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GENERAL DISCUSSION

Musculoskeletal diseases are the main cause of disability in developed countries. The prevalence 
of musculoskeletal diseases is expected to increase in the next 20 years due to the aging 
population and sedentary lifestyles (100). As such, prevention of these musculoskeletal diseases 
is urgently required. Physical activity has a crucial role in this, since it maintains and improves 
musculoskeletal health (8, 81). During physical activity muscles and bones adapt their mass and 
structure in order to enable locomotion, load bearing and to attain optimal resistance to damage 
(71, 78, 84). This adaptation is controlled by muscle cells and bone cells (59, 91). It has been 
suggested that muscle cells and bone cells biochemically interact (2, 40, 52), but little is known 
about the mechanisms behind this interaction. The possible existence of such an interaction also 
suggests that muscle and bone share similar signaling pathways in their response to mechanical 
loading. Insight in the communication between muscle and bone, and on the signaling pathways 
involved in the adaptation of muscle and bone in response to physical activity, may improve our 
knowledge on how these tissues adapt their roles during life and how these tissues are affected 
in musculoskeletal diseases. Such knowledge is also a requisite for the development of novel 
therapies and training-interventions for the treatment and the prevention of musculoskeletal 
diseases.
 The aims of this thesis were: 1) to investigate whether biochemical communication 
between muscle and bone in response to mechanical loading is possible, by identifying signaling 
molecules produced by bone cells that could affect muscle and vice versa, and 2) to identify 
novel signaling pathways potentially involved in the adaptation of bone mass and muscle fiber 
size in response to mechanical loading. We showed that in response to mechanical loading, 
osteocytes express muscle soluble, anabolic and metabolic factors, i.e. IGF-I Ea, MGF, VEGF, 
and HGF (chapter 2) and myotubes express osteo-inductive and catabolic factors, i.e. COX-2, 
Wnts, and RANKL (chapter 3). Osteocytes did not express myostatin (chapter 2), whereas the 
receptor of myostatin, i.e. activin type IIB receptor, is expressed by mesenchymal stem cells 
(42). This indicates that communication between muscle cells and bone cells is possible provided 
that the factors from one tissue reach the cells in the other and vice versa. 
 Muscle cells may affect bone remodeling via influencing the formation of bone 
resorbing osteoclasts. We have shown in vitro that myotubes subjected to mechanical loading 
change the expression and secretion of soluble factors that increase osteoclast formation, such 
as IL-6 (chapter 4 and chapter 6). In addition, key factors in muscle fiber size regulation, such as 
IGF-I and VEGF, are also known to stimulate osteoblast proliferation and differentiation (19, 51), 
and osteoclast formation (19, 96). So, it seems that in bone, the activity of both osteoblasts and 
osteoclasts may be affected by signaling molecules expressed by skeletal muscle. This suggests 
that in response to exercise, the rate of bone turnover increases, via soluble factors produced 
by skeletal muscle. In reverse, biochemical communication in response to exercise from bone 
to muscle may occur via the expression of soluble factors by mechanosensitive osteoblasts and 
osteocytes. This indicates that muscle and bone may function together in their adaptation to 
mechanical loading, and that bone could benefit from muscle and vice versa.
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In addition to the possibilities for biochemical interaction between muscle and bone, this thesis 
describes additional biological pathways involved in mechanotransduction within muscle and 
bone. For instance, we showed that osteocytes produce VEGF and HGF in response to mechanical 
stimuli (chapter 2). These molecules are known to play an important role in muscle adaptation to 
mechanical loading (69, 80), but no such role in bone was known. The fact that osteocytes and 
myotubes express identical signaling molecules does not necessarily suggest that the primary 
goal of this expression is to affect each other. Likely, these factors primarily affect the effector 
cells in their own environment, i.e. muscle fibers and satellite cells in muscle, and osteoblasts 
and osteoclasts in bone. Bone forming osteoblasts and bone resorbing osteoclasts are able to 
respond to VEGF and HGF produced by osteocytes, as they express the specific receptors for 
these growth factors (1, 19). Conversely, COX-2 and Wnts were already associated with muscle 
hypertrophy (67, 94), however we were the first to describe that the expression of these factors 
by myotubes is modulated by mechanical loading, in vitro. So, mutual signaling pathways may 
exist in mechanical loading- induced bone remodeling and muscle fiber size regulation. 
 Moreover, studying mechanotransduction in two different tissues, i.e. muscle and bone, 
has provided new insights into how for each tissue an alternative type of mechanical stimulus 
affects biological responses in muscle and bone cells. Until recently, it was generally presumed that 
in skeletal muscle, high tensile strain and high contractile forces initiated mechanotransduction 
(14). However, shear stress exerted by adjacent muscle fibers onto the ECM (i.e. endomysium 
of a muscle fiber) could as well activate signaling pathways involved in adaptation (chapter 5), 
just like in bone, where fluid flow in the canaliculi elicits a fluid shear stress on the osteocyte cell 
membrane (73). Indeed, we have shown that myotubes were able to respond to fluid flow induced 
shear stress, by stimulating NO production and the expression of muscle anabolic factors (i.e. 
IGF-I Ea, MGF and VEGF) (chapter 5). Regarding bone, osteoblasts seem to be more sensitive 
to tensile strain than osteocytes, regarding IGF-I expression (chapter 6). This would make sense 
as in vivo, osteoblasts adhere to the bone surface and are likely more subjected to tensile strain 
than osteocytes (63). Since multiple mechanical stimuli affect bone cells and muscle cells during 
physical activity, it is important to study the effects of both shear stress and tensile strain on 
muscle cells and bone cells (14, 63). This will lead to a broader insight into the biological responses 
and mechanical properties that are involved in mechanotransduction in muscle and bone.
 In summary, the studies described in this thesis provide possibilities of how biochemical 
communication between muscle and bone in response to mechanical loading may occur. 
Moreover, this thesis may give more insight in adaptive responses of muscle cells and bone 
cells to mechanical loading. Note that the results in this thesis are based on in vitro studies on 
cell lines and/or primary cells. One may question whether these results can be translated to in 
vivo situations. In the following sections the limitations as well as the implications of the studies 
are discussed.
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Physical exercise and mechanical loading of muscle and bone
Bone - During exercise, different loads are applied on bone tissue, i.e. axial compression, bending, 
shearing, and twisting, which will affect bone tissue differently (15, 38). The combination of 
these different forces makes it difficult to predict the resulting effects on the heterogeneous bone 
structure, and to determine the type of mechanical stimuli that is experienced by the cells within 
the bone matrix. As such, translating in vivo loading into an in vitro loading regime relies on 
predictions in theoretically designed models (3, 27, 97). According to these theoretically designed 
models, different types of mechanical stimuli, i.e. fluid shear stress and/or tensile strain, may be 
used to study mechanotransduction in vitro. As bone cells respond differently to different types 
of mechanical stimuli (chapter 6, (63)), the type of mechanical stimulus, or the combination of 
mechanical stimuli, may determine how bone adapts to mechanical loading.
 Skeletal muscle - As skeletal muscle is a tissue that has the ability to actively generate 
force, the different loads experienced do not only depend on external forces like in bone, but also 
on the internal forces generated by the contractile filaments within muscle fibers (44). Generally, 
individual muscle fibers may shorten, lengthen, twist, and rotate during force generation (14). In 
addition, finite element modeling has shown that serial sarcomere strain within a muscle is not 
uniform (104). As muscle fibers are mechanically coupled laterally, and the force generated by 
the sarcomeres is likely exerted to the extracellular matrix, i.e. the endomysium, shear loading 
of the extracellular matrix in muscle in vivo may occur (35, 104). It is therefore highly conceivable 
that shear stresses contribute to the deformation of the whole muscle. This may particularly be 
the case in multi-tendoned skeletal muscles, such as the M. Gastrocnemius (49). Muscle fibers 
are able to lengthen up to 60% from their rest length (32, 106). So far, in vitro models that mimic 
skeletal muscle load in vivo, have been restricted to using tensile strain as mechanical stimulus 
(36, 72, 82, 92). In this thesis, we used fluid shear stress to test the effects of a shear load onto 
the ECM. The results of these expriments are described in chapter 5.
 As skeletal muscles attach to bone, and provide the means by which skeletal loading 
is achieved, skeletal muscles have the ability to affect bone adaptation directly by modulating 
its mechanical environment (28). Muscle contraction results in the activation of bone 
mechanoreceptors, particularly of the cells in the periosteum where tendons are attached (12). It 
is thought that muscle contraction, as a mechanical stimulus, is more important than bodyweight 
itself, since 70% of the load on bone depends on muscle contraction (56). This, however, does 
not account for all physical activities such as cycling or swimming where the adaptive response 
is lower compared to that in response to weight bearing activities, such as weight lifting and 
tennis (9). This suggests that lower gravitational forces result in a lower osteogenic response. It 
is therefore not clear whether either gravitational or muscle forces provide the dominant osteo-
anabolic and anti-osteo-catabolic stimuli related to exercise. Besides a mechanical interaction 
between muscle and bone, it becomes more evident that a biochemical interaction between 
muscle and bone exists (2, 40, 50).
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Biochemical pathways in muscle-bone interactions
Mechanical loading of the musculoskeletal system activates biochemical signaling pathways 
in muscle cells and bone cells, which induce adaptation of mass and structure of muscle and 
bone (54, 91). Many signaling pathways that are activated in response to mechanical loading 
are similar in bone cells and muscle cells. The similar signaling pathways involve Ca2+ influx 
(47, 64), NO production (47, 93), Wnt-signaling (70, 79), activation of Akt/mTOR pathway (11, 
77), and activation of NFκB (4, 66). Moreover, mechanical loading changes the expression of 
growth factors, and/or cytokines by muscle cells and bone cells (10, 36). This thesis describes 
that muscle cells and bone cells in vitro respond to mechanical loading by expressing a range of 
identical growth factors and/or cytokines, i.e. IGF-I, MGF, VEGF, HGF, IL-6, Wnts and RANKL 
(chapter 2 and chapter 3). These growth factors and cytokines may affect protein turnover in 
the same cell where it is expressed (autocrine), or in other cells via cell-cell contact (paracrine) 
or via the blood circulation (endocrine) (23, 44). Not all signaling molecules will easily enter 
blood circulation, like the Wnt family proteins which are not often detected in a soluble form 
(68), or NO, which is a short lived molecule (25). The growth factors and cytokines IGF-I, VEGF, 
HGF, IL-6, and RANKL are able to enter the circulation (33, 39, 62, 74, 86). The similarities 
in the expression of growth factors and cytokines by muscle cells and bone cells, together 
with the activation of mutual signaling pathways in response to mechanical loading, suggests 
that biochemical communication between muscle cells and bone cells is possible, either in an 
paracrine or endocrine manner.
 For a growth factor or cytokine to activate signaling pathways within the effector cells, 
the receptor for the particular factor needs to be present on the effector cells. Regarding the 
possible biochemical communication between muscle and bone, muscle cells could stimulate 
osteoblast differentiation and osteoblast activation via the expression of IGF-I, MGF, HGF, VEGF, 
and IL-6, since osteoblasts express the receptors for these growth factors and cytokine, i.e. IGF-
IR, c-MET, VEGFR, gp130, IL-6RA (20, 22, 31, 43, 60). In addition to the expression of factors 
that may affect osteoblasts, muscle cells express factors that may affect osteoclasts, such as 
IL-6 (chapter 4). The fact that skeletal muscle cells express RANKL (chapter 3), suggests that this 
may affect osteoclast formation as well, however this has not been confirmed yet. Muscle cells 
also express soluble factors that inhibit osteocyte apoptosis via activation of the Wnt-β catenin 
pathway (48). In addition, muscle derived factors increase the mechanosensitivity of osteocytes 
(57). Which muscle derived factor(s) affect(s) osteocytes’ mechanosensitivity is still unknown, 
but it suggests that muscle has an anabolic effect on bone. 
 In response to mechanical loading in vitro,  osteocytes express muscle anabolic and 
metabolic factors similar to skeletal muscle fibers  (chapter 2). In vivo, the impact of these factors 
produced by skeletal muscle on bone cells would only have significance if these factors are 
less or not produced by osteocytes. Recently, it has been shown that ectopic overexpression 
of IGF-I in muscle is associated with muscle hypertrophy and a higher bone mineral density 
(BMD) (2). Increased BMD could be the result of either increased mechanical loading of bone 
due to increased load by stronger muscles, or the result of paracrine/endocrine effects of 
IGF-I expressed in muscles, or of the result of both (2). Likewise, myostatin may affect bone
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mass indirectly through its effects on muscle strength. However, it has also been observed to 
promote adipogenic differentiation of mesenchymal stem cells while loss of myostatin function 
significantly increases osteogenic differentiation of mesenchymal stem cells (41). Myostatin is 
a growth factor which is exclusively expressed in skeletal muscle (chapter 2, chapter 5, and 
(103)). Myostatin activates signaling via the Activin type IIB-receptor (ActRIIB) (89). Osteoblasts 
express the ActRIIB, which indicates that skeletal muscle may communicate with osteoblasts 
via myostatin (42). The expression of muscle derived factors in response to muscle contractions 
may contribute to affect bone regeneration, particularly in cases where it is unable to subject 
bones to mechanical loading, e.g. bone fractures.
 Over 95% of all bone cells are osteocytes. It is already known that osteocytes function 
as endocrine cells, as they affect the phosphate homeostasis in the kidney via the secretion of 
FGF-23 (75). Regarding the possibility of an endocrine effect on skeletal muscle, mechanically-
loaded osteocytes produce factors that stimulate myotube differentiation (58). This indicates 
that osteocyte derived factors may induce muscle repair and muscle regeneration as well as 
adaptation of muscle size, but it is still unknown via which factor(s). Candidate genes are IGF-I, 
VEGF, MGF, or HGF, since osteocytes express these factors in response to mechanical loading 
(chapter 2), and since these factors are involved in muscle repair, regeneration and hypertrophy 
(7, 13, 24). Still, in vivo, the contribution of osteocyte derived factors to adaptation of muscle 
fibers and satellite cells would only have significance if in skeletal muscle these factors are 
produced less (like in paralysis) or not at all. 
 So far, the direct evidence of the existence of a biochemical interaction between 
muscle and bone remains to be elucidated, but the possibilities for such an interaction regarding 
the adaptive responses to exercise are growing (40, 50, 52). It would be highly interesting to 
investigate whether an osteocyte specific protein, such as sclerostin, a Wnt-signaling inhibitor, 
has any effect on muscle cells, or whether muscle derived RANKL plays a role in bone remodeling 
in vivo. Further research should focus on developing animal models, whereby for instance a 
specific gene has been knocked down in one tissue, in order to investigate the role of this gene in 
the adaptive response of the other tissue to certain training interventions. It should be noted that 
a knock down of a gene in skeletal muscle may affect muscle strength, and thereby affect bone 
remodeling as well. To intercept this, studies should not focus on the whole adaptation process, 
but to changes in early signaling markers. Alternatively, labeling of factors expressed by skeletal 
muscle may be analyzed in bone tissue, to investigate whether these labeled factors derived 
from skeletal muscle reach bone. These suggestions may give more insight whether and how 
communication between muscle and bone may occur in vivo.

Novel insights in meachanotransduction in bone and muscle
Mechanotransduction is the process in which cells convert mechanical stimuli into biochemical 
activity. Mechanosensitive bone cells, i.e. osteoblasts and osteocytes, and mechanosensing 
muscle cells, i.e. muscle fibers and their resident satellite cells, have specific transmembrane 
receptors that are able to identify mechanical stimuli, i.e. mechanosensors (34, 44, 95). These 
mechanosensors activate biochemical pathways within the cell, such as Ca2+ release or NO 
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synthesis. 
 The most important mechanosensors involved in mechanotransduction are integrins, 
cadherins, dystroglycan sarcoglycan complexes, stretch-activated ion channels (SACs), caveoli, 
and/or syndecans (for review see: (14, 44, 46)). These mechanosensors are surrounded by a 
layer of proteoglycans, i.e. glycocalyx (87, 98). Dependent on the type of mechanical stimuli, 
different biological pathways are activated (63), suggesting that mechanosensors are able to 
distinguish between different types of mechanical stimuli. 
 Regarding shear stress, several theoretical models suggest that an intact glycocalyx 
seems to be crucial for optimal functioning of the mechanosensors (76, 87, 88, 99). It is generally 
known that shear stress increases NO synthesis in osteocytes (55), and that the shear stress-
induced NO response is absent when the glycocalyx has been disrupted (16, 65, 76). In chapter 
5 it is described that the need of a glycocalyx for an NO-response to shear stress also occurs in 
myotubes. In addition, the flow-induced production of NO in response to shear seems not only 
to be dependent on an intact glycocalyx, but to Ca2+-influx via stretch activated ion channels as 
well, indicating that the glycocalyx and stretch activated ion channels interact. Several other 
mechanosensors, such as caveoli and dystroglycan/sarcoglycan complexes are known to 
activate NO synthase (61, 85). Whether these mechanosensors also play a role in the shear 
stress induced NO response in muscle cells and/or bone cells is yet unknown. 
 The effects of shear stress on the cellular biochemical responses have already 
extensively been studied in osteocytes as well as in endothelial cells (5, 26, 27, 65). For skeletal 
muscle, so far, shear stress as a mechanical stimulus has only been described in finite element 
models (45, 105). Whether shearing of the ECM in skeletal muscle occurs in vivo remains further 
investigation. If the shear strains predicted by the finite element models are realistic, then the 
shear induced NO signaling will be a completely new aspect in studying mechanotransduction 
in skeletal muscle in vitro. The data described in chapter 5 raise the question whether the 
expression of VEGF, or other anabolic growth factors such as IGF-I and MGF, by skeletal 
muscle fibers in response to shear stress is dependent on NO and/or Ca2+? To seek answers for 
these questions, knowledge of the effects of shear stress on bone cells may be used. In bone, 
mechanical loading induced NO production by osteocytes is partially Ca2+ dependent (6), and 
intracellular NO regulates the expression of several growth factors and cytokines, such as VEGF 
(chapter 2). Such pathways may exist in skeletal muscle as well, since in muscle, Ca2+ signaling 
is required for the expression of many growth factors and cytokines such as IGF-I (83).
 In chapter 6 it is described that the IGF-I-response to cyclic strain is more pronounced 
in osteoblasts than in osteocytes. This suggests that cells are  more or less sensitive to a specific 
type of mechanical stimulus. Does this mean that mechanosensors are less expressed, or is the 
composition of the glycocalyx different? In addition, it is unknown what mechanosensors are involved 
in these pathways. Conditional knock-out or inhibition of specific transmembrane mechanosensors 
allows determining their role in the fluid flow and cyclic strain induced muscle and bone adaptation. 
Improving our knowledge how specific mechanical stimuli affect osteocytes and skeletal muscle 
fibers is crucial for a better understanding of mechanotransduction in bone and in skeletal muscle.
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Implications
This thesis provides insight in biological pathways that may be involved in a biochemical 
interaction between muscle and bone, and in particular regarding the adaptive response to 
physical exercise. The existence of such an interaction between muscle and bone, suggests that, 
in a healthy lifestyle, where the musculoskeletal system is sufficiently subjected to mechanical 
stimuli, transfer of biochemical agents from one tissue to the other, could contribute to the 
process of mechanical loading induced adaptation. If mechanical stimuli are absent or less 
present in one tissue, such as in disease, disuse, or immobilization, mechanical stimulation 
of the other tissue could induce tissue regeneration, adaptation or remodeling through 
expression of biochemical signaling molecules. Identification of such molecules being involved 
in musculoskeletal interactions hold the potential for the development of novel biomarkers and 
therapeutic strategies for musculoskeletal diseases.
 The importance of muscle bone interactions has already been demonstrated in fracture 
healing (53). Fractures covered with intact skeletal muscle heal more rapidly than fractures 
associated with more severe muscle damage (90). In addition, blocking the supply of muscle 
derived factors to the fractured bone by a membrane decreases the healing process (53). As 
muscle contractions stimulate the expression of trophic factors (36), it would be interesting to 
investigate the effect of mechanical stimulation, e.g. electrical pulses, of the specific muscle at 
the fractured site, on the improvement of fracture healing. Bedridden patients have been treated 
by electrical stimulation of skeletal muscle in order to slow down muscle loss, but this may also 
prevent bone loss (18). The prevention of bone loss by electrical stimulation of skeletal muscle 
may be rather due to paracrine/endocrine signaling from skeletal muscle cells to bone cells than 
to skeletal muscle pulling on bone, as electro stimulation generates a minimal force onto bone.
 In older subjects, gain of bone mass and muscle mass in response to physical exercise 
is minimal (30), as both muscle and bone become resistant to anabolic stimuli during aging (101). 
This seems to be the result of dysregulation in mechanotransduction in aged bone and skeletal 
muscle (101). In skeletal muscle, aging impairs the ability of muscle cells to activate anabolic 
signaling pathways like Akt/mTOR, MAPK/ERK/MEK pathway (29, 102). Moreover, basal 
expression levels of IGF-I are decreased, myostatin levels are increased, and MGF expression 
is absent in aged skeletal muscle (37, 101). The dysregulation of mechanotransduction in bone 
cells is poorly understood. It has been reported that a diminished Ca2+ influx is involved (21). 
In addition, a decreased responsiveness to IGF-I, like in skeletal muscle, may explain in part 
the lack of an anabolic response in bone (17). The similarities in the pathways involved in the 
dysregulation of mechanotransduction in skeletal muscle cells and bone cells during aging 
indicate that skeletal muscle and bone may interact during aging. A better understanding of 
these interactions may lead to targets and treatments to prevent and/or attenuate the loss of 
muscle and bone mass in the elderly, and thereby reduce the risk of falling in older persons.

Chapter 7



121

General discussion

Concluding remarks 
In this thesis, we demonstrated that mechanically-loaded osteocytes express muscle anabolic 
and metabolic growth factors, and that mechanically loaded myotubes express osteo-inductive 
and osteo-catabolic factors. Additionally, in response to mechanical loading skeletal muscle 
increases osteoclast formation via production of soluble factors like IL-6. This may indicate that 
communication between skeletal muscle and bone is possible. This thesis also presents some 
new insights into mechanotransduction in muscle and bone. Myotubes respond to shear stress 
by expressing muscle anabolic and metabolic factors, indicating that shear stress may be an 
important mechanical component in the adaptive response of skeletal muscle to mechanical 
loading. As osteoblasts increase in both IGF-I Ea and MGF gene expression in response to cyclic 
strain, mechanosensitivity of osteoblasts may be important in the adaptive response of bone to 
mechanical loading. As IGF-I Ea expression does not change in osteocytes in response to cyclic 
strain, the in vivo increase in IGF-I Ea gene expression by osteocytes is rather due to high fluid 
shear stress, than to tensile strain. These results contribute to a better understanding of the 
biochemical interactions between bone and muscle during physical activity. 
 As the prevalence of musculoskeletal diseases will increase since our population 
gets older and continues a sedentary lifestyle, this will lead to a decreased quality of life and 
high costs. In order to maintain musculoskeletal health, a physically active lifestyle is of great 
importance. The existence of biochemical muscle-bone interactions in the adaptive response of 
muscle and bone to mechanical loading asks for a new therapeutic approach. These approaches 
preferably need to be focused on considering skeletal muscle and bone as one unit, as the 
adaptive responses of skeletal muscle and bone are similar to a large extent. This may be of 
importance for the development of new strategies to prevent, treat, or reverse muscle and bone 
loss in musculoskeletal diseases.
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