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Abstract

Objectives: The purpose of this narrative review is to offer
an updated perspective on the current research on the glyco-
protein Osteoprotegerin (OPG), including its potential thera-
peutic impact and mechanisms of action, and interaction with
bone and muscle tissues.

Content: As health and social care advances people are living
longer, with projections suggesting that in 2050 there will be 2
billion people who are aged over 60 years. Yet musculoskeletal
health still declines into older age and as a result there is an
increase in the proportion of older populations that spend
more time with persistent disabilities. Although physical ex-
ercise is repeatedly demonstrated to minimise detrimental ef-
fects of ageing, it is not always a feasible intervention, and
other directions must be considered.

Summary and outlook: OPG, a glycoprotein decoy receptor
for the receptor activator of nuclear factor kappa-p ligand
(RANKL) is a key regulator of bone formation yet emerging
evidence has presented its potential to offer positive out-
comes in regard to the preservation of skeletal muscle mass
and function. Animal models have shown that OPG levels
increase during exercise, and independently acts to restore
losses of muscle strength and reduce bone resorption. In-
terventions to increase circulating OPG alongside exercise
may act as a therapeutic target to combat the decline in
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quality of life in older age in humans. Further research is
needed on the mechanisms of its action and interaction in
humans in combination with exercise.
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Introduction

In 2006 it was estimated that globally there were 688 million
people aged 60 years and over [1]. By 2050 this number is
projected to grow to two billion, with approximately 20 % of
those being over 80 years old [1]. The increasing proportions of
older people living for longer is a positive reflection of health
and social care advances, but there are also unintended
negative consequences as health and physical function
continue to decline with increasing age [2]. Consequently,
people are living longer with musculoskeletal health conditions
that impair the quality of life. Persistent physical disability as a
result of declining musculoskeletal health increases with age,
with current estimates for the UK suggesting a mean of 26.4
years will be spent in poorer health after the age of ~52 years
[3]. Understanding and combating the poorer musculoskeletal
health in older age is public health priority, aiming to improve
the quality of later life and ensure people remain independent
for as long as possible.

Ageing is the chronic accumulation of cell and molecular
damage imparting declines in both mental and physical
function, ultimately leading to a heightened risk of disease
[1]. Though not conclusive [4, 5], there are nine widely
accepted hallmarks of ageing: genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered
intercellular communication [6]. There are many factors
that can influence the physiological ageing process, such as
dietary supplements, exercise, mental health and genetics.
Sclerostin, Dickkopf-1 and Osteocalcin are widely studied
circulatory markers that have potential to positively influ-
ence the ageing process by promoting neurogenesis [7],
maintaining skeletal muscle mass [8] and by inhibiting the
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onset of age-related bone fragility [9]. Similarly, another
molecule that has a growing body of evidence to suggest
positive physiological effects within the ageing process is
Osteoprotegerin (OPG).

OPG, identified by Simonet et al. [10] is a glycoprotein
belonging to the TNFRa (Tumour necrosis factor receptor
alpha) family and plays a large role in the bone remodelling
cycle through both osteoclastogenesis and inhibition of the
RANK/RANK Ligand (RANKL; Receptor Activator of Nuclear
Factor Kappa B Ligand) system. The synthesis of OPG arises
from the osteoblast as a propeptide from which a signal
peptide of 21 amino acids then separates. This generates a
380 amino acid peptide in its mature form [11]. Its regulation
can be impacted by some cytokines such as TNF-q, IL-1 and
IL-6, hormones such as vitamin D and oestrogen, other
mesenchymal transcription factors, and Wnt/B-catenin [12].
Structurally, OPG consists of 7 domains [13, 14]; domains 1-4
are cysteine-rick N-terminal domains, domains 5 and 6 are
death domain regions, and the final domain is a C-terminal
heparin binding domain. These first 4 domains are struc-
turally similar to the TNF receptor (TNFR) family, whilst the
primary physiological functions of domains 5 and 6 remain
unestablished [15]. The 7th domain is a binding site for
heparin, similar structures for which have been identified in
fibroblast growth factors [16, 17]. This final domain is key for
the antiresorptive role of OPG in bone remodelling. Hep-
arin inhibits the binding of OPG to RANKL, enhancing
osteoclastic bone resorption, thereby inhibiting OPG ac-
tivity [18]. Within the general circulation OPG levels are
found to be around 1-2 pmol.L. ™, but can fluctuate acutely
in response to exercise (detailed below) [12] and also over
time with age [19, 20].

OPG lacks any direct signalling capacity of its own and is
secreted from both osteoblasts and stromal cells to act as a
decoy receptor, primarily functioning through the impair-
ment of the RANK/RANKL complex, formed by binding to
RANKL in place of the RANK receptor [11, 21]. By binding to
the RANKL, the cognate receptor of RANK, the osteoclast
receptor is prevented from activation [22]. There is also ev-
idence to suggest OPG is secreted in response to mechanical
stretching within differentiated C2C12 precursor cells, how-
ever the translation of these effects, via whole body exercise,
on the stimulation of OPG secretion in mature skeletal
muscle has not been defined [23]. There is also evidence from
animal models to indicate that OPG possesses the capacity to
offer protective effects against atrophy in dystrophic muscle
and to restore function in fast-twitch extensor digitorum
longus (EDL) [24]. In rodent models of dystrophic muscle,
daily injections of 0.3 and 1.0 mg kg ' OPG per day via OPG-fc
(an Osteoprotegerin fragment complex), a dose-dependent
increase in the contractile properties of muscle was
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observed, specifically in the Soleus (SOL) and EDL muscles
[24]. Improvements in muscle specific force production
reaching 114 and 233 % above baseline have been identified
in the SOL and EDL, respectively [24]. However, these in-
creases were observed only in dystrophic muscles and were
absent in healthy (control) groups, suggesting a pathological
process must first be active in order for OPG to exert any
influence over the skeletal muscle. This research [24] high-
lights a potential therapeutic role for OPG in mitigating
muscle wasting in dystrophic conditions and other similar
physiological processes that encompass a loss of muscle
mass and function, including muscle health in older age,
particularly when combined with physical exercise.

Objectives

This narrative review will focus upon the role of Osteopro-
tegerin (OPG), a glycoprotein, as a potential molecule to
support the alleviation of deterioration within the muscu-
loskeletal system associated with ageing. The role of OPG
within bone metabolism, with and without exercise, will be
reviewed along with the current understanding of OPGs
interactions with skeletal muscle. It is our aim to highlight,
through the current body of evidence that demonstrates the
beneficial effects of OPG within specified dystrophic
muscular conditions, that OPG could act as a potential
therapeutic target for future interventions to support and
enhance musculoskeletal health in older age. The summary
of this article is presented in Figure 1.

Content
Musculoskeletal ageing

Ageing of the musculoskeletal system is characterised by the
gradual decrease in skeletal muscle mass (SkMM) and
function [25], and bone mineral density (BMD) accompanied
by an increased occurrence of intramuscular adipose tissue
infiltration [26]. These factors do not decrease at the same
rate, with skeletal muscle function showing decreases at a
greater rate than that of mass [25] and therefore posing a
greater risk in the loss of longevity and functional capacity
with ageing [27]. Current estimates suggest that individuals
from the age of 75 years lose SkMM at a rate of 0.64—0.7 % per
year in females and 0.8—0.98 % per year in males [27], with
force production loses at a rate of 3—4 % per year in males
and 2.5-3 % per year in females [27]. In healthy individuals
aged 77.4 + 2.8 years, BMD declined ~ 10 % over the pre-
ceding 25 year period [28].
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The role of Osteoprotegerin (OPG) in

exercise induced skeletal muscle adaptation

INTRODUCTION

Physical activity can provide some mitigation to
age-related muscle wasting, but it is not always
feasible or accessible to all, necessitating

alternative solutions.

Osteoprotegerin

The impact of osteoprotegerin (OPG) as a means
to positively impact muscle mass and strength
is still unclear.

xRS

Objective: to offer an
updated perspective on the
glycoprotein OPG, including

its mechanisms of action,
interactions with both bone
and muscle tissue and its
potential therapeutic
impact.
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A narrative review was conducted to revisit the role of OPG in bone
metabolism both with and without exercise, as well as the latest
research on the interactions of OPG with skeletal muscle.

RESULTS

OPG can provide some protective effects
3 to both skeletal muscle mass and

integrity, in addition to its established role
within bone homeostasis.

Further targeted research may reveal its
ial to enk the beneficial

effects of exercise in clinical populations.
/ n Considering that most research has focused
. on outcomes in rodent models, further
L, studies in humans are needed to identify the
. precise mechanisms of action of OPG.

CONCLUSION

Itis clear OPG has a potential protective role within skeletal muscle,
future research should look towards developing this understanding and
perhaps later evolving its capabilities to be used within human muscle
to support musculoskeletal health into older age.
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Figure 1: Graphical representation of this study. Key points: (1) Osteoprotegerin (OPG) is well known for its role in bone metabolism. (2) New evidence is
emerging to suggest OPG can interact and preserve some muscle losses. (3) Given the relationship between muscle and bone, OPG could become a
relevant glycoprotein to help mitigate some of the losses in bone and muscle through ageing. Figure created with biorender.

Mechanical stimuli are imparted by the muscle in a
number of forms, for example isometric, plyometric, static
contractions etc. This interaction within the musculoskeletal
system depends upon the conversion of mechanical forces
exerted by the musculature into intracellular signals for
cellular communication [29, 30]. In essence, the forces from
muscles employed for movement and physical activity sub-
sequently activate cellular mechanisms that, in turn, regu-
late the bone remodelling system [31]. Conversely, when
little or no forces are provided by the muscles, such as during
extended periods of bed rest following injury/illness, surgery
or space flight in the absence of gravity, both skeletal muscle
mass, bone mass and/or density are significantly reduced
[32-34]. This mechanism is known as the mechanostat the-
ory and states that bone adapts to increased mechanical

loading (i.e. by impact/resistance exercise) by increasing in
size and strength [35-37]. This is also evidenced in highly
athletic populations [38, 39] whom typically have greater
bone mass and strength [36].

The role of bone and muscle extends beyond structural
features, with both acting as endocrine organs, secreting
substances into the circulation to exert effects on other or-
gans. Osteocytes primarily function as a regulator of bone
break down, yet like myostatin and its primary association
with muscle, osteocytes can also act as an endocrine organ
influencing downstream circulating factors that, in turn,
interact with other physiological systems [40]. Osteocalcin,
an example of such circulating factors, is released by bone
into the bloodstream where it can interact with substances
from the liver and adipose tissue, supporting metabolism.
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Osteocalcin also inhibits bone formation by impairing oste-
oblast formation [41, 42]. OPG, is another example of the
aforementioned factors and it functions to inhibit the pro-
duction of osteoclasts, the primary cells of bone resorption.
OPG primarily acts as a decoy receptor for the activator of
nuclear factor kappa-B ligand (RANKL), consequently
inhibiting the pathway by which osteocytes are differenti-
ated into osteoclasts through stimulation by RANKL [43]. By
reducing the activity of osteoclasts, OPG is able to limit bone
resorption, creating a favourable environment for bone
forming osteoblasts in which new bone matrix can be
deposited. OPG also acts upon osteoblasts directly, stimu-
lating osteoblast proliferation, differentiation and mineral-
isation, leading to further increased bone formation [44].

OPG is also able to bind and interact with TRIAL (TNF-
related apoptosis inducing ligand). TRIAL is a member of the
TNF superfamily and is normally produced by immune cells
within the tumour environment. Both TRAIL and RANKL
bind to OPG similarly, inhibiting TRAIL induced apoptosis in
various cancer cells. To further contribute to muscle-hone
cross talk, OPG has been highlighted to play a role within
vascular physiology, secreted by endothelial cells of smooth
muscle. Studies have shown recombinant OPG to promote
survival of mature vascular endothelial cells [45-47]. Exog-
enous OPG administration is able to prevent vascular calci-
fication [48] but conversely other studies have correlated
high serum OPG levels with a greater severity of artery
disease and heart failure [49-51]. The mechanisms of OPG
within vascular pathologies remains unclear but there are
suggestions that OPG blocks the apoptosis through binding
with TRAIL and thereby enables stimulation of new endo-
thelial cells and ultimately newer blood vessels [52-54].
Given the interaction of OPG with TRAIL within smooth
muscle amongst pathologies such as heart disease and
atherosclerosis, and the increased incidence of such pa-
thologies within ageing, it is not implausible to suggest OPG
to be able to interact with TRAIL of skeletal muscle in a
similar ageing processes.

The resultant products of the endocrine functions of
bone and muscle reaffirm the possibility of identifying
therapeutic targets, within the bone/muscle interaction for
the prevention and/or treatment of continued poor muscu-
loskeletal health and ultimately the loss of independence
and quality of later life.

Exercise and osteoprotegerin

With exercise the relationship between muscle and hone is
enhanced via increased mechanical and biochemical sig-
nalling. The long-term musculoskeletal benefits are clearly
demonstrated in competitive masters athletes [38, 55].
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The majority of research investigating OPG and its
relationship with exercise have been centred around bone
health. Ziegler et al. [50] have reported elevated OPG levels
immediately after long distance running in middle age men
and women. Within cellular models, various levels of
loading and stress have been noted to cause increases in
levels of OPG [56-59].

In premenopausal females OPG levels are found to be
26 % higher in those who exercise regularly compared to
those who are sedentary, and OPG has been highlighted as a
means to mitigate bone loss in females with an absence of
menstrual cycles and subsequent oestrogen deficiency [60].
With a number of studies showing ultra endurance type
activities to have ill effects on bone health, OPG has been
suggested to become elevated as a compensatory mechanism
to alleviate the increased resorption, but with comparative
RANK-L measures, this is hard to confirm [61]. OPG levels
have also improved in postmenopausal females following 1
year of light aerobic exercise, but whilst not affecting the
RANKL levels [62].

Despite the majority of research noting positive changes
in OPG levels and OPG/RANK ratios with exercise there are
still equivocal findings, 8 weeks of either aerobic endurance
or resistance exercise did not yield any significant changes
in older women despite significant improvements in mea-
sures of bone mineral density [63]. In female gymnasts of a
peripubertal age, undergoing very high impact type activity
demonstrate similar levels of RANKL and OPG to those age
matched swimmers (being a non impact activity) [64]. Yet a
single stimulus of plyometric exercise can acutely increase
levels of circulating OPG, without consideration of age and/
or sex [65].

More generally, aerobic and resistance training have
been shown to slow the age-related decline of muscle mass
and strength [25, 66]. Similarly, improvements in BMD in
older age have been established with weight bearing and
resistance-based exercises, reducing the risk of falls and
fractures [67, 68]. Despite well-established protocols of ex-
ercise declines in musculoskeletal health remains the most
prominent cause of poor quality of life and a lack of inde-
pendence [69], highlighting that the lack of adherence to
exercise programs continues to remain an issue beyond the
research intervention. Therefore, there is still a need to
provide more viable and sustainable strategies, alongside
exercise, that will support the maintenance of a higher
quality of later life allowing older adults to remain in good
health for a longer duration.

Future interventions that target both bone and muscle
simultaneously, and can support the advantages of exercise,
may hold potential in the successful alleviation of declines in
musculoskeletal health and ultimately the onset of both
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sarcopenia and osteoporosis. Osteoprotegrin may provide a
possible solution for beneficial effects at both the skeletal
and muscle level.

Physiological relevance of
osteoprotegerin

OPG functions to maintain skeletal density through the in-
hibition of bone resorption via the RANK/RANKL complex
[70]. OPG is key in protecting the skeleton from excessive
bone resorption, and the ratio of RANKL to OPG is an
important measure of bone mass and skeletal integrity [22].
Preliminary research has identified in transgenic mice
shows the overexpression of OPG is able to induce extreme
osteopetrosis — a condition in which bones grow to an
abnormal level of density [71]. Conversely, in mouse models
with the gene responsible for OPG expression, TNFRSF11B is
downregulated, severe osteoporosis is observed. The rela-
tive levels of OPG production in an organism is directly
influential, dictating the extent to which bone resorption
occurs. A recombinant viral vector containing genes
expressing OPG has been utilised in mouse models via
intramuscular injection to assess the effectiveness of
reducing the breakdown of wear debris particulates, in or-
thopaedic implants, commonly associated with the impair-
ment of osteoblastic bone formation and, therefore, bone
formation within the bone resorption cycle [72]. Wear
debris, which are artificial particles created by the abrasion
of surgical implants against bone [72], can accumulate over
an extended period of time and begin to cause osteolysis,
which is a cause for concern in relation to surgical in-
terventions. Increased osteolysis, caused by an upregulation
of osteoclastic bone resorbing activity within bone tissue is a
key factor in the onset of osteoporosis [73]. By introducing
viral vectors containing OPG expressing genes, it was
observed that the recombinant OPG blocked or inhibited the
RANK/RANKL complex that would ordinarily be responsible
for the stimulation of osteoclasts, resulting in down-
regulation of bone resorption [73]. These findings support
the OPG’s impact and its use as a therapeutic target for the
reduction of osteolysis in bone implants.

As well as its role within the skeleton, OPG has been
implicated in the maintenance of human skeletal muscle
mass and function, yet mechanisms remain undescribed
[24]. There are preliminary findings that show positive re-
sults; exogenous OPG administration demonstrates inhibi-
tion of bone resorption and preservation of muscle mass
within rodent models, leading to the development of osteo-
petrosis, when recombinant OPG (OPG-Fc) is administered to
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normal, healthy rodents [10]. As previously mentioned,
when OPG-fc is administered to dystrophic mice, skeletal
muscle integrity and function is increased by up to 233 %,
identified in the EDL muscle, but provides no effects on
healthy, normal muscle, suggesting a pathologic process
must first be active to allow OPG to function [24]. OPG (-/-)
mice exhibit greater reductions in bone health with promi-
nent cases of osteoporosis, in addition these mice demon-
strate selective weakness of type 2B skeletal muscle fibres
only [74].

It is proposed that OPG could mechanistically work in a
similar manner in skeletal muscle as it does in bone, through
the interference of the binding of RANKL to surface RANK on
skeletal muscles [22, 70]. As such, its effects may also be
enhanced when combined with exercise. OPG-Fc and anti-
RANKL antibodies appear to protect against muscle wasting
in dystrophic mice, shown by the retention of 21 % more
muscle mass in EDL muscle treated with OPG-Fc, compared
with dystrophic mice injected with the same volume of
Phosphate Buffered Saline (PBS), both over a 28-day period.
Similarly, in the Diaphragm (DIA) during the same 28-day
period a 12 % increase in muscle mass retention was iden-
tified in OPG-Fc injected dystrophic mice compared with
dystrophic mice injected with PBS [24, 75, 76]. The notion of
RANK/RANKL involvement has been further explored
through the deletion of muscular RANK. Mouse models with
such RANK deletion prevent the loss of maximum specific
forces (primarily associated with type 2 fibres), but sur-
prisingly decreased the overall size and fatigability of EDL
muscle, which is primarily comprised of type 24, 2X and 2B
fibres [77]. This eludes to a preferential loss of type 2 fibres
through RANK deletion, similarities of which are presented
through muscular ageing and inactivity with specific fibre
type loss, primarily type 2X, and a resulting fibre type
grouping of type 1 fibres [66, 78, 79]. Thus, it is plausible the
effects of OPG are fibre type specific further highlighting its
potential to alleviate musculoskeletal deterioration in older
humans. Albeit dystrophin models present different muscles
to that of healthy aged, responsiveness to stimuli such as
exercise show similar trajectories, thus the combined re-
sponses of muscular force and specific fibre type influences
offer strong links to infer aged muscle will respond similarly
to that of dystrophic muscle. Furthermore it has been high-
lighted that the poor differentiation capacity and premature
senescence of satellite cells represents those of aged skeletal
muscles, similar arguments can be presented for the onset of
mitochondrial dysfunction and autophagy capacity, and
thus provides a sound model for understanding mechanisms
of action of specified molecules [80].

It is possible that if OPG does inhibit RANK on the sur-
face of skeletal muscle then the regulation of Ca** influx is
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interrupted, through interference with the activity of
sarcoplasmic reticulum Ca®* ATPase, (SERCA) via activation
of TRAF-6 (tumour necrosis factor receptor-associated factor
6), a process normally stabilised through the RANK/RANKL
pathway and primarily responsible for intracellular calcium
concentrations within the muscle [81]. Moreover, TRAF-6 has
been shown to have influence across bone resorption as well
as TRAF-6 deletion demonstrating preservation of muscle
atrophy within a muscle wasting model, exhibiting roles
across both bone and muscle pathophysiology [81]. If OPG is
unable to inhibit RANK at the surface of the muscle then
TRAF-6 is unable to regulate the SERCA activity with
resulting rises of Ca?* within the muscle, in turn activating
calcineurin which dephosphorylates NAFTc1 and promotes
slower muscle twitch phenotypes [81]. The NFATc1/calci-
neurin axis has been highlighted to initiate specific fibre
type growth within other models, particularly in evolving
slower type fibres in regeneration of muscle after injury [82].
The role of OPG, inhibiting RANK at skeletal muscle sur-
face and subsequent TRAF-6 activation and increase of
Ca’* within the sarcoplasmic reticulum, could be a
possible target to help to preserve muscle loss and resto-
ration of the faster twitch muscle fibres, which could be
further enhanced with incorporation of resistance based
or anaerobic exercise activities. Comparatively, muscle
specific RANK knockout mice exhibit reduced SERCA ac-
tivity, favouring a fast muscle phenotype and protecting
against sciatic denervation induced muscle dysfunction [81].
There are specific actions to SERCA; SERCA-1a is specific
to the regulation of fast twitch muscle fibres whereas SER-
CA-2a is predominantly responsible for slow-twitch fibres. It
is plausible that there may be a specified action of OPG on the
SERCA pathways given the majority of influence is fibre type
specific [81]. It is also possible that STIM-1 could control the
influx of Ca** into skeletal muscle from the extracellular
environment via the formation of the STIM-1/Orai-1 complex,
opening the ORAI-1 Ca*" ion channel. In the event of reduced
SERCA activity, STIM-1 becomes activated through detection
of lowered Ca®" stores, and acts to promote the replenish-
ment of Ca** to improve muscle function in denervated and
atrophied EDL muscle [81]. Through OPG inhibition of the
RANK/RANKL complex activity, it is possible that this same
mechanism of SERCA activity reduction may occur, leading
to STIM-1/Orai-1 complex mediated Ca®* store replenishment
and improvements in atrophied and dystrophic fast twitch
muscle. This pathway could provide a novel approach to
combat skeletal muscle dysfunction in ageing via SERCA
modulation using OPG or similar acting agents. However,
due to the lack of conclusive evidence to support this
possible role of OPG within calcium homeostasis within
skeletal muscle, further investigation into determining a
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proven role for OPG related to calcium homeostasis in
skeletal muscle must be conducted in order to understand
possible adverse effects to calcium homeostasis as a result of
OPG treatments. Despite a role for OPG in calcium homeo-
stasis not being proven in skeletal muscle to date, and the
complete role RANK plays within skeletal remains partially
understood, potential mechanisms for the action of OPG
within skeletal muscle have been suggested (Figure 2).
Furthermore, given RANKL deletions are able preserve the
loss of muscle specific force but not the loss of muscle mass
following denervation, it is likely that inhibition of SERCA
allows a prolonged Ca’* release supporting maintenance of
muscle specific forces. However the exact mechanisms be-
tween a RANK deletion and reduced SERCA activity need to
be fully identified before OPG can be utilised for the
manipulation of SERCA and Calcium re uptake [81].
Another potential mechanism in which OPG may
interact with skeletal muscle is via the stimulation or
reduction of NF-kB. NF-kB activation causes profound mus-
cle wasting by increasing activation of the ubiquitin pro-
teasome system and has been linked to the loss of skeletal
muscle mass in a number of physiological and pathophysi-
ological conditions such as sarcopenia and Duchenne
muscular dystrophy (DMD) [83]. RANK/RANKL interaction is
the upstream activator of NF-kB; when NF-kB activates
RANKL it causes stimulation and expression of TNF-a, IL1a,
IL-1B [84, 85]. Treatment with anti-RANK molecules inhibits
the NF-kB pathway in dystrophic mice, reducing the number
of type 2 fibres [76]. OPG has also been shown to secrete from
type 2 fast fibres, again highlighting specific fibre type action,
and in cell culture models, can provide an anti-inflammatory
effect protecting pancreatic beta-cells against TNFa induced
insulin resistance [86]. However, more detailed research is
required to evolve these mechanistic links to animal and hu-
man models. In clinical settings, Denosumab is an anti-RANKL
drug that acts to inhibit the RANK/RANKL complex by acting as
a decoy receptor for RANK, in much the same way as OPG, and
is frequently used treatment for osteoporosis in post-
menopausal females. Conversely, with over expression of
RANKL, mice demonstrate muscle atrophy, fat infiltration,
inflammation, necrosis and lower force production [87]. The
clinical use of Denosumab has demonstrated improvements in
lean mass and hang grip strength, as well as reductions in
further bone fracture [88, 89]. The positive clinical outcomes for
the use of the anti-RANK drug provide further rationale for the
therapeutic target of OPG. Such interventions, in line with the
general healthy ageing guidance regarding physical activity,
nutrition and lifestyle would certainly provide a firm basis for
the improvements in musculoskeletal health of older adults.
Other notable works investigating the role of OPG has
involved the deletion of OPG in differing ages of mice [74].
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Figure 2: Within atrophic muscle, the absence of OPG allows the RANK/RANKL complex to form, leading to the stimulation of nuclear factor kappa beta
(NFkB), in turn activating the ubiquitin-proteosome system and increasing atrophy. In addition, SERCA is weakly upregulated, leading to a reduced ability
to transport Ca®* ions into the sarcoplasmic reticulum (SR) to facilitate contraction. Within this pathway, it is suggested that the STIM-1/0RAL-1 complex
method of Ca®* replenishment is also inhibited, by a yet unknown mechanism. Conversely, when atrophic muscle is exposed to OPG, the RANK/RANKL
complex is formed at a much-reduced rate, meaning SERCA activity is inhibited. In response to this inhibition, it is possible the STIM-1/ORAI-1 complex is
upregulated, allowing the replenishment of Ca** ions into the SR and therefore increasing the capacity of the muscle to contract.

The absence of OPG in those 1 and 3 months old did not seem
to interfere with muscle function, but those of 5 months
demonstrated atrophy of type 2B fibres, with an increased
over expression of NF-kB, atrogin-1 and MuRF-1. Yet, when
treating the 3-month OPG deficient mice with an anti-RANKL
treatment for 2 months, muscle function improved both
in vivo and ex vivo and biomechanical properties of bone
were rescued. In vitro stimulation of RANKL within C2C12
myotubes increased the expression of transcription factors
NF-kB, atrogin-1 and MuRF-1. Thus, it is clear that the
absence of OPG, and resulting increase in RANKL within the
surrounding circulation, results in increased bone resorp-
tion and muscle weakness of specific fibres, again primarily
type 2, but these losses are somewhat rescued by anti-RANKL
treatment [74]. Collectively this evidence further indicates
the role that the OPG/RANK/RANKL pathway has within both
bone and muscle structure and function [76] and its speci-
ficity for fibre type influence.

The inhibition of the activation of RANK by OPG still
remains the leading explanation as to how OPG may be able
to preserve skeletal muscle mass and integrity, whilst also
mitigating the loss of muscle force within sarcopenic and

dystrophic muscle [24]. In theory, the action of OPG to inhibit
the formation of the RANK/RANKL complex within skeletal
muscle leads to decreased Ca?* concentrations, and unin-
hibited calcium flux. In dystrophic muscle, where the RANK/
RANKL complex is uninhibited by OPG, increased Ca?* con-
centration is observed, upregulating dystrophic muscular
pathways and leading to decreased skeletal muscle mass and
integrity [24, 77].

Summary and outlook

OPG can provide protective effects to both skeletal muscle
mass and integrity, in addition to its established role within
bone homeostasis [24, 90], and further targeted research
may reveal its potential to enhance the beneficial effects of
exercise in clinical populations. To understand how OPG
could be used within patients it is imperative to understand
its precise mechanisms of action and origination within both
human skeletal muscle and bone, with current research
having focussed outcomes within rodent models, within a
number of varying models of physiological environments
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[24, 91]. As there is a lack of consistency in the molecular
forms of OPG used within the literature, no conclusive
consensus on the efficacy of it as a therapeutic target can be
drawn. However, by understanding the mechanistic capac-
ity of OPG within muscle, it will be possible to understand
how OPG acts to preserve muscle mass and determine the
effectiveness of OPG to mitigate some of the muscle and bone
loss caused through ageing by disuse, disease, and illness.
Future work is required to elucidate the molecular mecha-
nisms, effectiveness and efficacy, behind the ability of OPG to
retain skeletal muscle mass and integrity, with future
research working towards producing a therapeutic model in
which OPG’s protective effects could be investigated for use
within clinical settings.

Further investigation into the apparent fibre specificity
exhibited by both ageing and dystrophic musculature to
preferentially decrease both type 2 fibre size and number
over type 1 should be conducted to reveal the molecular
mechanisms that drive this aligning animal models to those
of relevant human population (i.e. aged). In addition to the
relatively young mice used within these studies, much of the
findings of studies utilising mouse models often fail to
translate to humans due to a multiple factors, notably the
often overlooked differences in muscle function between
mice and humans [92]. Specifically, given the positive out-
comes established thus far by the use of denosumab on
skeletal muscle [89] and other pathologies such as cancers,
often a heightened likelihood with ageing [93], further
research should be targeted towards a better understanding
of the anti-RANK agents interactions with OPG and muscle.
There are many potential side effects with the use of anti-
RANK therapies, such as denosumab and bisphosphonates,
including hypocalcemia and osteonecrosis [94, 95]. By pri-
oritising the therapeutic exploration of OPG, alternative
routes minimising side effects and risk to patients may be
uncovered allowing alternative treatment options for skel-
etal muscle atrophy due to ageing and dystrophies. Finally, it
should not be omitted the positive influence that exercise
has on OPG, with increases identified in both acute and
chronic exercise regimes [12], given the premise of the re-
view herein and the known benefits of exercise for muscu-
loskeletal health in older age [96, 97]. OPG, or other anti-
RANK agents used in conjunction with exercise throughout
ageing could provide a much more sustainable/achievable
approach to managing the reduced quality of life in older age
as a result of deteriorations in musculoskeletal health.
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