activates Wnt signalling in cells 
of the osteoblastic lineage, suggesting that Wnt activity 
might be responsible for coupling mechanical forces to 
an anabolic response in the skeleton.24 The mechanism 
involves downregulation of the Wnt antagonist sclero-
stin, which is preferentially expressed by the mechano-
sensing osteocyte.47,48 The downregulation of sclero stin 
occurs particularly in high-strain regions of bone, where 
it enhances Wnt signalling and bone formation. Con-
versely, sclerostin is upregulated following unloading of 
the skeleton, which causes bone loss owing to enhanced 
bone resorption and decreased bone formation.47 These 
mecha nisms might be relevant to the pathogenesis of 
osteoporosis of disuse, in which the immobility associ-
ated with prolonged bed rest and nerve injuries results in 
a loss of bone mass. Osteoporosis of disuse is associated 
with a significant increase in fracture risk, and preventing 
or correcting bone loss would prove beneficial to persons 
affected by this disease.

Wnt antagonists
Wnt activity is modulated by proteins secreted into the 
extracellular space (Box 2, Figure 1),46 which interact 
either directly with Wnt proteins or their receptors. In 
addition, Wnt signalling is regulated by trans membrane 
modulators such as Kremen protein 1 and LRP-1, and 
intracellular proteins and kinases, such as GSK-3β  
and the intra cellular domain of Notch.46,49 Regulation of 
the cellular activity of Wnt proteins by Wnt antagonists 
prevents excess cellular exposure to Wnt signalling.

Antagonists that bind Wnt proteins
Secreted Wnt antagonists that interact with Wnt pro-
teins include Wnt inhibitory factor 1 (WIF-1), secreted 
f rizzled-related proteins (sFRPs) and Cerberus; such 
antagonists act by altering the ability of Wnt proteins 
to bind to the Wnt receptor complex.46,50,51 WIF-1 
is expressed at the cartilage–mesenchyme interface 
during development and opposes the inhibitory effects 
of Wnt-3a on chondro genesis.52 In addition, WIF-1 is 
expressed during the differentiation and maturation  
of osteoblasts, possibly to inhibit Wnt activity while the 
osteoblasts complete their differentiation programme.53 
Interestingly, WIF1 is hypermethylated and consequently 
epigenetically silenced in 75% of human osteosarcomas, 
which leads to enhanced Wnt signalling and intra cellular 
accumulation of β-catenin.54,55 Furthermore, mice in 
which the Wif1 gene is inactivated exhibit accelerated 
development of radiation-induced osteosarcoma,55 sug-
gesting that, in this experimental model, Wif-1 might 
protect against this malignancy.

Osteoprotegerin

Osteoclast

Osteoclast
precursor

Osteoblast
precursor

Osteoblast

Increased bone formation

Osteocyte

Osteoblastogenesis

Decreased bone resorption

Osteoblast

β-catenin

Frizzled + Lrp5/6

Wnt

Dkk-1 Sclerostin

Figure 1 | Canonical Wnt signalling and bone remodelling. Wnt induces 
osteoblastogenesis and thereby enhances bone formation. Canonical Wnt 
signalling suppresses osteoclastogenesis by inducing osteoprotegerin. In 
addition, Wnt signalling suppresses bone resorption by an osteoprotegerin-
independent mechanism acting directly on osteoclast precursors. The dual effect 
of Wnt on cells of the osteoblast and osteoclast lineage results in an increase in 
bone mass. Sclerostin and Dkk-1 bind to Wnt co-receptors and thereby prevent 
Wnt-receptor interaction and signalling. Abbreviations: Dkk-1, Dickkopf-related 
protein 1; LRP-5, LDL receptor related protein co-receptor 5; LRP-6, LDL receptor 
related protein co-receptor 6. 

Box 2 | Secreted Wnt antagonists

Factors that bind Wnt proteins
 ■ Secreted frizzled-related proteins
 ■ Cerberus
 ■ Wnt inhibitory factor 1

Factors that interact with Wnt receptors
 ■ Sclerostin
 ■ Dickkopf family of proteins
 ■ Sclerostin domain-containing protein 1
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to the first B-propeller of LRP5 or LRP6 (refs. 
14,15,80,82–84) and has decreased binding 
to high–bone mass mutant forms of LRP5  
(refs. 14,15,84), possibly explaining the 
high–bone mass phenotype85. However, an 
additional direct role in BMP signaling has 
not been excluded86. Sclerostin also binds to 
LRP4, the third member of the LRP5 and LRP6 subfamily of LDLRs, 
probably through the third LRP4 B-propeller87. This interaction 
enhances sclerostin inhibition of WNT–B-catenin signaling in bone. 
The WNT antagonist DKK1 is also robustly expressed by osteocytes, 
though not as highly or selectively as is sclerostin. DKK proteins inter-
act with B-propeller subregions of LRP5 and LRP6, including B-pro-
pellers 1 and 3 (refs. 84,88), thus preventing formation of the complex 
comprised of WNT, FZD and LRP5 or LRP6 (refs. 88,89). In addition, 
DKK1 also interacts with Kremen receptors and LRP4, though the 
functional consequences of these interactions are not understood.

Indeed, some of the most compelling data supporting a role of WNT–
B-catenin signaling in the regulation of bone formation come from the 
extensive mouse genetic studies showing that osteocyte-secreted scle-
rostin and DKK1 inhibit bone formation13,68–72. Although increased 
or decreased sclerostin secretion inhibits or increases bone formation, 
respectively, during growth and adulthood, the role of DKK1 may be 
more pronounced during early growth and bone repair90. Interestingly, 
and as suggested above, reduction of gene dosage or inhibition of these 
antagonists can also suppress bone resorption in a context-dependent  
manner91,92. Increased and decreased gene dosage of the Dkk1  
co-receptor Krm2 also results in alterations in bone formation and 
resorption in mice, consistent with its role as a negative bone mass 
regulator by binding to DKK1 and inducing internalization of the com-
plex comprising Kremen, DKK1 and LRP5 or LRP6 (ref. 93).

Consistent with the fact that LRP4 interacts with sclerostin and 
DKK1, mice harboring a stop codon upstream of the transmembrane 
domain of Lrp4 have increased bone formation and resorption and 
decreased bone mineral density94. However, given that the dysfunc-
tional receptor lacking the membrane anchor could still interact with 
its extracellular ligands, it is unclear whether this model represents a 
gain or loss of function. Overall, the findings implicate mouse Lrp4 
in bone mass regulation, a finding that also translates to humans87. 

It is important to emphasize here that some inhibitors of WNT sig-
naling may have a positive role in osteoblast maturation. Dkk2 has 
been identified as a positive regulator of osteoblast maturation, as 
its absence results in disturbed bone mineralization, increased bone 
resorption and osteopenia95. This apparently surprising result actu-
ally fits well with the concept proposed by Rodda and McMahon48 
suggesting that WNT signaling needs to be toned down at later stages 
to allow final maturation of the osteoblasts, possibly favoring miner-
alization of the recently laid matrix.

WNT signaling translates mechanosignals in osteocytes. The 
mouse genetic studies also revealed another, and possibly crucial, 
function of WNT signaling in bone: the essential role of WNT sig-
naling in osteocytes for mechanosensing and osteocyte regulation 
of bone mass96. For a long time, osteocytes were suspected to be 
involved in the minute-to-minute regulation of calcium and phos-
phate homeostasis and the skeletal responses to mechanical loading, 
both of which are directly related to bone mass regulation. These roles 
of osteocytes have been recently confirmed, and WNT signaling has 
been shown to be crucially involved97,98. Osteocytes are the main 
source of the WNT inhibitor sclerostin, whose expression is regu-
lated by mechanobiology99, and repression of sclerostin is implicated 
in mechanical loading–induced bone gain in mice96. Furthermore, 
sclerostin expression is markedly increased in humans during immo-
bilization100. Accordingly, deletion or inhibition of sclerostin protects 
mice from bone loss after unloading69,92. In addition and as explained 
above, Lrp5 mouse mutants suggest that the predominant role of Lrp5 
in the regulation of bone homeostasis is exerted in osteocytes62, and 
Lrp5 gain-of-function mutations increase mechanoresponsiveness,  
whereas a lack of Lrp5 reduces it101–103. Furthermore, WNT–B- 
catenin reporter mice suggest that canonical WNT signaling is almost 
exclusively active in osteocytes in the adult skeleton and is regulated  
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Figure 4 Crosstalk of WNT, PTH and BMP 
signaling between bone cells. Osteocytes 
control bone formation through the secretion 
of the WNT antagonists sclerostin (SOST) and 
DKK1, the expression of which is regulated 
by mechanosignals and signaling of PTH 
and BMP. PTH represses, whereas BMPR1A-
mediated BMP signaling induces, expression 
of these antagonists. Moreover, WNT signaling 
in osteocytes controls the production of 
OPG, which is the decoy receptor for the 
key osteoclast differentiation factor RANKL. 
Osteoblast-expressed WNT5a stimulates 
differentiation of osteoclast precursors as a 
result of binding to the FZD–ROR2 receptor 
complex. In a feedback loop for bone 
remodeling, osteoclasts stimulate the local 
differentiation of osteoblasts at the end of the 
resorption phase by secreting WNT ligands. 
In addition, activation of PTH1R-mediated 
signaling in osteoblasts and osteocytes leads to 
B-catenin stabilization and, thus, activation of 
WNT signaling.
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 Osteoclasts

Osteoclasts are terminally differentiated, multi-
nucleated, giant cells that are responsible for 
bone resorption under both normal and patho-
logical conditions, such as osteoporosis. 
Morphologically, osteoclasts tend to be much 
larger than other bone cells and are generally 
located on the surface of bones. They are known 
to be very mobile, moving from various sites and 
along the bone surface, and this motility is 
thought to account for the varied appearance of 
these cells [43]. In bone, osteoclasts are found in 
pits in the bone surface which are called resorp-
tion bays, or Howship’s lacunae (Fig. 1.4).

Osteoclasts originate from mononuclear cells 
of the hematopoietic stem cell lineage, under the 
influence of several factors. Among these factors 
are the macrophage-colony stimulating factor 
(M-CSF), secreted by osteoprogenitor mesenchy-
mal cells and osteoblasts [44]; and RANK ligand, 
secreted by osteoblasts, osteocytes, and stromal 
cells (Fig. 1.5) [45]. Together, these factors pro-
mote the activation of transcription factors [44, 
46] and gene expression in osteoclasts [47, 48].

Macrophage-colony stimulating factor 
(M-CSF) binds to its receptor (cFMS) present in 
osteoclast precursors, which stimulates their pro-
liferation and inhibits their apoptosis [46, 49]. 

RANKL is a crucial factor for osteoclastogenesis 
and is expressed by osteoblasts, osteocytes, and 
stromal cells. When it binds to its receptor RANK 
in osteoclast precursors, osteoclast formation is 
induced [50]. On the other hand, another factor 
called osteoprotegerin (OPG), which is produced 
by a wide range of cells including osteoblasts, 
stromal cells, and gingival and periodontal fibro-
blasts [51–53], binds to RANKL, preventing the 
RANK/RANKL interaction and, consequently, 
inhibiting the osteoclastogenesis [51] (Fig. 1.8). 
Thus, the RANKL/RANK/OPG system is a key 
mediator of osteoclastogenesis [50, 53].

Despite these osteoclastogenic factors having 
been well defined, it has recently been demon-
strated that the osteoclastogenic potential may 
differ depending on the bone site considered. It 
has been reported that osteoclasts from long bone 
marrow are formed faster than in the jaw. This 
different dynamic of osteoclastogenesis possibly 
could be due to the cellular composition of the 
bone-site specific marrow [54].

Osteoclasts are characterized by having mul-
tiple nuclei, which average between 3 and 20, 
tend to be oval and concentrated mid-cell. There 
is less RER present than in osteoblasts, which is 
consistent with decreased production and secre-
tion of proteins. Mitochondria are more  numerous 
within osteoclasts than any other cell type within 

Fig. 1.3 The 
mechanosensitive 
function of osteocytes 
promoting the 
translation of 
mechanical stimuli into 
biochemical signals

Y. El Miedany

New Horizons in Osteoporosis Management Yasser El Miedany 

R E V I E W 

NATURE MEDICINE VOLUME 19 | NUMBER 2 | FEBRUARY 2013 185
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in bone mass regulation, a finding that also translates to humans87. 
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source of the WNT inhibitor sclerostin, whose expression is regu-
lated by mechanobiology99, and repression of sclerostin is implicated 
in mechanical loading–induced bone gain in mice96. Furthermore, 
sclerostin expression is markedly increased in humans during immo-
bilization100. Accordingly, deletion or inhibition of sclerostin protects 
mice from bone loss after unloading69,92. In addition and as explained 
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Background: Osteoporosis is recognized as a skeletal disorder characterized by diminished bone tissue
quality and density. Regular physical exercise is widely acknowledged to preserve and enhance bone
health, but the detailed molecular mechanisms involved remain unclear. Irisin, a factor derived from
muscle during exercise, influences bone and muscle. Since its discovery in 2012, irisin has been found
to promote bone growth and reduce bone resorption, establishing a tangible link between muscle exer-
tion and bone health. Consequently, the mechanism by which irisin prevents osteoporosis have attracted
significant scientific interest.
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on irisin in osteoporosis, Our review provides a deep dive into existing research on influence of irisin in
osteoporosis, exploring its interaction with pivotal signaling pathways and its impact on various cell
death mechanisms and inflammation. We aim to uncover the molecular underpinnings of how irisin,
secreted during exercise, can serve as a therapeutic strategy for osteoporosis.
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Fig. 1. Irisin, a hormone released by skeletal muscle during physical activity, can improve bone density. This is achieved through promotion of the proliferation of osteocytes
and osteoblasts, and either enhancing or inhibiting the differentiation of osteoclasts, depending on the context. The underlying mechanisms of irisin’s actions are intricately
linked to cellular apoptosis, inflammation, and various signaling pathways.

Table 1
Overview the role of irisin in osteoporosis. This table encapsulates the multifaceted roles of irisin in multiple experimental models, spanning from cellular to animal and human
studies.

Clinical Model
(sample size)

Dosage Signaling
pathway

Outcome Reference

Older Adults (n = 62) Not applicable Not
applicable

Positive correlation was found between irisin serum levels and femoral and vertebral
BMD

[27]

Postmenopausal-aged
women (n = 430)

Not applicable Not
applicable

Irisin serum levels were linked to increased risk of hip fractures [28]

Overweight
postmenopausal women
(n = 72)

Not applicable Not
applicable

Negative correlation was found between irisin levels and vertebral fragility fractures [29]

Women with osteoporosis
(n = 125)

Not applicable Not
applicable

Decreased serum irisin levels [30]

Animal Model
Orchiectomized rats

(n = 20)
Not applicable Not

applicable
Reduction in bone mass and damage to bone microstructure [31]

C57BL6 mice (n = 14) 100 lg/kg
once a week for 28 d

Not
applicable

Significant increase in the mass and tensile strength of cortical bone. [32]

hind-limb suspended
C57BL6 mice (n = 28)

100 lg/kg
once a week for
4 weeks

Not
applicable

Irisin maintains mineral density in both cortical and trabecular bone structures. [33]

C57BL6 mice and FNDC5-
KO mice (n = 10)

Not applicable Not
applicable

FNDC5/irisin deficiency resulted in decreased bone density and significant delay in
bone development and mineralization

[34]

Cell Type
Osteoblasts Not applicable Not

applicable
Irisin enhanced differentiation of osteoblasts to produce alkaline phosphatase and
collagen I

[35]

Primary rat osteoblasts 100 ng/mL; 24 h p38 and
ERK

Promoted osteoblast proliferation and differentiation by irisin [36]

MC3T3-E1 osteoblast
precursor cells

4 and 20 lmol/L; 6 h,
10 days, and 6 weeks

Not
applicable

Irisin increased the thickness of trabecular and cortical bone [38]

MLO-Y4 (osteocyte-like)
cells

1–500 ng/ml for 6 days Not
applicable

Irisin protected the osteocytes from apoptosis [23]

MLO-Y4 cells 100 ng/mL for 1 h ERK and
p38

Irisin decreased osteocyte apoptosis [39]

MLO-Y4 cells 100 ng/mL for 1 h ERK1 and
ERK2

Irisin enhanced osteocyte apoptosis [40]

RAW264.7 osteoclast
precursor cells

1, 4, 20 nmol/L for 1 h Not
applicable

Irisin inhibited osteoclast differentiation [38]

Osteoclast induction of
bone marrow monocytes
cells

4 and 20 lmol/L for
5 days, 20 nM for 1 h

Not
applicable

Irisin promotes osteogenic differentiation, bone formation and mineralization of
bone marrow mesenchymal stem cells and inhibits RANKL-induced bone marrow
mesenchymal stem cells osteoclastogenesis

[34]

RAW264.7 cells 2, 5, 10, and 20 ng/mL
for 7 days

Not
applicable

Irisin stimulated osteoclastogenesis [43]
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from about 0.5% to as high as 2.7% [52]. Without such intervention,
osteoclasts could potentially double or triple their lifespan. Fur-
thermore, estrogen deprivation led to a ten-fold increase in osteo-
blast apoptosis and a four-fold increase in osteocyte apoptosis,
suggesting that estrogen deprivation-induced bone loss may result
not only from increased osteoclast quantity and lifespan but also
from premature decreases in osteoblast and osteocyte activity
[50]. Recent research has started to elucidate the anti-apoptotic
effects of irisin on osteocytes. Storlino et al. demonstrated that iri-
sin augments the expression of the apoptosis-inhibiting protein
Bcl2 [40]. Xu et al found that irisin could inhibit apoptosis and
upregulate nuclear factor erythroid 2-related factor 2 (Nrf2),
thereby reducing cell death via the inhibition of pyroptosis (dis-
cussed further below) [53]. Additionally, studies have shown that
physiologically relevant doses of irisin can mitigate hydrogen
peroxide-induced apoptosis in the MLO-Y4 osteocyte cell line
and suppress osteocyte apoptosis in a mouse model of knee
osteoarthritis [23,39]. Despite these encouraging findings, a deeper
understanding of the precise mechanisms underlying the role of
apoptosis in osteoporosis is needed.

Irisin and autophagy

Autophagy is a biological process wherein organelles and
cytosolic macromolecules are encapsulated within autophago-
somes, membranous structures that transport these components
to the lysosome for degradation and recycling [54]. Emerging
research indicates that autophagy plays a pivotal role in maintain-
ing bone homeostasis and thus holds implications for osteoporosis.
Cells integral for bone remodeling, including osteoblasts, osteo-
clasts, osteocytes, and bone marrow-derived mesenchymal stem
cells, all participate in autophagy [55–57]. Notably, myokine irisin
has been reported to induce autophagy, suggesting potential pro-
tective effects against osteoporosis. Exercise-induced irisin pro-
duction can stimulate autophagy in cells [58]. The increase in

irisin levels pre- and post-exercise is associated with enhanced
autophagy via the upregulation of the Atg12-Atg5-Atg16L com-
plex, which promotes bone marrow stem cell (BMSC) osteogenesis
and activates the Wnt/b-catenin signaling pathway [58]. Blocking
autophagy has been shown to yield contrary effects, implying that
the osteoprotective benefits of irisin may be mediated by autop-
hagy activation.

Irisin and pyroptosis

Pyroptosis, characterized as programmed inflammatory cell
death, leads to the release of pro-inflammatory cellular compo-
nents such as interleukin (IL)-1b and interleukin-18 [59]. As a sig-
nificant player in regulating inflammatory responses and
orchestrating antimicrobial host defenses, pyroptosis can prolong
or intensify inflammation. A study by Behera et al. investigated
whether exercise could improve bone health in diabetic female
mice [60]. Their findings revealed that exercise promoted FNDC5/
irisin expression in bones affected by diabetes. This increase was
associated with a reduction in the expression of pyroptosis-
associated proteins, including NLRP3, caspase-1, and gasdermin D
(GSDMD), as well as a downregulation of osteoblastic miR-150-
5p. These findings provided the first evidence that the miR-150/F
NDC5/irisin/pyroptosis pathway might regulate diabetes-related
osteoporosis [60]. In other disease models, Pang et al. found that
irisin could inhibit vascular calcification in animal disease models
by enhancing autophagy, reducing oxidative stress, and downreg-
ulating the NLRP3-dependent pyroptosis pathway [61]. Another
study by Xiong et al. reported that irisin treatment decreased
GSDMD-dependent pyroptosis, subsequently ameliorating cardiac
dysfunction in septic cardiomyopathy [62]. Furthermore, in a rat
osteoarthritis model, irisin inhibited chondrocyte inflammation
and inflammation-related pyroptosis by modulating the PI3K/
Akt/NF-jB signaling pathway [63]. While irisin’s role in pyroptosis

Fig. 2. This schematic diagram elucidates the role of irisin in modulating different types of cell death prevalent in osteoporosis. It shows the mechanism by which irisin
promotes autophagy, while simultaneously suppressing apoptosis, pyroptosis, and ferroptosis.
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a b s t r a c t

Background: Osteoporosis is recognized as a skeletal disorder characterized by diminished bone tissue
quality and density. Regular physical exercise is widely acknowledged to preserve and enhance bone
health, but the detailed molecular mechanisms involved remain unclear. Irisin, a factor derived from
muscle during exercise, influences bone and muscle. Since its discovery in 2012, irisin has been found
to promote bone growth and reduce bone resorption, establishing a tangible link between muscle exer-
tion and bone health. Consequently, the mechanism by which irisin prevents osteoporosis have attracted
significant scientific interest.
Aim of the review: This study aims to elucidate the multifaceted relationship between exercise, irisin, and
bone health. Focusing on irisin, a muscle-derived factor released during exercise, we seek to understand
its role in promoting bone growth and inhibiting resorption. Through a review of current research article
on irisin in osteoporosis, Our review provides a deep dive into existing research on influence of irisin in
osteoporosis, exploring its interaction with pivotal signaling pathways and its impact on various cell
death mechanisms and inflammation. We aim to uncover the molecular underpinnings of how irisin,
secreted during exercise, can serve as a therapeutic strategy for osteoporosis.
Key scientific concepts of the review: Irisin, secreted during exercise, plays a vital role in bridging muscle
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has been investigated in various disease models, its relationship
with pyroptosis in osteoporosis needs more detailed research.

Irisin and ferroptosis

Ferroptosis, a recently identified type of programmed cell death,
is triggered by the build-up of lipid peroxide in an iron-dependent
manner [64]. The key biochemical elements fostering ferroptosis
include the diminution of glutathione (GSH), the inactivation of
glutathione peroxidase 4 (GPX4), an excess of iron, and lipid perox-
idation [65]. Numerous investigations have implicated ferroptosis
in various diseases, including osteoporosis [66,67]. In other disease
models, Zhang et al. found that irisin could prevent acute kidney
damage in animal models by enhancing ferroptosis resistance via
the activation of the SIRT1/Nrf2 signaling pathway [68]. Further-
more, irisin reduced ferroptosis, ameliorated lung reperfusion
injury, and improved mitochondrial function by activating the
Nrf2/HO-1 signaling axis [69]. Although the regulation of irisin
on ferroptosis has been confirmed in other disease models, its reg-

ulation on ferroptosis in osteoporosis remains unexplored, making
this an exciting area for future research.

Irisin and inflammation

Chronic low-grade inflammation, induced by estrogen defi-
ciency, plays a crucial role in the development of senile osteoporo-
sis [70]. Research indicates that pro-inflammatory cytokines
significantly increase when estrogen levels drop [71–73]. These
cytokines have a direct and indirect effect on osteoblasts and
osteoclasts, as they aid in the maturation of mononuclear cells into
mature osteoclasts and regulate osteoclast activity. For instance,
TNF-a can enhance the expression of RANKL and induce osteoblast
apoptosis, leading to increased osteoclast formation and activity,
resulting in a loss of BMD in postmenopausal osteoporosis [74].
Supporting this, a study by Zha et al. found that postmenopausal
women with osteoporosis exhibited higher levels of TNF-a com-
pared to those without the condition [75]. Additionally, TNF-a
can synergistically enhance RANKL-induced osteoclastogenesis by
triggering the NF-jB and PI3K/Akt pathways in vitro [75]. IL-1b

Fig. 3. This diagram shows that irisin regulates bone cells, osteoblasts, osteoclasts, and macrophages through multiple signaling pathways to prevent osteoporosis. After
exercise, the levels of irisin in skeletal muscle increase. Irisin can regulate osteoblasts and osteocytes through the Erk1/2 pathway, as well as modulate osteoblasts through
the p38 and AMPK signaling pathways. Irisin can also regulate osteoclasts through the JNK, Wnt/b-catenin and RANKL/NF-jB signaling pathways.
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IL-6 exhibits both cis- and trans-signaling in osteocytes and
osteoblasts, but only trans-signaling promotes bone
formation and osteoclastogenesis
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Interleukin 6 (IL-6) supports development of bone-resorbing
osteoclasts by acting early in the osteoblast lineage via mem-
brane-bound (cis) or soluble (trans) receptors. Here, we investi-
gated how IL-6 signals and modifies gene expression in differ-
entiated osteoblasts and osteocytes and determined whether
these activities can promote bone formation or support oste-
oclastogenesis. Moreover, we used a genetically altered mouse
with circulating levels of the pharmacological IL-6 trans-signal-
ing inhibitor sgp130-Fc to determine whether IL-6 trans-signal-
ing is required for normal bone growth and remodeling. We
found that IL-6 increases suppressor of cytokine signaling 3
(Socs3) and CCAAT enhancer-binding protein ! (Cebpd) mRNA
levels and promotes signal transducer and activator of tran-
scription 3 (STAT3) phosphorylation by both cis- and trans-
signaling in cultured osteocytes. In contrast, RANKL (Tnfsf11)
mRNA levels were elevated only by trans-signaling. Further-
more, we observed soluble IL-6 receptor release and ADAM
metallopeptidase domain 17 (ADAM17) sheddase expression by
osteocytes. Despite the observation that IL-6 cis-signaling
occurs, IL-6 stimulated bone formation in vivo only via trans-
signaling. Although IL-6 stimulated RANKL (Tnfsf11) mRNA in
osteocytes, these cells did not support osteoclast formation in
response to IL-6 alone; binucleated TRAP" cells formed, and only
in response to trans-signaling. Finally, pharmacological, sgp130-
Fc–mediated inhibition of IL-6 trans-signaling did not impair bone
growth or remodeling unless mice had circulating sgp130-Fc levels
> 10 #g/ml. At those levels, osteopenia and impaired bone growth

occurred, reducing bone strength. We conclude that high
sgp130-Fc levels may have detrimental off-target effects on the
skeleton.

IL-64 is a major pro-inflammatory cytokine that stimulates
formation of bone-resorbing osteoclasts in vitro (1) and in
bone-destructive conditions such as Paget’s disease of bone (2),
estrogen deficiency (3, 4), colitis (5), inflammatory arthritis (6,
7), and multiple myeloma (8).

IL-6 has two modes of action: cis and trans (9). Classic (cis)-
signals occur only in cells expressing membrane-bound IL-6
receptor (IL-6R); in cis-signaling, IL-6 binds membrane-bound
IL-6R and then recruits a glycoprotein 130 (gp130) homodimer,
which initiates intracellular signaling. The second mode is
trans-signaling, where IL-6 binds to soluble IL-6R (sIL-6R),
either provided locally or via the circulation, before recruiting
the gp130 homodimer. This additional mechanism allows IL-6
to influence cells lacking IL-6R and amplifies its effects in
IL-6R– expressing cells (9).

Although osteoclasts and their progenitors express IL-6R
(10), IL-6 does not stimulate osteoclast formation by direct
action on osteoclast progenitors. IL-6, like other cytokines and
endocrine factors, such as oncostatin M, IL-1, parathyroid hor-
mone, and 1,25-dihydroxyvitamin D3, stimulates osteoclast
formation indirectly by acting on early osteoblast lineage cells
(1, 11). These cells respond by producing the membrane-bound
protein RANKL (12, 13), which promotes osteoclast differentia-
tion by binding to RANK on osteoclast precursors. In the case of
IL-6, osteoclast precursors co-cultured with early osteoblast line-
age cells differentiate to osteoclasts only if recombinant sIL-6R is
added; this process therefore requires trans-signaling (1).

This requirement for sIL-6R was surprising, because IL-6
receptor had been detected in early studies of isolated osteo-
blasts (14). In later studies, IL-6 cis-signaling was reported to
induce STAT3 dimerization in undifferentiated calvarial cells
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cells in vitro (49). Because OSMR null mice do not exhibit low
bone mass or reduced growth (25), but adult LIF null mice
exhibit impaired bone growth and low trabecular bone volume
(53), we suggest the sgp130-Fchigh bone phenotype results, at
least in part, from impaired LIF signaling.

To summarize, this study shows that although IL-6R is
released by osteocytes, and IL-6 can signal in both differenti-
ated osteoblasts and osteocytes without addition of exogenous
sIL-6R, the ability of IL-6 to promote bone formation requires
exogenous sIL-6R. Furthermore, although RANKL production
is stimulated in osteocytes in response to IL-6, these cells are
not capable of supporting osteoclastogenesis. Finally, whereas
IL-6 trans-signaling promotes both osteoclast formation and
bone formation, blockade with sgp130-Fc does not modify
bone structure, unless very high levels are used. We conclude
that long-term use of trans-signaling inhibitors, such as
sgp130-Fc, in chronic inflammatory conditions is unlikely to
have detrimental effects on the skeleton but suggest this should
be monitored in future studies.

Experimental procedures

Cell culture

Three cell culture models of osteoblasts and osteocytes were
used. Primary calvarial osteoblasts were generated from 0 –2-
day-old C57BL/6 mice, and, as indicated in specific experi-
ments, differentiated until osteocytes were present in the cul-
ture, as described previously (54). Ocy454 cells, a murine
osteocyte cell line, was obtained from Dr. Paola Divieti-Pajevic
and have been described previously (29). Kusa4b10 cells (56), a
murine bipotential cell line that can differentiate through to

osteocyte gene expression (25), was also used. To promote
osteoblast/osteocyte differentiation, all of these cell types were
differentiated in Eagles !-minimum essential medium ! 15%
heat-inactivated fetal bovine serum (JRH Biosciences, Mel-
bourne, batch 379) ! 50 "g/ml ascorbate (Sigma) for the times
indicated in the figure legends.

To compare the ability of osteoblasts and osteocytes to sup-
port osteoclast formation, co-cultures were carried out accord-
ing to established methods (57) using either undifferentiated
primary calvarial osteoblasts or Ocy454 cells as supporting
cells. Briefly, bone marrow macrophages from C57BL/6 mice
(105 cells/well) were added to Ocy454 cells or primary calvarial
osteoblasts (each at 2 " 104 cells/well of a 48-well plate). Oste-
oclast formation was induced by the addition of IL-6 alone (40
ng/ml), IL-6 (40 ng/ml) plus soluble IL-6 receptor (100 ng/ml),
oncostatin M (50 ng/ml), or prostaglandin E2 plus 1,25-dihy-
droxyvitamin D3 (both at 10 mM) for 7 days. Osteoclast forma-
tion was assessed by TRAP staining, and mononuclear TRAP!
cells, binucleated TRAP! cells, and TRAP! cells with more
than two nuclei were counted.

ELISA and quantitative real-time PCR

RNA extraction was performed using TRIzol extraction
and precipitation with chloroform and isopropyl alcohol as
described previously (30). Extracted RNA was then treated
with DNase (Ambion Turbo DNA-free Kit (Ambion Inc.,
Waltham, MA). RNA concentration was measured using a
Nanodrop ND-1000 spectrophotometer (Analytical Tech-
nologies). cDNA was synthesized by reverse transcription
using the AffinityScript QPCR cDNA Synthesis Kit (Agilent

Figure 8. Schematic diagram of IL-6 action in the osteoblast lineage. IL-6 signals through gp130 in the osteoblast lineage (osteoblast precursors,
osteoblasts, and osteocytes) via cis-signaling, where it binds a membrane-bound IL-6 receptor and a gp130 homodimer (1), or trans-signaling, where
it binds sIL-6R, which subsequently interacts with a gp130 homodimer (2). Cis-signaling promotes STAT3 phosphorylation and increases Socs3 and
Cebpb mRNA levels. Trans-signaling further promotes STAT3 phosphorylation and further increases both Socs3 and Cebpb mRNA levels, thereby
promoting bone formation. Trans-signaling also increases Tnfsf11 mRNA levels in both osteoblasts and osteocytes (3). Increased RANKL production by
osteoblast precursors and osteoblasts supports formation of tartrate-resistant acid phosphatase–positive multinucleated osteoclasts. In contrast,
increased RANKL production by osteocytes is not capable of supporting osteoclast formation and only supports formation of TRAP! binucleate cells (4).
Osteocytes also release sIL-6R into their local environment, likely through the actions of ADAM10 and ADAM17 sheddases, which are both expressed by
osteocytes.

IL-6 cis- and trans-signaling in bone

J. Biol. Chem. (2019) 294(19) 7850 –7863 7859

J. Biol. Chem. (2019) 294(19) 7850 –7863 



Bone Remodelling Markers in Rheumatoid Arthritis. Mediators Inflamm. 22 de octubre de 2013.

https://onlinelibrary.wiley.com/doi/10.1155/2014/484280


The International Journal of Biochemistry & Cell Biology 79 (2016) 14–23

Contents lists available at ScienceDirect

The  International  Journal  of  Biochemistry
& Cell  Biology

jo u r n al homep ag e: www.elsev ier .com/ locate /b ioce l

Review  article

Cell-specific  paracrine  actions  of  IL-6  family  cytokines  from  bone,
marrow  and  muscle  that  control  bone  formation  and  resorption

Natalie  A.  Sims a,b,∗

a St. Vincent’s Institute of Medical Research, Fitzroy, Victoria, Australia
b University of Melbourne, Department of Medicine at St. Vincent’s Hospital, Fitzroy, Victoria, Australia

a  r  t  i c  l e  i  n  f  o

Article history:
Received 8 April 2016
Received in revised form 1 August 2016
Accepted 3 August 2016
Available online 3 August 2016

Keywords:
Gp130
Il6st
Osteoblast
Osteoclast
Osteocyte

a  b  s  t  r a  c  t

Bone  renews  itself  and  changes  shape  throughout  life  to account  for the  changing  needs  of  the  body;  this
requires  co-ordinated  activities  of  bone  resorbing  cells  (osteoclasts),  bone  forming cells  (osteoblasts)
and  bone’s  internal  cellular  network  (osteocytes).  This  review  focuses  on paracrine  signaling  by  the  IL-6
family  of  cytokines  between  bone cells,  bone  marrow,  and  skeletal  muscle  in  normal  physiology  and  in
pathological  states  where  their  levels  may  be  locally  or systemically  elevated.  These  functions  include  the
support of  osteoclast  formation  by osteoblast  lineage  cells  in  response  to interleukin  6 (IL-6),  interleukin
11  (IL-11),  oncostatin  M  (OSM)  and  cardiotrophin  1 (CT-1).  In  addition  it will  discuss  how  bone-resorbing
osteoclasts  promote  osteoblast  activity  by secreting  CT-1,  which  acts  as  a “coupling  factor”  on osteo-
cytes,  osteoblasts,  and  their  precursors  to promote  bone  formation.  OSM,  produced  by  osteoblast  lineage
cells and  macrophages,  stimulates  bone  formation  via  osteocytes.  IL-6  family  cytokines  also  mediate
actions  of  other  bone  formation  stimuli like  parathyroid  hormone  (PTH)  and  mechanical  loading.  CT-1,
OSM  and  LIF  suppress  marrow  adipogenesis  by  shifting  commitment  of pluripotent  precursors  towards
osteoblast  differentiation.  Ciliary  neurotrophic  factor  (CNTF)  is released  as  a myokine  from  skeletal  mus-
cle and  suppresses  osteoblast  differentiation  and  bone  formation  on the periosteum  (outer  bone  surface
in apposition  to muscle).  Finally,  IL-6  acts  directly  on marrow-derived  osteoclasts  to stimulate  release
of “osteotransmitters”  that act  through  the cortical  osteocyte  network  to  stimulate  bone  formation  on
the periosteum.  Each  will  be  discussed  as illustrations  of how  the  extended  family  of  IL-6  cytokines  acts
within  the  skeleton  in  physiology  and  may  be altered  in  pathological  conditions  or  by  targeted  therapies.

©  2016  Elsevier  Ltd.  All  rights  reserved.
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Fig. 3. Five examples of cell specific actions of IL-6 family cytokines in the skeleton: A: Osteoblast lineage cells (which may  include precursors, canopy cells, lining cells,
or  osteocytes) support osteoclast formation by expressing RANKL in response to IL-6, IL-11, OSM and CT-1. The interaction of RANKL with RANK on osteoclast precursors
promotes osteoclast differentiation (dashed line). B: Osteoclasts secrete Cardiotrophin-1 (CT-1), which acts on osteocytes, osteoblasts, and their precursors to stimulate bone
formation, as a “coupling factor”, and to suppress adipogenesis. C: Oncostatin M,  produced by osteoblast lineage cells including osteocytes, and by macrophages (dashed
orange lines), stimulates bone formation via osteocytes and suppresses adipogenesis. D: IL-6 acts on osteoclasts to stimulate release of “osteotransmitters” (dashed green
line)  that pass through, or act through the osteocyte lacuno-canalicular network to stimulate osteoblasts on the periosteum. E: CNTF, released as a myokine from skeletal
muscle  suppresses bone formation on the periosteum.

ing its production in osteoblast lineage cells (Horwood et al., 1998;
Palmqvist et al., 2002; Richards et al., 2000), Fig. 3A. Additionally,
stimulation of osteoclast formation in vitro by other agents such
as IL-1, parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D3
was found to be mediated, at least in part, by gp130 (Romas et al.,
1996).

It was surprising then, that mice with global deletion of IL-6
showed no clear defect in osteoclast numbers or bone structure
(Poli et al., 1994; Sims et al., 2005). Adding to the confusion,
when gp130, LIF or LIF receptor (LIFR) null mice were generated,
high numbers of osteoclasts were observed near the cartilaginous
growth plate in neonatal bones, suggesting an essential inhibitory
role of gp130 and LIF in osteoclast formation (Kawasaki et al., 1997;
Poulton et al., 2012; Shin et al., 2004; Ware et al., 1995).

In contrast to those findings, an essential role for OSM and IL-11
in physiological osteoclastogenesis was observed when genetically
altered mice with global deletion of OSM receptor (OSMR) or IL-11
receptor (IL-11R) demonstrated low osteoclast numbers compared
to controls (Sims et al., 2005; Walker et al., 2010) and CT-1 null
mice were found to have high osteoclast numbers with impaired
resorptive activity (Walker et al., 2008). Since these were all global
knockouts, a defect in osteoclast formation may  have related not
simply to a loss of cytokine activity on osteoblasts, but also to a
change in the osteoclast precursor population. This was  certainly
the case in IL-11R and CT-1 null mice, as well as an earlier line of
mice generated with a knock-in mutation of gp130; in all of them,
the increased osteoclastogenesis was intrinsic to the haematopoi-
etic lineage (Sims et al., 2005; Sims et al., 2004; Walker et al., 2008).

With the advent of mice that express Cre-recombinase in a cell-
lineage restricted manner, it became possible to test the specific

contribution of gp130 signalling within the osteoblast lineage on
osteoclast formation. When recombination of gp130 was directed
to the entire osteoblast lineage (using Osx1-Cre) or to late stage
osteoblasts and osteocytes (using Dmp1-Cre), there was  no change
in osteoclast numbers in vivo (Johnson et al., 2014a). This confirmed
that induction of RANKL production in the osteoblast lineage by
IL-6 family cytokines is not necessary for the processes of physi-
ological bone growth and remodelling. Their importance may  be
restricted to pathological states of elevated osteoclast formation
including inflammatory arthritis, periodontal disease, and inflam-
matory bowel disease (see above).

While early studies focused on the role of IL-6 family mem-
bers in trabecular bone remodelling, other work has indicated that
control of osteoclast formation by IL-6 family members is impor-
tant during generation of trabecular bone in bone development.
In this case, the formation of osteoclasts is supported, not only by
RANKL production by osteoblasts, but also by factors produced by
hypertrophic chondrocytes at the base of the growth plate (Fig. 2).
An example of this is a region-specific increase in osteoclast for-
mation at the growth plate in LIF deficient mice (Poulton et al.,
2012). This was attributed to the loss of inhibitory action of LIF on
expression of vascular endothelial growth factor (VEGF) by hyper-
trophic chondrocytes; this allowed a greater level of vascularisation
and increased osteoclastogenesis. This was consistent with the
growth plate defect observed in children with Stüve-Wiedemann
syndrome, which is also associated with LIFR mutations (Dagoneau
et al., 2004). Similar mechanisms may  explain the high numbers of
osteoclasts observed in neonatal gp130 null (Shin et al., 2004), LIFR
null (Ware et al., 1995)and CT-1 null (Walker et al., 2008) mice.
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IL-6 was originally characterized as a B-cell differentiation factor1. 
Since then, research has recast IL-6 as a pleiotropic cytokine with 
roles in the acute-phase response, hematopoiesis, maintenance of 

bone and skeletal muscle mass, central nervous system activity and 
metabolism. Correspondingly, multiple cell types, including leuko-
cytes, adipocytes and myocytes, are known to secrete IL-6 where it 
can act in an autocrine, paracrine or endocrine manner2–4. IL-6 is 
present in diverse taxa5, but between species the protein is highly 
variable, with the human amino acid sequence being only 41% 
homologous to the murine version6.

Molecularly, IL-6 uses three pathways to signal intracellu-
larly (Fig. 1). Classical signalling depends on IL-6 binding to 
membrane-bound IL-6 receptors (IL-6R) and subsequent activa-
tion of transmembrane protein gp130. As IL-6R is expressed only 
on select cell types, such as hepatocytes, various leukocyte sub-
sets, adipocytes and myocytes7–9, this signalling method is limited. 
Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
resulting sIL-6R–IL-6 complex interacts with widely expressed 
gp130 to circumvent the tissue constraints of classical signalling. 
A variety of soluble gp130 receptors then modulate the degree of 
trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
tor activation on the receiving cell13. Regardless of how the signal-
ling complex is established, gp130 dimerization can activate several 
intracellular cascades, including phosphatidylinositol 3-kinase 
(PI3K), AMP-activated protein kinase (AMPK) and Janus kinase 
(JAK)–STAT (primarily STAT3) pathways10,14.

Basal elevation of IL-6 has long been correlated with disease 
severity in several diseases, such as rheumatoid arthritis (RA), 
Crohn’s disease and atherosclerosis15. In the case of RA, IL-6 is 
causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  

cytokine. Now, however, there is a growing consensus that IL-6 
also has regenerative and anti-inflammatory functions, especially 
when secreted by skeletal muscle during physical activity (PA)17. 
IL-6’s effects on metabolism are similarly varied. Elevated plasma 
IL-6 levels increase the likelihood of developing type 2 diabetes18 
and can cause insulin resistance in several tissues in cell models and 
rodent experiments19,20. Despite these effects, IL-6 also promotes 
anti-diabetogenic processes, such as enhancing muscular glucose 
uptake21, stimulating pancreatic insulin secretion22 and promoting 
lipolysis and fat oxidation23. Moreover, IL-6 inhibits appetite24 and 
delays gastric emptying, which reduces postprandial glycaemia25. 
Aside from metabolism, IL-6 regulates manifold processes, includ-
ing skeletal muscle hypertrophy26 and bone remodelling27. These 
and other functions (summarized in Table 1) raise the question 
of why this one cytokine regulates so many different cell types in 
diverse and sometimes discrepant ways.

While hundreds of studies have elucidated how IL-6 functions 
in a wide range of contexts, here we integrate metabolic, immu-
nological and physiological data with an evolutionary perspective 
to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
to modulate energy allocation in response to metabolic stress in 
a range of tissues, thus accounting for its diverse effects in mul-
tiple contexts. To explore this evolutionary hypothesis, we review 
how principles of life-history theory suggest a model of IL-6 as a 
short-term energy allocator. Next, we apply our model to IL-6 secre-
tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.

Long-term versus short-term energy allocation
All organisms have finite energy reserves to spend on growth, 
somatic maintenance, storage, physical activity and reproduction. 
According to life-history theory, natural selection favours mecha-
nisms that allocate energy towards these functions differentially 
across the life cycle to maximize reproductive success28. As a result, 
organisms ultimately benefit from investing as much energy as pos-
sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 
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bone and skeletal muscle mass, central nervous system activity and 
metabolism. Correspondingly, multiple cell types, including leuko-
cytes, adipocytes and myocytes, are known to secrete IL-6 where it 
can act in an autocrine, paracrine or endocrine manner2–4. IL-6 is 
present in diverse taxa5, but between species the protein is highly 
variable, with the human amino acid sequence being only 41% 
homologous to the murine version6.

Molecularly, IL-6 uses three pathways to signal intracellu-
larly (Fig. 1). Classical signalling depends on IL-6 binding to 
membrane-bound IL-6 receptors (IL-6R) and subsequent activa-
tion of transmembrane protein gp130. As IL-6R is expressed only 
on select cell types, such as hepatocytes, various leukocyte sub-
sets, adipocytes and myocytes7–9, this signalling method is limited. 
Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
resulting sIL-6R–IL-6 complex interacts with widely expressed 
gp130 to circumvent the tissue constraints of classical signalling. 
A variety of soluble gp130 receptors then modulate the degree of 
trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
tor activation on the receiving cell13. Regardless of how the signal-
ling complex is established, gp130 dimerization can activate several 
intracellular cascades, including phosphatidylinositol 3-kinase 
(PI3K), AMP-activated protein kinase (AMPK) and Janus kinase 
(JAK)–STAT (primarily STAT3) pathways10,14.

Basal elevation of IL-6 has long been correlated with disease 
severity in several diseases, such as rheumatoid arthritis (RA), 
Crohn’s disease and atherosclerosis15. In the case of RA, IL-6 is 
causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  

cytokine. Now, however, there is a growing consensus that IL-6 
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IL-6 levels increase the likelihood of developing type 2 diabetes18 
and can cause insulin resistance in several tissues in cell models and 
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delays gastric emptying, which reduces postprandial glycaemia25. 
Aside from metabolism, IL-6 regulates manifold processes, includ-
ing skeletal muscle hypertrophy26 and bone remodelling27. These 
and other functions (summarized in Table 1) raise the question 
of why this one cytokine regulates so many different cell types in 
diverse and sometimes discrepant ways.

While hundreds of studies have elucidated how IL-6 functions 
in a wide range of contexts, here we integrate metabolic, immu-
nological and physiological data with an evolutionary perspective 
to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
to modulate energy allocation in response to metabolic stress in 
a range of tissues, thus accounting for its diverse effects in mul-
tiple contexts. To explore this evolutionary hypothesis, we review 
how principles of life-history theory suggest a model of IL-6 as a 
short-term energy allocator. Next, we apply our model to IL-6 secre-
tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.

Long-term versus short-term energy allocation
All organisms have finite energy reserves to spend on growth, 
somatic maintenance, storage, physical activity and reproduction. 
According to life-history theory, natural selection favours mecha-
nisms that allocate energy towards these functions differentially 
across the life cycle to maximize reproductive success28. As a result, 
organisms ultimately benefit from investing as much energy as pos-
sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 
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24 hours induces insulin resistance in adipose and hepatic tissue19,20. 
Conversely, other experiments show that doses of IL-6 similar in 
magnitude to those measured during PA promote muscular glucose 
uptake through insulin receptor substrate 1 or AMP-activated pro-
tein kinase (AMPK) activation21,67,68.

AMPK activation is crucial for another mechanism of 
IL-6-mediated glucose uptake: GLUT4 translocation to the sar-
colemma. In vitro, IL-6 stimulates GLUT4 translocation in a 
dose-dependent manner through activation of AMP-activated 
protein kinase (AMPK)67. However, in rodents, myokine IL-6 
appears to have negligible effects on contraction-mediated 
insulin-independent GLUT4 translocation as GLUT4 levels are 
similar between IL-6KO and wild-type animals immediately after 
PA69. Despite this, exercised mice injected with IL-6 neutralizing 
antibody display impaired GLUT4 expression and glucose uptake 
24 hours after activity38. This impairment suggests that myokine 
IL-6 is particularly important for muscle recovery by regulating 
muscular glucose uptake after activity.

Lipids are another important energy source during PA, and 
although most lipid transport is conventionally assumed to occur by 
diffusion, fatty acid uptake can be acutely regulated by the relative 
expression of fatty acid transporters70. As was the case with glucose 
transporters, IL-6 may mediate some of the increases in fatty acid 
transporter expression and translocation seen during PA71. Studies 
have found that fatty acid transporter expression is impaired after 
PA in muscle-specific (IL-6MKO) and IL-6KO mice, reducing fatty 
acid transport into the muscle64,69. Additionally, myokine IL-6 may 
limit fatty acid uptake by adipocytes if it acts similarly to recom-
binant IL-6, which downregulates lipoprotein lipase in mouse adi-
pocytes72. These results raise the possibility that myokine IL-6 may 
upregulate muscle energy uptake not only through glucose uptake 
but also through fatty acid absorption.

One way to test whether myokine IL-6 allocates energy towards 
the muscle is to investigate its effects on PA performance and recov-
ery. If myokine IL-6 increases energy uptake through the muscle, 
any disruption should reduce performance and impair muscle 
recovery and adaptation. In IL-6MKO and IL-6KO mice, these defi-
cits in performance are readily observable. Despite similar maximal 
exercise intensity and daily overall activity levels between control 
and IL-6KO strains73, knockout mice fatigue faster when running at 
a submaximal intensity until exhaustion64,69.

Few studies have examined how myokine IL-6 deficiency 
impacts muscular recovery and adaptation to repeated exercise 
bouts, but there are clues that the downstream effects of myokine 
IL-6 are as important after PA as they are during PA. The first 
major benefit of myokine IL-6 is the transient anti-inflammatory 
environment induced after PA39. In addition, IL-6 directly regulates 
muscle hypertrophy74, possibly through the induction of IL-10 and 
enhanced polarization of M2 macrophages75. In fact, genetic poly-
morphisms in the promoter region of the IL6 gene that increase IL-6 
levels have been linked to increased fat-free mass in men76. Lastly, 
IL-6–STAT3 signalling may contribute to some muscular adapta-
tions that occur after training, such as the induction of mitochon-
drial biogenesis and increased mitochondrial activity77 driven by 
PGC-1α (ref. 78). Intriguingly, this effect appears to be restricted to 
specific muscle tissues79.

In addition to regulating energy uptake and possible repair 
within the muscle, IL-6 has inhibitory effects on the immune system, 
which allows the muscle to use more of the liberated somatic energy 
during and after PA. In particular, myokine IL-6 inhibits mono-
cyte production of TNF-α (ref. 80) and possibly IL-1β (ref. 81) while 
inducing the expression of major anti-inflammatory cytokines54, 
namely interleukin 10 (IL-10), interleukin 1 receptor antagonist 
(IL-1ra) and soluble TNF receptor. IL-10 is especially important 
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Fig. 2 | Myokine IL-6 as a short-term energy allocator during physical activity. a, Energy sensing. Physiological components of prolonged muscle activity, 
such as lactic-acid buildup and reactive oxygen species (ROS) production along with muscle glycogen depletion, signal that intramuscular energy stores 
are depleted and precipitate myokine secretion of IL-6. b, Energy liberation. When myokine IL-6 is released into circulation, it liberates somatic energy for 
the contracting muscle by upregulating lipolysis and gluconeogenesis throughout the body. In addition, myokine IL-6 acts indirectly to increase catabolism 
and energy mobilization by inducing cortisol secretion (not pictured). c, Energy allocation. At the same time, myokine IL-6 increases energy uptake by the 
muscle through increases in insulin receptor sensitivity, GLUT4 expression and possibly fatty acid transporter expression. Evidence suggests that it also 
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roles in the acute-phase response, hematopoiesis, maintenance of 

bone and skeletal muscle mass, central nervous system activity and 
metabolism. Correspondingly, multiple cell types, including leuko-
cytes, adipocytes and myocytes, are known to secrete IL-6 where it 
can act in an autocrine, paracrine or endocrine manner2–4. IL-6 is 
present in diverse taxa5, but between species the protein is highly 
variable, with the human amino acid sequence being only 41% 
homologous to the murine version6.

Molecularly, IL-6 uses three pathways to signal intracellu-
larly (Fig. 1). Classical signalling depends on IL-6 binding to 
membrane-bound IL-6 receptors (IL-6R) and subsequent activa-
tion of transmembrane protein gp130. As IL-6R is expressed only 
on select cell types, such as hepatocytes, various leukocyte sub-
sets, adipocytes and myocytes7–9, this signalling method is limited. 
Trans-signalling relies on soluble IL-6 receptors (sIL-6R) that are 
either generated by cleavage of IL-6R by metalloproteases, such as 
ADAM-10 and ADAM-17 (ref. 10), or through alternative splic-
ing of IL-6R messenger RNA (mRNA)11. Once bound to IL-6, the 
resulting sIL-6R–IL-6 complex interacts with widely expressed 
gp130 to circumvent the tissue constraints of classical signalling. 
A variety of soluble gp130 receptors then modulate the degree of 
trans-signalling by inhibiting the sIL-6R–IL-6 complex to vary-
ing degrees12. Recently, a third signalling pathway, cluster signal-
ling, was discovered that also circumvents the tissue constraints of 
classical signalling. In this pathway, transmitting cells present an 
IL-6R–IL-6 complex to receiving cells, which induces gp130 recep-
tor activation on the receiving cell13. Regardless of how the signal-
ling complex is established, gp130 dimerization can activate several 
intracellular cascades, including phosphatidylinositol 3-kinase 
(PI3K), AMP-activated protein kinase (AMPK) and Janus kinase 
(JAK)–STAT (primarily STAT3) pathways10,14.

Basal elevation of IL-6 has long been correlated with disease 
severity in several diseases, such as rheumatoid arthritis (RA), 
Crohn’s disease and atherosclerosis15. In the case of RA, IL-6 is 
causal to disease pathogenesis, and tocilizumab, a monoclonal anti-
body against IL-6R, is used to treat people with the disease16. These 
findings led to IL-6 initially being categorized as a proinflammatory  

cytokine. Now, however, there is a growing consensus that IL-6 
also has regenerative and anti-inflammatory functions, especially 
when secreted by skeletal muscle during physical activity (PA)17. 
IL-6’s effects on metabolism are similarly varied. Elevated plasma 
IL-6 levels increase the likelihood of developing type 2 diabetes18 
and can cause insulin resistance in several tissues in cell models and 
rodent experiments19,20. Despite these effects, IL-6 also promotes 
anti-diabetogenic processes, such as enhancing muscular glucose 
uptake21, stimulating pancreatic insulin secretion22 and promoting 
lipolysis and fat oxidation23. Moreover, IL-6 inhibits appetite24 and 
delays gastric emptying, which reduces postprandial glycaemia25. 
Aside from metabolism, IL-6 regulates manifold processes, includ-
ing skeletal muscle hypertrophy26 and bone remodelling27. These 
and other functions (summarized in Table 1) raise the question 
of why this one cytokine regulates so many different cell types in 
diverse and sometimes discrepant ways.

While hundreds of studies have elucidated how IL-6 functions 
in a wide range of contexts, here we integrate metabolic, immu-
nological and physiological data with an evolutionary perspective 
to attempt to explain why this molecule has such disparate and 
seemingly contradictory functions. We propose that IL-6 evolved 
to modulate energy allocation in response to metabolic stress in 
a range of tissues, thus accounting for its diverse effects in mul-
tiple contexts. To explore this evolutionary hypothesis, we review 
how principles of life-history theory suggest a model of IL-6 as a 
short-term energy allocator. Next, we apply our model to IL-6 secre-
tion by skeletal muscle during PA, hereafter referred to as myokine 
IL-6. We then extend our model to physical inactivity and other 
physiological processes involving IL-6.

Long-term versus short-term energy allocation
All organisms have finite energy reserves to spend on growth, 
somatic maintenance, storage, physical activity and reproduction. 
According to life-history theory, natural selection favours mecha-
nisms that allocate energy towards these functions differentially 
across the life cycle to maximize reproductive success28. As a result, 
organisms ultimately benefit from investing as much energy as pos-
sible towards reproduction. Weeks or months of positive energy 
balance signal that it is favourable to invest energy in a potential 
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A B S T R A C T   

Glucocorticoids (GCs) are widely used drugs for the treatment of inflammatory and autoimmune diseases. 
However, a severe side effect induced by long-term GC therapy is osteoporosis. Leukemia inhibitory factor (LIF) – 
a glycoprotein 130 (gp130) dependent cytokine and member of the interleukin-6 cytokine family – is an activator 
protein 1 (AP-1) target gene that may be involved in one of the mechanisms underlying GC-induced bone loss. 
Indeed, we previously reported that the mRNA expression level of LIF was enhanced upon osteogenic differ-
entiation, but was significantly decreased in GC-treated osteoblasts. In this study, we show that in vitro LIF 
treatment rescues the decreased early osteogenic differentiation and mineralization of GC-treated osteoblasts. 
Furthermore, we also demonstrate that in vivo LIF treatment protects against GC-mediated trabecular bone loss 
by decreasing the loss of both trabecular bone formation and osteoblast numbers. This protection appears to be 
conferred by LIF rescuing GC decreased activity of Stat3, MAPK, and Akt signaling pathways. Thus, the specific 
targeting of LIF signaling may represent a new therapeutic strategy to prevent GC-induced trabecular bone loss.   

1. Introduction 

Glucocorticoids (GCs) are widely used drugs for the treatment of 
inflammatory and autoimmune diseases, such as rheumatoid arthritis. 
However, long-term administration of GCs can cause glucocorticoid- 
induced osteoporosis (GIO). This is one of the most severe side effects 
of GCs and results in an increased vertebral fracture risk [1–3]. 

The majority of GC signaling is mediated by the glucocorticoid re-
ceptor (GR), a member of the nuclear receptor superfamily and ubiq-
uitously expressed [2,4]. Upon binding of GCs, the GR translocates from 
the cytoplasm to the nucleus where it induces transactivation or trans-
repression of genes via several molecular actions: the GR can bind as a 
homodimer to its palindromic recognition sequence, a GC response 
element, or interact as a monomer with a GC response element half-site 
or directly with DNA-bound inflammatory transcription factors such as 
NF-kB, AP-1, IRF3, or STAT3 [2,4,5]. 

Robust evidence supports the notion that suppressed bone formation 
in GIO is due to the action of GCs on osteoblasts. The proliferation, 
differentiation, function, and survival of osteoblasts are impaired upon 
GC treatment [6,7]. However, osteoblast-specific disruption in the form 

of absent GR expression protects mice from the suppression of bone 
formation when treated with GCs, resulting in resistance to GC-induced 
bone loss [6,7]. In contrast, an impaired GR dimerization function in 
mice still leads to hampered osteoblast differentiation and reduced bone 
formation when treated with GCs, suggesting a mechanism for GC- 
induced bone loss via the GR monomer with AP-1 [7]. 

Leukemia inhibitory factor (LIF), a glycoprotein 130 (gp130) 
dependent cytokine originally identified to induce the differentiation of 
M1 murine myeloid leukemic cells in vitro [8–10], is an AP-1 regulated 
gene [11]. It is a member of the interleukin-6 cytokine family which 
includes IL-11, oncostatin M, and ciliary neurotrophic factor [12,13]. 
LIF binds to a cell surface receptor complex of the LIF receptor α-chain 
(LIFR) and gp130 co-receptor subunit and signals through it by acti-
vating the JAK/STAT pathway [14]. LIF plays a broad range of roles in 
several organs and cell types, including regulation of cellular functions 
such as neuronal function, stem cell pluripotency, blastocyst implanta-
tion, and bone remodeling [12,14–17]. In bone, osteoblasts express LIFR 
and produce LIF, whereas osteoclasts do not express LIFR or secrete LIF 
[18,19]. Deletion of the LIFR in mice causes a neonatal lethal phenotype 
and their fetal bone shows an osteopenia phenotype with a reduced bone 
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μg/day/mouse) for two weeks (Fig. 2A). In line with the in vitro data 
above, the cancellous bone mass of femurs of Pred-treated mice was 
decreased as expected and it was found that LIF treatment did indeed 
dramatically increase bone mass and restore Pred-mediated bone loss 
(Fig. 2B and C). Pred treatment resulted in reduced trabecular thickness 
and number, consequently resulting in increased trabecular spacing 
(Fig. 2D–F). Both the reduced trabecular number and increased 
trabecular spacing were fully restored by co-administration of LIF (Pred/ 
LIF); however, the reduced trabecular thickness was not affected by LIF 
(Fig. 2D–F). Although LIF treatment also increased the cancellous bone 
mass of vertebrae, the extent of Pred-mediated bone reduction reversal 
was only mild (Supplementary Fig. 2A–E). Interestingly, in contrast to 
trabecular bone, co-treatment with Pred and LIF reduced the cross- 
sectional thickness of cortical bone compared to the control group 
(Sham/PBS). Also, an increase in the cross-sectional bone perimeter of 
cortical bone was observed compared to the control group (Sham/PBS) 
and Pred treatment alone (Pred/PBS) (Table 1). These data demonstrate 
that Pred-mediated trabecular bone loss can be rescued by LIF treat-
ment, with the restoration of trabecular number in long bones. 

3.3. LIF treatment improves bone formation in Pred-treated mice 

The hallmark of GIO is inhibition of bone formation. Therefore, we 
determined the bone formation rate and mineral apposition rate by 
dynamic histomorphometry after double calcein labeling in vivo 
(Fig. 3A). Again, as expected, Pred treatment alone (Pred/PBS) drasti-
cally reduced the bone formation rate and mineral apposition rate of 
trabecular bone compared to the control group (Sham/PBS) (Fig. 3A–C). 
However, mice treated with both Pred and LIF (Pred/LIF) showed a 
significantly improved bone formation rate and mineral apposition rate 
compared to mice treated solely with Pred (Pred/PBS). This 

improvement partially restored both bone formation rate and mineral 
apposition rate towards those measured in the control groups (Sham/ 
PBS and Sham/LIF) (Fig. 3A–C). 

In order to study the influence of LIF on bone cells, we analyzed the 
number of osteoblasts and osteocytes, and the number and surface of 
osteoclasts. Pred treatment on its own (Pred/PBS) led to a strong 
decrease of osteoblast and osteocyte numbers (Fig. 3D and E). However, 
this reduction in osteoblast number was increased by LIF co-treatment 
(Pred/LIF) (Fig. 3D), whereas the reduction in the osteocyte remain 
unaffected by LIF co-treatment (Fig. 3E). Moreover, the increased 
osteoclast number and surface upon Pred treatment (Pred/PBS) remain 
unchanged by co-treatment (Pred/LIF) (Fig. 3F–H). 

Since co-treatment of Pred and LIF significantly reduced cortical 
bone thickness (Table 1) in contrast to trabecular bone, we determined 
the bone formation rate of cortical bone. In contrast to our findings in 
trabecular bone, the co-treatment did not restore bone formation in 
cortical bone (Supplementary Fig. 2F). Solely LIF treatment even 
strongly reduced bone formation rate in the cortical bone, indicating site 
specific effects of LIF on bone. 

To exam overall bone formation and resorption markers from sera, 

Fig. 2. LIF treatment elevates bone mass of Pred-treated mice. 
(A) Nine-week-old female FVB/N mice were either sham operated (Sham) or received prednisolone slow-release pellets (12 mg/kg/day releasing rate; Pred). For the 
following 14 days, they were injected i.p. twice a day with either LIF (total 4 μg LIF/day/mouse) or PBS (Control). Mice were sacrificed on day 16. (B) Representative 
microCT longitudinal section images and 3D-reconstructed trabecular bone. (C–F) Trabecular bone from femur samples was analyzed by microCT to calculate bone 
volume/tissue volume (BV/TV) (C), trabecular thickness (Tb.Th) (D), trabecular number (Tb.N) (E), and trabecular spacing (Tb.Sp) (F). *p < 0.05, **p < 0.01, ****p 
< 0.0001. Statistical analysis: one-way ANOVA test. Data are presented as mean ± SEM. 

Table 1 
Cortical bone analysis.  

Group Treatment Mean total crosssectional bone 
perimeter (μm) 

Crossectional 
thickness (μm) 

I Sham/ 
PBS 

8369.61 ± 144.49 194.29 ± 4.12 

II Pred/PBS 8595.16 ± 103.22 188.03 ± 3.26 
III Sham/LIF 8498.46 ± 117.69 187.66 ± 2.32 
IV Pred/LIF 8950.58 ± 37.40 * 180.21 ± 3.16*  

* p < 0.05 vs. Group I. 
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Fibroblast growth factor 2 (FGF2) positivelymodulates osteo-
blast differentiation and bone formation. However, the mecha-
nism(s) is not fully understood. Because the Wnt canonical
pathway is important for bone homeostasis, this study focuses
on modulation of Wnt/!-catenin signaling using Fgf2"/" mice
(FGF2 all isoforms ablated), both in the absence of endogenous
FGF2 and in the presence of exogenous FGF2. This study dem-
onstrates a role of endogenous FGF2 in bone formation through
Wnt signaling. Specifically, mRNA expression for the canonical
Wnt genesWnt10b, Lrp6, and !-catenin was decreased signifi-
cantly in Fgf2"/" bone marrow stromal cells during osteoblast
differentiation. In addition, a marked reduction ofWnt10b and
!-catenin protein expression was observed in Fgf2"/" mice.
Furthermore, Fgf2"/" osteoblasts displayed marked reduction
of inactive phosphorylated glycogen synthase kinase-3!, a neg-
ative regulator ofWnt/!-catenin pathway aswell as a significant
decrease of Dkk2 mRNA, which plays a role in terminal osteo-
blast differentiation. Addition of exogenous FGF2 promoted
!-catenin nuclear accumulation and further partially rescued
decreased mineralization in Fgf2"/" bone marrow stromal cell
cultures. Collectively, our findings suggest that FGF2 stimula-
tion of osteoblast differentiation and bone formation is medi-
ated in part by modulating the Wnt pathway.

Both embryonic and postnatal skeletogenesis involvemesen-
chymal precursor cells progressively differentiating into bone-
forming cells, osteoblasts (1). Osteoblast differentiation is con-
trolled by extracellular signals, including both the FGF (2) and
Wnt pathways (3).
FGF2 is one member of the FGF family (2, 4). It is expressed

by osteoblasts (5–7) and stored in the extracellular matrix (7).
Our previous studies show that FGF2 positively regulates bone
formation and osteoblast differentiation. Disruption of the Fgf2
gene resulted in significantly decreased bone mass and bone
formation as revealed by histomorphometry andmicro-CT (8).
At the cellular level, the effects of FGF2 ablation on osteoblast
phenotypes included decreased osteoblast proliferation,

reduced colony-forming efficiency in Fgf2!/! bone marrow
stromal cell (BMSC)2 cultures, anddecreased alkaline phospha-
tase and von Kossa staining (8–10). The osteoblast function
was also confirmed in vivo: bone formation rates were signifi-
cantly reduced in Fgf2!/! mice compared with wild-type litter-
mates (8) The decreased osteoblast differentiation in Fgf2!/!

BMSC cultures can be partially rescued by adding exogenous
FGF2 in vitro (8, 9). FGF2 also stimulates in vivobone formation
(11–14). Differentiation of BMSCs into the osteoblast lineage is
governed by transcription factors, including runt-related tran-
scription factor 2 (Runx2), Osterix, and activating transcription
factor 4 (ATF4) (1). Decreased osteoblast differentiation might
be due to reduced expression of transcription factors Runx2 (9)
and ATF4 (15), which were associated with reduced bone for-
mation in Fgf2!/! mice. Furthermore, exogenous FGF2 was
able to induce Runx2 (16) and ATF4 (15) expression. These
studies suggest that FGF2 is a positive regulator of bone forma-
tion. In addition, FGF2 is required for osteoclast formation and
bone resorption because FGF2 deletion results in reduced oste-
oclast formation and resorption both in vitro (17) and in vivo
(8). The present study focused on potential mechanisms by
which FGF2 regulates osteoblast differentiation and bone
formation.
Wnts are secreted glycoproteins with a family of 19 proteins

inmammals, includingWnt3a andWnt10b (18).Wnt10b stim-
ulates osteogenic transcription factor Runx2, thereby promot-
ing osteoblastogenesis and bone formation (19, 20). Wnt
ligands can signal through either the !-catenin-dependent or
-independent pathways (21). The !-catenin-dependent Wnt
pathway is well studied in osteoblasts (3). In the absence ofWnt
ligands, !-catenin is degraded by a destruction complex which
includes glycogen synthase kinase 3! (GSK3!) (3, 21, 22). Thus,
GSK3! is a negative regulator of the !-catenin/Wnt pathway.
Binding ofWnt ligands to the Frizzled receptor and coreceptors
lipoprotein receptor-related protein 5/6 (LRP5/6) inhibits the
GSK3! destruction complex (21). Stabilized !-catenin then
accumulates in the nucleus, where it interacts with the tran-
scription factor lymphoid enhancer-binding factor 1/T cell-
specific transcription factor (LEF/TCF) to activate target gene
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BMD (Fig. 1A) and lumbar vertebrae BMD (Fig. 1B) compared
with wild-type littermates, with no significant change in body
weight (supplemental Fig. 1A).
Osteoblast differentiation was examined by von Kossa stain-

ing (Fig. 1C) for mineralization in Fgf2!/! and Fgf2"/" BMSCs
that were cultured in osteogenesismedium fromday 9 until day
17. As shown in Fig. 1C, and supplemental Fig. 1B, Fgf2"/"

BMSCs display significantly less mineralization area versus the
Fgf2!/! control. Consistent with the decreased mineralization,
we observed significant reduced mRNA expression for the
important osteoblast differentiation genes osteocalcin (Fig. 1D)
and Col1a1 (Fig. 1E) in Fgf2"/" cultures during osteoblast dif-
ferentiation. These results show that loss of endogenous FGF2
resulted in reduced osteoblast differentiation and bone
formation.
Modulation of Wnt Pathway Components in the Absence of

FGF2—Modulation of Wnt pathway components in the
absence of FGF2was examined in BMSCs cultured in osteogen-
esis medium at day 17.Wnt10b is known to promote osteoblast
differentiation (24). Consistent with decreased osteoblast dif-
ferentiation in Fgf2"/" BMSCs (Fig. 1), Wnt10b mRNA (Fig.
2A) and protein expression (Fig. 2B) is significantly reduced in
Fgf2"/" cultures compared with Fgf2!/! cultures. We also
examined other Wnt ligands and observed no significant
change inWnt3a (supplemental Fig. 2A). To activate the down-
streampathway, ligandWnt10bneeds to bind to receptor Lrp5/
Lrp6. Lrp5 mRNA expression is decreased (supplemental Fig.
2B) in Fgf2"/" cultures, although not significantly, whereas
Lrp6 mRNA expression (Fig. 2C) is decreased significantly in
Fgf2"/" cultures. Wnt10b is a known major ligand that func-
tions to activate the Wnt/!-catenin pathway. We observed a

significant reduction of !-catenin mRNA expression (Fig. 2D)
as well as !-catenin protein expression (Fig. 2E) in Fgf2"/"

BMSCs.
TimeCourse Expression ofWnt10b, Lrp6, and!-Catenin dur-

ingOsteoblast Differentiation—Becausewe observed profound
changes inWnt10b, Lrp6, and !-catenin expression in Fgf2"/"

osteoblasts at day 17,we further examined their expression pro-
file in the process of osteoblast differentiation at earlier time
points. We found markedly decreased Wnt10b mRNA (Fig.
3A), Lrp6 mRNA (Fig. 3B), and !-catenin (Fig. 3C) expression
during osteoblast differentiation in Fgf2"/" BMSCs. Reduced
Wnt10b, Lrp6, and !-catenin expression may result in reduced
Wnt/!-catenin signaling and contribute to decreased osteo-
blast differentiation in Fgf2"/" cultures.
Loss of Endogenous FGF2 Results in Marked Reduction of

Inactive Phosphorylated GSK3!—We next investigated the
potential mechanisms by which FGF2 modulates the Wnt/!-
catenin pathway. GSK3! is a component of the !-catenin
destruction complex and a negative regulator of theWnt path-
way. Phosphorylation at Ser-9 inactivatesGSK3!, which results
in !-catenin stabilization and nuclear accumulation and leads to
enhanced Wnt signaling. As shown in Fig. 4A, loss of FGF2
resulted in marked reduction of inactive phosphorylated GSK3!
with no alternation in total GSK3! protein expression (Fig. 4B) in
Fgf2"/" comparedwithFgf2!/!mice.Reductionof inactivephos-
phorylated GSK3! could lead to less stabilized !-catenin and
decreased !-catenin nuclear signaling, which contributes to
reduced osteoblast differentiation in Fgf2"/" osteoblasts.
Loss of Endogenous FGF2 Results in Marked Reduction of

Dkk2mRNAExpression—TheWnt pathway is also regulated by
Wnt antagonists. We examined gene expression ofWnt antag-

FIGURE 1. Reduced bone formation and decreased osteoblast differentiation in Fgf2!/! female mice compared with wild-type littermates. Femoral
BMD (A) and lumber vertebrae BMD (B) were decreased significantly in Fgf2"/" mice. Reduced osteoblast mineralization (C), reduced osteocalcin (D), and
Col1a1 (E) mRNA expression in Fgf2"/" compared with Fgf2!/! BMSCs are shown. (Black line represents Fgf2!/!, and gray line represents Fgf2"/"). A and B,
BMD was determined in 6-month-old female Fgf2!/! (n # 7) and Fgf2"/" (n # 8) mice. C, freshly isolated BMSCs were cultured in "-MEM/10% FBS for 9 days,
then in "-MEM/10% FBS with 50 #g/#l ascorbic acid and 8 mM !-glycerophosphate for another 8 days, followed by alkaline phosphatase, von Kossa staining,
and quantification of total mineralization area. Data are mean $ S.E. of four independent experiments using 8-month-old male mice. D and E, freshly isolated
BMSCs from 12-month-old female mice were cultured in "-MEM/10% FBS for 3 days, then in "-MEM/10% FBS with 50 #g/#l ascorbic acid and 8 mM !-gly-
cerophosphate until day 17, followed by total RNA extraction for gene analysis. Similar results were also obtained in 8- and 10-month-old female mice.
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onists and observed that FGF2 ablation did not result in signif-
icant changes in mRNA expression of Dkk1, Dkk4, Sclerostin,
FrzB/sFRP3, sFRP4, or sFRP1 (supplemental Table 2). There-
fore, the Wnt antagonists examined do not seem to contribute
to reduce osteoblast differentiation in Fgf2!/! cultures. Inter-
estingly, Fgf2!/! osteoblasts displayed significant reduction of
Dkk2mRNAexpression (Fig. 4C). Besides functioning as aWnt
antagonist, Dkk2 has been demonstrated to have a role in ter-
minal osteoblast differentiation andmineralizedmatrix forma-
tion (35). Therefore, reduced Dkk2 expression may contribute
to decreased osteoblast differentiation in Fgf2!/! mice.
FGF2 Promotes !-Catenin Nucleus Accumulation and Rescues

Osteoblast Differentiation in Fgf2!/! BMSC Cultures—
The above results showed modulation of Wnt pathway in the

absence of endogenous FGF2, and !-catenin protein was
decreased in Fgf2!/!BMSCcultures. Therefore, we next exam-
ined modulation of Wnt/!-catenin pathway in the presence of
exogenous FGF2. To activate transcription of target genes,
!-catenin needs to accumulate in the nucleus. Therefore, we
used Western blotting to determine whether exogenous FGF2
is able to promote!-catenin accumulation in the nucleus. After
serum deprivation for 14 h, BMSCs were treated with 1 nM
FGF2 for 0.5 h or 4 h. Besides increasing !-catenin protein
expression in cytoplasm, FGF2 increased !-catenin accumula-
tion in nucleus not only in Fgf2"/" BMSCs but also in Fgf2!/!

BMSCs (Fig. 5A).
To determine the possible downstream effects of increased

!-catenin nuclear accumulation in Fgf2!/! BMSCs, mineral-
ization was assessed at day 17 in osteogenesis medium. FGF2
(0.1 nM) was administered for the first 3 days of culture. We
observed that FGF2 was able to partially rescue decreased
osteoblast mineralization in Fgf2!/! BMSCs (90% increase
compared with Fgf2!/! vehicle group, Fig. 5B). We believe this
rescue effectmay be due to the increased!-catenin signaling by
FGF2.

DISCUSSION

This study examined modulation of the Wnt pathway by
FGF2 in osteoblasts. We found the following: (i) Loss of endog-
enous FGF2 (all isoforms) resulted in significantly reduced
mRNA expression of the Wnt ligand Wnt10b, Lrp6, and
!-catenin during osteoblast differentiation. (ii) Loss of endog-
enous FGF2 resulted inmarkedly reduced protein expression of

FIGURE 2. Modulation of Wnt pathway in the absence of endogenous FGF2. A–C, compared with Fgf2"/" BMSCs, Fgf2!/! BMSCs displayed reduced
Wnt10b mRNA (A) and protein expression (B) and Lrp6 mRNA expression (C). D and E, !-catenin mRNA (D) and !-catenin protein expression (E) were also
markedly reduced in Fgf2!/! BMSCs. A–E, freshly isolated BMSCs were cultured in "-MEM/10% FBS for 9 days, then in "-MEM/10% FBS with 50 #g/#l ascorbic
acid and 8 mM !-glycerophosphate for another 8 days, followed by total RNA extraction for gene analysis by qPCR, normalized to GAPDH or whole cell extracts
for !-catenin protein analysis by Western blotting. A, C, and D, data are mean # S.E. of four independent experiments using 8-month-old male mice. B and E,
representative images of three experiments using 8-month-old male mice are shown.

FIGURE 3. Decreased Wnt10b (A), Lrp6 (B), and !-catenin (C) mRNA
expression in Fgf2"/" BMSCs during osteoblast differentiation com-
pared with Fgf2#/# BMSCs. Freshly isolated BMSCs from 12-month-old
female mice were cultured in "-MEM/10% FBS for 3 days, then in "-MEM/10%
FBS with 50 #g/#l ascorbic acid and 8 mM !-glycerophosphate until day 17,
followed by total RNA extraction for gene analysis by qPCR, normalized to
GAPDH. *, p $ 0.05.
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A B S T R A C T

Myokines are cytokines secreted by skeletal muscle cells. These are cytokines with pleiotropic effects, which have 
receptors in different organs. Increased secretion of myokines is closely linked to physical activity, through which 
they affect metabolic processes, signalling pathways, protein expression or cell differentiation.

This study aimed to demonstrate the possible impact of myokines on bone tissue metabolism based on a review 
of published scientific papers and to disseminate knowledge on myokines among the clinician community. To 
carry out an analysis in accordance with the PRISMA guidelines, publications were searched in PubMed, Web of 
Science and ScienceDirect databases. Out of the total of 644 papers identified in the databases, 18 original studies 
were analysed.

The paper outlined the importance of irisin, myostatin, fibroblast growth factor 2, myonectin, and interleukins 
6 and 15 in the regulation of bone tissue metabolism. Based on the reviewed studies, irisin consistently dem-
onstrates a pro-osteoblastic effect via the p38 MAPK pathway, while myostatin generally shows an inhibitory 
effect on bone formation by decreasing muscle mass. Myonectin exhibits a dual role, inhibiting both osteoblast 
and osteoclast differentiation in murine models, suggesting a complex regulatory function. This analysis con-
siders both pre-clinical studies on cell cultures and animal models, as well as clinical trials in humans. The 
findings suggest that further research is needed to fully elucidate the in vivo functions and clinical relevance of 
myokines in bone metabolism, identifying potential therapeutic targets.

1. Introduction

Myokines are cytokines secreted by skeletal muscle cells. The term 
“myokine” was first used in 2003 by Pedersen et al., who proposed to use 
it to describe interleukin-6 (IL-6) and other cytokines produced and 
released by skeletal muscle cells, which affect cells of other organs [1]. 
The first myokine to be described is myostatin, which inhibits muscle 
mass gain [2]. Other substances secreted by the muscles include irisin 
[34], myonectin [5], decorin [6] and fibroblast growth factor 21 
(FGF21) [7].

Myokine receptors are found in many different organs [8,9], which 
highlights their pleiotropic effects. Increased secretion of myokines is 
closely linked to physical activity [10], through which they affect 
metabolic processes [8,11], as well as tissue regeneration and repair 
[9,13]. The literature has also described their effects on signalling 
pathways [9,14,15], protein expression [16] and cell differentiation 

[17,18].
Further research on myokines has confirmed their effect on bone 

tissue metabolism, resulting from the close interaction between bone 
cells, including osteoblasts, osteoclasts and osteocytes, which enables 
the normal structure of bone tissue and its quantity to be maintained. 
The Wnt/β-catenin [19] and p38 mitogen-activated protein kinase (p38 
MAPK) pathways are two of the signalling pathways that play a funda-
mental role in transmitting intracellular signals [20,21], and they are 
crucial for bone tissue function. The search for new biological markers 
enables a better understanding of bone tissue metabolism and the dis-
covery of potential new therapeutic targets.

Myokines have been shown to exert both anabolic and catabolic ef-
fects on bone metabolism, with the specific impact depending on the 
particular myokine, the stage of bone turnover (resorption, formation, 
or remodeling), and the surrounding physiological milieu. For instance, 
irisin, which is secreted in response to physical activity, has 
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Fig. 2. Effects of irisin and myostatin on bone tissue metabolism. Irisin, via the p38 MAPK signalling pathway, promotes the differentiation of primary osteoblasts, 
thus increasing bone tissue mass. Myostatin promotes the differentiation of primary osteoclasts, thus decreasing bone tissue mass. Created in BioRender. Jaskiewicz, 
L. (2025) https://BioRender.com/o2wi554

Fig. 3. Effects of FGF2 on bone tissue metabolism. FGF2 enhances canonical Wnt/β-catenin signalling indirectly through suppression of sclerostin expression, rather 
than direct action on LRP/Frizzled receptors. Additionally, the relationships between GSK3 and β-catenin involve GSK3-mediated phosphorylation of β-catenin, 
which targets it for degradation; FGF2’s inhibition of sclerostin allows β-catenin stabilization and nuclear translocation. FGF2, via suppression of sclerostin expression 
which indirectly enhances the Wnt/β-catenin signalling pathway, promotes the differentiation of primary osteoblasts, thus increasing bone tissue mass. Created in 
BioRender. Jaskiewicz, L. (2025) https://BioRender.com/a5tdirt
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