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GENERAL INTRODUCTION

The natural life span within our population is increasing, as well as the number of people suffer-
ing from metabolic syndrome or other chronic disorders, e.g. due to overweight or sedentary 
lifestyle. Aging, obesity, and a physically inactive lifestyle often result in a reduced function of 
the musculoskeletal system, e.g. in osteoporosis or sarcopenia complicated by fractures, muscle 
weakness and falls (22, 43, 51). Disuse conditions such as impaired mobility and limited physical 
activity often result in  a loss of muscle mass and strength as well as impaired bone mass and 
structure (76). Exercise can counteract these effects by improving and maintaining musculo-
skeletal health (14, 21, 87). However, exercise is difficult for people with impaired mobility, as 
the load-taking capacity in these people is low. Therefore alternative treatments are needed to 
improve and to maintain bone and muscle mass. This requires insight in the mechanisms by 
which bone and muscle respond to mechanical loading, resulting in adaptation of muscle and 
bone mass. Improving our knowledge of the biochemical pathways involved in this mechanical 
adaptation process may contribute to the development of pharmacological agents that prevent 
bone or muscle loss.
 During exercise muscle and bone tissue are subjected to increased mechanical loads, 
leading to the biological adaptation of both bone and muscle tissue mass and structure resulting 
in a higher force generating capacity of muscle function and improved resistance of bone against 
loading demands (65, 75, 86, 90). Adaptation of muscle and bone mass to mechanical loading, 
due to physical exercise requires  mechanotransduction, the process by which a mechanical 
stimulus is transduced by the cell into a biochemical signal (90). Mechanotransduction leads to 
the production of signaling molecules that regulate bone remodeling and skeletal muscle protein 
synthesis (90). Although the so far known mechanisms for mechanotransduction within muscle 
and bone seem to have much in common, the mechanisms differ in some aspects. Whereas in 
bone fluid shear stress seems to be the most important mechanical stimulus inducing adaptation, 
in muscle contractile muscle fiber tension and muscle fiber tensile stress are the predominant 
stimuli that elicit a cellular response. However, recent studies suggests that local mechanical 
loading determines the adaptive response rather than global (end to end) load applied to muscle 
or bone (33, 92, 98, 100). As such, it has been suggested that, besides stretching, shearing of 
the muscle fibers and their satellite cells may induce adaptation (33, 100). Likewise, in addition 
to fluid shear stress, osteocytes may also be subjected to local high strains, which in turn may 
elicit adaptive responses in bone (92, 98).
 Furthermore, it has been hypothesized that bone and muscle form an operational 
unit, the muscle-bone unit (24). As skeletal muscle exerts mechanical forces on bone, the 
relationship between muscle and bone will be primarily a mechanical relationship. It is 
possible that not only a mechanical interaction, but also a biological interaction between 
muscle and bone exists (29). Since muscle and bone adapt similarly to mechanical loading 
by increasing tissue mass and strength, it is plausible that both muscle fibers and osteocytes 
share similar biological signaling pathways in the regulation of muscle fiber size and bone 
mass and structure in response to mechanical loading (29, 40). Possibly skeletal muscle
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cells express factors that are currently only known to be expressed in bone cells, and vice 
versa. In addition, muscle-derived factors may reach bone cells, or bone-derived factors may 
reach muscle cells, via endocrine or paracrine signaling. As yet, is it not well known how such a 
communication is possible, and which factors would be involved.
 Therefore, 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. With this study, we may 
improve our understanding of how muscle and bone cells sense mechanical loading, 
how these cells respond to mechanical loading, and how a biochemical interaction may 
exist between muscle and bone. These insights could contribute to the development of 
new targets and training interventions for musculoskeletal diseases. The implementation 
of a comparative study, in which the effects of mechanical loading on the biological 
responses in both bone and muscle are investigated, may lead to the discovery of novel 
factors involved in the adaptation of bone mass and muscle mass to mechanical loading. 
 
Exercise-induced bone adaptation
Bone is a dynamic and active tissue that under normal physiological conditions is continuously 
renewed (18). Bone consists of both organic and inorganic components. The organic substances, 
particularly collagen fibers and non-collagenous bone proteins contribute to the flexibility and 
tensile strength that allow the bone to resist stretch and twisting. The inorganic components are 
the mineral salts. They are present in the form of tiny crystals surrounding the collagen fibers in 
the extracellular matrix. These crystals account for the exceptional hardness of bone that allows 
it to resist compression. The external layer of bone, the compact cortical bone comprises 80% of 
the skeletal mass, and 20% of the skeletal mass is the internal spongy bone, i.e. trabecular bone. 
Approximately 25% of trabecular bone is renewed each year, compared with only 3% of cortical 
bone (93). The process of bone removal or degradation and new bone deposition or formation 
is also known as bone remodeling. 
 Bone remodeling controls the reshaping and/or replacement of bone, and allows bone 
to adapt to its mechanical environment (49). At the end of the nineteenth century, Wilhelm Roux 
suggested that the formation and functional adaptation of bone is regulated by cells, controlled 
by mechanical stimuli, in a self-organizational process (49). It is currently known that three bone 
cell types, i.e. osteoclasts, osteoblasts and osteocytes, are active in this process (fig. 1) (18). 
Osteoclasts dissolve minerals and degrade bone matrix. Osteoblasts are bone forming cells that 
produce unmineralized matrix, i.e. osteoid, which is  subsequently mineralized with the help of 
proteins that are involved in bone matrix calcification, e.g. osteocalcin. Osteoblasts will either 
incorporate in the bone matrix and differentiate into osteocytes, or become bone lining cells, or 
undergo apoptosis (18). It is currently accepted that the activity of osteoclasts and osteoblasts is 
orchestrated by the mechanosensing bone cells, osteocytes, representing > 90% of all bone cells 
(81, 89). 
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The shape of osteocytes plays a crucial role in their mechanosensing (5). As osteocytes are 
round, and reside in their ellipsoid containment in bone, osteocytes are more sensitive to 
mechanical loading compared to flat cells that adhere to the bone matrix, such as osteoblasts 
(5). Although both osteocytes and osteoblasts are able to sense mechanical loading, it is not 
yet completely understood how this occurs in vivo. However, it is common knowledge that 
mechanical loading on bone causes tiny deformations in the stiff mineralized bone matrix. The 
bone matrix deformations will drive a thin layer of fluid through the canaliculi around the network 
of osteocytes (69) (fig. 2). This can be compared with squeezing a stiff, water-soaked sponge. The 
fluid flows from regions under high pressure to regions under low pressure, eliciting a fluid shear 
stress on the osteocyte cell membrane ranging from 0.8 to 5.0 Pa (69, 94). The osteocytes may 
sense this shear stress, or other fluid flow-induced mechanical forces on the osteocyte (23). In 
addition to shear stress, osteocytes, but also osteoblasts, may sense tensile strain. Quantitative 
studies on animal and human bones found maximal loading-induced strains (matrix deformation) 
of 0.2–0.3% (13, 78). These strain deformations are very small, and one can wonder whether

Figure 1: Bone remodeling. Bone remodeling is the process by which bone is renewed to maintain bone 
strength and mineral homeostasis. Remodeling involves continuous removal of old bone, replacement 
by newly synthesized bone matrix, and subsequent mineralization of the matrix to form new bone. 
Bone remodeling starts with the activation of osteoclasts that resorb old bone. Osteoclasts derive from 
hematopoietic stem cells and are formed from fusion of multiple mononuclear cells to form multinucleated 
osteoclasts. Subsequently, pre-osteoblasts, derived from mesenchymal stem cells, are recruited to start 
new bone formation. Osteoblasts synthesize new collagenous organic matrix. Osteoblasts surrounded 
by and buried within matrix become osteocytes with an extensive canalicular network connecting them 
to bone surface lining cells, osteoblasts, and other osteocytes. HSC, hematopoietic stem cell; MSC, 
mesenchymal stem cell. Adapted from Baron et. al. (7), and modified.
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they are sensed at all by the cells. However, since bone is not a homogenous material, the 
magnitude of global (end-to-end) strain that is applied on bone will be different from the local 
strains within the bone matrix (58, 98). Strain distributions in bone are highly heterogeneous, 
and therefore the strains that bone cells experience in vivo might be much higher than the 
applied strain to bone.

In response to a mechanical stimulus, such as tensile strain or fluid shear stress, osteocytes 
transduce the mechanical signal into a biochemical signal (i.e. production and/or release of 
growth factors, cytokines, and reactive nitrogen and oxygen species) (for Review see: (45)). 
These signaling molecules may affect osteoblasts to form new bone. In the absence of a 
mechanical stimulus, osteocytes produce molecules that stimulate osteoclast development and 
activity (48, 88, 96). The interaction between osteoclasts, osteoblasts and osteocytes allows 
bone tissueto adapt its mass and structure to mechanical lotading (11). Therefore, biochemical 
communication between bone cells is crucial for the adaptation of bone mass and structure 
to mechanical loading. This communication may occur via signaling molecules expressed 
by mechanically stimulated bone cells. The key regulatory signaling molecules involved  are 
described below.

Figure 2: Mechanical loading of bone. Mechanical loading of bone causes deformation of the load-
bearing matrix. This load can be transmitted to the cells directly, causing cell deformation (strain), or 
indirectly through fluid flow resulting in fluid shear stress that can be sensed by the osteocytes. Picture 
bone structure (left): ©3B Scientific GmbH, Hamburg, 2013. Adapted with permission (1).
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Signaling molecules in mechanical adaptation of bone
The most studied signaling molecules in bone are prostaglandin E2 (PGE2), cyclo-oxygenase-2 
(COX-2), nitric oxide (NO), Wnt family signaling proteins (Wnts), bone morphogenic proteins 
(BMPs), and RANKL. These proteins are produced by osteocytes and/or osteoblasts, and are 
known to affect bone formation and/or bone degradation. Mechanical loading modulates the 
production of the majority of these signaling molecules by osteocytes (38, 47, 61, 82, 83, 91, 99).
 Depending on whether the circumstances are physiological (e.g. exercise) or 
pathological (e.g. inflammation), PGE2 has either an increasing or decreasing effect on bone 
mass (9). Systemic administration of PGE2 stimulates bone formation and increases bone mass 
(9). PGE2 affects bone formation by stimulating osteoblast proliferation and differentiation (71). 
In inflammatory processes, high concentrations of PGE2 stimulate bone resorption by increasing 
the functional activity of osteoclasts (71). COX-2, one of the rate limiting enzymes in PGE2 
synthesis, is likely essential for the anabolic affect of PGE2 on bone (95). PGE2 synthesis and 
COX-2 gene expression by osteocytes are increased in response to mechanical loading (38, 91).
 Nitric Oxide (NO) is one of the signaling molecules extensively studied in relation to bone 
mechanotransduction (6, 7, 57, 72). NO is a short-lived radical, which is formed by the enzyme 
nitric oxide synthase (NOS) (32). NO is essential for the adaptive response of bone to mechanical 
loading in vivo (45). In vitro studies have shown that mechanically stimulated osteocytes can 
modulate osteoclast activity as well as osteogenic differentiation of osteoprogenitor cells, in an 
NO dependent manner (88).
 Wnts are key regulatory proteins in tissue development and homeostasis (52, 63). 
In bone, activation of the Wnt signaling pathway has an anabolic effect on bone mass by 
stimulating osteoblast proliferation and differentiation (44). In response to mechanical loading, 
Wnt gene expression by osteocytes is increased (50, 83). Another major role of Wnt signaling 
is to suppress the production of osteoclastogenesis-related factors by osteoblasts, thereby 
inhibiting osteoclast formation (74). Some of the actions of Wnts on bone cells are mediated by 
bone morphogenetic proteins (BMPs) (39). BMPs are a group of 20 growth factors involved in 
many biological processes, such as cell differentiation and homeostasis, in many tissues (73). 
BMP2, 4, 6, 7, and 9 are known to induce (ectopic) bone formation (56). Another growth factor 
that affects Wnt-signaling is sclerostin, which expression has been found only in osteocytes and 
chondrocytes (59, 77). Sclerostin inhibits Wnt-signaling, and thereby inhibits bone formation 
(39). The expression of sclerostin by osteocytes is decreased in response to mechanical loading 
(66). Interestingly, a sclerostin antibody is currently under investigation in a Phase III clinical trial 
for the treatment of postmenopausal osteoporosis (3).
 Currently, RANKL is the most studied catabolic factor in bone metabolism, and plays 
an important role in bone remodeling. It is a key factor for osteoclast differentiation (10). The 
expression of RANKL by osteoblasts and osteocytes is suppressed in response to mechanical 
loading (47, 99), suggesting that mechanical loading mediates osteoclastogenesis via osteoblasts 
and osteoclasts.
 The above mentioned signaling molecules, i.e. NO, PGE2, COX-2, Wnts, BMPs, and 
RANKL are currently known as the most important regulators of bone mass. These signaling
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molecules have been used as targets for treatment of musculoskeletal diseases such as 
osteoporosis. It is, however, worth noticing that these signaling molecules are not only expressed 
in bone cells. Although most of these molecules, i.e. PGE2, BMP2, BMP7, and Wnts, affect bone 
metabolism, they may affect other tissues nearby, i.e. in a paracrine manner, or via the blood 
circulatory system, i.e. in an endocrine manner.

Exercise-induced skeletal muscle adaptation 
Skeletal muscles are responsible for the mobility of the human body. They produce body 
movement, maintain body posture, and stabilize joints. Skeletal muscle consists predominantly 
of muscle fibers which are held together by several connective tissue sheaths. Each individual 
muscle fiber is surrounded by the endomysium, a thin sheath of connective tissue. The muscle 
fibers are bundled into fascicles that are surrounded by a layer of fibrous connective tissue, the 
perimysium. The whole muscle is surrounded by the epimysium. All of the connective tissue 
sheaths, i.e. endomysium, perimysium, and epimysium, are connected to bone directly, or via 
tendons. The total amount of extracellular matrix (ECM) within muscle is much less compared to 
that in bone. The muscle ECM is restricted to the layers of connective tissue sheaths, consisting 
mainly of collagen and glycoproteins. 
 Skeletal muscle fibers are huge multinucleated cells with a diameter ranging from 10-100 
um, and a length that may reach up to 600 mm long (30). Muscle fibers are formed by the fusion of 
hundreds of muscle stem cells (25). Each muscle fiber contains a large number of parallel jointed 
myofibrils (fig. 3), that account for about 80% of the cellular volume (54). The myofibrils contain 
sarcomeres, the contractile elements of skeletal muscle cells. Sarcomeres are the smallest 
contractile units, composed of thick filaments, containing myosin, and thin filaments, containing 
actin. During muscle contraction, the sliding filament theory by Huxley states that the thin actin 
filaments slide past the thick myosin filaments, resulting in shortening of the muscle (34). The force 
generating capacity of a muscle during contraction is largely determined by the number of muscle 
fibers and their cross-sectional area (19). The latter is determined by the size of the muscle fiber, 
which is dependent on the number of contractile filaments (actin and myosin) arranged in parallel 
(54). The cytoskeletal proteins are continuously synthesized and degraded. The amount of protein 
synthesized within a muscle fiber is determined by the number of nuclei per muscle fiber and the 
rate of protein synthesis (90). The muscle stem cells, i.e. satellite cells, located between the basal 
lamina and the sarcolemma of the hostmuscle fiber, are sources for additional myonuclei (17). 
Adaptation of muscle fiber size is the net result of protein synthesis and protein degradation (90).
 Skeletal muscle contraction and stretching, as occurs during exercise, result in  
deformation of muscle fibers (12). While individual fibers generally shorten during force 
generation, they may also twist and rotate (12). Stretching of skeletal muscle increases the rate 
of protein synthesis within muscle fibers leading to an increase in skeletal muscle fiber size, 
i.e. hypertrophy (27). Recently it has been shown that the distribution of deformation within 
a muscle is not uniform and it has been suggested that shear stress contributes to the overall 
deformation of skeletal muscles (36, 100). However, whether shear stress induces skeletal 
muscle hypertrophy is currently unknown.
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Physical exercise results in an increased load on the muscle fibers. These muscle fibers and 
their satellite cells transduce mechanical stimuli into biochemical signaling cascades, resulting 
in changes in protein turnover within the muscle fiber and an increase in muscle fiber size (12). 
The most important and most studied regulators of muscle fiber size are described in the next 
paragraph.

Signaling molecules in skeletal muscle adaptation 
Several factors have been identified to play a role in muscle adaptation to mechanical loading. 
NO and calcium are  key second messengers converting mechanical stimuli into intracellular 
signaling pathways (35). In addition to these signaling molecules, activation of intracellular 
signaling pathways by mechanical loading alters the production of growth factors and cytokines, 
such as insulin-like growth factors-I (IGF-I Ea and MGF) (28), hepatocyte growth factor (HGF) 
(64), vascular endothelial growth factor (VEGF) (20), myostatin (55) and interleukin-6 (IL-6) (85). 
These factors are key-regulators involved in the adaptation of skeletal muscle to mechanical 
loading, by affecting satellite cell activation and differentiation and/or the rate of protein synthesis 
and/or degradation in skeletal muscle (16, 31, 42, 64).
 IGF-I is a potent stimulator of protein synthesis, as well as an inhibitor of protein 
degradation (80, 84). The IGF-I gene is spliced in skeletal muscle as a result of exercise, muscle 

Figure 3: Structure and contractile properties of skeletal muscle fibers. Skeletal muscle consists of 
bundles of muscle fibers, fascicles. Each muscle fiber, surrounded by the endomysium, contains a large 
number of parallel jointed myofibrils. Myofibrils contain the contractile elements of skeletal muscle cells, 
the sarcomeres. Sarcomeres are the smallest contractile units, composed of thick filaments, containing 
mainly myosin, and thin filaments, containing mainly actin. The sliding of the thin filaments along the thick 
filaments creates muscle contraction. Adapted from Korfage et al. (45), and modified. 
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damage, and/or hormones, like growth hormone (GH) (28). GH stimulates the expression of 
the IGF-I gene, particularly the isoform IGF-I Ea (28). When combined with exercise training, 
increased splicing to the isoform MGF occurs (28). Both isoforms, i.e. IGF-I Ea and MGF, are 
responsible for the anabolic effect of IGF-I, but the downstream E-peptide in the MGF sequence 
acts as a separate growth repair factor (97). The expression of the IGF-I Ea and MGF is induced 
by mechanical loading (i.e. high strain) and contractile activity of muscle (15, 31). The counterpart 
of IGF-I is myostatin, which stimulates protein degradation, and inhibits proliferation of satellite 
cells (55, 60). Myostatin is specifically expressed in unloaded skeletal muscle, whereas IGF-I is 
expressed in many other tissues as well, a.o. in bone (37).
 Both HGF and VEGF are pro-angiogenic factors (101). These factors stimulate new 
blood vessel formation that is crucial for the supply of nutrients and oxygen to muscle fibers (53). 
A limited supply implicates a low fatigue resistance, which becomes apparent via a reduction in 
the ability to generate force (53). In addition, HGF and VEGF stimulate muscle growth directly 
by activating satellite cells (4, 64), and may therefore contribute to an increase in myonuclear 
density. Another signaling molecule known to activate satellite cells is the cytokine IL-6 (85). 
This cytokine plays a major role in muscle hypertrophy as the increase in muscle fiber size in 
response to exercise training is absent in IL-6 deficient mice (85).
 The production of the key regulatory signaling molecules by skeletal muscle is mostly 
modulated by variation in the type and degree of contractile activity in skeletal muscle (26, 
90). As skeletal muscles are highly vascularized, these signaling molecules will easily enter the 
blood circulatory system  thereby reaching other tissues, and enabling  endocrine biochemical 
communication (68).

Muscle-bone interactions 
Muscle and bone exhibit many similarities regarding the signaling cascades that are involved 
in muscle hypertrophy and bone remodeling. Mechanically induced adaptive processes in bone 
and muscle have been studied mostly independently, but there are indications that bone and 
muscle affect each other (29, 40, 62). Recent evidence shows that the relationship between 
muscle and bone might not solely be mechanical, and suggests the existence of a biochemical 
interaction between muscle and bone (41, 62).
 Clinically muscle flaps that are applied on the injured bone accelerate bone healing 
and decrease the incidence of non-unions (41). In addition to the vascular bed provided by 
these muscle flaps at the fracture site, trophic factors may also contribute to the effect on bone 
healing. The latter was investigated in rats, where the passage of molecules from muscle to 
the bone fracture site was restricted by separating the muscle from the fractured site using a 
membrane with different pore sizes (41). It was observed that the bigger the obstruction between 
the muscle envelope and the fracture, the more delay in fracture healing (36). Therefore skeletal 
muscle may be a source of trophic factors and could  function as a paracrine and/or endocrine 
organ. This idea is supported by the observation that overexpression of cytokines and growth 
factors (i.e. IL-6, IGF-I) in skeletal muscle affects bone mass (2, 67, 79).
 Not only skeletal muscle, but bone is considered an endocrine organ as well. Bone  
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modulates the phosphate homeostasis in the kidney via FGF-23, secreted by osteocytes (70). 
If biochemical communication between muscle and bone in response to mechanical loading 
exists, then bone cells will respond to signaling molecules that are produced by mechanically 
loaded muscle cells, and vice versa muscle cells will respond to signaling molecules that are 
produced by mechanically loaded bone cells. As yet, it is unknown whether mechanical loading 
of the mechanosensor cells in bone express signaling molecules affecting muscle hypertrophy, 
and whether signaling molecules produced by mechanically stimulated muscle cells affect the 
effector cells in bone, the osteoblasts and osteoclasts. 

Outline of the thesis
This study first aimed to investigate whether biochemical communication between muscle 
and bone in response to mechanical loading is possible. By investigating whether signaling 
molecules, which are well established to be involved in skeletal muscle fiber size regulation, are 
produced by osteocytes, we provide possible routes for biochemical communication that may 
occur between bone and muscle. Vice versa, the production of factors, which are known for 
their key role in bone remodeling, by myotubes (i.e. multinucleated differentiated myoblasts), 
may give insight via which factors skeletal muscle could affect bone remodeling, e.g. by affecting 
osteoblasts or osteoclasts. 
 Much research has been done on mechanotransduction in bone and muscle. 
Physiologically relevant and currently unknown information may be gained from extrapolating 
knowledge from bone mechanotransduction to muscle mechanotransduction and vice versa. 
Therefore the second aim of this thesis was to assess which mechanical stimuli could be 
physiologically relevant for muscle and bone by investigating how myotubes, osteocytes and 
osteoblasts respond to these mechanical stimuli. Such research may provide novel cues in 
mechanotransduction and in the pathways through which training affects bone and muscle 
tissue.
In this thesis, the following questions were addressed:

In chapter 2, we aimed to determine whether osteocytes express basal levels of the most widely 
studied muscle anabolic and metabolic factors, i.e. IGF-I, MGF, HGF, VEGF, and myostatin, 
and to assess whether mechanical loading affects the expression of these growth factors by

Do osteocytes produce muscle anabolic and metabolic factors in response to 
mechanical loading, and what could be their role in adaptation of muscle and bone? 
(Chapter 2)
Do mechanically loaded myotubes produce signaling molecules involved in bone 
mass regulation, and what is their role in muscle fiber size regulation? (Chapter 3)
Do mechanically loaded myotubes produce soluble factors affecting osteoclast 
formation? (Chapter 4)
What is the effect of tensile strain and shear stress of myotubes and mechanosensitive 
bone cells on the expression of signaling molecules? (Chapter 5 and chapter 6)

1.

2.

3.

4.
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osteocytes. In chapter 3 we assessed whether mechanically loaded myotubes express the most 
important osteo-inductive factors, i.e. prostaglandin E2, BMPs, Wnts, and the most studied factor 
involved in bone degradation, RANKL. In chapter 4 we investigated whether myotubes are 
able to affect osteoclast formation by producing soluble factors, and which factors could cause 
this effect. Chapters 2-4 focus on possibilities for biochemical communication between muscle 
and bone, but these chapters also regard similarities and differences in mechanotransduction in 
muscle and bone. Chapters 5 and 6 focus on how muscle cells and bone cells sense mechanical 
loading in vivo. In chapter 5 the effect of fluid shear stress on the activation of signaling pathways, 
i.e. NO-production and changes in expression of muscle anabolic and metabolic factors in 
myotubes was investigated. The effects of tensile strain on the expression of IGF-I and MGF by 
osteocytes and osteoblasts were studied in chapter 6. Finally in chapter 7, we discuss how our 
data fit with the hypothesis that biochemical communication between muscle and bone during 
physical activity exists (fig. 4). Moreover, we address new insights in the molecular pathways 
involved in muscle and bone adaptation. These insights could contribute to the development 
of medication and exercise programs, to maintain existing bone mass and stimulate the 
gain of new bone mass in people who are likely to develop osteoporosis and sarcopenia.
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Figure 4: Biochemical communication between muscle and bone. In response to exercise, muscle 
fibers produce growth factors and cytokines that regulate muscle mass, resulting in muscle adaptation. 
Likewise, osteocytes, the mechanosensing bone cell, produce growth factors and cytokines that regulate 
bone mass and structure, resulting in bone adaptation. We hypothesize that, in response to mechanical 
loading, muscle fibers express signaling molecules that are known to be expressed by osteocytes and 
vice versa (upper dashed arrows). In addition, we hypothesize that biochemical communication between 
muscle and bone is possible, via the expression of soluble signaling molecules in response to mechanical 
loading (lower dashed arrows). 

Chapter 1



21

REFERENCES

1.
2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

3B Scientific GmBH. Bone structure chart, Rudorffweg 8, 21031 Hamburg, Germany, 2013.
Alzghoul MB, Gerrard D, Watkins BA, and Hannon K. Ectopic expression of IGF-I and Shh by skeletal 
muscle inhibits disuse-mediated skeletal muscle atrophy and bone osteopenia in vivo. FASEB J 18: 
221-223, 2004.
Amgen. UCB and Amgen initiate sclerostin antibody phase 3 program in patients with postmenopausal 
osteoporosis. First patient randomized marks start of phase 3 program to evaluate safety and efficacy 
of CDP7851/AMG 7785 in women with postmenopausal osteoporosis, 2012. 
Arsic N, Zacchigna S, Zentilin L, Ramirez-Correa G, Pattarini L, Salvi A, Sinagra G, and Giacca M. 
Vascular endothelial growth factor stimulates skeletal muscle regeneration in vivo. Mol Ther 10: 844-
854, 2004.
Bacabac RG, Mizuno D, Schmidt CF, MacKintosh FC, Van Loon JJ, Klein-Nulend J, and Smit TH. Round 
versus flat: bone cell morphology, elasticity, and mechanosensing. J Biomech 41: 1590-1598, 2008.
Bacabac RG, Smit TH, Mullender MG, Dijcks SJ, Van Loon JJ, and Klein-Nulend J. Nitric oxide production 
by bone cells is fluid shear stress rate dependent. Biochem Biophys Res Commun 315: 823-829, 2004.
Bakker AD, Klein-Nulend J, Tanck E, Albers GH, Lips P, and Burger EH. Additive effects of estrogen 
and mechanical stress on nitric oxide and prostaglandin E2 production by bone cells from osteoporotic 
donors. Osteoporos Int 16: 983-989, 2005.
Baron R, and Kneissel M. WNT signaling in bone homeostasis and disease: from human mutations to 
treatments. Nat Med 19: 179-192, 2013.
Blackwell KA, Raisz LG, and Pilbeam CC. Prostaglandins in bone: bad cop, good cop? Trends Endocrinol 
Metab 21: 294-301, 2010.
Boyce BF, and Xing L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch 
Biochem Biophys 473: 139-146, 2008.
Burger EH, and Klein-Nulend J. Mechanotransduction in bone--role of the lacuno-canalicular network. 
FASEB J 13 Suppl: S101-112, 1999.
Burkholder TJ. Mechanotransduction in skeletal muscle. Front Biosci 12: 174-191, 2007.
Burr DB, Milgrom C, Fyhrie D, Forwood M, Nyska M, Finestone A, Hoshaw S, Saiag E, and Simkin A. 
In vivo measurement of human tibial strains during vigorous activity. Bone 18: 405-410, 1996.
Casazza BA. Diagnosis and treatment of acute low back pain. Am Fam Physician 85: 343-350, 2012.
Cheema U, Brown R, Mudera V, Yang S, McGrouther G, and Goldspink G. Mechanical signals and IGF-I 
gene splicing in vitro in relation to development of skeletal muscle. 202: 67-75, 2005.
Choi S, Liu X, Li P, Akimoto T, Lee SY, Zhang M, and Yan Z. Transcriptional profiling in mouse skeletal 
muscle following a single bout of voluntary running: evidence of increased cell proliferation. J Appl 
Physiol 99: 2406-2415, 2005.
Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A, Partridge TA, and Morgan JE. Stem cell function, 
self-renewal, and behavioral heterogeneity of cells from the adult muscle satellite cell niche. Cell 122: 
289-301, 2005.
Crockett JC, Rogers MJ, Coxon FP, Hocking LJ, and Helfrich MH. Bone remodelling at a glance. J Cell 
Sci 124: 991-998, 2011.
Edwards RH. Physiological and metabolic studies of the contractile machinery of human muscle in 
health and disease. Phys Med Biol 24: 237-249, 1979.
Egginton S, Badr I, Williams J, Hauton D, Baan GC, and Jaspers RT. Physiological angiogenesis is a 
graded, not threshold, response. J Physiol 589: 195-206, 2011.
Estrada M, Kleppinger A, Judge JO, Walsh SJ, and Kuchel GA. Functional impact of relative versus 
absolute sarcopenia in healthy older women. J Am Geriatr Soc 55: 1712-1719, 2007.

General introduction



22

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fielding RA, Vellas B, Evans WJ, Bhasin S, Morley JE, Newman AB, Abellan van Kan G, Andrieu 
S, Bauer J, Breuille D, Cederholm T, Chandler J, De Meynard C, Donini L, Harris T, Kannt A, Keime 
Guibert F, Onder G, Papanicolaou D, Rolland Y, Rooks D, Sieber C, Souhami E, Verlaan S, and Zamboni 
M. Sarcopenia: an undiagnosed condition in older adults. Current consensus definition: prevalence, 
etiology, and consequences. International working group on sarcopenia. J Am Med Dir Assoc 12: 249-
256, 2011.
Fritton SP, and Weinbaum S. Fluid and Solute Transport in Bone: Flow-Induced Mechanotransduction. 
Annu Rev Fluid Mech 41: 347-374, 2009.
Frost HM, and Schonau E. The “muscle-bone unit” in children and adolescents: a 2000 overview. J 
Pediatr Endocrinol Metab 13: 571-590, 2000.
Gilbert SF. Developmental Biology (6th ed.). Sunderland (MA): Sinauer Associates, 2000.
Goldberg AL, Etlinger JD, Goldspink DF, and Jablecki C. Mechanism of work-induced hypertrophy of 
skeletal muscle. Med Sci Sports 7: 185-198, 1975.
Goldspink DF. Exercise-related changes in protein turnover in mammalian striated muscle. J Exp 
Biology 160: 127-148, 1991.
Goldspink G. Mechanical signals, IGF-I gene splicing, and muscle adaptation. Physiology (Bethesda) 
20: 232-238, 2005.
Hamrick MW. A role for myokines in muscle-bone interactions. Exerc Sport Sci Rev 39: 43-47, 2011.
Harris AJ, Duxson MJ, Butler JE, Hodges PW, Taylor JL, and Gandevia SC. Muscle fiber and motor unit 
behavior in the longest human skeletal muscle. J Neurosci 25: 8528-8533, 2005.
Heinemeier KM, Olesen JL, Schjerling P, Haddad F, Langberg H, Baldwin KM, and Kjaer M. Short-
term strength training and the expression of myostatin and IGF-I isoforms in rat muscle and tendon: 
differential effects of specific contraction types. J Appl Physiol 102: 573-581, 2007.
Hibs J, Taintor R, and Vavrin Z. Macrophage cytotoxicity: role of L-arginine deiminase and imino 
nitrogen oxidation to nitrite. Science 235: 4, 1987.
Huijing PA, and Jaspers RT. Adaptation of muscle size and myofascial force transmission: a review and 
some new experimental results. Scand J Med Sci Sports 15: 349-380, 2005.
Huxley HE. Fifty years of muscle and the sliding filament hypothesis. Eur J  Biochem / FEBS 271: 1403-
1415, 2004.
Ito N, Ruegg UT, Kudo A, Miyagoe-Suzuki Y, and Takeda S. Activation of calcium signaling through 
Trpv1 by nNOS and peroxynitrite as a key trigger of skeletal muscle hypertrophy. Nat Med 19: 101-
106, 2013.
Jaspers RT, Brunner R, Baan GC, and Huijing PA. Acute effects of intramuscular aponeurotomy and 
tenotomy on multitendoned rat EDL: indications for local adaptation of intramuscular connective tissue. 
Anat Rec 266: 123-135, 2002.
Ji S, Losinski RL, Cornelius SG, Frank GR, Willis GM, Gerrard DE, Depreux FF, and Spurlock ME. 
Myostatin expression in porcine tissues: tissue specificity and developmental and postnatal regulation. 
Am J Physiol 275: R1265-1273, 1998.
Jiang JX, and Cheng B. Mechanical stimulation of gap junctions in bone osteocytes is mediated by 
prostaglandin E2. Cell Commun Adhes 8: 283-288, 2001.
Kamiya N, Kobayashi T, Mochida Y, Yu PB, Yamauchi M, Kronenberg HM, and Mishina Y. Wnt inhibitors 
Dkk1 and Sost are downstream targets of BMP signaling through the type IA receptor (BMPRIA) in 
osteoblasts. J Bone Miner Res 25: 200-210, 2010.
Karasik D, and Kiel DP. Evidence for pleiotropic factors in genetics of the musculoskeletal system. Bone 
46: 1226-1237, 2010.
Kaufman H, Reznick A, Stein H, Barak M, and Maor G. The biological basis of the bone-muscle inter-
relationship in the algorithm of fracture healing. Orthopedics 31: 751, 2008.

Chapter 1



23

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Keller P, Penkowa M, Keller C, Steensberg A, Fischer CP, Giralt M, Hidalgo J, and Pedersen BK. 
Interleukin-6 receptor expression in contracting human skeletal muscle: regulating role of IL-6. FASEB 
J 19: 1181-1183, 2005.
Khosla S, Bellido TM, Drezner MK, Gordon CM, Harris TB, Kiel DP, Kream BE, LeBoff MS, Lian JB, 
Peterson CA, Rosen CJ, Williams JP, Winer KK, and Sherman SS. Forum on aging and skeletal health: 
summary of the proceedings of an ASBMR workshop. J Bone Miner Res 26: 2565-2578, 2011.
Kim JB, Leucht P, Lam K, Luppen C, Ten Berge D, Nusse R, and Helms JA. Bone regeneration is 
regulated by wnt signaling. J Bone Miner Res 22: 1913-1923, 2007.
Klein-Nulend J, Bakker AD, Bacabac RG, Vatsa A, and Weinbaum S. Mechanosensation and 
transduction in osteocytes. Bone 54: 182-190, 2013.
Korfage JA, Koolstra JH, Langenbach GE, and van Eijden TM. Fiber-type composition of the human jaw 
muscles--(part 1) origin and functional significance of fiber-type diversity. J Dent Res 84: 774-783, 2005.
Kreja L, Liedert A, Hasni S, Claes L, and Ignatius A. Mechanical regulation of osteoclastic genes in 
human osteoblasts. Biochem Biophys Res Commun 368: 582-587, 2008.
Kulkarni RN, Bakker AD, Everts V, and Klein-Nulend J. Inhibition of osteoclastogenesis by mechanically 
loaded osteocytes: involvement of MEPE. Calcif Tissue Int 87: 461-468, 2010.
Lee TC, and Taylor D. Bone remodelling: should we cry Wolff? Ir J Med Sci 168: 102-105, 1999.
Liedert A, Kaspar D, Blakytny R, Claes L, and Ignatius A. Signal transduction pathways involved in 
mechanotransduction in bone cells. Biochem Biophys Res Commun 349: 1-5, 2006.
Loeser RF. Age-related changes in the musculoskeletal system and the development of osteoarthritis. 
Clin Geriatr Med 26: 371-386, 2010.
Logan CY, and Nusse R. The Wnt signaling pathway in development and disease. Annu Rev Cell Dev 
Biol 20: 781-810, 2004.
Malek MH, Olfert IM, and Esposito F. Detraining losses of skeletal muscle capillarization are associated 
with vascular endothelial growth factor protein expression in rats. Exp Physiol 95: 359-368, 2010.
Marieb E. Human Anatomy & Physiology. San Francisco (CA): Pearson Education, Inc., 2004.
McCroskery S, Thomas M, Maxwell L, Sharma M, and Kambadur R. Myostatin negatively regulates 
satellite cell activation and self-renewal. J Cell Biol 162: 1135-1147, 2003.
McCullough KA, Waits CA, Garimella R, Tague SE, Sipe JB, and Anderson HC. Immunohistochemical 
localization of bone morphogenetic proteins (BMPs) 2, 4, 6, and 7 during induced heterotopic bone 
formation. J Orthop Res 25: 465-472, 2007.
McGarry JG, Klein-Nulend J, and Prendergast PJ. The effect of cytoskeletal disruption on pulsatile fluid 
flow-induced nitric oxide and prostaglandin E2 release in osteocytes and osteoblasts. Biochem Biophys 
Res Commun 330: 341-348, 2005.
McNamara LM, Van der Linden JC, Weinans H, and Prendergast PJ. Stress-concentrating effect of 
resorption lacunae in trabecular bone. J Biomech 39: 734-741, 2006.
Moester MJ, Papapoulos SE, Lowik CW, and van Bezooijen RL. Sclerostin: current knowledge and 
future perspectives. Calcif Tissue Int 87: 99-107, 2010.
Morissette MR, Cook SA, Buranasombati C, Rosenberg MA, and Rosenzweig A. Myostatin inhibits 
IGF-I-induced myotube hypertrophy through Akt. Am J Physiol Cell Physiol 297: C1124-1132, 2009.
Nam J, Perera P, Rath B, and Agarwal S. Dynamic regulation of bone morphogenetic proteins in 
engineered osteochondral constructs by biomechanical stimulation. Tissue Eng Part A 19: 783-792, 
2013.
Nowlan NC, Bourdon C, Dumas G, Tajbakhsh S, Prendergast PJ, and Murphy P. Developing bones are 
differentially affected by compromised skeletal muscle formation. Bone 46: 1275-1285, 2010.
Nusse R, and Varmus H. Three decades of Wnts: a personal perspective on how a scientific field 
developed. EMBO J 31: 2670-2684, 2012.

General introduction



24

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

O’Reilly C, McKay B, Phillips S, Tarnopolsky M, and Parise G. Hepatocyte growth factor (HGF) and the 
satellite cell response following muscle lengthening contractions in humans. Muscle Nerve 38: 1434-
1442, 2008.
Ozcivici E, Luu YK, Adler B, Qin YX, Rubin J, Judex S, and Rubin CT. Mechanical signals as anabolic 
agents in bone. Nat Rev Rheumatol 6: 50-59, 2010.
Papanicolaou SE, Phipps RJ, Fyhrie DP, and Genetos DC. Modulation of sclerostin expression by 
mechanical loading and bone morphogenetic proteins in osteogenic cells. Biorheology 46: 389-399, 
2009.
Pedersen BK. Muscles and their myokines. J Exp Biol 214: 337-346, 2011.
Pedersen BK, and Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived interleukin-6. 
Physiol Rev 88: 1379-1406, 2008.
Price C, Zhou X, Li W, and Wang L. Real-time measurement of solute transport within the lacunar-
canalicular system of mechanically loaded bone: direct evidence for load-induced fluid flow. J Bone 
Miner Res 26: 277-285, 2011.
Quarles LD. Skeletal secretion of FGF-23 regulates phosphate and vitamin D metabolism. Nat Rev 
Endocrinol 8: 276-286, 2012.
Raisz LG, Pilbeam CC, and Fall PM. Prostaglandins: mechanisms of action and regulation of production 
in bone. Osteoporos Int 3 Suppl 1: 136-140, 1993.
Rath AL, Bonewald LF, Ling J, Jiang JX, Van Dyke ME, and Nicolella DP. Correlation of cell strain in 
single osteocytes with intracellular calcium, but not intracellular nitric oxide, in response to fluid flow. J 
Biomech 43: 1560-1564, 2010.
Reddi AH, and Reddi A. Bone morphogenetic proteins (BMPs): from morphogens to metabologens. 
Cytokine Growth Factor Rev 20: 341-342, 2009.
Regard JB, Zhong Z, Williams BO, and Yang Y. Wnt signaling in bone development and disease: making 
stronger bone with Wnts. Cold Spring Harb Perspect Biol 4: 2012.
Rittweger J, and Felsenberg D. Recovery of muscle atrophy and bone loss from 90 days bed rest: 
results from a one-year follow-up. Bone 44: 214-224, 2009.
Rittweger J, Gerrits K, Altenburg T, Reeves N, Maganaris CN, and de Haan A. Bone adaptation to 
altered loading after spinal cord injury: a study of bone and muscle strength. J Musculoskelet Neuronal 
Interact 6: 269-276, 2006.
Roudier M, Li X, Niu QT, Pacheco E, Pretorius JK, Graham K, Yoon BR, Gong J, Warmington K, Ke 
HZ, Black RA, Hulme J, and Babij P. Sclerostin is expressed in articular cartilage but loss or inhibition 
does not affect cartilage remodeling during aging or following mechanical injury. Arthritis Rheum 65: 
721-731, 2013.
Rubin CT, and Lanyon LE. Regulation of bone formation by applied dynamic loads. J Bone Joint Surg 
Am 66: 397-402, 1984.
Rufo A, Del Fattore A, Capulli M, Carvello F, De Pasquale L, Ferrari S, Pierroz D, Morandi L, De Simone 
M, Rucci N, Bertini E, Bianchi ML, De Benedetti F, and Teti A. Mechanisms inducing low bone density 
in Duchenne muscular dystrophy in mice and humans. J Bone Miner Res 26: 1891-1903, 2011.
Sacheck JM, Ohtsuka A, McLary SC, and Goldberg AL. IGF-I stimulates muscle growth by suppressing 
protein breakdown and expression of atrophy-related ubiquitin ligases, atrogin-1 and MuRF1. Am J 
Physiol Endocrinol Metab 287: E591-601, 2004.
Santos A, Bakker AD, and Klein-Nulend J. The role of osteocytes in bone mechanotransduction. 
Osteoporos Int 20: 1027-1031, 2009.
Santos A, Bakker AD, Willems HM, Bravenboer N, Bronckers AL, and Klein-Nulend J. Mechanical 
loading stimulates BMP7, but not BMP2, production by osteocytes. Calcif Tissue Int 89: 318-326, 2011.
Santos A, Bakker AD, Zandieh-Doulabi B, Semeins CM, and Klein-Nulend J. Pulsating fluid flow 
modulates gene expression of proteins involved in Wnt signaling pathways in osteocytes. J Orthop Res 
27: 1280-1287, 2009.

Chapter 1



25

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

Semsarian C, Sutrave P, Richmond DR, and Graham RM. Insulin-like growth factor (IGF-I) induces 
myotube hypertrophy associated with an increase in anaerobic glycolysis in a clonal skeletal-muscle 
cell model. Biochem J 339 ( Pt 2): 443-451, 1999.
Serrano AL, Baeza-Raja B, Perdiguero E, Jardi M, and Munoz-Canoves P. Interleukin-6 is an essential 
regulator of satellite cell-mediated skeletal muscle hypertrophy. Cell metabolism 7: 33-44, 2008.
Srinivasan S, Gross TS, and Bain SD. Bone mechanotransduction may require augmentation in order 
to strengthen the senescent skeleton. Ageing Res Rev 2012.
Sundell J. Resistance Training Is an Effective Tool against Metabolic and Frailty Syndromes. Adv Prev 
Med 2011: 984683, 2011.
Tan SD, de Vries TJ, Kuijpers-Jagtman AM, Semeins CM, Everts V, and Klein-Nulend J. Osteocytes 
subjected to fluid flow inhibit osteoclast formation and bone resorption. Bone 41: 745-751, 2007.
Tatsumi S, Ishii K, Amizuka N, Li M, Kobayashi T, Kohno K, Ito M, Takeshita S, and Ikeda K. Targeted 
ablation of osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab 5: 464-
475, 2007.
van Wessel T, de Haan A, van der Laarse WJ, and Jaspers RT. The muscle fiber type-fiber size paradox: 
hypertrophy or oxidative metabolism? Eur J Appl Physiol 110: 665-694, 2010.
Wadhwa S, Choudhary S, Voznesensky M, Epstein M, Raisz L, and Pilbeam C. Fluid flow induces COX-
2 expression in MC3T3-E1 osteoblasts via a PKA signaling pathway. Biochem Biophys Res Commun 
297: 46-51, 2002.
Wang Y, McNamara LM, Schaffler MB, and Weinbaum S. Strain amplification and integrin based 
signaling in osteocytes. J Musculoskelet Neuronal Interact 8: 332-334, 2008.
Watts NB. Clinical utility of biochemical markers of bone remodeling. Clin Chem 45: 1359-1368, 1999.
Weinbaum S, Cowin SC, and Zeng Y. A model for the excitation of osteocytes by mechanical loading-
induced bone fluid shear stresses. J Biomech 27: 339-360, 1994.
Xie C, Liang B, Xue M, Lin AS, Loiselle A, Schwarz EM, Guldberg RE, O’Keefe RJ, and Zhang X. Rescue 
of impaired fracture healing in COX-2-/- mice via activation of prostaglandin E2 receptor subtype 4. 
AmJ Pathol 175: 772-785, 2009.
Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, and O’Brien CA. Matrix-embedded cells 
control osteoclast formation. Nat Med 17: 1235-1241, 2011.
Yang SY, and Goldspink G. Different roles of the IGF-I Ec peptide (MGF) and mature IGF-I in myoblast 
proliferation and differentiation. FEBS Letters 522: 156-160, 2002.
You L, Cowin S, Schaffler M, and Weinbaum S. A model for strain amplification in the actin cytoskeleton 
of osteocytes due to fluid drag on pericellular matrix. J Biomech 34: 1375-1386, 2001.
You L, Temiyasathit S, Lee P, Kim CH, Tummala P, Yao W, Kingery W, Malone AM, Kwon RY, and 
Jacobs CR. Osteocytes as mechanosensors in the inhibition of bone resorption due to mechanical 
loading. Bone 42: 172-179, 2008.
Yucesoy CA, Koopman BH, Huijing PA, and Grootenboer HJ. Three-dimensional finite element 
modeling of skeletal muscle using a two-domain approach: linked fiber-matrix mesh model. J Biomech 
35: 1253-1262, 2002.
Zhang YW, Su Y, Volpert OV, and Vande Woude GF. Hepatocyte growth factor/scatter factor mediates 
angiogenesis through positive VEGF and negative thrombospondin 1 regulation. Proc Natl Acad Sci U 
S A 100: 12718-12723, 2003. 

General introduction


	Proefschrift_Juffer_V3.1 VUDARE 9
	Proefschrift_Juffer_V3.1 VUDARE 10
	Proefschrift_Juffer_V3.1 VUDARE 11
	Proefschrift_Juffer_V3.1 VUDARE 12
	Proefschrift_Juffer_V3.1 VUDARE 13
	Proefschrift_Juffer_V3.1 VUDARE 14
	Proefschrift_Juffer_V3.1 VUDARE 15
	Proefschrift_Juffer_V3.1 VUDARE 16
	Proefschrift_Juffer_V3.1 VUDARE 17
	Proefschrift_Juffer_V3.1 VUDARE 18
	Proefschrift_Juffer_V3.1 VUDARE 19
	Proefschrift_Juffer_V3.1 VUDARE 20
	Proefschrift_Juffer_V3.1 VUDARE 21
	Proefschrift_Juffer_V3.1 VUDARE 22
	Proefschrift_Juffer_V3.1 VUDARE 23
	Proefschrift_Juffer_V3.1 VUDARE 24
	Proefschrift_Juffer_V3.1 VUDARE 25

