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Abstract: Osteosarcopenia (0S] is a newly defined condition represented by the simultaneous
presence of osteopenia/osteoporosis and sarcopenia, the main age-related diseases. The
simultaneous coexistence of the two phenotypes derives from the close connection of the
main target tissues involved in their pathogenesis: bone and muscle. These two actors
constitute the bone-muscle unit, which communicates through a biochemical and mechanical
crosstalk which involves multiple factors. Altered pattern of molecular pathways leads to

an impairment of both the functionality of the tissue itself and the communication with the
complementary tissue, composing the OS pathogenesis. Recent advances in the genetics

field have provided the opportunity to delve deeper into the complex biological and molecular
mechanisms underlying 0S. Unfortunately, there are still many gaps in our understanding of
these pathways, but it has proven essential to apply strategies such as exercise and nutritional
intervention to counteract 0S. New therapeutic strategies that simultaneously target bone and
muscle tissue are limited, but recently new targets for the development of dual-action drug
therapies have been identified. This narrative review aims to provide an overview of the latest
scientific evidence associated with 0S, a complex disorder that will pave the way for future
research aimed at understanding the bone-muscle-associated pathogenetic mechanisms.
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Introduction

Bone and muscle represent a functional unit in
which the two tissues are intimately connected,
both anatomically and mechanically.! In fact,
pathologies characterized by alterations in the
physiology and function of muscle tissue also lead
to consequences for the bone structure, and vice
versa.? The relationship between the functionality
of the two tissues is explained by Frost’s mecha-
nostat theory, according to which the mechanical
load exerted by the muscle is what determines the
resistance of the bone, exerting effects on the tis-
sue remodelling process.? In fact, the adaptive
response of bone to mechanical stimuli results in
an improvement of the microarchitecture of the
bone with a consequent increase in the mass and
strength of the tissue itself.* Over the years, these
observations have led to the formulation of the
concept of ‘bone—muscle unit’, given also the
common embryogenesis of the two tissues and

the linear association existing between the body’s
bone mineral content (BMC) and the amount of
lean mass.> Furthermore, recent studies in the lit-
erature have shown that the interaction between
bone and muscle tissue is not only mechanical; in
fact, communication between the two tissues can
also occur through the secretion of biochemical
factors, with paracrine and endocrine action.®
The existence of the close association between
bone and muscle is further supported by the fact
that with ageing, the inevitable decrease in bone
mass is accompanied by the progressive loss of
muscle mass and function, known collectively as
sarcopenia, which can result in an increased risk
of falls and fragility fractures.” Indeed, the term
osteosarcopenia (OS), which identifies the con-
comitant presence of sarcopenia and osteoporo-
sis, has recently been introduced in the scientific
community as further confirmation that low qual-
ity of muscle tissue is reflected in low quality of
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bone tissue.® Epidemiological data on the inci-
dence of OS are limited due to its recent coining.
However, recent studies show that OS increases
proportionally with ageing, physical inactivity,
low body mass index (BMI), higher fat mass and
comorbidities.® A study of 680 elderly patients
with a previous history of falls identifies an OS
condition in 37% of the subjects that correlates
with a higher frequency of comorbidities, impaired
mobility and depression.!® To strengthen these
data, Yoo and colleagues identify 28.7% of
patients with OS in a cohort of 324 hip fracture
patients. Interestingly, this condition reflects a
mortality rate of 15.1% at 1-year follow-up, 1.8
times higher than in healthy, osteoporotic and
sarcopenic-only subjects.!! As OS represents an
emerging geriatric problem, the aim of this article
is to provide an overview of the latest scientific
evidence concerning this pathological condition.
Bone-muscle interactions, potential factors
involved in the progressive tissue changes
observed during ageing and new potential thera-
peutic strategies to counteract the decline of the
musculoskeletal system will be described.

Sarcopenia and bone health: the bone-muscle
unit

Several literature data agree on the existence of a
close functional relationship between bone and
muscle tissues, from embryogenesis through
growth and development to ageing. This phenom-
enon is the basis of the biomechanical interaction
theory, according to which bone provides attach-
ment sites for muscle and skeletal muscle imparts
a force on bone to facilitate body locomotion.
Indeed, bones can adjust their mass and structure
according to the changes in the mechanical load
applied by the muscle.1%13 Consequently, a decline
in muscle function causes a reduction in bone
load, which results in bone loss. Unfortunately,
the onset of sarcopenia cannot be completely
explained by a reduction in bone mass, just as the
development of osteoporosis cannot be totally
related to muscle atrophy, although these muscu-
loskeletal disorders often develop in parallel with
a significant impact on the quality of life and
functional status of many elderly patients.!4
Interestingly, the bidirectional communication
between bone and muscle tissue is known to be
influenced by various factors, including mechani-
cal factors, endocrine/paracrine factors and
genetic determinants (Figure 1). Furthermore,
the simultaneous dependence of bone and muscle
tissue has been amply demonstrated by the effects

of physical activity, disuse and age-related muscu-
loskeletal pathologies, suggesting the understand-
ing of the mechanisms underlying bone-muscle
crosstalk as a key objective for identifying poten-
tial new therapies for osteoporosis and
sarcopenia.l316

Mechanical crosstalk

Mechanical crosstalk between bones and muscles
has been extensively documented to ensure the
normal maintenance of an upright body posi-
tion.!” Indeed, the skeleton is known to provide
the muscles with rigid levers on which they apply
forces of varying intensity, representing the pri-
mary source of mechanical load that generates
structural deformations. This communication
depends on a mechanotransduction process
through which the mechanical forces of the entire
body are transduced at organ level, at tissue level
and, finally, at cellular level.!® In bone tissue, the
main cell type responding to mechanical stimula-
tion is osteocytes, the most abundant and long-
lived cells in bone, and the main regulators of
bone remodelling. Mechanotransduction in oste-
ocytes is a complex regulatory process that occurs
not only between cells and their environment but
also between adjacent cells and between different
functional mechanosensors in individual cells. In
this regard, attention has been focused in recent
years on the search for mechanosensors in osteo-
cytes, identifying through i witro and i wvivo
studies dendritic processes, the cytoskeleton,
cilia, the extracellular matrix and connexin-based
intercellular junctions among the main parties
responsible for the transmission of extracellular
mechanical signals in osteocytes.!® Integrins,
which act as transmembrane receptors and facili-
tate the perception of near microenvironments
and nanoenvironments, have also been suggested
to contribute to mechanotransduction in osteo-
cytes by promoting the activation of ion channels
following various mechanical stimuli, including
changes in tension and elongation and flow-
related shear stress.2? The perception of mechani-
cal stimulus by osteocytes activates a cascade of
events that culminates in the regulation of mech-
ano-sensitive genes. Among these, a key role is
played by the SOST gene encoding for sclerostin,
a protein that has recently emerged as an impor-
tant therapeutic target for several diseases, includ-
ing osteoporosis and osteopenia. The mechanisms
by which mechanical signals regulate the SOST
expression have not yet been elucidated. However,
several trials have found increased serum levels of
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Figure 1. Crosstalk between bone and muscle tissue. There are numerous factors that enable communication
between bone and muscle, including biomechanical factors, paracrine/endocrine factors and genetic
determinants. The mechanical load exerted by muscle tissue is received by osteocytes, which are the main
mechanoreceptors of bone tissue, exerting an effect on bone mineral density. The paracrine and endocrine
factors released by muscle, however, which enable the biochemical interaction between the two tissues,
include insulin-like growth factor 1 (IGF-1) and fibroblast growth factor 2 (FGF-2), while among the myokines
are interleukin-6 (IL-6), irisin and myostatin. Osteokines released instead by bone tissue are prostaglandin E 2

(PGE-2), osteocalcin and IGF-1.

sclerostin in humans after immobilization and in
animals subjected to limb unloading, while inhi-
bition of the protein has been correlated with
increased mechanical stimuli and increased bone
mass.21:22 In addition, a correlation has been
shown between mechanical stimuli and muscle
function, suggesting an increased mechanical
load among those responsible for muscle hyper-
trophy through the mechanistic target of rapamy-
cin (mTOR), which would induce changes in
muscle mass and an increase in protein synthe-
sis.?3 Noteworthy, research has also recently
focused on the study of the biological effects of
microgravity on bone-muscle crosstalk, high-
lighting how certain changes found in astronauts
exposed to spaceflight, including bone loss and
muscle atrophy, depend on the strong associa-
tion between mechanical stress and musculoskel-
etal function.2* Particularly, prolonged exposure
to random positioning machine (RPM) has been
shown to have a strong impact on the bone min-
eralization process, as evidenced by the reduced

presence of calcifying nodules, calcium deposits
and pentraxin 3 (PTX3) expression in the
SAOS-2 cell line.?> Furthermore, the expression
pattern of myostatin has been proposed to play a
key role in load-free muscle damage, as treat-
ment with anti-myostatin antibodies was able
to counteract the negative effect induced by
RPM exposure in primary cultures of human
satellite cells, restoring muscle morphology and
function.?¢

Biochemical crosstalk

In recent decades, bone-muscle crosstalk has
been shown to go beyond mechanics and occur
through the secretion of biochemical factors. The
first evidence dates to 2003 when Utvag er al.
found in a mouse open tibial fracture model a sig-
nificant improvement in bone repair in the frac-
ture area surrounded by muscle flaps. In contrast,
a significant delay in fracture healing was observed
when the muscle tissue was severely damaged.?”
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A few years later, Shen and colleagues detected a
partial recovery of some defective muscle pheno-
types in osteoblast/connexin43-deficient (Cx43)
mice following subcutaneous injection of the
bone-specific factor osteocalcin undercarboxylate
(glu-OC).28 The idea that musculoskeletal com-
munication is also biochemical in nature has been
further confirmed by the discovery that bone and
muscle perform an important endocrine function,
producing signal molecules with hormonal func-
tion that influence bone and muscle metabolism
both locally and systemically. However, while
more than 600 factors, commonly known as
myokines, have been identified for skeletal mus-
cle, bone has only been recognized as an endo-
crine organ since 2007, making the identification
of such molecules, called osteokines, still rather
scarce.?? The myokines currently identified are
cytokines synthesized and secreted by myocytes
in response to muscle contraction, which regulate
muscle metabolism and act on distant tissues and
organs, with autocrine/paracrine action. The first
myokine identified was myostatin, a protein
belonging to the transforming growth factor-f3
(TGF-p) superfamily that acts as a negative regu-
lator of muscle growth, inhibiting the prolifera-
tion and differentiation of satellite cells, as
demonstrated by several in vivo studies in which
myostatin-deficient mice showed massive muscle
hypertrophy and a significant increase in bone
mineral density (BMD). Conversely, myostatin
acts as a positive regulator of osteoclast formation
induced by receptor activator of nuclear factor kB
receptor ligand (RANKL), reducing bone forma-
tion and increasing bone resorption.3%3! Among
the myokines, interleukins also play a key role in
bone—muscle crosstalk. For example, IL-6, which
is released by muscles in response to exercise and
contraction, has been suggested to have stimula-
tory effects on both bone formation and resorp-
tion. Interleukin-7 (IL-7), abundantly secreted by
muscles, is widely considered to be an osteoclas-
togenic cytokine, as its overexpression has been
correlated with reduced bone formation. Finally,
interleukin-15 (IL-15) has been proposed to act
directly on bone remodelling by stimulating pre-
osteoclast differentiation.??:33 IGF-1 and FGF-2
are also growth factors involved in biochemical
communication between bone and muscle.
Particularly, muscle-derived IGF-1 has been sug-
gested to intervene during bone repair, signalling
osteoprogenitor cells in the periosteum express-
ing IGF-1 receptor (IGF-1R) to increase bone
formation; while FGF-2 is known to be involved
in fracture repair, bone formation and cartilage

regeneration after injury or intense exercise.3*
Finally, recently discovered is irisin, a myokine
secreted in abundance by skeletal muscle in
response to exercise, known not only to increase
osteoblast differentiation and activity iz vitzro but
also to act on bone remodelling by promoting the
production of sclerostin and osteopontin.3>
Conversely, several osteokines have been pro-
posed to exert effects on muscle tissue, including
osteocalcin (OCN), which is known to influence
muscle contractility and mitochondrial biogenesis
in the myofibers of young adult mice during exer-
cise, as well as to reverse age-related muscle
decline.3¢ The action of fibroblast growth factor
23 (FGF-23), a glycoprotein synthesized mainly
by osteocytes, on skeletal muscle is still poorly
understood. However, Li er al.37 recently demon-
strated that treatment with recombinant FGF-23
in C57BL/6] mice exposed to different forms of
exercise induced increased endurance and signifi-
cantly reduced reactive oxygen species (ROS) lev-
els in skeletal muscle, suggesting the existence of
a correlation between increased muscle activity
and FGF-23 production. Among the osteokines,
a key role is played by sclerostin, which is secreted
mainly by mature osteocytes and acts as a sup-
pressor of bone formation via the canonical
Wnt/pB-catenin pathway. Recently, a negative cor-
relation was found between serum sclerostin lev-
els and skeletal muscle mass, independent of
confounding factors such as age, gender, BMD,
and total fat mass, suggesting a possible role of
this osteokine as a marker of low muscle mass.?8
Finally, a role of osteokine has also been attrib-
uted to prostaglandin E2 (PGE2), which is known
to be related to multiple physiological processes
such as inflammation, muscle regeneration and
cancer development. Several evidences have sug-
gested that PGE2 may also promote osteocyte
survival and bone formation, as well as accelerate
myoblast proliferation and differentiation in the
C2C12 cell line, suggesting a role of this osteokine
in muscle myogenesis.3®

Bone-muscle connection in 0S

There is now a growing realization that there are
complex mechanical and biochemical interac-
tions between bone and muscle tissue that, with
ageing, show a decline in both structure and func-
tion.%® Indeed, there are an increasing number of
studies in the literature reporting that subjects
characterized by a reduction in BMD present a
concomitant decrease in muscle mass.*! These
two conditions in fact identify osteoporosis and
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sarcopenia, two pathologies of the geriatric age.®
Osteoporosis is a systemic bone disease that
involves a reduction in BMD, resulting in altered
bone tissue microarchitecture and an increased
risk of fragility fractures, a condition that afflicts
30% of postmenopausal women above 50 years of
age.*243 Sarcopenia, however, represents a condi-
tion characterized by a reduction in muscle mass
and function, resulting in impaired performance
of daily activities and leading to an increased risk
of falls. This condition afflicts 10-40% of post-
menopausal women and, in general, results in
increased disability, hospitalization rates and
death.42-% We often refer to osteoporosis and sar-
copenia as a ‘hazardous duet’, two conditions
whose coexistence has recently been identified
under the term OS, in which the musculoskeletal
system tends towards a decrease in both bone and
muscle tissue quality, which is also further com-
promised by the concomitant increase in the
amount of ectopic adipose tissue.*?4> There are
numerous factors involved in the pathophysiology
of OS: indeed, sarcopenia and osteoporosis share
some risk factors and the same biological molecu-
lar pathways underlying the onset of the disease
state.¥> Genetic factors play a preponderant role
in the determination of both diseases, and indeed
it has been shown that muscle strength is partially
genetically modulated and that genetic factors are
critical in achieving peak bone mass.#% As already
mentioned, there is not only a biochemical but
also a biomechanical relationship between bone
and muscle: according to Frost’s mechanostat
theory, the forces exerted on bone by muscle tis-
sue led to an increase in the strength of the bone
tissue itself, as happens during childhood and
young age. The decrease in the application of
these forces that occurs in elderly individuals
forced into a sedentary lifestyle leads to a decrease
in the rate of apposition of new bone matrix by
osteoblasts and consequently, an increase in bone
fragility.#” This concept makes mechanical load-
ing another key factor in maintaining the quality
of bone and muscle, the alteration of which may
be responsible for the onset of osteoporosis and
sarcopenia. According to reports by Maghbooli
and colleagues, basal metabolic rate in obese
women above the age of 50years appears to be
correlated with both reduced muscle mass and
decreased BMD at the hip and lumbar spine.
With ageing, there is indeed an alteration in
energy metabolism and body composition:
indeed, the decrease in basal metabolic rate
reflects the decreased metabolic activity of tissues
and reduced energy consumption, making this a

potential predictor of the onset of OS in postmen-
opausal age.*® This investigation confirms what
has already been reported by some studies on the
infiltration of adipose tissue that occurs with
advancing age: a high amount of medullary adi-
pose tissue is in fact associated with the loss of
bone mass, while myosteatosis is correlated with a
loss of myofiber function and subsequent decrease
in muscle mass. According to recent evidence in
the literature, adipose tissue undergoes an altera-
tion in its function in ageing, producing a high
amount of inflammatory peptides and resulting in
an increased infiltrate of inflammatory cells. It
therefore plays a predominant role in the estab-
lishment of the now well-known condition of
inflammageing, a chronic low-grade inflamma-
tion involving continuous stimulation of the
immune system.%° It has been reported how this
condition has important effects on bone and mus-
cle tissue, affecting the differentiation and activity
of the cells that make up both tissues. According
to the study by Kirkwood and colleagues, chronic
activation of the immune system results in the
expansion of myeloid-derived suppressor cells
(MDSCs), a heterogeneous population of mye-
loid cells that have the ability to differentiate
directly into osteoclasts, consequently increasing
the rate of bone resorption and compromising the
integrity of bone tissue.’® Adipose tissue is also
characterized by altered lipid storage capacity,
which accumulates ectopically in skeletal muscle.
Lipid accumulation indicates a mitochondrial
dysfunction of muscle cells, which leads to an
altered B-oxidation process, resulting in increased
levels of ROS produced. The resulting lipotoxic
microenvironment causes the muscle to produce
pro-inflammatory myokines, which through auto-
crine and paracrine mechanisms, induce muscle
tissue dysfunction, and through endocrine path-
ways, act on the adipose tissue itself by exacerbat-
ing the inflammatory process.>! Taken together,
these observations strongly suggest how adipose
tissue plays a predominant role in the onset of
OS, exerting an effect on several physiological
processes that, directly or indirectly, are involved
in maintaining the quality and homeostasis of
bone and muscle tissue. Ageing is also character-
ized by a decrease in the concentration and activ-
ity of sex hormones, which exert numerous effects
on bone and muscle. Indeed, hormones have
been identified as key factors in the onset of OS,
particularly growth hormone (GH) and IGF-1
play an important role. Thus, the GH/IGF-1 axis
represents a pathway involved in the pathogenesis
of the disease: it is activated as a result of GH
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release from the hypothalamus, which in turn
results in the release by the liver of IGF-1, which
acts on bone and muscle tissue by causing the
release of numerous myokines (irisin, myostatin,
IL-6, osteonectin) and osteokines [FGF-2, FGF-
23, sclerostin, RANKL, osteoprotegerin (OPQG)]
affecting both tissues. The dysregulation of this
axis and GH decreased secretion leads to a
decrease in muscle and bone mass and to an
increase in adipose tissue accumulation.>? Both
muscle and bone cells express hormone recep-
tors, making it clear how critical it is in postmeno-
pausal women, where oestrogen decline occurs,
to set up hormone replacement treatment to pre-
serve bone and muscle mass and prevent future
fragility fractures.>? In addition, it has been shown
that the decrease in circulating levels of estradiol
in postmenopausal women has important effects
on the state of bone and muscle tissue, leading to
their decline. In the male sex, hormones also
appear to be involved in the pathogenesis of OS,
as reduced levels of testosterone result in a
decrease in protein synthesis and consequently in
the reduction of muscle mass.>3 Those described
are some of the most important endogenous fac-
tors involved in the pathogenesis of osteoporosis
and sarcopenia, but further studies will be needed
to shed further light on the pathophysiology of
OS, this being a newly defined syndrome whose
molecular mechanisms still need to be clarified.

Genetics of bone and muscle interactions

Single-nucleotide polymorphisms analysis in
target genes

Bone and muscle are both originated from the
paraxial mesoderm during embryonic develop-
ment and are influenced by similar genetic modu-
lators (Table 1). Osteoporosis and sarcopenia
share common risk factors with a heritability in
the range of 60-70%. Genetic polymorphisms of
several genes, such as androgen receptor (AR), oes-
trogen receptor (ER), IGF-I and vitamin D receptor
(VDR), play a pivotal role in modulating bone or
muscle metabolism, contributing to the patho-
genesis of OS. Interestingly, literature data sug-
gest an association between long alleles of the AR
polymorphism (CAG)n and increased muscle
mass and strength in athletes,* but also with
increased BMD in healthy adult humans.>
Oestrogens represent a second class of hormone
modulators of bone and muscle homeostasis and
polymorphisms in their receptors, ESR1 and
ESR2, respectively, have been linked to altered

mechanisms. It is now known that oestrogens
regulate bone metabolism and their deficiency
during menopause is an established cause of post-
menopausal osteoporosis. The Alul polymor-
phism of the ESR2 gene has been associated with
spinal and femoral BMD, while Rsal only with
spinal BMD in postmenopausal women.>® In
muscle tissue, the C allele of ESRI rs2234693
provides protection against muscle injury by
reducing muscle stiffness.>” The contribution of
genetic variability associated with IGF-I in bone
metabolism has also been investigated. An inter-
esting study identifies a significant association
between the rs35767 polymorphism within IGF-I
and reduced BMD with increased risk of osteopo-
rosis in the postmenopausal female population,
suggesting its role as a potential marker.5® These
results are subsequently confirmed in a meta-
analysis identifying an association between
rs35767 polymorphism and risk of osteoporosis
in Chinese postmenopausal women.>® The main
function of IGF-I on skeletal muscle is to pro-
mote or inhibit protein synthesis or degradation,
regulating skeletal muscle growth or recession.
Previous data have demonstrated the polymor-
phisms of IGF-I and its binding protein-3 (IGFBP3)
genes could impact serum IGF-I level, which cor-
relate with muscle size. Yang and colleagues show
that GG genotype of 1s6214 in IGF-I and AC or
CC genotypes of rs2854744 near IGFBP3 had a
higher risk of having low appendicular skeletal
muscle mass index (ASMI) compared with those
with the AA and AA genotype in Taiwanese pop-
ulation, highlighting the pivotal role of these two
single-nucleotide polymorphisms in muscle
metabolism.®® Another extensively studied locus
is VDR gene, in which several polymorphisms
have been identified that appear to play a func-
tional role in modulating expression levels. A
recent meta-analysis from 42 studies suggests that
VDR Bsml genotype is associated with an
increased risk of postmenopausal osteoporosis in
Caucasians.®! Genetic variability associated with
this factor also plays pivotal roles in muscle
metabolism, as seen for G allele of Cdx2 polymor-
phism and the combination of GG/CT genotypes
of FokI in VDR gene that associated with a higher
percentage of the atrophic type II fibres.52

Genome-wide association studies

Despite these interesting and novel data, no sin-
gle gene or SNPs have been associated with the
loss of bone mass, muscle strength or mass. The
latest investigations are encompassing large
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Table 1. Genetic factors with pleiotropic effects on bone and muscle involved in OS pathogenesis.

Study design Gene

Analysis outcome Reference

SNPs analysis AR

ESR2

ESR1

IGF-1

VDR

GWAS METTL21C

RUNX1, NGFR, CH3L1, BCL3,
PLA2G2A, MYBPH, TEPI1,
SEMAéB, CSPG4, ACSL5,
SLC25A3, NDUFB5, CYC1, ACAT1
and TCAP

RNA-sequencing
profile

(CAG)n polymorphism is 54
associated with greater muscle
mass and strength

(CAG)n and (CGG)n polymorphisms 55
are associated with increased
bone mass

Alul and Rsal polymorphisms are 56
associated with spinal and femoral
BMD

rs2234693C allele polymorphism 57
protects against muscle injury

rs35767 polymorphism is 58,59
associated with lower BMD and

risk of osteoporosis

rs6214 GG gentoype polymorphism 60
is associated with low ASMI

Bsml genotype is associated with 61
increased risk of postmenopausal
osteoporosis in Caucasians

G allele of Cdx2 polymorphism 62
and the combination of GG/

CT genotypes of Fokl results

associated with higher atrophic

type Il fibres

METTL21C is a pleiotropic gene 63
for osteoporosis and sarcopenia

acting through the modulation of

the NF-«B signalling pathway

Identification of differentially b4
expressed genes in osteoporotic
patients with sarcopenia

populations of genes analysed simultaneously
based on genomic studies such as genome-wide
association studies (GWAS). GWAS have suc-
cessfully identified multiple loci overlapping
between the bone and muscle parameters and
associated with tissues wasting. Several genes,
such as myostatin, growth and differentiation fac-
tor-8 (GDF-8), myocyte enhancer factor-2C
(MEF-2C), proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a), and methyltrans-
ferase-like 21C (METTLZ21C), have been detected
as being linked to muscle loss and osteoporosis
concurrently.% METTL2I1C represents a novel
gene with pleiotropic effects on bone and muscle

mass. Analysis performed in two murine cell lines,
a C2C12 myogenic and an MLO-Y4 osteocyte-
like one, shows a reduced expression level of
Mertl21c followed by a siRNA modulation. An
array of genes involved in different signalling
pathways was analysed to understand the mecha-
nism induced by silencing Meztl21¢c. Among them,
NF«kB was found to be modulated, suggesting an
important role of this METTL2I1c-interacting
factor in muscle and bone homeostasis.® The
pleiotropic factors influencing bone and muscle
tissue are not yet fully known to refine the diagno-
sis and monitoring of OS. The advantages of
combining related phenotypes make pleiotropic
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GWAS studies an excellent investigative tool.
However, although our knowledge on the identi-
fication and genetic-molecular interaction of fac-
tors targeting bone and muscle has increased
enormously in recent years, the genetic landscape
of OS has yet to be unravelled.

Gene expression profiling

Emerging data demonstrate the importance of
identifying differentially expressed genes (DEGs)
for osteoporosis and sarcopenia. An analysis of
four gene expression datasets GSE56814 and
GSE56815 for osteoporosis and GSE1428 and
GSES8479 for sarcopenia led to the identification
of 133 co-expressed DEGs. The tissues in the
osteoporosis datasets are blood monocytes, while
the tissues in the sarcopenia datasets are the vas-
tus lateralis muscle.®® In parallel, an interesting
RNA-sequencing study in elderly osteoporotic
hip fracture sarcopenic and non-sarcopenic sub-
jects was performed. A total of 11 samples from
both groups were sequenced, and 15 DEGs were
identified (RUNXI, NGFR, CH3L1, BCL3,
PLA2G2A, MYBPH, TEP1, SEMA6B, CSPG4,
ACSLS5, SLC25A3, NDUFB5, CYCl1, ACATI1
and TCAP). Specifically, the expression levels of
the SLC25A3 and TCAP genes in the OS group
were significantly lower than in the non-OS
groups, whereas an increased mRNA level of
RUNX1 was observed in the OS samples.®*
However, an integrated analysis will contribute to
the understanding of the full molecular changes
in OS and the development of new targeted
therapies.

How to counteract 0S?

OS is a growing global health problem due to the
high morbidity and mortality rates. Its complex
and multifactorial nature requires targeted treat-
ment and prevention strategies. To date, a healthy
lifestyle and regular exercise are the first-line
choices for the prevention and treatment of OS.8
Particularly, consistent and well-designed train-
ing is known to prevent and delay the onset of
several age-related diseases, including OS, given
its beneficial effects on the health of the musculo-
skeletal system and on the exchange of mechani-
cal and biochemical signals that is essential for
adequate tissue communication. Several evi-
dences agree that dynamic resistance exercise
(DRT) supported by adequate dietary supple-
mentation could be the most promising strategy
to improve all physiological and functional

outcomes related to OS, including metabolism,
cardiovascular endpoints and brain function.®” In
this regard, Lichtenberg er al. recently evaluated
the effects of 28 weeks of high-intensity resistance
training (HI-RT) in 43 men with OS aged
=T72years. A significant effect on the sarcopenia
Z-score was observed in the intervention group,
in association with a significant increase in the
skeletal muscle index (SMI), suggesting HI-RT
as a time- and cost-efficient training modality to
reduce the progression and burden of sarcope-
nia.®® In agreement, Kemmler and colleagues
proposed high-intensity dynamic resistance train-
ing (HIT-DRT), combined with the administra-
tion of milk protein, calcium and vitamin D, as a
safe and effective strategy to counteract OS in
older men. Indeed, evaluation of the HIT-DRT
effects showed significant improvements on BMD
of the lumbar spine and proximal femur in men
with OS, as well as on lean body mass and muscle
strength.®® Multimodal exercise, combining
resistance, load impact or balance training, has
also been suggested as an effective therapy to
improve the aspects of OS, such as BMD, muscle
mass and strength, and physical performance.%70
In this regard, Lopez er al. systematically exam-
ined the effects of resistance training, alone or
combined, on neuromuscular function, muscle
morphology and functional outcomes in physi-
cally frail elderly subjects. Interestingly, the
authors found that multimodal training was asso-
ciated with increases in 6.6-37% in maximal
strength, 3.4-7.5% in muscle mass, 8.2% in mus-
cle power and 4.7-58.1% in functional capacity
and fall risk, suggesting this type of training as an
effective strategy to prevent loss of functional
capacity, dependency and incidence of falls in the
frail individual.”! In agreement, Daly and col-
leagues evaluated the effects of a 12-month mul-
timodal exercise programme on 148 adults aged
=60years with osteopenia or increased risk of
falls, finding significant improvements on BMD
of the lumbar spine and femoral neck, muscle
strength and physical function even 6months
after the end of the training programme.”? In
addition to physical activity, diet is undoubtedly
an important modulator of musculoskeletal integ-
rity, with a significant impact on the OS develop-
ment. In fact, an adequate intake of protein,
calcium and vitamin D has been suggested to
have a dual effect on bones and muscles, contrib-
uting significantly to reducing the risk of falls and
fractures in old age.”® Specifically, vitamin D and
calcium supplementation is known to improve
BMD and muscle strength, and to reduce falls
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Figure 2. New advances in potential therapeutic strategies for 0S. Schematic representation of
pharmacological agents acting on bone and muscle tissues, which lead to increased BMD, decreased fracture
risk, increased strength and muscle mass and protection of rapid contractile fibres, respectively.

and fractures in adults deficient in these nutri-
ents.”* Furthermore, several observational studies
have found a correlation between higher protein
intake and higher retention of lean muscle mass
and BMD in the elderly.”’>7% Creatine supple-
mentation has also been observed to increase the
benefits of endurance exercise in healthy individ-
uals, although the effect in clinical populations
with compromised muscle and bone health has
yet to be determined.”” In this context, Atlihan
et al.”® have recently evaluated the effectiveness of
exercise or nutritional interventions with protein,
calcium, vitamin D and creatine on musculoskel-
etal health in elderly patients with OS, finding
significant and longer-lasting improvements in
muscle mass, strength and quality. Overall, most
evidence agrees on the elimination of amendable
risk factors, such as sedentariness and malnutri-
tion, as the first line of defence to combat OS and
achieve long-term benefits on musculoskeletal
health in old age.

New advances in therapeutic strategies

Currently, many drugs have been authorized to
reduce or prevent osteoporosis, but no drug treat-
ment has yet been approved to counteract OS.
Some of these pharmacological agents also appear
to be effective in treating sarcopenia and conse-
quently OS (Figure 2). Denosumab (Dmab), an

antibody directed against RANKL, acts by pre-
venting the interaction with its receptor and leads
to a decrease in osteoclastic activity. Its positive
role in preserving bone health makes Dmab an
excellent candidate in decreasing the risk of osteo-
porotic fractures.”® Several studies have hypothe-
sized that Dmab could improve muscle mass and
strength through the RANK/RANKI/OPG path-
way. Specifically, RANK is a receptor expressed
on the membranes of fast- and slow-twitch
myofibers and interaction with its ligand RANKL
inhibits myogenic differentiation leading to tissue
degeneration.8%81 A prospective longitudinal
multicenter controlled study confirmed Dmab as
a drug potential for OS given its role in counter-
acting bone resorption and protecting rapidly
contracting fibres. Study results showed how
Dmab improved BMD, reduced the risk of falls
and had a positive influence on physical perfor-
mance and muscle strength, but further studies
are needed to confirm its effects on muscle mass
and function.8® Other important regulators in
maintenance musculoskeletal system are repre-
sented by androgens, including testosterone, and
their decrease in ageing compromises the quality
of both target tissues. Given the promising poten-
tial of testosterone, it could represent a candidate
to counteract OS development since it contrib-
utes to increased mineralization of bone tissue,
along with strength and mass of muscle tissue.82
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Recent data also show the potential of testoster-
one in preventing bone mass loss and sarcopenia
in subjects affected by hypogonadism, reporting
an improvement in BMD and muscle strength.83.84
Furthermore, testosterone can bind the receptor
belonging to the steroid hormone receptor family,
performing physiological and pathological func-
tions in different tissues. The ubiquitous AR
responds to androgenic therapies in a non-spe-
cific manner, highlighting the necessity to develop
selective androgen modulators (SARMs) that
promote only beneficial effects in target tissues.8>
Dalton er al. in their 12-week double-blind pla-
cebo-controlled phase II clinical trial evaluated
the safety and efficacy of the SARM Enobosarm,
in both elderly men and postmenopausal women.
The selective anabolic effects on muscle and bone
led to a significant improvement in patients’
physical function and lean body mass.8¢ Given
the potential of SARM:s, these factors could rep-
resent an aspiring future treatment for OS.33
Myostatin is another targeting agent that nega-
tively influences both bone and muscle. The pro-
tein belongs to the TGF-f family and is produced
by skeletal muscle; interacting with its receptor
activin IIB (ActRIIB) leads to a decrease in myo-
blast proliferation and an increase in muscle deg-
radation.? The ActRIIB receptor is also found
with osteoblasts and chondroblasts and its activa-
tion appears to be involved in bone remodelling.
Its role has led researchers in inhibiting myostatin
pathways as drug therapy for OS.87:88 These data
highlight the dual role of myostatin in musculo-
skeletal system and how inhibition of this axis
could lead to effective therapy for associated dis-
eases. Other molecular pathways that control
bone-muscle crosstalk, such as GH and IGF-I
are targeted, as they are crucial for skeletal and
muscle development and health. Although stud-
ies show a close correlation between decreased
GH/IGF-1 and increased risk of fractures®® and
sarcopenia in the elderly,®® there are still many
side effects, including fluid retention, gynaeco-
mastia and orthostatic hypotension, reported
after treatment with recombinant human growth
hormone (rhGH) and recombinant human insu-
lin-like growth factor I (rhIGF-I).°! However, no
drug therapies have yet been approved and more
extensive studies are needed to apply these data in
the management of OS disease. The aetiology of
OS is multifactorial, with complex and overlap-
ping molecular pathways: deep investigations of
the bone-muscle crosstalk will help to develop
pharmacological therapies to counter and prevent
the burden of this musculoskeletal disease.

Conclusion

OS is a complex recently defined syndrome in
which osteoporosis and sarcopenia coexist. Given
the progressive increase in the average age of the
population, OS represents a public health prob-
lem of considerable importance, given the associ-
ated socioeconomic burdens. Literature data
suggest that underlying the onset of this pathol-
ogy, there is not only an alteration in the molecular
mechanisms between bone and muscle but also a
strong genetic component associated with inter-
and intra-individual variability. Furthermore, the
role played by risk factors in contributing to the
pathogenesis of this musculoskeletal disorder is
crucial. However, there are many aspects still to be
clarified associated with both the pathophysiologi-
cal mechanisms involved and the criteria used to
diagnose this disorder. To date, there is still no
standardized protocol that allows for a quick and
accurate diagnosis of this pathology and that
includes the simultaneous clinical evaluation of
bone and muscle tissue. Further efforts must be
made in this direction; as according to some litera-
ture data, there is a significant association between
the qualitative assessment parameters of BMD
(-score) and the quality and functionality of mus-
cle tissue (handgrip strength test).2 Together with
clinical-instrumental investigations, it is desirable
to correlate these assessments with haematochem-
ical parameters reflecting markers of bone and
muscle metabolism. Therefore, the integration of
clinical evaluation of sarcopenia and osteoporosis
is essential to intercept subjects at the risk of
developing OS at an early stage. Given the impli-
cations that this disease has on the quality of life of
those affected, it is necessary to develop preven-
tion strategies aimed at lifestyle improvements
that can be reflected in musculoskeletal health.
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