
VU Research Portal

Mechanical stimulation of osteocytes and regulation of osteoclastogenesis

Kulkarni, R.

2012

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Kulkarni, R. (2012). Mechanical stimulation of osteocytes and regulation of osteoclastogenesis. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/cb495b1d-07c8-4b8d-95ce-42d227db2073


General summary 

139 
 

GENERAL SUMMARY 

Bones adapt their mass, shape, and trabecular architecture according to the 

mechanical environment in order to achieve an optimal resistance to 

mechanical failure with a minimum use of material. This process is known as 

functional adaptation of bone, which occurs during the process of bone 

remodeling. The bone remodeling process is executed by bone resorbing 

osteoclasts and bone depositing osteoblasts, which are orchestrated by 

mechanosensing osteocytes. Mechanically loaded osteocytes produce factors 

that inhibit osteoclastogenesis and osteoclast recruitment, while under disuse 

conditions osteocytes decrease the production of osteoclast-inhibiting signals. It 

has been shown in cell culture experiments, that osteocytes produce high levels 

of nitric oxide (NO) in response to mechanical loading. NO mediates the 

inhibition of osteoclast activity after mechanical loading of bone as well as 

adaptive bone formation in vivo. It is largely unknown which signaling 

molecules, either dependent or independent of NO, are produced by 

mechanically stimulated osteocytes that regulate osteoclastogenesis. 

This thesis focuses on the understanding of how mechanically stimulated 

osteocytes regulate osteoclastogenesis. The aim was to identify signaling 

molecules produced by mechanically stimulated osteocytes that affect 

osteoclastogenesis. Since mechanosensation is a vital phenomenon for survival 

of osteocytes and eventually in the inhibition of osteoclastogenesis, we also 

aimed to identify molecules that affect osteocyte mechanosensitivity. 

In this thesis the following scientific questions were addressed:  

1. Does mechanical loading of osteocytes affect osteocyte-stimulated 

osteoclastogenesis by involvement of matrix extracellular 

phosphoglycoprotein (MEPE)? 

2. Does membrane-type matrix metalloproteinase-1 (MT1-MMP) play a role in 

the osteocyte response to mechanical loading? 

3. Does interleukin-1β (IL-1β) affect osteocyte-modulated osteoclastogenesis 

in the presence or absence of mechanical loading of osteocytes? 

4. Does interleukin-6 (IL-6) alter the mechanoresponse of osteocytes, and the 

communication of osteocytes with osteoblasts and/or osteoclasts?  
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5. Do osteocytes in situ in an ex vivo mechanical loading model of murine 

fibulae respond to mechanical stimulation? 

To seek answers to these questions, we started by demonstrating that 

MEPE might be a soluble factor produced after mechanical loading of 

osteocytes leading to the inhibition of osteoclastogenesis (Chapter 2). 

Osteoblast lineage cells secrete key molecules responsible for osteoclast 

differentiation, i.e. macrophage colony stimulating factor (M-CSF) and receptor 

activator of nuclear factor kappa-B ligand (RANKL). RANKL binds to its 

receptor, receptor activator of nuclear factor kappa B (RANK), on the surface of 

osteoclast precursors to stimulate these precursors to commit to the 

osteoclastic phenotype. RANKL activity is negatively regulated by 

osteoprotegerin (OPG), which competes with RANK as a soluble receptor. We 

found that mechanical loading of osteocytes upregulated MEPE gene 

expression, and downregulated the RANKL/OPG ratio. We speculate that the 

loading-induced increase in MEPE gene expression was responsible for the 

observed increase in OPG gene expression.  

Osteocytes express MT1-MMP, which is a membrane-anchored 

metalloproteinase that mediates pericellular proteolysis of a wide range of 

extracellular matrix proteins including type-I collagen. MT1-MMP is a 

transmembrane molecule with its extracellular domain associated with 

extracellular matrix molecules, while its intracellular domain is a modulator of 

cell signalling and activates molecules such as src and Akt. MT1-MMP 

deficiency leads to the loss of formation of osteocyte processes, and also 

affects bone mass. Therefore, a reduction in mechanosensitivity of MT1-MMP–

deficient osteocytes might be expected. In chapter 3, we show that MT1-MMP 

plays a hitherto unknown role in osteocyte mechanosensing. We demonstrated 

that knockdown of MT1-MMP increases the osteocyte response to mechanical 

stimulation. MT1-MMP likely affects the intrinsic sensitivity of osteocytes, as 

knocking down of MT1-MMP in osteocytes increased the size and number of 

paxillin-positive focal adhesions. Focal adhesions are prime candidate 

structures for converting extracellular mechanical signals such as fluid shear 

stress into a biological response through the activation of cytoplasmic signaling 
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molecules like PI3/Akt. We suggest that larger focal adhesions in MT1-MMP 

knockdown osteocytes likely increased the levels of cell surface β1 integrins 

and thereby strain on osteocytes possibly altering the response to mechanical 

stimuli. 

The upregulation of NO production by osteocytes in response to mechanical 

stimulation is inhibited by IL-1β. Inflammatory diseases such as rheumatoid 

arthritis are often accompanied by higher plasma and synovial fluid levels of IL-

1β, and increased osteoclastic bone resorption. Since IL-1β alters the osteocyte 

response to mechanical loading, we investigated the effect of IL-1β on 

osteocyte-modulated osteoclastogenesis in the presence or absence of 

mechanical loading of osteocytes. Mechanical loading in the absence of IL-1β 

upregulated gene expression of cysteine rich protein 61 (CYR61/CCN1), a 

negative regulator of osteoclastogenesis. We found that IL-1β stimulated 

osteoclastogenesis, and that mechanical loading of osteocytes abolished this 

IL-1β-induced osteoclastogenesis (Chapter 4). 

 IL-6 levels in serum of rheumatoid arthritis patients are higher compared to 

healthy individuals. It is still under debate whether IL-6 is an anabolic or 

catabolic cytokine in bone mass regulation. It is yet unknown whether IL-6 

affects the osteocyte response to mechanical loading. We aimed to investigate 

whether IL-6 alters the production of signaling molecules by mechanically 

stimulated osteocytes, and whether IL-6 alters the communication between 

osteocytes with osteoclasts and osteoblasts. We demonstrated that IL-6 did not 

affect the stimulating effect of fluid shear stress on NO production and 

cyclooxygenase-2 (Cox-2) expression by osteocytes. Importantly, we found that 

IL-6 did not stimulate the formation of osteoclasts. On the other hand, IL-6 

triggered the production of factors by osteocytes that stimulate osteoblast 

proliferation, but inhibit differentiation (Chapter 5). Our results suggest that IL-6 

is an anabolic, and not a catabolic cytokine.  

Several molecules including NO have been shown to modulate the activity 

of osteoclasts and osteoblasts based on in vitro experiments with osteocytes 

cultured on flat, stiff substrates. However, osteocytes in situ employ a totally 

different three-dimensional environment. It is not fully understood how 
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osteocytes in situ transduce the minute mechanical stimuli that occur as a result 

of physical activity into a strong chemical response. Therefore we developed an 

ex vivo mechanical loading model to study the response of osteocytes in situ in 

murine fibulae to mechanical stimulation. In chapter 6, we show that 

mechanical stimulation of mouse fibulae with different strain magnitudes 

upregulated intracellular NO production in osteocytes in situ. The ex vivo fibular 

loading model may enable detailed investigations on the mechano-response of 

osteocytes in situ in both physiological and pathological conditions like 

osteoporosis.  

In this thesis we demonstrate that mechanically stimulated osteocytes 

produce signaling molecules that regulate osteoclastogenesis. We have 

identified MEPE and CYR61 as signaling molecules produced by mechanically 

stimulated osteocytes, which can inhibit osteoclastogenesis. MT1-MMP 

knockdown increased the osteocyte response to mechanical stimulation. This 

demonstrates a hitherto unknown role of MT1-MMP in osteocyte 

mechanosensing, which is of fundamental importance in the regulation of 

osteoclastogenesis. We also show that osteocytes that are surrounded by their 

natural environment respond to mechanical stimuli by upregulation of NO 

production. Furthermore, our results suggest that IL-1β increases 

osteoclastogenesis, and that mechanical stimulation of osteocytes may abolish 

this IL-1β–induced osteoclastogenesis. On the other hand, IL-6 did not affect 

the osteocyte response to mechanical stimulation nor osteoclastogenesis 

suggesting that IL-6 is an anabolic, and not a catabolic cytokine. 

The results described in this thesis contribute to the understanding of 

communication between mechanically loaded osteocytes and osteoclasts. Our 

results might contribute to new treatment modalities for diseases where this 

communication might be disturbed, such as osteoporosis or osteopetrosis.                 

 

 


