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Article history: The development and maintenance of skeletal muscle and bone mass is critical for movement, health and
Received 11 September 2014 issues associated with the quality of life. Skeletal muscle and bone mass are regulated by a variety of factors
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derived mechanical forces and thus by changes in muscle mass/strength. A thorough understanding of
the cellular mechanism(s) responsible for mechanotransduction in bone and skeletal muscle is essential

I:{‘;};vzgrr‘fbhy for the development of effective exercise and pharmaceutical strategies aimed at increasing, and/or
mTORC1 preventing the loss of, mass in these tissues. Thus, in this review we will attempt to summarize the current
Growth evidence for the major molecular mechanisms involved in mechanotransduction in skeletal muscle and
Bone mineral density bone. By examining the differences and similarities in mechanotransduction between these two tissues, it
Mechanical loading is hoped that this review will stimulate new insights and ideas for future research and promote collabora-
tion between bone and muscle biologists.'
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Introduction experienced by long bones as muscles generate force for lifting distally

Skeletal muscle and bone play fundamental roles in human physio-
logy, enabling locomotion and movement, enhancing blood flow to or-
gans, and providing protection to vital organs, among others. Beyond
the mechanical roles of these two organ systems, both are also major
regulators of whole body metabolism. For instance, skeletal muscle
serves as a storage site/consumer of amino acids and glucose, and se-
cretes various myokines that affect metabolism in other tissues [1-3].
Bone serves as an ion bank for maintaining serum levels of physiologi-
cally crucial elements such as Ca?™ and Mg? ™, and also secretes active
endocrine products [4-6]. In light of the far-reaching roles of these tis-
sues in general health, it is imperative that the field comes to a better
understanding of the conditions that concomitantly affect muscle and
bone health, most notably reduced bone and/or skeletal muscle mass
(either during pre/post-natal development or in adults). These condi-
tions have the potential to increase the risk of injury and metabolic dis-
ease, reduce physical mobility, and ultimately affect the quality and
duration of life.

Skeletal muscle mass and bone mass are regulated by a range of fac-
tors that include genetics, nutrition, hormones and growth factors and,
in particular, mechanical stimuli [7,8]. It is well known that an increase
in mechanical loading of skeletal muscle results in an increase in skele-
tal muscle mass (i.e., muscle hypertrophy), while a decrease in mechan-
ical loading leads to a reduction of skeletal muscle mass (i.e., muscle
atrophy) (for reviews see [9-11]). The mechanical loading experienced
by skeletal muscle typically comprises the internal longitudinal and lat-
eral forces, of varying magnitudes and velocities, which are generated
by active muscle contractions (e.g., shortening, lengthening, or isomet-
ric contractions) or by passive stretch. Changes in mechanical loading
are also known to play a major role in the regulation of bone mass
and strength; increased mechanical loading at critical stages of growth
and development result in increased bone mineral accrual, bone mass
and strength, while reduced mechanical loading results in the loss of
bone mass and strength (for reviews see [12-14]). Importantly,
evidence suggests that the development and maintenance of bone
mass is, in large part, dependent on skeletal muscle-derived mechanical
loading [15,16].

Skeletal muscles contribute to the mechanical loading of bone in var-
ious ways that include the tensile forces developed by contracting mus-
cles at their site of insertion, the compressive forces between bones
developed by muscles contracting across joints, and bending forces

held objects [15]. In support of a critical role for skeletal muscle-
induced mechanical stimuli in the regulation of bone mass, studies
have shown that a lack of muscle function in utero results in impaired
fetal bone and joint development [17-21]. Furthermore, during post-
natal skeletal growth (2-20 yr), there is a very strong positive correla-
tion between muscle mass and bone mass, with gains in muscle mass
preceding those in bone mass [22]. In fact, the associations between
muscle/strength and bone mass in children are strong enough that clin-
ical techniques for disease diagnosis can be founded upon them [23,24].
For instance, deficiencies in the amount of bone per unit muscle
strength versus deficiencies in both factors allow for classification of di-
agnoses into primary (true or intrinsic) and secondary (physiologic)
bone disorders. Combined, these data strongly suggest that greater
forces, produced by larger muscles, may play a direct role in stimulating
bone growth. Conversely, states of reduced muscle mass and function,
such as various neuromuscular diseases (e.g. cerebral palsy and
Duchenne muscular dystrophy [25,26]), spinal cord injury [27] and
space flight [28], are all associated with a loss of bone mass. It is also in-
teresting to note, and perhaps telling with respect to the influence of
muscle forces on bone mass, that in many disease states, bone mass is
typically not over adapted for muscle mass [29].

Despite the fundamental dependence on mechanical stimuli for the
development and/or maintenance of bone and skeletal muscle mass,
the exact mechanism(s) by which changes in mechanical loading are
transduced into anabolic or catabolic signaling events (i.e.,
mechanotransduction) in these tissues remains to be fully determined.
A thorough understanding of the cellular mechanism(s) responsible for
mechanotransduction in bone and skeletal muscle is essential for the
development of effective exercise and pharmaceutical strategies
aimed at increasing, and/or preventing the loss of, mass in these critical
tissues. Furthermore, it is clear that a sizeable and powerful complement
of skeletal muscle and a robust and rigid skeleton are desirable outcomes
for optimal connective tissue health. Therefore, it is worthwhile to under-
stand the molecular underpinnings of mechanotransduction in both tis-
sues and to determine whether both can be optimized in tandem [30].
Hence, the purpose of this review is to summarize our understanding of
the key mechano-sensitive signaling events that are thought play a role
in the regulation of bone and skeletal muscle mass. Importantly, we will
also highlight important gaps in the body of knowledge in the hope that
this will stimulate further research, and potentially collaboration between
bone and muscle biologists.
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