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GENERAL INTRODUCTION 

Bone is a living tissue that is remodeled throughout life. This is accomplished by 

so-called basic multicellular units (BMUs), consisting of osteoclasts and 

osteoblasts acting in a coordinated fashion to resorb existing bone and form 

new bone. Remodeling allows bone tissue to adapt its internal structure and 

mass to mechanical demands to ensure maximal strength with minimal bone 

mass1-4. The osteoclasts start to dig a tunnel through compact bone, and the 

osteoblasts refill the tunnel. The alignment of secondary osteons along the 

dominant loading direction suggests that remodeling is guided by mechanical 

strain, indicating that mechanical adaptation occurs throughout life at each 

remodeling cycle5,6.  

Osteocytes, the bone mechanosensors, are very sensitive to 

mechanical strain applied to intact bone tissue7-11. Computational models have 

shown that cells lying at the surface of bone, such as osteoblasts and bone 

lining cells, would be less sensitive to changes in the loading pattern than the 

osteocytes, embedded within the calcified matrix12,13. Importantly, targeted 

ablation of osteocytes in mice disturbs the adaptation of bone to mechanical 

loading11. Burger et al.5 has proposed that alignment during remodeling occurs 

as a result of different canalicular flow patterns around the tip of the cutting 

cone and reversal zone during loading. Low canalicular flow around the tip of 

the cutting cone reduces nitric oxide (NO) production by local osteocytes 

thereby causing their apoptosis. Studies in growing bone report that osteocyte 

apoptosis is associated with osteoclastic resorption14,15. Osteocyte apoptosis 

attracts osteoclasts, leading to further excavation of bone in the direction of 

loading. At the transition between cutting cone and reversal zone, enhanced 

canalicular flow stimulates osteocytes to release NO, which induces osteoclast 

retraction from the bone surface. Together a treadmill exists of attaching and 

detaching osteoclasts in the tip and the periphery of the cutting cone, and the 

digging of a tunnel in the direction of mechanical loading. It has been shown in 

cell culture experiments, that osteocytes produce high levels of NO in response 

to mechanical loading16-19, and to a localized mechanical loading on the single 

osteocyte level20. NO is a short-lived highly reactive free radical involved in 
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several biological processes, including the regulation of bone metabolism. NO 

mediates the inhibition of osteoclast activity after mechanical loading of bone21, 

and adaptive bone formation in vivo22. 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.    

Osteoclasts are multinucleated cells that arise from haemopoietic cells 

of the monocyte/macrophage lineage23,24. Osteoclast formation in vivo is 

thought to be induced by direct cell–cell contact of pre-osteoblastic/stromal cells 

with monocyte/macrophage osteoclast precursors23,25. 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 phenotype26. Besides 

the membrane-bound form, RANKL also exist in a soluble form. RANKL activity 

is negatively regulated by osteoprotegerin (OPG), which competes with RANK 

as a soluble receptor.  

In the absence of mechanical loading, stasis of interstitial fluid occurs, 

leading to a lack of fluid shear stress in bone2. Tatsumi et al.11 have shown that 

osteocytes produce pro-osteoclastogenic signals in the absence of mechanical 

loading leading to stimulation of bone resorption. Recently, it has been reported 

that mice lacking RANKL specifically in osteocytes have a severe osteopetrotic 

phenotype indicating that osteocytes are the major source of RANKL in bone 

remodeling in vivo27. Alternatively, mechanically loaded osteocytes produce 

factors that inhibit osteoclastogenesis and osteoclast recruitment, while under 
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disuse conditions osteocytes decrease the production of osteoclast-inhibiting 

signals11,21. 

One likely candidate produced by mechanically loaded osteocytes to 

inhibit osteoclastogenesis is matrix extracellular phosphoglycoprotein (MEPE). 

We investigated whether mechanical loading of osteocytes affects osteocyte-

stimulated osteoclastogenesis by involvement of MEPE (Chapter 2). 

Osteocytes express membrane-type matrix metalloproteinase-1 (MT1-

MMP)28, 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 

Akt29. MT1-MMP deficiency leads to the loss of formation of osteocyte 

processes28, and also affects bone mass. Therefore, a reduction in 

mechanosensitivity of MT1-MMP–deficient osteocytes might be expected. We 

aimed to investigate whether MT1-MMP plays a role in the osteocyte response 

to mechanical loading (Chapter 3). 

The upregulation of NO production by osteocytes in response to 

mechanical stimulation is inhibited by interleukin-1β (IL-1β)30. Inflammatory 

diseases such as rheumatoid arthritis are often accompanied by higher plasma 

and synovial fluid levels of IL-1β31,32, and increased osteoclastic bone 

resorption33. NO mediates the osteoclast inhibition by mechanically stimulated 

osteocytes21. 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 (Chapter 4). 

Interleukin-6 (IL-6) levels in serum of rheumatoid arthritis patients are 

higher compared to healthy individuals34. 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 (Chapter 5). 
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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 coated with collagen type I21,35,36. 

However, osteocytes in situ employ a largely different subset of integrins for 

anchorage to their extracellular matrix37,38 than osteocytes seeded on collagen 

type I in vitro. Moreover, osteocytes on flat substrates need stronger 

mechanical stimuli in order to respond with the production of NO than a non-

adherent osteocyte39. It is still an enigma how osteocytes in situ transduce the 

minute mechanical stimuli that occur as a result of physical activity into a strong 

chemical response. Therefore a three-dimensional (3D) system to study the 

response of osteocytes in situ to mechanical loading is needed. We developed 

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

mechanical loading (Chapter 6). 

In summary, this thesis aims to address the following scientific questions: 

1. Does mechanical loading of osteocytes affect osteocyte-stimulated 

osteoclastogenesis by involvement of MEPE (Chapter 2)? 

2. Does MT1-MMP play a role in the osteocyte response to mechanical 

loading (Chapter 3)? 

3. Does IL-1β affect osteocyte-modulated osteoclastogenesis in the presence 

or absence of mechanical loading of osteocytes (Chapter 4)? 

4. Does IL-6 alter the mechano-response of osteocytes, and the 

communication of osteocytes with osteoblasts and/or osteoclasts (Chapter 

5)?  

5. Do osteocytes in situ in an ex vivo mechanical loading model of murine 

fibulae respond to mechanical stimulation (Chapter 6)? 
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ABSTRACT 

In regions of high bone loading the mechanoresponsive osteocytes inhibit 

osteoclastic bone resorption by producing signaling molecules. One possible 

candidate is matrix extracellular phosphoglycoprotein (MEPE), since acidic 

serine aspartate-rich MEPE-associated motif (ASARM) peptide(s) upregulates 

osteoprotegerin (OPG) gene expression, a negative regulator of 

osteoclastogenesis. ASARM peptide(s) are cleaved from MEPE when relatively 

more MEPE than PHEX (phosphate-regulating gene with homology to 

endopeptidases on the X chromosome) is present. We investigated whether 

mechanical loading of osteocytes affects osteocyte-stimulated 

osteoclastogenesis by involvement of MEPE. 

 MLO-Y4 osteocytes were mechanically loaded by 1 h pulsating fluid 

flow (PFF; 0.7±0.3 Pa, 5 Hz) or kept under static control conditions. 

Recombinant MEPE (0.05, 0.5, or 5 µg/ml) was added to some static cultures. 

Mouse bone marrow cells were seeded on top of the osteocytes to determine 

osteoclastogenesis. Gene expression of MEPE, PHEX, receptor activator of 

nuclear factor kappa-B ligand (RANKL), and OPG by osteocytes was 

determined after PFF. 

 Osteocytes supported osteoclast formation under static control 

conditions. Both PFF and recombinant MEPE inhibited osteocyte-stimulated 

osteoclastogenesis. PFF upregulated MEPE gene expression by 2.5-fold, but 

not PHEX expression. PFF decreased the RANKL/OPG ratio at 1 h PFF 

treatment.  

 Our data suggest that mechanical loading induces changes in gene 

expression by osteocytes, which likely contributes to the inhibition of 

osteoclastogenesis after mechanical loading of bone. Since mechanical loading 

upregulated gene expression of MEPE but not PHEX, possibly resulting in the 

upregulation of OPG gene expression, we speculate that MEPE is a soluble 

factor involved in the inhibition of osteoclastogenesis by osteocytes. 

 

Keywords: Osteocytes, Osteoclastogenesis, Fluid shear stress, MEPE, OPG, 

RANKL. 
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INTRODUCTION 

Bone is a specialized connective tissue which tolerates mechanical loads 

derived from weight bearing and from muscle contractions1. Repeated loads 

lead to microdamage, which could cause fractures. Therefore bone is 

continuously remodeled by osteoclasts and osteoblasts that act in a coordinated 

fashion2. First osteoclasts resorb existing bone tissue and subsequently 

osteoblasts refill the gap with new bone tissue. The actions of the osteoblasts 

and osteoclasts are coordinated by the osteocytes3-5. Osteocytes are buried in 

the bone matrix and are in contact with neighbouring osteocytes via long 

slender cell processes, located in canaliculi, which are filled with pericellular 

interstitial fluid. These cell processes make direct cell-cell contact not only to 

neighbouring osteocytes but also to osteoclasts and osteoclast precursors in 

bone marrow1. The three-dimensional network of interconnected cells is present 

throughout bone. This osteocyte network with its accompanying lacuno-

canalicular porosity is likely the site of mechanosensing in bone2. In the 

absence of mechanical loading or disuse conditions, stasis of interstitial fluid 

occurs, leading to a lack of fluid shear stress2. Tatsumi et al.6 have shown that 

osteocytes produce pro-osteoclastogenic signals in the absence of mechanical 

loading leading to stimulation of bone resorption6. Alternatively, mechanically 

loaded osteocytes may produce factors that inhibit osteoclast recruitment, while 

under disuse conditions osteocytes decrease the production of osteoclast 

inhibiting signals2,3.  

Osteoclasts are multinucleated cells that arise from haemopoietic cells 

of the monocyte /macrophage lineage7. Osteoclast formation in vivo is thought 

to be induced by direct cell–cell contact of pre-osteoblastic/stromal cells with 

monocyte/macrophage osteoclast precursors7. Osteoblast lineage cells secrete 

key molecules responsible for osteoclast differentiation, i.e. receptor activator of 

nuclear factor kappa-B ligand (RANKL) and macropahage colony stimulating 

factor (M-CSF). RANKL stimulates osteoclast precursors to commit to the 

osteoclastic phenotype by binding to its receptor, receptor activator of nuclear 

factor kappa B (RANK), on the surface of osteoclast precursors8. RANKL exists 

in two forms, a soluble form and a membrane bound form thought to be 
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responsible for initiating osteoclast formation. RANKL activity is negatively 

regulated by osteoprotegerin (OPG), which competes with RANK as a soluble 

receptor. OPG, like RANKL, is produced by cells of the osteoblast lineage8. 

Osteoclast differentiation is inhibited when OPG is relatively more upregulated 

than RANKL. Thus the ratio of RANKL to OPG is determining 

osteoclastogenesis9. 

Osteoclastogenesis from mouse bone marrow cells is inhibited by the 

addition of conditioned medium from mechanically loaded MLO-Y4 osteocytes3. 

Osteocytes can support osteoclastogenesis when co-cultured with RAW264.7 

monocyte osteoclast precursor cells, but mechanical loading of osteocytes 

decreases their osteoclastogenic potential5. Soluble factors released by 

mechanically loaded osteocytes inhibit osteoclastogenesis induced by stromal 

cells or osteocytes5. Osteocytes release RANKL and OPG molecules which 

regulate osteoclastogenesis. The RANKL/OPG ratio is decreased in 

mechanically loaded osteocytes compared to non-loaded controls, resulting in 

inhibition of osteoclastogenesis5. It is largely unknown which signaling 

molecules that are produced by osteocytes in response to mechanical loading 

can modulate the RANKL/OPG ratio to inhibit osteoclastogenesis. One likely 

candidate is matrix extracellular phosphoglycoprotein (MEPE). 

 MEPE is predominantly expressed by osteocytes in human bone, with 

significant expression by osteocytes within mineralized bone10. MEPE mRNA 

and protein expression in osteocytes is highly responsive to mechanical loading 

of bone in vivo in a mouse tooth movement model11.  Synthetic 23mer peptide 

fragment of MEPE (AC-100, region 242–264) containing the RGD (Arg-Gly-Asp) 

integrin binding sequence and SGDG (Ser-Gly-Asp-Gly) glycosaminoglycan-

attachment sequence stimulates new bone formation in vitro and in vivo12. 

MEPE serum levels in healthy adult humans vary between 0.02-1.3 µg/ml. 

Serum MEPE levels are high when bone mineral density is high, and low in 

aged individuals when bone mineral density is low, suggesting a physiological 

role of MEPE in bone homeostasis13. MEPE protein is most likely cleaved by a 

cathepsin B-like protease to a highly phosphorylated C-terminal acidic serine 

aspartate rich MEPE rich associated motif (ASARM) peptide in osteocytes. 
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ASARM peptide(s) are cleaved from MEPE when relatively more MEPE than 

PHEX (phosphate-regulating gene with homology to endopeptidases on the X 

chromosome) is present. ASARM peptide(s) increase the expression of 

osteoprotegerin, a negative regulator of osteoclastogenesis, in bone marrow 

stromal cells14. MEPE might therefore be an important signaling molecule 

involved in the regulation of osteoblast and osteoclast activity during bone 

remodeling. The aim of this study was to investigate whether mechanical 

loading of osteocytes affects osteocyte-stimulated osteoclastogenesis by 

involvement of MEPE. 
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MATERIAL AND METHODS 

 

Cell culture 

MLO-Y4 osteocytes (kindly provided by Dr Bonewald, San Antonio, TX, USA)15 

were cultured up to near-confluency in 75-cm2 culture flasks using α-MEM 

supplemented with 5% fetal bovine surum (FBS; Gibco, Grand Island, NY), 5% 

calf serum (Gibco), 1.25 μg/ml fungizone (Gibco), 150 μg/ml penicillin (Sigma, 

St. Louis, MO), and 125 μg/ml streptomycin (Sigma) at 37ºC and 5% CO2 in air.  

Mouse bone marrow cells were used for the osteoclast formation assay. 

Briefly, eight weeks old male mice (C57BL/6J) were killed with a peritoneal 

injection of a lethal dose of Euthesate (8 mg sodium pentobarbital per mouse; 

Sanofi Santé Animale Benelux B.V., Maassluis, The Netherlands). The animal 

committee of the VU university Amsterdam approved the use of mice in these 

experiments. Tibiae were harvested and soft tissue removed. Cleaned tibiae 

were then ground in a mortar with α-MEM (Gibco) supplemented with 10% FBS, 

150 μg/ml penicillin, 125 μg/ml streptomycin, 1.25 μg/ml fungizone, and heparin 

(170 IU/ml; Leo Pharmaceutical Products B.V., Weesp, The Netherlands). The 

cell suspension was aspirated through a 21-gauge needle and filtered using a 

100-μm pore size Cell Strainer filter (Falcon/Becton Dickinson, Franklin Lakes, 

NJ). Cells were then washed twice in culture medium, centrifuged for 10 min at 

200xg, and 1x106 cells/cm2 were seeded on top of mechanically loaded or static 

MLO-Y4 osteocytes.  

 

Pulsatile fluid flow (PFF) 

MLO-Y4 osteocytes between passages 30-31 were harvested using 0.25% 

trypsin (Difco Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma) in PBS, 

and seeded at 1x103 cells/cm2 on polylysine-coated (50 µg/ml; poly-L-lysine 

hydrobromide; Sigma) glass slides (15 cm2) in α-MEM with 5% FBS, 5% calf 

serum, and antibiotics. They were incubated overnight at 37ºC with 5% CO2 in 

air, and subjected to mechanical loading for 1 h by pulsating fluid flow (PFF) or 

kept under static control conditions. PFF at 5 Hz pulse frequency was 

generated by pumping 13 ml of culture medium in a pulsatile manner through a 
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parallel-plate flow chamber (65x24x0.3 mm) containing the bone cells16. The 

mean applied fluid shear stress was 0.7 Pa with a pulse amplitude of 0.3 Pa, 

and the estimated peak stress rate was 8.4 Pa/sec17-19. Control cultures were 

kept under stationary conditions in a petridish containing 13 ml flow medium 

under similar conditions as the experimental cultures, i.e. at 37oC in a 

humidified atmosphere of 5% CO2 in air. After 1 h PFF or static control 

treatment, cells were post-incubated without PFF for 1 or 6 h in 13 ml of fresh 

medium. After 1 h PFF and at the end of each post-incubation period, cells were 

lysed for total RNA isolation as described below. 

 

Osteoclast formation 

MLO-Y4 osteocytes seeded at 1x103 cells/cm2 on glass slides were either 

mechanically loaded by 1 h PFF (0.7±0.3 Pa, 5 Hz) or kept under static culture 

conditions. 1x106 bone marrow cells/cm2 were seeded on top of mechanically 

loaded or static MLO-Y4 osteocytes. They were kept in co-culture in α-MEM 

(Gibco) supplemented with 10% FBS, 150 μg/ml penicillin, 125 μg/ml 

streptomycin, and 1.25 μg/ml fungizone. Culture medium was refreshed after 

3 days. After 7 days of co-culture, cells were fixed in 4% formaldehyde in PBS 

for 10 min. Fixed cells were washed with PBS, and stained for tartrate-resistant 

acid phosphatase (TRACP) according to the manufacturer's instructions 

(Sigma). The number of TRACP-positive multinucleated (3 or more nuclei per 

cell) and mononuclear cells were counted using a Leica DM IL microscope 

(Leica, Wetzlar, Germany) equipped with a 20x objective. 

 In a well established monoculture osteoclastogenesis assay3, bone 

marrow cells were seeded at 3x105 cells/cm2  in 96 well plates in medium 

containing 30 ng/ml recombinant murine M-CSF (R&D systems, Minneapolis, 

MI), 20 ng/ml recombinant murine RANKL (RANKL-TEC, R&D systems) and 20, 

24, 50, 60 or 75 ng/ml recombinant human OPG (Biovision, CA, USA). Culture 

medium containing M-CSF, RANKL and OPG was refreshed after 3 days. After 

6 days of culture, cells were fixed and TRACP-positive multinucleated cells 

were counted as described above. 
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Effect of recombinant MEPE on osteoclast formation 

MLO-Y4 osteocytes were seeded at 1x103 cells/well in 48-well tissue culture 

plate. After overnight attachment osteocytes were treated for 24 h with 0.05, 0.5 

or 5 µg/ml of recombinant human MEPE (R&D Systems, Minneapolis, MN). 

1x106 bone marrow cells were seeded on top of recombinant human MEPE 

treated osteocytes. Co-culture was maintained in the presence of 0.05, 0.5 or 5 

µg/ml recombinant human MEPE. After 7 days of co-culture, the number of 

TRACP-positive multinucleated and mononuclear cells was determined.  

 

Analysis of gene expression 

Real-time polymerase chain reaction (PCR) was used to determine gene 

expression of MEPE, PHEX, RANKL, OPG, and the housekeeping gene 

GAPDH (all primers from Applied Biosystems, Foster, CA). Total RNA was 

isolated using lysis buffer RA I (Macherey-Nagel, Düren, Germany) according to 

the manufacturer’s instructions. cDNA synthesis was performed using 0.5-1 µg 

of total RNA in a 20 µl reaction mixture consisting of 5 units of Transcriptor 

Reverse Transcriptase (Roche Diagnostics, Mannheim, Germany), 0.08 A260 

units of random primers (Roche Diagnostics), 1 mM of each dNTP (InVitrogen, 

Calrsbad, CA), and 1x concentrated Transcriptor RT reaction buffer (Roche 

Diagnostics). Real time PCR reactions were performed using Taq-Man® Gene 

Expression assays (TaqMan®, Applied Biosystems) in an ABI Prism 7700 DNA 

sequence detector (Applied Biosystems). Gene expression values were 

normalized for house keeping gene GAPDH. 

 

Statistics 

The Wilcoxon signed-rank test was used for comparing the effect of 

mechanically loaded osteocytes and static osteocytes on the number of TRACP 

positive multinucleated cells. For statistical analysis of the data obtained from all 

other experiments the paired student t-test was used. Differences were 

considered significant when p<0.05. 
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RESULTS 

 

Osteocytes support osteoclast formation from bone marrow cells 

Mouse bone marrow cells co-cultured on top of MLO-Y4 osteocytes for 7 days 

fused to form TRACP-positive multinucleated cells (TRACP+ MNCs) and 

mononuclear cells (Figure 1A).  

 
Fig. 1 Mechanical loading of osteocytes inhibits osteoclastogenesis from bone 
marrow cells. (A) TRACP-positive multinucleated cells (arrows) and TRACP-
positive mononuclear cells (arrow heads) after 7 days of co-culture of static 
MLO-Y4 osteocytes and mouse bone marrow cells. (B) MLO-Y4 osteocytes 
subjected to 1 h PFF nihilized the formation of TRACP-positive multinucleated 
cells after 7 days of co-culture with bone marrow cells. Magnification: 20x. The 
number of (C) TRACP-positive multinucleated, and (D) TRACP-positive 
mononuclear cells was significantly inhibited due to 1 h PFF exposure of MLO-
Y4 osteocytes. Values are means ± SEM from 3 separate experiments. PFF, 
pulsating fluid flow; Static, static control cultures. * Significant effect of PFF, 
p<0.05. 
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Mechanical loading of osteocytes inhibits osteoclastogenesis from bone 

marrow cells 

Next, we investigated the effect of mechanical loading on osteoclast formation 

in a co-culture system of MLO-Y4 osteocytes and bone marrow cells. 

Osteocytes subjected to 1 h PFF stopped the formation of osteoclasts, as 

assessed by the number of TRACP+ MNCs after 7 days of co-culture (Figure 

1B). 1 h PFF significantly inhibited the number of TRACP+ MNCs (Figure 1C) 

and mononuclear cells (Figure 1D) compared to static conditions. 

 

PFF affects MEPE but not PHEX gene expression 

To assess whether mechanical loading affects MEPE and PHEX gene 

expression, MLO-Y4 osteocytes were treated with or without 1 h PFF. 

Mechanical loading significantly upregulated MEPE gene expression by 2.5-fold 

after 1 h PFF, but not at 1 or 6 h after termination of PFF (Figure 2A). PFF did 

not affect PHEX gene expression after 1 h of PFF treatment, nor at 1 or 6 h 

after termination of PFF (Figure 2B). This suggests MEPE was relatively more 

upregulated than PHEX. 

 

 
 
Fig. 2 PFF treatment upregulates MEPE but not PHEX gene expression by 
MLO-Y4 osteocytes. (A) PFF significantly upregulated MEPE gene expression 
after 1 h PFF, but not at 1 or 6 h after termination of PFF. (B) PFF did not affect 
PHEX gene expression after 1 h PFF, or 1 and 6 h after termination of PFF. 
Data is expressed as relative gene expression normalized for GAPDH gene 
expression. Values are means ± SEM from 4 separate experiments. PFF, 
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pulsating fluid flow; Static, static control cultures. ** Significant effect of PFF, 
p<0.01. 
 

Role of OPG and RANKL in PFF-stimulated osteoclastogenesis 

To determine whether PFF affects osteoclastogenesis-related gene expression, 

we analyzed gene expression of RANKL, OPG and M-CSF in MLO-Y4 

osteocytes after 1 h PFF. We found that PFF did not affect M-CSF gene 

expression after 1 h PFF (data not shown). PFF upregulated RANKL gene 

expression by 1.8-fold after 1 h of PFF treatment (Figure 3A). Similarly, PFF 

upregulated OPG gene expression by 2.1 fold after 1 h of PFF treatment 

(Figure 3A). As a result, PFF decreased the RANKL/OPG ratio by 20% after 1 h 

of PFF treatment (Figure 3B). To determine whether a 20% change in the 

RANKL/OPG ratio affects osteoclastogenesis, we stimulated mouse bone 

marrow stromal cells with M-CSF and RANKL in the presence of different 

concentrations of OPG. We found that OPG dose dependently inhibited the 

number of TRACP+ MNCs (Figure 3C). Importantly, we found that a decrease in 

the RANKL/OPG ratio of 20% was already sufficient to inhibit the number of 

TRACP+ MNCs in our osteoclastogenesis assay (Figure 3C). 
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Fig. 3 Role of OPG and RANKL in PFF-stimulated osteoclastogenesis. (A) PFF 
significantly upregulated RANKL and OPG gene expression after 1 h of PFF 
treatment. (B) PFF down-regulated the RANKL/OPG ratio after 1 h of PFF 
treatment. (C) Effect of OPG on M-CSF and RANKL-induced 
osteoclastogenesis. OPG dose-dependently inhibited the number of TRACP-
positive multinucleated cells. A 20% decrease in the RANKL/OPG ratio (OPG 
increased from 20 ng/ml to 24 ng/ml) was already sufficient to inhibit the 
number of TRACP-positive multinucleated cells. Values are means ± SEM from 
3 or more separate experiments. PFF, pulsating fluid flow; Static, static control 
cultures. * Significant effect, p<0.05. 
 

Recombinant human MEPE inhibits osteocyte-stimulated 

osteoclastogenesis 

Mechanical loading of osteocytes with 1h PFF significantly increased MEPE 

gene expression. We also studied whether recombinant human MEPE could 

modulate osteocyte-stimulated osteoclastogenesis. We found that MEPE at 5 
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µg/ml inhibited the number of TRACP-positive multinucleated cells (Figure 4A) 

and TRACP-positive mononuclear cells (Figure 4B). 

 

 
Fig. 4 Effect of recombinant human MEPE on osteocyte-stimulated 
osteoclastogenesis. Recombinant MEPE at 5 µg/ml dowregulated the number 
of (A) TRACP-positive multinucleated cells, and (B) TRACP-positive 
mononuclear  cells after 7 days of co-culture of MLO-Y4 osteocytes and mouse 
bone marrow cells. Values are means ± SEM from 3 separate  experiments. * 
Significant effect of MEPE, p<0.05. 
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DISCUSSION 

Osteocytes are the predominant bone cells, and the professional 

mechanosensors of bone2. In response to mechanical loading osteocytes 

communicate with each other and other types of cells including osteoblasts, 

bone lining cells, and osteoclasts through the canalicular network in which 

nutrients and other soluble factors are transported by fluid flow. Osteocytes are 

therefore considered to be the orchestrators of bone adaptation to mechanical 

loading1-4. 

 Bone resorption is suppressed in response to mechanical loading of 

bone in vivo 20,21. We have shown earlier that conditioned medium from 

osteocytes subjected to pulsating fluid flow inhibits osteoclast formation and 

function3. It was however not demonstrated which molecules in the conditioned 

medium were responsible for the inhibitory effect on osteoclast formation and 

function. One of the molecules in conditioned medium responsible for the 

inhibitory effect could be MEPE. MEPE-/- mice have a marked age dependent 

increased bone mass and increased in vivo mineral apposition rate (MAR) 

without any effect on osteoclast number22. In contrast, overexpression of MEPE 

decreased osteoclast number and activity in a murine model23. The purpose of 

the current study was to investigate whether mechanical loading of osteocytes 

affects osteocyte-stimulated osteoclastogenesis by involvement of MEPE. 
Osteocytes extend cell processes into bone marrow space24. It is likely 

that osteocytes communicate directly with the osteoclast precursors in the bone 

marrow space via dendritic processes. Humoral factors produced by osteocytes 

are released through the canaliculi into the bone marrow space, where they 

may regulate the differentiation and activity of osteoclasts. Therefore we used a 

co-culture model of MLO-Y4 osteocytes and mouse bone marrow cells which 

likely mimics the in vivo situation. Recently, Tatsumi et al.6 showed that 

osteocyte-ablated mice exhibit almost complete resistance to osteoclastic bone 

resorption in response to unloading. These results indicate that osteocytes play 

a crucial role in sensing the local changes in mechanical strains evoked by 

unloading and/or play a role in transmitting pro-osteoclastogenic signals to 

stimulate bone resorption in response to mechanical unloading6. On the other 
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hand, osteocytes are known to produce several factors in response to 

mechanical loading that can inhibit osteoclastic bone resorption3,25. Mechanical 

loading of osteocytes upregulates transforming growth factor-β (TGF-β) which 

inhibits osteoclastic bone resorption as well25. Vascular endothelial growth 

factor (VEGF), which increases osteoclastogenesis in vitro26, has also been 

found to be increased after mechanical loading of primary bone cells27. 

Osteocytes produce high levels of nitric oxide in response to loading in the form 

of a physiologic fluid shear stress28,29, and nitric oxide inhibits osteoclast 

activity3,30. Thus osteocytes have different ways to modulate osteoclastogenesis 

and osteoclast activity, and MEPE could be one of those several factors 

produced in response to mechanical loading by osteocytes modulating 

osteoclastogenesis and osteoclast activity. 

Osteocytes transduce opposite signals depending on the nature and 

direction of mechanical input, i.e. an anti-osteoclastogenic signal (under normal 

loading) versus a pro-osteoclastogenic signal (in response to unloading)6. In our 

study, we found that osteocytes support osteoclast formation under static 

culture conditions, whereas mechanical loading of osteocytes by PFF 

significantly inhibited the formation of osteoclasts from bone marrow cells. This 

is consistent with previous findings that mechanical loading of MLO-Y4 

osteocytes inhibits osteoclast formation from RAW264.7 mouse 

monocytes/macrophages5. Mechanical loading of ST-2 murine stromal bone 

marrow cells decreases osteoclastogenesis from RAW264.7 cells through a 

decrease in the RANKL/OPG ratio31. Osteoclasts in vivo are likely derived from 

osteoclast precursors present in bone marrow spaces32. In our study we used 

mouse bone marrow cells as a source of osteoclast precursors. Here we show 

for first time that mechanical loading of osteocytes inhibits osteoclast formation 

from bone marrow cells, which likely also occurs in vivo. 

Binding of PHEX to MEPE prevents cathepsin-mediated cleavage of 

MEPE, and the concommittant release of ASARM peptide from MEPE14. We 

found that mechanical loading of osteocytes by PFF upregulated MEPE but not 

PHEX gene expression. OPG gene expression has been shown to be 

significantly increased in bone marrow stromal cells incubated with ASARM-
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PO414. MEPE gene expression was relatively more upregulated than PHEX 

gene expression. Assuming the changes in gene expression reflect changes in 

protein expression, this would make MEPE available for cathepsin cleavage to 

produce ASARM peptides, and thereby upregulate OPG. We suggest that the 

loading-induced shift in the balance between MEPE and PHEX expression by 

osteocytes was responsible for the loading-induced increase in OPG gene 

expression via the production of ASARM peptides. This could explain our 

finding that mechanical loading of osteocytes downregulated the RANKL/OPG 

ratio immediately after PFF treatment. Since the changes in the RANKL/OPG 

ratio after PFF were relatively small, we simulated the PFF-induced changes in 

the RANKL/OPG ratio and studied the effect on osteoclastogenesis. We found 

that a decrease in the RANKL/OPG ratio by 20% strongly inhibited 

osteoclastogenesis, which suggests that the PFF-induced inhibition of 

osteoclastogenesis can be attributed to a loading-induced decrease in 

RANKL/OPG ratio. 

Since we found that mechanical loading of osteocytes by PFF 

upregulated MEPE but not PHEX gene expression, we studied whether 

recombinant human MEPE modulated osteocyte-stimulated osteoclastogenesis. 

Importantly, the amount of MEPE protein present in conditioned medium after 

PFF treatment of osteocytes might not reflect the amount of MEPE protein seen 

by ostoclast precursors in our co-culture model. We have not used conditioned 

medium of osteocytes to inhibit osteoclastogenesis, but osteoclast precursors 

were seeded on top of osteocytes. The osteoclast precursors, that were thus in 

direct contact with the osteocytes, were likely exposed to high local MEPE 

protein concentrations. Serum MEPE levels in healthy adult humans vary 

between 0.02-1.3 µg/ml13. Since MEPE is predominantly expressed by 

osteocytes in human bone, it is likely that local MEPE levels in bone are even 

higher than the serum MEPE levels in healthy adult humans. We found that 

recombinant human MEPE inhibited osteocyte-stimulated osteoclastogenesis, 

which is in accordance with findings by others that recombinant human MEPE 

decreases PTH related protein and 1,25-dihydroxy vitamin D3-induced 

osteoclast formation from mouse bone marrow cells33. Although we cannot 
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prove that MLO-Y4 cells produced MEPE at a concentration of 0.05-5 µg/ml, it 

can be appreciated that PFF upregulates MEPE gene expression in osteocytes, 

and that recombinant MEPE can inhibit osteoclastogenesis at concentrations 

lower than the MEPE concentrations likely present in bone. Our results 

exemplify that MEPE may contribute to the mechanical loading induced 

inhibition of osteoclastogenesis.  

 In summary, osteocytes subjected to 1h PFF significantly inhibited the 

formation of osteoclasts from bone marrow cells. Based on our results we 

speculate that MEPE might be a soluble factor produced after mechanical 

loading of osteocytes leading to the inhibition of osteoclastogenesis. This 

supports the regulatory role for osteocytes in osteoclast formation and bone 

resorption. Increased understanding of communication between mechanically 

loaded osteocytes and osteoclasts will help to clarify bone remodeling in 

response to mechanical loading, and might contribute to new treatment 

modalities for diseases where this communication might be disturbed, such as 

osteoporosis or osteopetrosis. Thus, MEPE could be a potential therapeutic 

agent for treatment of diseases like osteoporosis. 
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ABSTRACT 

Membrane-type matrix metalloproteinase-1 (MT1-MMP) is expressed by 

mechanosensitive osteocytes and affects bone mass. The extracellular domain 

of MT1-MMP is connected to extracellular matrix, while its intracellular domain 

is a strong modulator of cell signaling. In theory MT1-MMP could thus transduce 

mechanical stimuli into a chemical response. We hypothesized that MT1-MMP 

plays a role in the osteocyte response to mechanical stimuli. 

MT1-MMP-positive and knockdown (siRNA) MLO-Y4 osteocytes were 

mechanically stimulated with a pulsating fluid flow (PFF). Focal adhesions were 

visualized by paxillin immunostaining. Osteocyte number, number of empty 

lacunae, and osteocyte morphology were measured in long bones of MT1-

MMP+/+ and MT1-MMP-/- mice.  

PFF decreased MT1-MMP mRNA and protein expression in MLO-Y4 

osteocytes, suggesting that mechanical loading may affect pericellular matrix 

remodeling by osteocytes. MT1-MMP knockdown enhanced NO production and 

c-jun and c-fos mRNA expression in response to PFF, concomitantly with an 

increased number and size of focal adhesions, indicating that MT1-MMP 

knockdown osteocytes have an increased sensitivity to mechanical loading. 

Osteocytes in MT1-MMP-/- bone were more elongated and followed the principle 

loading direction, suggesting that they might sense mechanical loading. This 

was supported by a lower number of empty lacunae in MT1-MMP-/- bone, as 

osteocytes lacking mechanical stimuli tend to undergo apoptosis.  

In conclusion, mechanical stimulation decreased MT1-MMP expression 

by MLO-Y4 osteocytes, and MT1-MMP knockdown increased the osteocyte 

response to mechanical stimulation, demonstrating a novel and unexpected role 

for MT1-MMP in mechanosensing.  

 

Keywords: MT1-MMP, Mechanosensitivity, Osteocytes, Pulsating fluid flow, 

Mechanical loading 
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INTRODUCTION 

Osteocytes play a pivotal role in the adaptive response of bone to mechanical 

loading, by sensing the mechanical loads and orchestrating the activity of 

osteoblasts that produce bone and osteoclasts that degrade bone1,2. 

Osteocytes are stellate shaped cells, and by far the most abundant bone cell 

type; vastly outnumbering osteoblasts and osteoclasts combined. The osteocyte 

cell bodies are situated in lacunae within the hard mineralized matrix of bone. 

From the cell bodies, long slender processes (50-60 per cell) radiate out and 

connect to the surrounding osteocytes, to the cells lining the bone surface, as 

well as to the extraosseous space3,4. These cell processes allow rapid 

communication between osteocytes. The osteocyte cell processes also allow 

mechanosensing, as mechanical loading of bone results in matrix deformations5 

that drive a flow of interstitial fluid, specifically around the osteocyte cell 

processes1. This flow of fluid can act as a mechanical signal for the osteocytes6

Osteocytes express MT1-MMP (or MMP-14), which is a membrane-

anchored metalloproteinase that mediates pericellular proteolysis of a wide 

range of extracellular matrix proteins including type-I collagen7,8. MT1-MMP is 

also involved in shedding of CD44 from cell surface9. CD44 is highly expressed 

in osteocytes and has a role in adhesion, invasion and/or cell-cell signaling10. 

Therefore MT1-MMP deficiency leads to the loss of formation of osteocyte 

processes11, and a reduction in mechanosensitivity of MT1-MMP deficient 

osteocytes in vivo might be expected.  

. 

MT1-MMP may affect the intrinsic sensitivity of osteocytes, as MT1-

MMP-deficient myeloid progenitors and mouse lung endothelial cells (MLEC) 

have larger focal adhesions12. Focal adhesions are prime candidate structures 

for converting extracellular mechanical signals such as fluid shear stress into a 

biological response of osteocytes13,14. In addition, MT1-MMP is a 

transmembrane molecule, with its extracellular domain connected to 

extracellular matrix molecules, while its intracellular domain is a strong 

modulator of cell signalling and activates molecules such as src and Akt15. 

These two latter molecules are both known to be activated by mechanical 

stimuli14. This puts MT1-MMP in an ideal position to transduce mechanical 



MT1-MMP modulates the mechanosensitivity 

44 
 

perturbations occurring in the extracellular environment into an intracellular 

mechanical response. Therefore, we aimed to investigate whether MT1-MMP 

plays a role in the osteocyte response to mechanical loading. 

To study whether MT1-MMP plays a role in the osteocyte response to 

mechanical loading we investigated the effect of MT1-MMP deficiency on nitric 

oxide (NO) production, as well as on cox-2, c-jun, and c-fos mRNA expression 

by MLO-Y4 osteocytes in response to mechanical loading. We studied NO 

production as a parameter of osteocyte mechanosensitivity, since NO is an 

important regulator of the response of bone to mechanical stress16. 

Furthermore, osteocyte number, number of empty lacunae, and osteocyte 

morphology in long bones of MT1-MMP+/+ and MT1-MMP-/- mice were studied 

as features of osteocyte mechanosensitivity in vivo. 
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MATERIALS AND METHODS 

 

siRNA mediated ablation of MT1-MMP expression 

A pre-designed siRNA oligonucleotide sequence (AGAACUUCGUGUUGCCUG

Att) against murine MT1-MMP and a pre-designed non-silencing (scrambled) 

siRNA oligonucleotide sequence as a negative control were used for 

transfection (Applied Biosystems, Foster, CA, USA). Transfection was 

performed by electroporation using the Microporator Pipetype Electroporation 

System (Digital Bio, Hopkinton, MA, USA); MLO-Y4 osteocytes (kindly provided 

by Dr Bonewald, San Antonio, TX, USA)17 were resuspended in T-cell buffer 

(Digital Bio) (1x105) and 5 pmol/µl siRNA oligonucleotide was added. The 

electroporation was performed using 1 pulse of 1700 V for 20 ms. Transfected 

cells (2x105) were seeded on type I collagen-coated glass slides, incubated for 

24 hour in α-minimum essential medium (α-MEM; Gibco, Paisley, UK) 

supplemented with 5% calf serum and 5% fetal bovine serum (FBS, Gibco) 

without antibiotics, and subjected to mechanical loading by pulsating fluid flow 

(PFF) as described below. 

 

Pulsating fluid flow (PFF) 

Cells were subjected to PFF for 1 hour or kept under static control conditions. 

PFF at 5 Hz pulse frequency was generated by pumping 13 ml of α-MEM with 

5% FBS, 5% calf serum, and antibiotics in a pulsatile manner through a parallel-

plate flow chamber (65x24x0.3 mm3) containing the bone cells18,19. The mean 

applied fluid shear stress was 0.7 Pa with a pulse amplitude of 0.3 Pa, and the 

estimated peak stress rate was 8.4 Pa/sec6,19. Control cultures were kept under 

stationary conditions in a petridish containing 13 ml medium under similar 

conditions as the experimental cultures, i.e. at 37°C in a humidified atmosphere 

of 5% CO2 in air. Medium samples were taken at 5, 15, and 60 min of PFF or 

control treatment and assayed for NO concentrations. After 1 hour PFF cells 

were lysed for total RNA and total protein isolation. 

 

 



MT1-MMP modulates the mechanosensitivity 

46 
 

Analysis of gene expression 

Gene expression of MT1-MMP, c-jun, c-fos, COX-2, and the housekeeping 

gene GAPDH (all primers from Applied Biosystems) was studied using real time 

PCR as described previously20. Gene expression values were normalized for 

GAPDH. 

 

Western blot 

Cells were lysed in 0.1% Triton X-100, 10 mM Tris pH 8, 1 mM EDTA, 200 nM 

Na3VO4, and protease inhibitor cocktail (Roche Diagnostics, Mannheim, 

Germany). Six micrograms of total cellular protein was separated on NuPAGE® 

4-12% Bis-Tris gel (Invitrogen, Calrsbad, CA) and transferred to iblot™ PVDF 

membrane (Invitrogen). For infrared (IR) detection of MT1-MMP protein, blots 

were incubated with rabbit anti-MT1-MMP antibody (Abcam, Cambridge, UK), 

and mouse monoclonal anti-β-actin (Sigma, St. Louis, MO) primary antibodies 

overnight at 4°C in PBS, 0.05% Tween-20 supplemented with 1% bovine serum 

albumin (BSA) as blocking buffer, followed by incubation with IR-labeled goat 

secondary antibodies (LI-COR Biosciences, Cambridge, UK) for 60 min. Blots 

were imaged with an Odyssey IR imager (LI-COR Biosciences) in 700 and 800 

nm channels respectively, in a single scan at 169 µm resolution. Image J was 

used to quantify the western blot signal (http://rsb.info.nih.gov/ij/index.html). 

 

Nitric oxide (NO) 

NO production was measured as nitrite in the medium using Griess reagent 

containing 1% sulfanilamide, 0.1% naphtylethelene-diamine-dihydrochloride, 

and 2.5 M H3PO4. Serial NaNO2 dilutions in nonconditioned medium were used 

as standard curve. The absorbance was measured at 540 nm. 

 

Staining of paxillin 

MLO-Y4 osteocytes were seeded in chamber slides (Lab-Tek; Nunc, Naperville, 

IL). After overnight incubation, osteocytes were fixed in fixative containing 60 

mM PIPES, 25 mM HEPES, 5 nM EGTA, 1 mM MgCl2, 3% sucrose, 0.1% Triton 

X-100, and 3.7% formaldehyde, washed with PBS, and incubated for 1.5 hours 
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with 5% FBS, 5% glycine, and 0.1% Triton X-100 in PBS. Subsequently, cells 

were incubated overnight at 4°C with 1:80 rabbit anti-paxillin (Cell Signaling 

Technology, Danvers, MA, USA) in blocking buffer, and incubated for 1.5 hours 

in a solution containing 1:250 Alexa Fluor 555–conjugated goat anti-rabbit IgG 

(Invitrogen) in blocking buffer. Paxillin stained osteocytes were viewed using a 

Leica DM IL microscope (Leica, Wetzlar, Germany) equipped with a x40 

objective.  

 
Histologic and histomorphometric analysis of osteocytes 

Swiss Black mice were housed and handled according to guidelines approved 

by the NIDCR Animal Use and Care Committee. MT1-MMP deficient mice were 

generated by gene targeting as described earlier8. Three MT1-MMP-/- and their 

wild-type littermates aged between 14 and 50 days were sacrificed, and 

perfused with a fixative consisting of 1% glutaraldehyde and 4% formaldehyde 

in 0.1 M sodium cacodylate buffer (pH 7.4) via the left cardiac ventricle. The 

bones were dissected, demineralized in 0.1 m ethylenediaminetetraacetic acid 

(EDTA) in cacodylate buffer containing 1% glutaraldehyde (pH 7.4), postfixed in 

1% OsO4 in cacodylate buffer for 1 h and embedded in an epoxy resin (LX112, 

Ladd Research Industries Inc., Burlington, VT, USA). The sections were 

prepared by cutting parallel to the longitudinal axis of the femur (long bone) and 

stained with methylene blue in order to visualize the osteocytes. 

The effect of MT1-MMP deficiency on osteocyte morphology was investigated 

using a Leica DMRA microscope (Wetzlar, Germnay). Images were digitalized 

with a Leica DC 200 digital camera, and the measurements conducted with 

Leica Qwin software.  

We distinguished between diaphyseal and metaphyseal areas in the 

femur, whereby the diaphyseal area was defined as the region in the center of 

the bone, and the metaphyseal area as the region between the growth plate 

and the diaphyseal area. Per section of femur, two areas in the diaphyseal 

region were measured, and four areas in the metaphyseal region. 
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Statistical analysis 

Statistical analysis of histomorphometric data was performed using two-tailed 

unpaired t-test, assuming normal distribution with equal variance. For gene 

expression and NO production, data differences in groups were tested using 

two-tailed paired t-test. COX-2 gene expression data was LN (natural logarithm) 

transformed in order to obtain normally distributed data. Differences were 

considered significant when p<0.05. 
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RESULTS 

 

Mechanosensitivity increases in MLO-Y4 osteocytes in the absence of 

MT1-MMP 

To determine the role of MT1-MMP in the mechanosensitivity of osteocytes, 

MT1-MMP was knocked down in MLO-Y4 osteocytes. Introduction of siRNA 

directed against MT1-MMP decreased MT1-MMP protein levels by 70% 

compared to scrambled siRNA-transfected osteocytes (Fig. 1A), demonstrating 

the efficacy of the siRNA. MT1-MMP knockdown did not alter the stimulating 

effect of PFF on Cox-2 expression by MLO-Y4 osteocytes (data not shown). 

PFF increased NO production by 3.5-fold compared to static control conditions, 

within 5 minutes in scrambled siRNA-transfected osteocytes, whereas PFF 

increased NO production by 8.1-fold in MT1-MMP knockdown osteocytes (Fig. 

1B). PFF upregulated c-jun gene expression by 1.8-fold, and c-fos gene 

expression by 1.9-fold in MT1-MMP knockdown osteocytes, but not in 

scrambled siRNA-transfected osteocytes (Fig. 1C, 1D). 

 

More focal adhesions in the absence of MT1-MMP  

Since focal adhesions affect the cellular response to mechanical stimuli, we 

studied the effect of MT1-MMP knockdown on the number and size of focal 

adhesions containing paxillin in MLO-Y4 osteocytes. MT1-MMP knockdown 

osteocytes showed larger focal adhesions than scrambled siRNA-transfected 

osteocytes (Fig. 2A,B,D). MT1-MMP knockdown enhanced the number of focal 

adhesions in osteocytes by 2.2-fold compared to scrambled siRNA-transfected 

osteocytes (Fig. 2C). 
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Fig. 1 Effect of MT1-MMP knocking down on nitric oxide (NO) production and 
differential gene expression of c-jun, and c-fos by MLO-Y4 osteocytes subjected 
to 1 hour pulsating fluid flow (PFF). A) Western blotting of MT1-MMP protein 
levels demonstrated a reduction in MT1-MMP expression in MLO-Y4 cells 
treated with MT1-MMP siRNA, but not with scrambled, non-silencing siRNA. 
MT1-MMP signals were quantified with Image J. Values below the blot indicate 
the relative intensity of MT1-MMP signal in MT1-MMP knockdown osteocytes 
compared to osteocytes transfected with scrambled siRNA (set as 1). B) PFF 
stimulated NO production in the absence of MT1-MMP. In the absence of MT1-
MMP, NO production was significantly upregulated after 5 minutes. Values are 
mean ± SEM of PFF treated-over-control ratios from five different PFF 
experiments. Dashed line, T/C=1 (no effect of PFF). C) PFF upregulated c-jun 
gene expression, and D) c-fos gene expression in MT1-MMP knockdown 
osteocytes. Values are mean ± SEM from five different PFF experiments. 
Pulsating fluid flow, PFF; Static, static control conditions. # Significant effect of 
MT1-MMP knockdown, p<0.05. * Significant effect of PFF , * p<0.05. 
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Fig. 2 Effect of MT1-MMP knockdown on the number and size of paxillin focal 
adhesions in MLO-Y4 osteocytes. A) Paxillin focal adhesions in scrambled 
siRNA-transfected osteocytes. B) Paxillin focal adhesions in MT1-MMP 
knockdown osteocytes. C) The number of paxillin focal adhesions in MT1-MMP 
knockdown osteocytes is higher than in scrambled siRNA-transfected 
osteocytes. D) MT1-MMP knockdown osteocytes have larger paxillin focal 
adhesions than scrambled siRNA-transfected osteocytes. Values are mean ± 
SEM from three different experiments. * Significant effect of MT1-MMP 
knockdown, * p<0.05, ** p<0.01. Bar, 10 µm. 
 

MT1-MMP is down-regulated in mechanically stimulated osteocytes 

We also determined the effect of PFF on MT1-MMP gene expression and 

protein production by MLO-Y4 osteocytes. We found that PFF downregulated 

MT1-MMP gene expression by 2.2 fold (Fig. 3A), and decreased MT1-MMP 

protein production by 49% in untransfected osteocytes (Fig. 3B). 
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Fig. 3 Effect of pulsating fluid flow (PFF) on MT1-MMP gene expression by 
MLO-Y4 osteocytes. One hour PFF downregulated A) MT1-MMP mRNA, and 
B) MT1-MMP protein expression. MT1-MMP signals were quantified with Image 
J. Values below the blot indicate the relative intensity of MT1-MMP signal in 
PFF treated osteocytes compared to static osteocytes (set as 1). Values are 
mean ± SEM from five different PFF experiments. Pulsating fluid flow, PFF; 
Static, static control conditions. * Significant effect of PFF, p<0.05.  
 

The morphology of osteocytes changes in the absence of MT1-MMP  

The number of osteocytes in the metaphyseal area of MT1-MMP-/- mice was 

1.5-fold higher than in the metaphyseal area of wild type mice, but no 

differences in osteocyte number were found in the diaphyseal area of MT1-

MMP-/- mice vs. wild type mice (Fig. 4A). The number of empty lacunae in the 

diaphyseal area of MT1-MMP-/-  bones was 1.6-fold lower than in the diaphyseal 

area of bones from wild type mice, but no differences in number of empty 

lacunae were found in the metaphyseal area of MT1-MMP-/- mice and wild type 

mice (Fig. 4B). In the diaphyseal area of femurs, the length-to-width ratio of 

osteocytes was higher in MT1-MMP-/- (3.50±0.09) than the length-to-width ratio 

of osteocytes in wild type mice (2.96±0.07) (Fig. 4E). This implies that 

osteocytes in the diaphyseal area of long bones were more elongated in MT1-

MMP-/- mice compared to wild type mice (Fig. 4C,D). The length-to-width ratio of 

osteocytes in the femoral metaphyseal area of MT1-MMP-/- mice and wild type 

mice was similar (Fig. 4E). 
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Fig. 4 Effect of MT1-MMP knockout on the number of osteocytes, the number of 
empty lacunae, and osteocyte morphology (length/width ratio) in MT1-MMP 
knock-out and wild type mice. A) The number of osteocytes in the metaphyseal 
area of knock-out mouse is higher than in the metaphyseal area of wild type 
mice. B) The number of osteocyte empty lacunae in the diaphyseal area is 
lower in the knock-out mice than in the diaphyseal area of wild type mice. C) 
Femoral bone diaphyseal section from 14 days old MT1-MMP wild type mice, 
and D) knock-out mice, stained with methylene blue showing more elongated 
osteocytes in knock-out mice than in wild type mice. E) Osteocytes are more 
elongated in the diaphyseal area of knock-out mice than wild type mice. Values 
are mean ± SEM from three different mice. Ocy, osteocyte; +/+, wild type; -/-, 
knock-out. * Significantly different from wild type mice, p<0.05. Bar, 100 µm. 
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DISCUSSION  

In this study we show that, in addition to the widely known role of MT1-MMP as 

proteinase, MT1-MMP may play a role in cellular mechanosensing. We found 

that osteocytes in which MT1-MMP was downregulated have an increased 

mechanosensitivity in response to mechanical loading. Not only NO production 

was increased, but also gene expression of c-jun and c-fos was upregulated. 

This indicates that MT1-MMP knockdown increased the response of osteocytes 

to mechanical stimuli. The increase in osteocyte mechanosensitivity may be 

related to the fact that MT1-MMP is a transmembrane protein that has the 

potential to be involved in mechanosensing. 

 Integrins convey local physical forces by mechanical coupling of the 

cellular cytoskeletal network to the extracellular matrix via focal adhesions in 

mammalian cells21. Focal adhesions comprise multiple actin-associated proteins 

like paxillin, and vinculin, and are involved in mechanosensation of various cell 

types22. 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 molecules like 

PI3/Akt13,14. We found that MT1-MMP knockdown osteocytes have larger focal 

adhesions similar to MT1-MMP-deficient myeloid progenitors and mouse lung 

endothelial cells12. Overexpression of MT1-MMP attenuates fibronectin-induced 

integrin clustering in epithelial cells, and MT1-MMP deficiency in mouse lung 

endothelial cells results in enhanced levels of cell surface β1 integrins12,23. We 

also found that knocking down MT1-MMP in osteocytes increased the size and 

number of paxillin-positive focal adhesions, thereby likely increasing the levels 

of cell surface β1 integrins and strain on osteocytes, and possibly altering the 

response to mechanical stimuli. 

We found that 1h PFF decreased MT1-MMP mRNA and protein levels 

in osteocytes. It is thus possible that the reduced production of MT1-MMP after 

a mechanical load enhances the sensitivity of osteocytes to subsequent 

mechanical loading stimuli. In this respect it is of interest to refer to the study of 

Robling et al.24 who showed that a mechanical stimulus was more anabolic 

when applied over several loading bouts than when applied in one single bout. 
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We propose that a mechanical stimulus over several bouts could result in rest 

periods in which MT1-MMP expression by osteocytes is decreased and the 

response to mechanical stimuli is enhanced. Finally, it has been shown that 

osteocytes are able to enhance the shape and size of their lacunae25

We wanted to confirm our in vitro findings, i.e. MT1-MMP knockdown 

enhances the response of osteocytes to mechanical stimuli, by studying 

osteocytes in situ. Unfortunately, living MT1-MMP mice were not available, but 

we were able to obtain histological sections of long bones from MT1-MMP

. Whether 

this remodeling of the pericellular space occurs in response to mechanical 

demands is hitherto unknown. The decreased level of MT1-MMP concomitant 

with a mechanical stimulus could imply that mechanical loading affects 

pericellular matrix remodeling by osteocytes. 

-/- and 

wild-type mice. We found that MT1-MMP deficiency decreased the number of 

empty lacunae, which is in agreement with data from others11. This observation 

could mean that MT1-MMP-deficiency reduces osteocyte apoptosis. Since 

mechanical stimuli reduce osteocyte apoptosis26, the lower number of empty 

lacunae suggests that osteocytes in MT1-MMP deficient mice can sense 

mechanical loading. We also showed that in unidirectional loaded bone areas 

osteocytes of MT1-MMP-/- mice are even more elongated than osteocytes in 

wild-type mice. Osteocytes presumably assume an elongated shape in 

unidirectional loaded bone, when they perceive the mechanical load and align 

themselves in this direction27. Finally, bone of MT1-MMP-/- mice had a higher 

osteocyte density. It has been shown that long bones in young rats devoid of 

mechanical stimuli have a reduced osteocyte density28. Taken together, our in 

vivo data reinforces the notion that MT1-MMP-/- osteocytes are able to sense 

mechanical loading. If anything, MT1-MMP-/- osteocytes may sense mechanical 

loading better than those in their wild-type littermates, which would be similar to 

our in vitro findings. However, only additional mechanical loading experiments 

with osteocyte-specific MT1-MMP-/-

Although we found that MT1-MMP knockdown in MLO-Y4 osteocytes 

results in an increased mechanosensitivity, which hypothetically leads to 

 mice can confirm whether MT1-MMP 

deficiency increases the osteocyte mechanosensitivity in vivo. 
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enhanced bone adaptation, the skeleton of MT1-MMP deficient mice shows 

adverse effects such as reduced longitudinal growth, cranial dysmorphism, 

osteoclasia, and osteopenia7. In the light of the findings presented in our study, 

this could be explained as follows. Although osteocytes can sense mechanical 

loading in the absence of MT1-MMP, the lack of osteocyte processes in MT1-

MMP mice in vivo severely hinders their communication with the effector cells, 

i.e. the osteoclasts and osteoblasts. In addition, even when the osteocytes 

would be able to communicate their response to a mechanical stimulus to the 

cells on the bone surface, the inability of these cells to remodel the bone matrix 

will result in disorganization of the osteoblast layer, displacement of osteoblasts, 

and failure to achieve a level of coordinated function required for bone 

formation7

In summary, we show for the first time that MT1-MMP plays a role in 

osteocyte mechanosensing by affecting the osteocyte response to mechanical 

loading. We also show that a mechanical stimulus in the form of PFF alters the 

expression of the matrix metalloproteinase MT1-MMP, indicating that 

mechanical loading may affect pericellular matrix remodeling. Overall, our 

results shed new light on the process of mechanosensing by osteocytes and 

warrant further research in this direction, since this will likely contribute to new 

perspectives of bone tissue physiology. 

. 
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ABSTRACT 

Inflammatory diseases such as rheumatoid arthritis are often accompanied by 

higher plasma and synovial fluid levels of interleukin-1β (IL-1β), and by 

increased bone resorption. Since osteocytes are known to regulate bone 

resorption in response to changes in mechanical stimuli, we investigated 

whether IL-1β affects osteocyte-modulated osteoclastogenesis in the presence 

or absence of mechanical loading of osteocytes. 

MLO-Y4 osteocytes were pre-incubated with IL-1β (0.1-1 ng/ml) for 24 

h. Cells were either or not subjected to mechanical loading by 1 h pulsating fluid 

flow (PFF; 0.7 ± 0.3 Pa, 5 Hz) in the presence of IL-1β (0.1-1 ng/ml). 

Conditioned medium was collected after 1 h PFF or static cultures. 

Subsequently mouse bone marrow cells were seeded on top of the IL-1β–

treated osteocytes to determine osteoclastogenesis. Conditioned medium from 

mechanically loaded or static IL-1β–treated osteocytes was added to co-

cultures of untreated osteocytes and mouse bone marrow cells. Gene 

expression of cysteine-rich protein 61 (CYR61/CCN1), receptor activator of 

nuclear factor kappa-B ligand (RANKL), and osteoprotegerin (OPG) by 

osteocytes was determined immediately after PFF. 

Incubation of osteocytes with IL-1β, as well as conditioned medium 

from static IL-1β–treated osteocytes increased the formation of osteoclasts. 

However, conditioned medium from mechanically loaded IL-1β–treated 

osteocytes prevented osteoclast formation. Incubation with IL-1β upregulated 

RANKL and downregulated OPG gene expression by static osteocytes. PFF 

upregulated CYR61, RANKL, and OPG gene expression by osteocytes.  

Our results suggest that IL-1β increases osteocyte-modulated 

osteoclastogenesis, and that mechanical loading of osteocytes may abolish IL-

1β– induced osteoclastogenesis. 

 

Keywords: Interleukin-1β, Osteocytes, Osteoclastogenesis, Mechanical 

loading, Pulsating fluid flow 
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INTRODUCTION 

Bones are subjected to a variety of mechanical loads during daily activities. 

Bone mass and architecture are continuously adapted to the daily mechanical 

loads. Osteocytes play an important role in the adaptation of bone to 

mechanical loading, by sensing the mechanical loads and orchestrating the 

activity of bone-forming osteoblasts and bone-resorbing osteoclasts1-3. 

Osteocytes are thought to regulate bone mass by orchestrating the balance 

between bone formation and resorption in response to mechanical loading4. 

Thus, any factor that alters the response of osteocytes to mechanical loading 

potentially affects bone mass. 

Inflammatory diseases such as rheumatoid arthritis (RA) are often 

accompanied by higher plasma and synovial fluid levels of interleukin-1β (IL-

1β)5,6, and increased osteoclastic bone resorption7. Bone loss in patients with 

RA might be caused by the physiologic adaptation of bone to reduced physical 

activity, and/or by the use of corticosteroids by these patients. It could also be a 

direct effect of increased IL-1β levels. The relative importance of the 

proinflammatory cytokines IL-1 and TNF in the pathogenesis of RA is the 

subject of much debate. TNF is more important in inflammatory processes 

whereas IL-1 plays a more important role in joint destruction in a murine arthritis 

model8. The proinflammatory cytokine IL-1β facilitates osteoclastogenesis by 

inducing expression of receptor activator of nuclear factor kappa B (RANKL) by 

osteoblasts9. RANKL stimulates osteoclast precursors to commit to the 

osteoclastic phenotype whereas osteoprotegerin (OPG) inhibits RANKL 

activity10. Crockett et al. have shown that cysteine rich protein 61 

(CYR61/CCN1) inhibits the formation of osteoclasts11. CYR61 is an extracellular 

matrix-associated signaling protein that belongs to the connective tissue growth 

factor (CCN) family of proteins. CYR61 stimulates osteoblast proliferation and 

differentiation and is upregulated during fracture repair12,13. It is yet unknown 

whether IL-1β modulates CYR61 expression.  

Several studies have shown that nitric oxide production by bone cells is 

rapidly increased in response to mechanical stress in vitro14,15. Nitric oxide 

mediates adaptive bone formation16, and is essential for the inhibition of 
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osteoclastogenesis by mechanically loaded MLO-Y4 osteocytes17. Bakker et al. 

have shown that both TNFα and IL-1β inhibit the upregulation of nitric oxide 

production after mechanical stimulation by PFF18. Therefore IL-1β might 

interfere with adaptive bone formation during inflammatory diseases by affecting 

osteocyte-modulated osteoclastogenesis. However, whether mechanical 

loading of osteocytes in the presence of IL-1β affects osteocyte-modulated 

osteoclastogenesis is unknown. Since IL-1β alters the mechano-response of 

osteocytes we aimed to investigate whether IL-1β affects osteocyte-modulated 

osteoclastogenesis in the presence or absence of mechanical loading of 

osteocytes. 
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MATERIAL AND METHODS 

 

Cell culture 

MLO-Y4 osteocytes (kindly provided by Dr L. Bonewald, San Antonio, TX, 

USA)19 were cultured up to near-confluency in 75-cm2 culture flasks using α-

MEM supplemented with 5% fetal bovine serum (FBS; Gibco, Grand Island, 

NY), 5% calf serum (Gibco), 1.25 μg/ml fungizone (Gibco), 150 μg/ml penicillin 

(Sigma, St. Louis, MO), and 125 μg/ml streptomycin (Sigma) at 37ºC and 5% 

CO2 in air.  

Mouse bone marrow cells were used for the osteoclast formation assay. 

The animal committee of the VU University Amsterdam approved the use of 

mice in these experiments. Femurs and tibiae were harvested and soft tissue 

was removed as previously described in detail20. Cleaned femurs and tibiae 

were then ground in a mortar with α-MEM (Gibco) supplemented with 10% FBS, 

150 μg/ml penicillin, 125 μg/ml streptomycin, 1.25 μg/ml fungizone, and heparin 

(170 IE/ml; Leo Pharmaceutical Products B.V., Weesp, The Netherlands). The 

resulting cell suspension was aspirated through a 21-gauge needle and filtered 

using a 100-μm pore size Cell Strainer filter (Falcon/Becton Dickinson, Franklin 

Lakes, NJ). Cells were then washed twice in culture medium, centrifuged for 

10 min at 200xg, and 1x106 cells/cm2 were seeded on top of either or not IL-1β–

treated (0.1, 0.5, or 1 ng/ml) MLO-Y4 osteocytes.  

 

Pulsatile fluid flow (PFF) 

MLO-Y4 osteocytes at passage 30 or 31 were harvested using 0.25% trypsin 

(Difco Laboratories, Detroit, MI) and 0.1% EDTA (Sigma) in PBS, and seeded at 

2x104 cells/cm2 on polylysine-coated (50 µg/ml; poly-L-lysine hydrobromide; 

Sigma) glass slides (15 cm2) in α-MEM with 5% FBS, 5% calf serum, and 

antibiotics. Osteocytes were incubated with mouse recombinant IL-1β (0.1, 0.5, 

or 1 ng/ml) (Sigma) for 24 h before the start of the experiment. They were 

incubated overnight at 37ºC with 5% CO2 in air, and subjected to mechanical 

loading for 1 h by PFF or kept under static control conditions in the presence or 

absence of IL-1β. PFF at 5 Hz pulse frequency was generated by pumping 13 
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ml of culture medium in a pulsatile manner through a parallel-plate flow 

chamber (65x24x0.3 mm) containing the bone cells 21. The mean applied fluid 

shear stress was 0.7 Pa with a pulse amplitude of 0.3 Pa, and the estimated 

peak stress rate was 8.4 Pa/sec22,23. Control cultures were kept under stationary 

conditions in a petridish containing 13 ml flow medium under similar conditions 

as the experimental cultures, i.e. at 37°C in a humidified atmosphere of 5% CO2 

in air. Conditioned medium was collected after 1 h of PFF or static culture. After 

1 h PFF the cells were lysed for total RNA isolation as described below. 

 

Osteoclast formation 

MLO-Y4 osteocytes were seeded at a density of 1x103 cells/well in 48-well 

tissue culture plates (Greiner Bio-One, Frickenhausen, Germany). After 

attachment the osteocytes were either or not pre-incubated for 24 h with 0.1, 

0.5, or 1 ng/ml of mouse recombinant IL-1β. After this 24 h period, the medium 

containing IL-1β was removed, and 1x106 bone marrow cells/cm2 were seeded 

on top of the IL-1β treated osteocytes. The cells were kept in co-culture in α-

MEM (Gibco) supplemented with 10% FBS and antibiotics.  

In another co-culture set-up, conditioned medium from mechanically 

loaded or static IL-1β treated osteocytes was added to co-cultures of untreated 

osteocytes and mouse bone marrow cells. Culture medium and osteocyte-

conditioned medium were refreshed after 3 days. After 7 days of co-culture, 

cells were fixed in 4% formaldehyde in PBS for 10 min. Fixed cells were 

washed with PBS, and stained for tartrate-resistant acid phosphatase (TRACP) 

according to the manufacturer's instructions (Sigma). The number of TRACP-

positive multinucleated (3 or more nuclei per cell) and mononuclear cells were 

counted using a Leica DM IL microscope (Leica, Wetzlar, Germany) equipped 

with a 20x objective. 

 

Analysis of gene expression 

Real-time polymerase chain reaction (PCR) was used to determine gene 

expression of CYR61, RANKL, OPG, and the housekeeping gene GAPDH (all 

primers from Applied Biosystems, Foster, CA). Total RNA was isolated using 
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lysis buffer RA I (Macherey-Nagel, Düren, Germany) according to the 

manufacturer’s instructions. cDNA synthesis was performed using 0.5-1 µg of 

total RNA in a 20 µl reaction mixture consisting of 5 units of Transcriptor 

Reverse Transcriptase (Roche Diagnostics, Mannheim, Germany), 0.08 A260 

units of random primers (Roche Diagnostics), 1 mM of each dNTP (InVitrogen, 

Calrsbad, CA), and 1x concentrated Transcriptor RT reaction buffer (Roche 

Diagnostics). Real time PCR reactions were performed using Taq-Man® Gene 

Expression assays (TaqMan®, Applied Biosystems) in an ABI Prism 7700 DNA 

sequence detector (Applied Biosystems). Gene expression values were 

normalized for the housekeeping gene GAPDH. 

 

Statistics 

One way-ANOVA was performed to assess whether there was a significant 

difference in mRNA expression and osteoclast formation between groups. 

Bonferroni comparison between pairs of groups was used as a post-hoc test. 

Two way-ANOVA with Pairwise comparison was used to study the effect of IL-

1β and PFF on mRNA expression and osteoclast formation. Differences were 

considered significant when p<0.05. 
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RESULTS 

 

IL-1β increases osteocyte-modulated osteoclastogenesis 

The effect of IL-1β on osteocyte-modulated osteoclastogenesis in co-cultures of 

IL-1β (0.1-1 ng/ml) treated osteocytes and mouse bone marrow cells was 

investigated. We found that IL-1β dose-dependently increased the number of 

osteoclasts, as assessed by counting the number of TRACP-positive 

mononuclear cells after 7 days of co-culture (Figure 1).  

 

 
 
Fig. 1 Effect of IL-1β on osteocyte-modulated osteoclastogenesis. IL-1β at 0.1, 
0.5, and 1 ng/ml upregulated the number of TRACP-positive multinucleated 
cells after 7 days of co-culture of MLO-Y4 osteocytes and mouse bone marrow 
cells. Values are mean ± SEM from six experiments. CTL, control. * Significant 
effect of IL-1β, p<0.05. 
 

IL-1β alters osteoclastogenesis-related gene expression by osteocytes 

Since IL-1β increased the formation of osteoclasts, we investigated whether IL-

1β alters osteoclastogenesis-related gene expression by osteocytes. IL-1β (0.5 

and 1 ng/ml) upregulated RANKL gene expression by 3.7-4.0 fold (Figure 2A). 

However IL-1β (0.5 and 1 ng/ml) downregulated OPG gene expression by 1.2-
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1.7 fold (Figure 2B). As a result IL-1β (0.5 and 1 ng/ml) upregulated 

RANKL/OPG ratio by 2.3-4.0 fold. IL-1β did not affect CYR61 gene expression 

(Figure 2C). 

 

 
 
Fig. 2 Effect of IL-1β on RANKL, OPG, and CYR61 gene expression by MLO-
Y4 osteocytes. Cells were incubated with IL-1β (0.1-1 ng/ml) for 24 h. A) IL-1 β 
at 0.5 and 1 ng/ml upregulated RANKL gene expression. B) IL-1 β at 0.5 and 1 
ng/ml downregulated OPG gene expression. C) IL-1 β did not affect CYR61 
gene expression. Values are mean ± SEM of IL-1β treated-over-control ratios 
from five different experiments. Dashed line, T/C=1 (no effect of IL-1β). * 
Significant effect of IL-1β, p<0.05. 
 

Mechanical loading of osteocytes inhibits IL-1β stimulated osteoclasto-
genesis 

Next we determined whether mechanical loading of osteocytes in the absence 

or presence of IL-1β affects osteoclast formation in a co-culture system of MLO-

Y4 osteocytes and bone marrow cells. We found that the conditioned medium 

from IL-1β–treated static osteocytes dose-dependently increased the number of 
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osteoclasts (Figure 3A). Conditioned medium from mechanically loaded 

osteocytes strongly inhibited the formation of osteoclasts (Figure 3A,B). This 

inhibiting effect was seen in the absence and presence of different 

concentrations of IL-1β (Figure 3A,B). 

 

 
 
Fig. 3 Effect of conditioned medium obtained from static or mechanically 
stimulated osteocytes treated with or without IL-1β on osteocyte-modulated 
osteclastogenesis. Cells were treated with IL-1β for 24 h before application of 
PFF. A) Conditioned medium from static osteocytes treated with 0.1, 0.5, or 1 
ng/ml IL-1β significantly upregulated the number of TRACP-positive 
multinucleated cells, whereas conditioned medium from mechanically 
stimulated osteocytes treated with 0.1, 0.5, or 1 ng/ml IL-1β significantly 
inhibited the number of TRACP-positive multinucleated cells. B) Conditioned 
medium from mechanically stimulated osteocytes inhibited the formation of 
osteoclasts. Values are mean ± SEM from four separate  experiments. PFF, 
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pulsating fluid flow; Static, static control conditions; CTL, control. * Significant 
effect of PFF, p<0.05. # Significant effect of IL1-β, p<0.05. 
 

 
 
Fig. 4 Effect of 1h PFF on CYR61, RANKL, and OPG gene expression by MLO-
Y4 osteocytes in the presence or absence of IL-1β. A) PFF upregulated CYR61 
gene expression by osteocytes in the absence of IL-1β. B) PFF upregulated 
RANKL gene expression by osteocytes in the absence and presence of 0.5 
ng/ml IL-1β. C) PFF upregulated OPG gene expression by osteocytes in the 
absence of IL-1β. Values are mean ± SEM from five different PFF experiments. 
PFF, pulsating fluid flow; Static, static control conditions; CTL, control. * 
Significant effect of PFF, p<0.05. # Significant effect of IL1-β, p<0.05. 
 

CYR61 is upregulated in mechanically stimulated osteocytes 

To assess whether mechanical loading of osteocytes in the presence or 

absence of IL-1β affects CYR61, RANKL, and OPG gene expression, MLO-Y4 

osteocytes were treated with or without 1h PFF in the presence of IL-1β (0.1-1 

ng/ml). PFF upregulated CYR61 gene expression by 1.3-fold in the absence of 

IL-1β (Figure 4A). Addition of IL-1β (0.1-1 ng/ml) inhibited the upregulation of 

CYR61 gene expression after mechanical stimulation by PFF (Figure 4A). PFF 

did not affect CYR61 gene expression in the presence of IL-1β (0.1-1 ng/ml) 
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(Figure 4A). PFF upregulated RANKL gene expression by 3.0-fold (Figure 4B) 

and OPG gene expression by 1.4-fold in the absence of IL-1β (Figure 4C). 

Addition of IL-1β (0.5 and 1 ng/ml) inhibited the upregulation of OPG gene 

expression after mechanical stimulation by PFF (Figure 4C). PFF upregulated 

RANKL gene expression by 1.6-fold in the presence of IL-1β (0.1 ng/ml), but did 

not affect OPG gene expression in the presence of IL-1β (0.1-1 ng/ml).  
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DISCUSSION 

In the present study we found that IL-1β increases osteocyte-modulated 

osteoclastogenesis. These results are in accordance with data by others 

showing that IL-1β indirectly facilitates osteoclastogenesis by acting on 

osteoblasts or human periodontal ligament fibroblasts24,25. We found that IL-1β 

upregulates RANKL and inhibits OPG gene expression by osteocytes. Our 

results show that IL-1β probably stimulates osteoclastogenesis by modulating 

RANKL and OPG gene expression by osteocytes. Alternatively the increased 

formation of osteoclast-like cells might have been due to osteocyte apoptosis26. 

Osteocytes extend their cell processes into bone marrow spaces27, 

where osteoclast precursors are present. It is likely that osteocytes 

communicate with these osteoclast precursors present in the bone marrow 

space via their dendritic processes. Therefore we used a co-culture model of 

MLO-Y4 osteocytes and mouse bone marrow cells, which likely mimics the in 

vivo situation. Soluble factors released by mechanically loaded osteocytes 

inhibit osteoclastogenesis induced by stromal cells and osteocytes28,29. 

Therefore we investigated if conditioned medium from mechanically loaded and 

IL-1β–treated osteocytes does modulate osteoclastogenesis. We found that 

conditioned medium from static IL-1β–treated osteocytes dose-dependently 

increased the number of osteoclasts in co-cultures of osteocytes and bone 

marrow cells. Conversely conditioned medium from mechanically loaded IL-1β–

treated osteocytes inhibited the formation of osteoclasts. To our knowledge we 

show for the first time that mechanical loading of osteocytes in the presence of 

IL-1β abolishes osteoclastogenesis. Since osteocytes are the most abundant 

bone cell type, vastly outnumbering the osteoblasts and osteoclasts in the bone, 

our findings provide important information related to the prevention of IL-1β–

induced bone loss. Mechanically loaded osteocytes produce several factors 

which inhibit osteoclastogenesis. Osteocytes produce high levels of nitric oxide 

in response to mechanical stimulation15,30, and nitric oxide mediates the 

inhibition of osteoclast activity by mechanically stimulated osteocytes17. 

Although IL-1β inhibits the upregulation of nitric oxide production after 

mechanical stimulation by PFF18, we found that mechanical loading of 



Mechanical loading prevents IL-1β–stimulated osteoclastogenesis 

74 
 

osteocytes in the presence of IL-1β inhibits osteoclastogenesis. We propose 

that the inhibition of IL-β–induced osteoclastogenesis by mechanically loaded 

osteocytes is independent of nitric oxide. 

Since a decrease in the RANKL/OPG ratio inhibits osteoclastogenesis, 

we also investigated whether mechanical loading of osteocytes in the presence 

of IL-1β modulates the RANKL/OPG ratio in osteocytes. We found that 

mechanical stimulation in the presence of IL-1β did not decrease the 

RANKL/OPG ratio in osteocytes. This suggests that mechanical loading of 

osteocytes in the presence of IL-1β might inhibit osteoclastogenesis in a 

RANKL/RANK/OPG independent manner. We then determined the effect of 

mechanical loading on CRY61 gene expression, a negative regulator of 

osteoclastogenesis11, in osteocytes. Under these conditions we found an 

upregulation of CYR61 gene expression, which has not been shown before. 

Since CYR61 has been shown to inhibit osteoclastogenesis in a 

RANKL/RANK/OPG independent manner11, this suggests that CYR61 might be 

a soluble factor produced after mechanical loading of osteocytes in the absence 

of IL-1β leading to the inhibition of osteoclastogenesis. However we found that 

IL-1β inhibits the upregulation of CYR61 gene expression after PFF. In spite of 

the inhibited expression of CYR61, conditioned medium from mechanically 

loaded IL-1β treated osteocytes still inhibited the formation of osteoclasts. 

Therefore CYR61 might not be involved in the inhibition of IL-1β-induced 

osteoclastogenesis. We also found that conditioned medium from mechanically 

loaded IL-1β–treated osteocytes inhibited clustering of osteoclast precursors 

(data not shown). This finding suggests the presence of factors in the 

conditioned medium that inhibit migration of osteoclast precursors towards each 

other to form osteoclasts. Further research focusing on the identification of the 

specific soluble factors produced after mechanical loading of IL-1β–treated 

osteocytes that inhibit osteoclastogenesis is warranted. 

In conclusion, our results show that IL-1β increases osteocyte-

modulated osteoclastogenesis, whereas mechanical loading of osteocytes 

inhibits IL-1β–induced osteoclastogenesis. Based on these findings we propose 

that in patients with RA, limited movement or disuse as a result of pain and 
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presence of IL-1β might enhance bone loss, whereas mechanical loading of 

bone in these patients will hopefully, at least in part, alleviate the negative effe-

cts of IL-1β on bone mass.
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ABSTRACT 

Osteocytes are essential regulators of bone mass. The inflammatory cytokine 

TNFα reduces bone mass possibly via modulation of signaling molecule 

production by mechanically stimulated osteocytes. IL-6 is another cytokine 

highly expressed during inflammation, but whether it affects the function of 

osteocytes is unknown. We investigated whether IL-6 alters the production of 

signaling molecules by mechanically stimulated osteocytes, as well as whether 

it affects the communication between osteocytes and osteoclasts, and between 

osteocytes and osteoblasts. 

MLO-Y4 osteocytes were incubated without or with IL-6 (1 or 10 pg/ml) 

or TNFα (0.1 ng/ml) for 24 h. Osteocytes were then subjected for 1 h to 

mechanical stimulation by pulsating fluid flow (PFF) or kept under static control 

conditions. Mouse osteoclast precursors were cultured for 7 days on top of 

other osteocytes to determine osteoclastogenesis. Conditioned medium from 

osteocytes was added to MC3T3-E1 pre-osteoblasts for 14 days to assess 

proliferation and differentiation. 

IL-6 (10 pg/ml) increased prostaglandin E2 (PGE2) production and Cox2 

gene expression by static osteocytes, but did not affect the PFF-induced Cox2 

gene expression or PGE2 or nitric oxide production by osteocytes. IL-6 

enhanced Rankl expression, but reduced caspase 3/7 activity, and therefore it 

did not affect static osteocyte-stimulated osteoclastogenesis. Interestingly TNFα 

doubled the number of osteoclasts formed. Conditioned medium from IL-6-

treated osteocytes enhanced osteoblast proliferation and reduced ALP activity 

and Runx2 expression at day 5, but increased osteocalcin expression at day 14.  

In conclusion, we found no evidence in vitro that IL-6 negatively affects 

the response of osteocytes to mechanical loading, suggesting that IL-6 might 

not change the regulation of bone homeostasis by osteocytes in vivo. Rather, 

IL-6 seemed to enhance osteocyte viability, which is is in sharp contrast to the 

known catabolic effects of TNFα on osteocytes.     
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MICRO ABSTRACT 

We investigated whether IL-6 alters signaling molecule production by 

osteocytes in vitro, which might play a role in the reduction of bone mass during 

inflammation in vivo. We found that IL-6 enhanced osteocyte viability and the 

production of molecules that enhance osteoblast proliferation, but we did not 

find evidence that IL-6 negatively affects osteocyte function. 

 

KEYWORDS  

Bone, IL-6, Osteocytes, Mechanical stimulation, Osteoclastogenesis, 

Osteoblast proliferation and differentiation 
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INTRODUCTION 

Rheumatoid arthritis is a systemic inflammatory disease that may affect many 

tissues, but primarily leads to joint destruction1. Tumor necrosis factor α (TNFα), 

interleukin-1β (IL-1β), and interleukin-6 (IL-6) are prime mediators of 

inflammation in rheumatoid arthritis. High concentrations of these cytokines are 

not only present locally around affected joints but also in the circulation of 

patients with rheumatoid arthritis2,3. These circulating cytokines may contribute 

to the generalized bone loss often observed in rheumatoid arthritis4,5. 

Under physiological conditions, osteocytes produce signaling factors in 

response to mechanical stimuli that enhance bone formation and reduce bone 

resorption6,7. Thus any factor altering the production of signaling factors by 

osteocytes, in the presence or absence of mechanical stimulation, potentially 

affects bone mass. We have previously found evidence in support of the 

hypothesis that circulating IL-1 and TNF may affect bone mass through an 

inhibition of the response of osteocytes to mechanical loading8. It is unknown 

whether another highly important cytokine in rheumatoid arthritis, i.e. IL-6, 

affects the function of osteocytes. Interestingly IL-6 seems to be a strong 

regulator of bone homeostasis; IL-6–deficient mice show increased bone 

turnover with a reduced cortical bone mass9. IL-6 has been suggested to affect 

osteoclastogenesis, but only via RANKL production by osteoblasts. It has been 

reported recently that the production of RANKL by osteocytes rather than by 

osteoblasts is essential for the maintenance of bone mass in adults10. Moreover 

RANKL production by osteocytes is affected by mechanical stimulation11. 

Therefore it is likely that in vivo the effect of IL-6 on osteoclastic bone resorption 

is mediated by osteocytes. We hypothesize that IL-6 reduces the production of 

signaling molecules by mechanically stimulated osteocytes, resulting in 

enhanced osteocyte-stimulated osteoclastogenesis and reduced osteocyte-

stimulated osteoblast differentiation.  
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MATERIALS AND METHODS 

 

Bone cell culture 

MLO-Y4 osteocytes, a cell line derived from mouse long bones (kindly provided 

by Dr. L.F. Bonewald)12, were cultured in α-minimal essential medium (α-MEM) 

supplemented with 5% fetal bovine serum (FBS; Gibco), 5% calf serum (CS; 

Gibco), gentamicin (50 μg/ml; Gibco), fungizone (1.25 μg/ml; Gibco), penicillin 

(60 μg/ml; Sigma), and streptomycin (50 μg/ml; Sigma), at 37ºC and 5% CO2 in 

air in a humidified incubator.  

 

IL-6 treatment 

Osteocytes were cultured for 24 h with IL-6 (Sigma) at 1 or 10 pg/ml. IL-6 was 

supplied in the presence of 40 ng/ml soluble IL-6 receptor (sIL-6R; Sigma). In 

some other experiments the osteocytes were cultured for 24 h in the presence 

of TNFα (Sigma) at 0.1 ng/ml. 

 

Mechanical stimulation 

MLO-Y4 osteocytes between passages 30-35 were harvested using 0.25% 

trypsin (Difco Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma) in 

phosphate buffered saline (PBS), and seeded at 1.4x104 cells/cm2 on 

polylysine-coated (50 µg/ml; poly-L-lysine hydrobromide; Sigma) glass slides 

(15 cm2) in α-MEM with 5% FBS, 5% CS, and antibiotics. After overnight 

attachment the cells were incubated for 24 h with or without IL-6 as described 

above in “IL-6 treatment”. Then cells were subjected for 1 h to static culture or 

mechanical stimulation by means of a pulsating fluid flow (PFF; 0.7±0.3Pa, 5Hz) 

in the absence of IL-6. PFF was generated by pumping 12 ml of culture medium 

in a pulsatile manner through a parallel-plate flow chamber (65 x 24 x 0.3 mm) 

containing the bone cells13,14. PFF was monitored throughout the experiment 

using a small animal blood flow sensor (T206, Transonic Systems, Ithaca, NY, 

USA). Static controls which were not mechanically stimulated were kept in a 

petri dish containing 12 ml medium. After 1 h of PFF or static culture, 

conditioned medium obtained from static of mechanically loaded osteocytes 
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was collected, aliquoted, and frozen at -80oC for use in experiments testing the 

effect of conditioned medium on osteoblast proliferation and differentiation as 

described below in “Osteoblast culture”.  

 

Nitric oxide and prostaglandin E2  

Culture medium was collected and assayed for nitric oxide (NO) concentrations 

at 5 and 60 min after the onset of mechanical loading in the PFF-exposed 

osteocyte cultures and at the same time points in the static cultures. NO was 

measured as nitrite (NO2
-) accumulation in the conditioned medium using 

Griess reagent (1% sulphanilamide, 0.1% naphthylethelene-diamine-

dihydrochloride, and 2.5 M H3PO4).  

Prostaglandin E2 (PGE2) concentrations in the conditioned medium 

were measured at 5 min of PFF treatment or static culture. PGE2 was measured 

by an enzyme immunoassay (Amersham, Buckinghamshire, UK) using an 

antibody raised against mouse PGE2. The detection limit was 16 pg/mL, and the 

absorbance was measured at 450 nm. 

 

Analysis of osteocyte gene expression 

Real-time polymerase chain reaction (PCR) was used to determine osteocyte 

gene expression of inducible NO synthase (iNOS), TNFα), IL-1β, IL-6, 

cyclooxygenase 2 (Cox2), macrophage colony stimulating factor (M-csf), 

receptor activator of nuclear factor kappa-B ligand (Rankl), osteoprotegerin 

(Opg), IL-6 receptor (IL-6R), glycoprotein 130 (gp130), CCAAT/enhancer-

binding protein β (Cepbβ), and the housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (Gapdh; all probes from Applied Biosystems, Foster, 

CA, USA). Total RNA was isolated using lysis buffer RA I (Macherey-Nagel, 

Düren, Germany) according to the manufacturer’s instructions. cDNA synthesis 

was performed using 0.5-1 μg of total RNA in a 20 µl reaction mixture consisting 

of 5 units of Transcriptor Reverse Transcriptase (Roche Diagnostics, 

Mannheim, Germany), 0.08 units of random primers (Roche Diagnostics), 1 mM 

of each dNTP (InVitrogen, Calrsbad, CA, USA), and 1x concentrated 

Transcriptor RT reaction buffer (Roche Diagnostics). Real time PCR reactions 
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were performed using Taq-Man® Gene Expression assays (TaqMan®, Applied 

Biosystems) in an ABI Prism 7700 DNA sequence detector (Applied 

Biosystems). Gene expression values were normalized for Gapdh. 

 

Staining of F-actin, caspase-3/7 activity, and DNA content 

MLO-Y4 osteocytes were seeded at 1.4x104 cells/cm2 in 24 well plates, 

incubated overnight, followed by incubation for 24 h with or without IL-6 as 

described above in “IL-6 treatment”. F-actin was extracted and quantified 

according to the protocol by Pritchard et al.15 For the assessment of caspase-

3/7 activity with a luminometer, cell lysis reagent of the Caspase-Glo 3/7 Assay 

(Promega, Madison, WI, USA) was added to the osteocytes (Berthold 

Technologies, Bad Wildbad, Germany), according to the manufacturer’s 

instructions. DNA in the cell lysate was determined by a CyQUANT Cell 

Proliferation Assay (Molecular Probes Inc., Eugene, OR, USA). Caspase 3/7 

activity and F-actin were expressed per ng of DNA. 

 

Osteoclast formation 

MLO-Y4 osteocytes were seeded at 1x103 cells /cm2 in 48 well plates. 

Osteocytes were left to adhere overnight, and treated for 24 h with IL-6 or 0.1 

ng/ml TNFα as described above in “IL-6 treatment”. Then 1×106 mouse bone 

marrow cells, obtained from mouse tibae as described previously16, were 

seeded on top of the osteocytes. The use of animals in this study was approved 

by the animal care and use committee of the VU University Amsterdam, The 

Netherlands. Cells were kept in co-culture in α-MEM (Gibco) supplemented with 

10% FBS, 150 μg/ml penicillin, 125 μg/ml streptomycin, and 1.25 μg/ml 

fungizone in the absence of cytokines (i.e. no IL-6, Rankl, or M-csf were 

present). Culture medium was refreshed after 3 days. After 7 days of co-culture, 

cells were fixed in 4% formaldehyde in PBS for 10 min, washed with PBS, and 

stained for tartrate-resistant acid phosphatase (TRAcP) using a TRAcP kit 

(Sigma), according to the manufacturer's instructions. The number of TRAcP-

positive multinucleated (3 or more nuclei per cell) osteoclasts were counted 
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using a Leica DM IL microscope (Leica, Wetzlar, Germany) equipped with a 20× 

objective. 

 

Osteoblast culture 

MC3T3-E1 pre-osteoblasts (subclone 4, passage 20-40; LGC standards, 

Teddington, UK) were grown in 75 cm2  culture flasks in α-MEM containing 10% 

FBS, β-glycerophosphate disodium salt hydrate (10 mM), l-glutamine (300 

μg/mL), ascorbate (50 μg/mL), gentamycin (50 µg/mL), and fungizone (1.25 

µg/mL). To determine osteoblast differentiation, cells were seeded at a 

concentration of 3×104 cells/well in 24-well culture dishes, and cultured for 24 h. 

Then the culture medium was replaced by 500 μl medium per well consisting of 

filter-sterilized conditioned medium from MLO-Y4 osteocytes (obtained as 

described above in “Mechanical stimulation”) mixed in a 1:1 volume/volume 

ratio to fresh culture medium. This medium contained a final concentration of 10 

mM β-glycerophosphate disodium salt hydrate and 50 μg/mL ascorbate. The 

following three experimental groups were distinguished: 1) Fresh non-

conditioned medium without IL-6. 2) Conditioned medium collected from static 

osteocytes cultured in the absence or presence of 10 pg/ml IL-6 and 40 ng/ml 

sIL-6R. 3) Conditioned medium collected from mechanically stimulated 

osteocytes cultured in the absence or presence of 10 pg/ml IL-6 and 40 ng/ml 

sIL-6R. Osteoblasts were cultured up to 14 days in the presence or absence of 

the three different media as mentioned above. Protein content and alkaline 

phosphatase (ALP) activity were determined at days 3 and 5, and osteogenic 

gene expression at days 5 and 14 as described below.  

 

Alkaline phosphatase activity 

After 3 and 5 days of osteoblast culture, the culture medium was removed and 

osteoblasts were washed twice with PBS on ice. Cell isolates were collected in 

distilled water, and ALP activity for each isolate was quantified using a p-

nitrophenyl-phosphate colorimetric assay. ALP activity was calculated as nmole 

p-nitrophenol per µg protein. Protein was determined using a BCA protein assay 
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reagent kit (Pierce, Rockford, IL, USA), and the absorbance was read at 570 

nm. 

 

Osteogenic gene expression in osteoblasts 

After 5 and 14 days of culture, the osteoblasts were lysed for isolation of total 

RNA as described above in “Analysis of osteocyte gene expression”. The 

expression of Hprt1, 18S, Ki67, Runx2, and Ocn mRNA was quantified using a 

LightCycler 480 (Roche Diagnostics). The reactions were prepared in 20 μl total 

volume with 7 μl PCR-H2O, 0.5 μl forward primer (0.2 μM), 0.5 μl reverse primer 

(0.2 μM), and 10 μl LightCycler Mastermix (LightCycler 480 SYBR Green I 

Master; Roche Diagnostics), to which 2 μl of 5x diluted cDNA was added as 

PCR template. Primer sequences are listed in Table 1. 

 

 
Table 1. Primer sequences. 18s, 18S ribosomal RNA, housekeeping gene; 
Hprt1: hypoxanthine phosphoribosyltransferase 1, housekeeping gene; Ki67, 
antigen KI67, proliferation marker; Runx2, core binding factor alpha1; Ocn, 
osteocalcin. 
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Statistics 

Log transformation was performed before performing parametric tests if data 

were not normally distributed. The effect of IL-6 on gene expression of IL-6, 

TNFα, iNOS, and Cox2 was considered significant when “1” was outside the 

95% confidence interval. The effect of IL-6 and PFF on NO and PGE2 

production and Cox2 gene expression was tested using two-way ANOVA, 

followed by paired t-tests with bonferroni correction. The effect of IL-6 on Rankl, 

Opg, M-csf, caspase activity, and osteoclast number was tested using one-way 

ANOVA followed by paired t-tests with bonferroni correction. The effect of IL-6 

on osteoblast parameters (in the presence or absence of PFF) was tested using 

one-way ANOVA followed by a Tukey-Kramer test. Differences were considered 

significant when p≤0.05. 
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RESULTS 

MLO-Y4 osteocytes did express detectable mRNA levels of IL-6 receptor gp130 

and IL-6 downstream effector Cepbβ (Fig. 1A), which suggests that osteocytes 

possess the necessary machinery to respond to IL-6. Indeed IL-6 (10 pg/ml) 

enhanced the expression of known IL-6 target genes by MLO-Y4 osteocytes; IL-

6 enhanced IL-6 gene expression by 2.9-fold (±0.9 (±SD), n=8), TNFα gene 

expression by 1.9-fold (±0.4, n=8), and Cox2 gene expression by 2.0-fold (±0.3, 

n=8; Fig. 1B). IL-6 did not affect iNOS gene expression (3.7±2.1, n=6; Fig. 1B). 

IL-1β expression was not detectable in MLO-Y4 osteocytes before or after IL-6 

treatment (data not shown). 

 

 
Fig. 1 MLO-Y4 osteocytes respond to IL-6. A) Osteocytes show gene 
expression of IL-6R, gp130, and CEPBβ. B) IL-6 (10 pg/ml) induces expression 
of known IL-6 target genes, IL-6, TNFα, and Cox2. #Significant effect of IL-6, 
p≤0.05. 

 

Since we found that osteocytes in vitro respond to IL-6 with the 

expression of IL-6 target genes, we next investigated whether IL-6 alters the 

response of osteocytes to mechanical stimulation. The response of osteocytes 

to mechanical stimulation in the form of PFF is strongly affected by the actin 

cytoskeleton17, and therefore we first tested whether IL-6 affects F-actin content 

in MLO-Y4 osteocytes. Inspection by eye did not reveal a change in the amount 

of F-actin or orientation of stress fibers in MLO-Y4 osteocytes by addition of IL-6 

(Fig. 2A,B,C). Extraction of phalloidin dye and semi-quantification of F-actin 

confirmed that IL-6 did not affect the F-actin content (data not shown). IL-6 (10 
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pg/ml) did reduce the percentage of cells with a round or square shape 

(length/width ratio between 1 and 2) from 40±5% to 25±4%, indicating that the 

addition of IL-6 resulted in a more elongated cell shape. Whether this change in 

cell shape would affect the response of MLO-Y4 osteocytes to PFF is unclear. 

PFF treatment seemed to enhance PGE2 production in control 

osteocytes (marginally signficant, p=0.052), but significantly stimulated PGE2 

production in osteocytes treated with 1 pg/ml IL-6 (Fig. 2D). IL-6 at 10 pg/ml 

increased PGE2 production by static osteocytes, but not by PFF-treated 

osteocytes (Fig. 2D). Two-way ANOVA did not reveal an interaction between IL-

6 and PFF with regard to PGE2 production, suggesting that IL-6 did not alter the 

PGE2 response to PFF. The stimulatory effect of IL-6 on PGE2 production 

corresponds with a stimulatory effect of IL-6 on Cox2 gene expression by 

osteocytes. PFF stimulated Cox2 expression by 2.8-fold in control cultures 

without IL-6 (Fig 2E). Addition of IL-6 at 10 pg/ml stimulated Cox2 expression by 

2.0-fold in static osteocytes, but not in PFF-treated osteocytes (Fig 2E). No 

interaction was found between IL-6 and PFF with regard to Cox2 expression 

using two-way ANOVA, suggesting that IL-6 did not alter the Cox2-response to 

PFF.  

In the absence of IL-6, PFF enhanced NO production by osteocytes by 

1.8-fold at 5 min, and by 4.5-fold at 60 min (Fig. 2F). IL-6 did not affect the 

absolute values of NO produced by static osteocytes or by PFF-stimulated 

osteocytes at any of the time points measured (Fig. 2F). Two-way ANOVA did 

not reveal an interaction between IL-6 and PFF with regard to NO production at 

any of the time points measured, suggesting that IL-6 did not alter the NO 

response to PFF.  
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Fig. 2 Effect of IL-6 on PFF-stimulated Cox2 expression and PGE2 and NO 
production by MLO-Y4 osteocytes.  A) F-actin staining in untreated osteocytes. 
B) IL-6 at 1 pg/ml did not visibly alter F-actin staining in osteocytes. C) IL-6 at 
10 pg/ml did not visibly alter F-actin staining in osteocytes either. D) Application 
of IL-6 for 24 h enhanced PGE2 production in static osteocytes. E) PFF 
enhanced Cox2 expression by osteocytes within 1 h. IL-6 (10 pg/ml) also 
enhanced Cox2 expression. F) PFF significantly enhanced NO production by 
osteocytes. IL-6 did not affect NO production by osteocytes in the presence or 
absence of PFF. *Significant effect of PFF, #significant effect of IL-6, p≤0.05. 
Magnification: 40x. 
 

 Osteocytes stimulate osteoclastogenesis in the absence of mechanical 

stimulation via production of Rankl10. IL-6 enhances osteoclastogenesis by 

stimulating Rankl production in osteoblasts18. We investigated whether IL-6 

alters the expression of osteoclastogenesis-modulating genes in osteocytes in 

the absence of a mechanical stimulus. IL-6 seemed to reduce Opg expression 

(not significant; p=0.57 and p=0.84, n=8, Fig. 3A). IL-6 at 10 pg/ml enhanced 

Rankl expression by 1.8-fold (Fig. 3B), and also enhanced the Rankl/Opg ratio 

in osteocytes. IL-6 at 1 pg/ml significantly enhanced the Rankl/Opg ratio (Fig. 

3C), while IL-6 at 10 pg/ml showed a trend towards an increased Rankl/Opg 

ratio (p=0.051, n=7, Fig. 3C). IL-6 did not affect M-csf gene expression by 

osteocytes (Fig. 3D).  
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Next we investigated the effect of IL-6 on osteocyte apoptosis, since 

apoptotic osteocytes stimulate osteoclastogenesis19. IL-6 significantly reduced 

caspase 3/7 activity by 10% in osteocytes (n=6, Fig. 3E). The opposing effects 

of IL-6 on the Rankl/Opg ratio and caspase 3/7 activity, i.e. stimulation of the 

Rankl/Opg ratio and inhibition of caspase 3/7 activity, in osteocytes culminated 

in a lack of effect of IL-6 on osteocyte-stimulated osteoclastogenesis (Fig. 

3F,G,H,I). This is in sharp contrast to TNFα which is a strong stimulator of 

osteoclastogenesis. Treatment of osteocytes with TNFα for 24 h increased the 

stimulating effect of osteocytes on osteoclastogenesis by 1.7-fold (p=0.004, Fig. 

3F). 

 
 

 
 
Fig. 3: Effect of IL-6 on MLO-Y4 osteocyte-stimulated osteoclastogenesis. A) 
IL-6 did not significantly affect Opg expression by osteocytes. B) IL-6 (10 pg/ml) 
enhanced Rankl expression by osteocytes. C) IL-6 at 1 pg/ml significantly 
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enhanced Rankl/Opg ratio in osteocytes, while IL-6 at 10 pg/ml showed a strong 
trend towards enhancing the Rankl/Opg ratio. D) IL-6 did not affect M-csf 
expression in osteocytes. E) IL-6 reduced caspase 3/7 activity in osteocytes, 
indicating increased viability. F) TNFα enhanced the number of osteoclasts 
formed in the presence of osteocytes, while IL-6 did not affect osteocyte-
stimulated osteoclastogenesis. G) TRAcP positive (red) multinucleated (blue) 
osteoclasts were readily formed in a co-culture of bone marrow cells and control 
osteocytes. H) TRAcP-positive multinucleated osteoclasts were also formed in a 
co-culture of bone marrow cells and IL-6 (1 pg/ml) treated osteocytes. I) 
TRAcP-positive multinucleated osteoclasts in a co-culture of bone marrow cells 
and IL-6 (10 pg/ml) treated osteocytes. #Significant effect of IL-6, p≤0.05. 
 

Conditioned medium from static or PFF-stimulated osteocytes cultured 

without IL-6 did not affect proliferation or differentiation of MC3T3-E1 

osteoblasts (Fig. 4A-G). However, conditioned medium of IL-6–treated 

osteocytes did strongly affect proliferation and differentiation of MC3T3-E1 

osteoblasts. Conditioned medium of static IL-6-treated osteocytes did not alter 

the total protein content in osteoblasts at day 3 or 5 (Fig. 4A,B), but it did 

enhance gene expression of proliferation marker Ki67 at day 5. This suggests 

that IL-6 triggers static osteocytes to produce soluble factors that enhance 

osteoblast proliferation from day 5 onward (Fig. 4C). Addition of conditioned 

medium from IL-6 and PFF-treated osteocytes to osteoblasts enhanced the 

protein content already at day 3 (by 2.3-fold) and day 5 (by 1.9-fold) (Fig. 4A,B). 

At day 5, Ki67 expression seemed to be enhanced by 2.2-fold (not significant) in 

osteoblasts grown in the presence of conditioned medium from IL-6 and PFF-

treated osteocytes (p=0.10, Fig. 4C). 

Conditioned medium of static IL-6–treated osteocytes reduced ALP 

activity in MC3T3-E1 osteoblasts at day 3 and 5 (Fig. 4D,E), and reduced 

Runx2 expression at day 5 (Fig. 4F). Conditioned medium from PFF-treated 

osteocytes also reduced Runx2 expression by osteoblasts at day 5, suggesting 

that IL-6 and PFF triggered osteocytes to release signaling molecules that 

reduce the expression of early osteoblast markers by MC3T3-E1 cells (Fig. 4F). 

On the other hand, conditioned medium of IL-6-treated osteocytes stimulated 

the expression of the late osteogenic differentiation marker osteocalcin by 

MC3T3-E1 cells at day 14 (Fig. 4G). 
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Fig. 4: Effect of 10 pg/ml IL-6 and PFF on production of osteoblast-affecting 
factors by MLO-Y4 osteocytes. Data is expressed as fold-increase compared to 
non-conditioned (control) medium. A) Osteocyte-conditioned medium did not 
increase total protein in MC3T3-E1 osteoblasts at day 3 unless the osteocytes 
had been treated with both IL-6 and PFF. B) Osteocyte-conditioned medium did 
not increase total protein in MC3T3-E1 osteoblasts at day 5 either unless the 
osteocytes had been treated with both IL-6 and PFF. C) Conditioned medium of 
static IL-6-treated osteocytes enhanced Ki-67 expression in osteoblasts. D) 
Conditioned medium of IL-6-treated osteocytes reduced ALP activity in 
osteoblasts at day 3. E) Conditioned medium of IL-6-treated osteocytes reduced 
ALP activity in osteoblasts at day 5. F) Conditioned medium of IL-6-treated 
osteocytes and PFF-treated osteocytes reduced Runx2 expression in 
osteoblasts at day 5. G) Conditioned medium of IL-6-treated osteocytes 
enhanced Ocn expression in osteoblasts at day 14. *Significant effect of PFF, 
#significant effect of IL-6, p≤0.05. CM, conditioned medium; non -CM, non 
conditioned control medium. Dotted line: CM/non-CM ratio is 1, i.e. no effect of 
IL-6 and/or PFF. 
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DISCUSSION 

We hypothesized that IL-6 reduces the release of signaling molecules by 

mechanically stimulated osteocytes, resulting in enhanced osteocyte-stimulated 

osteoclastogenesis and/or reduced osteocyte-stimulated osteoblast proliferation 

and differentiation. However, we found no effect of IL-6 on NO or PGE2 

production or Cox2 gene expression by mechanically stimulated osteocytes, 

suggesting that IL-6 did not affect the response of osteocytes to mechanical 

stimulation. We also did not observe a modulatory effect of IL-6 on osteocyte-

stimulated osteoclastogenesis, suggesting that elevated IL-6 levels during 

rheumatoid arthritis may not be responsible for the increased osteocyte-

mediated bone resorption observed. Finally we found that IL-6 did affect the 

production of soluble factors by osteocytes that alter the proliferation and 

differentiation of osteoblasts. Proliferation of osteoblasts seemed increased 

while osteocalcin expression in osteoblasts was significantly increased in the 

presence of conditioned medium from IL-6–treated osteocytes.  

We found that MLO-Y4 osteocytes have the essential machinery 

needed to respond to IL-6. Osteocytes express the gp130 receptor for IL-6, 

which is not surprising since gp130 is ubiquitously expressed. MLO-Y4 

osteocytes express low levels of IL-6R mRNA, which has been observed in 

cultured osteoblasts as well18. Therefore we only used physiological 

concentrations of the soluble form of the IL-6R in our studies, which acts as an 

IL-6 agonist. Although it has been a matter of debate whether osteocytes 

produce C/EPBβ in vivo, we found detectable levels of the downstream IL-6 

effector for IL-6 C/EPBβ in cultured MLO-Y4 osteocytes.  

We found that IL-6 (1 or 10 pg/ml) did not affect the NO, PGE2, or Cox2 

response of osteocytes to mechanical stimulation by PFF. IL-6 did not affect the 

amount of F-actin in MLO-Y4 osteocytes either, which is in sharp contrast to the 

inhibitory effects of IL-1β and TNFα on the F-actin content in osteocytes and the 

PFF-induced NO response by these cells8.  

IL-6 is well known to affect bone metabolism. IL-6 was first discovered 

to mediate bone loss associated with estrogen-withdrawal in mice20,21. Over-

expression of IL-6 in growing mice results in an enhanced bone turnover and a 
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net loss of bone mass22. Increased circulating IL-6 levels in patients with 

Duchenne muscular dystrophy seem responsible for increased osteoclastic 

bone resorption23. Therefore enhanced circulating IL-6 levels, as occur after the 

menopause or during chronic inflammation, might enhance osteoclastogenesis 

and reduce bone mass. Unfortunately the reports regarding IL-6 effects on 

osteoclast formation and activity are rather conflicting. IL-6 enhances 

osteoclastogenesis in a RANKL-independent manner when added to human 

peripheral blood mononuclear cells (PBMCs), either in the presence of sIL6R24, 

or in the absence of sIL6R23. In contrast, IL-6 has been reported to inhibit 

RANKL-induced osteoclastogenesis when added to human PBMCs or to mouse 

bone marrow cultures25, possibly because IL-6 inhibits RANK-mediated 

signaling in osteoclast precursors26. Addition of IL-6 to mouse bone marrow in 

co-culture with osteoblasts did not enhance osteoclast formation unless 

dexamethasone was also added to increase IL-6 receptor expression in 

osteoblasts, or when soluble IL-6 receptor was added18. These in vitro studies 

suggest that IL-6 has no direct effect on osteoclastogenesis, but that it 

stimulates osteoclastogenesis by increasing Rankl expression by osteoblasts in 

the presence of the IL-6 receptor. It is important to note that RANKL produced 

by osteoblasts or their progenitors does not contribute to adult bone remodeling, 

but that rather osteocytes embedded within the bone matrix control 

osteoclastogenesis via RANKL production27. Therefore we investigated the 

effect of IL-6 on osteocyte-stimulated osteoclastogenesis. We found that IL-6 for 

24 h enhanced Rankl expression in osteocytes, but that osteocytes treated with 

IL-6 for 24 h stimulated osteoclastogenesis to a similar extend as control 

osteocytes. When osteocytes were co-cultured with bone marrow in the 

presence of IL-6 for 7 days we did not observe enhanced osteocyte-stimulated 

osteoclastogenesis (unpublished observation). Thus our results agree with 

observations by Udagawa et al.18 regarding IL-6–induced Rankl expression by 

osteocytes and the lack of a direct effect of IL-6 on osteoclastogenesis. We did 

find that IL-6 stimulates osteoclastogenesis in a co-culture of osteoblasts, but 

not osteocytes, with mouse bone marrow. Thus our results suggest that 

increased circulating IL-6 levels during rheumatoid arthritis do not enhance 
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osteoclastogenesis via a direct effect on osteoclast precursor formation or via 

an effect on osteocyte function. Considering that osteocytes are by far the most 

abundant cells in bone, and that they dictate bone mass via RANKL 

production10,27, our in vitro data do not support the hypothesis that, of all the 

circulating cytokines present in rheumatoid arthritis, IL-6 is the cytokine 

responsible for enhanced bone resorption.  

We found almost twice as many osteoclasts in co-cultures of TNFα-

treated osteocytes with mouse bone marrow, suggesting that high circulating 

levels of TNFα may enhance osteoclastic bone resorption in rheumatoid 

arthritis. Interestingly IL-6 induces TNFα expression in osteocytes, but 

apparently the amount of TNFα produced by these cells is not sufficient to 

enhance osteoclastogenesis in an autocrine or paracrine fashion.  

IL-6–deficient mice do not show an osteoclast phenotype, suggesting 

that IL-6 is not essential for physiological osteoclast formation and activity21. 

However, IL-6–deficient mice show decreased cortical bone mass and mineral 

density9,21, a phenotype that is repeated in C/EPBβ–deficient animals with 

reduced formation of osteoblasts as well as bone28. This suggests a role for IL-6 

in osteoblast formation and activity. Indeed IL-6 has been shown to enhance 

osteoblast differentiation in stem cells29. Furthermore IL-6-type cytokines 

promote differentiation of committed osteoblastic cells toward a more mature 

phenotype via the JAK/STAT pathway30. We found that IL-6 enhanced the 

production of factors by osteocytes that enhance MC3T3-E1 osteoblast 

proliferation and possibly differentiation. We found lower ALP activity in 

osteoblasts cultured in the presence of conditioned medium from IL-6-treated 

osteocytes, which could indicate that osteoblast differentiation was inhibited. On 

the other hand, ALP activity is known to peak and then decline during 

osteoblast differentiation, thus the decreased ALP activity could indicate an 

acceleration of differentiation in osteoblasts cultured in the presence of 

conditioned medium from IL-6-treated osteocytes. This would be in accordance 

with the enhanced osteocalcin expression found at day 14 of culture in 

osteoblasts grown in the presence of conditioned medium from IL-6-treated 

osteocytes. The factor responsible for enhanced osteocalcin expression in 
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osteoblasts cultured with osteocyte-conditioned medium may be PGE2, as we 

found that IL-6 (10 pg/ml) enhanced PGE2 production by osteocytes, and it is 

known that PGE2 promotes osteoblast differentiation and osteocalcin 

expression. The enhanced PGE2 production in IL-6 treated osteocytes could be 

secondary to the enhanced Cox2 expression in IL-6 treated osteocytes, since 

cyclooxygenase is the rate limiting enzyme in prostaglandin production. PFF 

increased the production of soluble factors by osteocytes that enhance 

proliferation of osteoblasts, but only when the osteocytes had been treated with 

IL-6. Interestingly, PFF stimulated NO and PGE2 production by osteocytes 

independent of IL-6 treatment, suggesting that IL-6 enhances the production of 

soluble factors by osteocytes, other than NO and PGE2 that enhance osteoblast 

proliferation. We were unable to detect gene expression of Bmp-2, Bmp-4, 

Bmp-7, or dkk1 in MLO-Y4 osteocytes. Expression levels of Bmp-6 and Wnt3a 

were variable and therefore did not allow to draw a conclusion about the effect 

of IL-6 on Bmp-6 or Wnt3a expression in osteocytes. Taken together, IL-6 

induces the production of soluble factors by osteocytes that affect osteoblast 

behavior. The effects of IL-6 on osteocyte function differed depending on 

whether the osteocytes had been subjected to mechanical stimulation by PFF. 

Which molecules are produced by osteocytes after IL-6 and/or PFF treatment 

has yet to be elucidated. 

Our study has some limitations. In general, the effects of IL-6 on 

proliferation and differentiation of cells belonging to the osteoblast and 

osteoclast lineage seem to be strongly dose-dependent as well as the nature of 

the effect (i.e. stimulation or inhibition varies depending on the dose 

administered). Often dosages in excess of 10 ng/ml or even 100 ng/ml are 

added to cultured cells to find an effect. In our study IL-6 was added to 

osteocytes in a concentration of 1 or 10 pg/ml, which concentrations are based 

on levels of IL-6 present in the circulation of humans under normal and 

inflammatory conditions2. Interestingly, concentrations of ~10 pg/ml IL-6 are 

also found in serum in humans after vigorous exercise, yet these concentrations 

rapidly reduce after rest31, whereas IL-6 levels remain chronically elevated 

during inflammation. We also tested the effect of adding 50 pg/ml IL-6 to 
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osteocytes, but the results were similar to adding 10 pg/ml IL-6. We have 

supplied IL-6 in the presence of sIL-6R. Although MLO-Y4 express detectable 

levels of the IL-6R, these expression levels may be too low to allow proper 

signaling. sIL-6R is always present in serum and acts as a IL-6 agonist to allow 

IL-6 signaling in all gp130 expressing cells in the body. By adding the sIL-6R to 

our cultured cells we simulated this natural mechanism. We also tested the 

effect of adding sIL-6R alone (no IL-6) to MLO-Y45 osteocytes, but we did not 

find that sIL-6R alone affected the expression of TNFα, iNos, or Cox2 

expression (data not shown).  

We used MLO-Y4 osteocytes as a model for osteocytes. The validity of 

the MLO-Y4 cell line as a proper osteocyte model is sometimes disputed due to 

the lack of expression of the osteocyte marker sclerostin by these cells. As 

expected we found that MLO-Y4 osteocytes are highly responsive to 

mechanical stimulation, produce RANKL, and support osteoclastogenesis from 

bone marrow cells without the addition of exogenous cytokines, which closely 

mimicks the behavior of osteocytes in vivo. We performed our osteocyte-

stimulated osteoclastogenesis assay only in the absence of mechanical 

stimulation, since culturing bone marrow cells on top of PFF-stimulated 

osteocytes under sterile conditions is not feasible. In any case osteocytes are 

essential for stimulating osteoclast formation in the absence of mechanical 

loading rather than the presence of mechanical loading7. 

In summary, we found no evidence that IL-6 in concentrations present 

in serum of patients with rheumatoid arthritis has deleterious effects on 

osteocytes. On the contrary, we found that IL-6 did enhance osteocyte viability. 

Since IL-6 deficiency can enhance inflammatory bone destruction32, and IL-6–

deficiency reduces callus mineralization and maturation during fracture healing9, 

our data suggest that IL-6 may not be the obvious primary target in a therapy 

designed to prevent generalized bone loss in rheumatoid arthritis patients. 

Since both IL-1β and TNFα reduce the osteocyte response to mechanical 

stimulation8, and since both cytokines enhance osteocyte-stimulated 

osteoclastogenesis33, an IL-1β inhibition or TNF-blockade may provide a more 
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logical approach to preserve bone mass in rheumatoid arthritis or other chronic 

inflammatory diseases in adults than blocking IL-6. 
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ABSTRACT 

How osteocytes in situ transduce mechanical stimuli as a result of physical 

activity into a chemical response in bone is not fully understood. We developed 

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

in murine fibulae. We hypothesized that mechanical loading induces a 

mechanobiological response by osteocytes resulting in increased nitric oxide 

(NO) production. 

Mouse fibulae were mechanically stimulated by dynamic axial 

compression using a microactuator. Sinusoidal displacement of fibulae was 

performed at 12.5, 25, or 100 µm amplitude at 5 Hz for 5 min. Global bone 

strains were measured using strain gauges. Micro-computed tomography scans 

of fibulae were converted into finite-element models to calculate strain 

amplitudes and distributions over the fibulae. NO production before and after 

mechanical stimulation of osteocytes in situ was quantified using DAR-4M AM 

chromophore and confocal microscopy. 

 The finite-element model predicted a compressive strain of -930 (±842) 

(mean (±SD)) µε in the whole bone at 12.5 µm displacement. Maximum strains 

were only present on the medial side of the fibulae but not at the lateral side. 

Compression at 12.5, 25, or 100 µm amplitude resulted in maximum strains of 

0–3x103 (±0.7x103) µε, 0–10x103 (±5x103) µε, and 0–40x103 (±3x103) µε, 

respectively. Dynamic 12.5, 25, and 100 µm compression increased the 

fluorescence intensity in osteocytes by 1.3-1.6 fold compared with non-

stimulated values.   

In conclusion, our results show that osteocytes in situ respond to 

mechanical stimulation by upregulation of intracellular NO production using an 

ex vivo murine fibular loading model, which may enable detailed investigations 

on the osteocyte response to mechanical stimulation in physiological and 

pathological conditions. 

 

Keywords: Murine fibula; Osteocytes; Nitric oxide; Ex vivo mechanical loading; 

Strain 



Chapter 6 

111 
 

INTRODUCTION 

Bone mass and architecture are continuously adapted to the demands of 

mechanical usage to optimize the bone’s load-bearing capacity. This bone 

adaptation occurs through the process of bone remodeling that involves the 

coordinated action of the bone resorbing osteoclasts and the bone forming 

osteoblasts, which are orchestrated by the most mechanosensitive cells in 

bone, the osteocytes1,2. Mechanical loading activates the osteocytes, which 

produce signaling molecules that have been shown to modulate the activity of 

osteoblasts3,4 and osteoclasts5.  

In vitro studies undoubtedly provide valuable insight into which 

signaling molecules are produced by osteocytes in response to a mechanical 

stimulus. Wnt/β-catenin target gene expression is upregulated whereas 

sclerostin expression is downregulated in cultured bone cells in response to 

mechanical stimulation, which corresponds to in vivo observations6-9. Cultured 

osteocytes have been shown to produce high levels of nitric oxide (NO) in 

response to mechanical loading10,11. Several molecules including NO have been 

shown to modulate the activity of osteoclasts and osteoblasts in vitro12-14. 

However, these studies testing osteocyte mechanosensitivity in vitro might not 

exactly mimic the actual in vivo condition based on following arguments. First, 

osteocytes in vitro are cultured on type I collagen-coated, flat, stiff substrates 

using specific integrins for attachment to the substratum. Osteocytes in situ may 

employ a different subset of integrins for anchorage to their extracellular 

matrix15,16 than osteocytes seeded on type I collagen in vitro. Moreover a 

mechanical stimulus applied to flat adherent osteocytes in vitro predominantly 

affects the osteocyte cell body, while physical laws dictate that the extracellular 

fluid surrounding osteocytes in situ only flows over the cell extensions17. In 

addition, osteocytes on a flat surface are spread out, and adherent osteocytes 

need an almost 1000-fold stronger mechanical stimulus in order to respond with 

the production of NO than non-adherent osteocytes18. Thus studies on 

osteocyte mechanosensitivity in vitro likely do not fully mimic the actual in vivo 

condition. How exactly osteocytes in situ transduce minute mechanical stimuli 

into a meaningful chemical response is not well understood. Therefore a three-
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dimensional system is essential for providing new insight in the mechanisms 

underlying osteocyte mechanosensing. Such a 3D system would permit to study 

the mechano-responsivenss of osteocytes in situ in physiological and 

pathological conditions like osteoporosis. 

In the present study we developed an ex vivo murine fibular mechanical 

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

stimulation. We examined the effect of different strain magnitudes on NO 

production by osteocytes in situ. Mechanical stimulation was applied by 

displacement of a fibula resulting in different strain magnitudes. We 

hypothesized that loading induces a mechanobiological response of osteocytes 

in situ resulting in increased NO production.    
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MATERIALS AND METHODS  

 

Bone explant preparation 

Fibulae were dissected from 2 months-old adult male C57bl/6 mice. Whole 

fibulae were aseptically dissected, and the periosteal surfaces of the bone 

explants gently scraped to remove muscular attachments and periosteum for 

better imaging of the osteocytes. Bone marrow was flushed out with phosphate 

buffered saline (PBS). Fibular extremities were trimmed off, and bone pieces 

measuring approximately 5 mm in length were prepared. Each fibular bone 

piece was glued in a bone holder (Fig. 1A) using cyanoacrylate instant adhesive 

(Permabond, St. Pottstown, PA, USA). 

 

 
 
Fig. 1 Schematic drawing of the fibular loading device. A) Fibula glued to a  
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bone holder. B) Loading device containing a fibula in a bone holder. The 
magnification shows the experimental set-up with the bone holder attached to 
the microacuator. 
 
Intracellular NO detection 

DAR-4M AM (Calbiochem, Merck KGaA, Darmstadt, Germany) is a rhodamine-

based membrane permeable chromophore. When incubated with cells it enters 

the cells owing to the presence of an acetoxymethyl ester (AM) moiety. Once 

intracellular, the AM moiety is hydrolyzed by cytoplasmic esterases to form 

DAR-4M rendering it membrane impermeable. As soon as the cell produces 

NO, DAR-4M reacts with it to form a triazole compound, DAR-4MT, which is 

stable, fluorescent, and membrane impermeable, and can be visualized using a 

rhodamine filter19. 

For DAR-4M AM chromophore loading, fibulae were incubated with 10 

µM DAR-4M AM dye for 1 h at room temperature in Dulbecco’s Minimal 

Essential Medium (DMEM) without phenol red (Gibco, Paisley, UK). The fibulae 

were gently washed with DMEM, and mechanically stimulated as described 

below. Intracellular NO production by osteocytes in the diaphyseal region of the 

fibulae was monitored as an increase in fluorescence intensity. The diaphyseal 

area was defined as the region in the center of the bone. The NO concentration 

in osteocytes  before and after mechanical stimulation was determined 

retrogradely from the maximum fluorescence intensity in that cell, which was 

obtained after saturating the remaining intracellular chromophore with external 

NO released from the NO donor S-nitroso-N-acetylpenicillamine (SNAP) (10 

mM; Sigma, St. Louis, MO, USA).  The excitation wavelength used was 545 nm, 

and emission spectra peaked at 580 nm. The excitation light was shuttered to 

obtain an exposure time of <1 sec to avoid any possible illumination effects on 

the fluorescence intensity of the cells.  

The fluorescence intensity was quantified using Leica Confocal 

Software (Leica Microsystems, Wetzlar, Germany). Stabilized basal level 

intracellular NO production in corresponding osteocytes immediately before 

mechanical stimulation was taken as control. 
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Micro-computed tomography 

Three fibulae were scanned in a micro-computed tomography (micro-CT) 

scanner (µCT 40, Scanco Medical AG, Bassersdorf, Switzerland) with a 0.006 

mm resolution, 55 kV voltage, 0.145 mA intensity, and a 1000 ms integration 

time.  

 

Finite element analysis 

To obtain finite element models, the micro-CT scans were filtered with a Gauss 

filter (sigma: 0.8, support: 1), and a threshold filter (threshold: 310 mg HA/cm3). 

A finite element mesh was created identical to the segmented scan with a voxel 

conversion technique20. The mesh consisted of 2.2 million elements with a 

stiffness of 10 GPa and a Poisson ratio of 0.3. The finite element models were 

subjected to a compression of 12.5 µm. 

 

Mechanical stimulation 

Six fibulae were mechanically stimulated by a computer-driven voice coil linear 

microactuator (type NCM04-25-250-2LVE; H2W Technologies, Valencia, CA, 

USA; Fig. 1B)21. A hinge system limits the maximum axial motion of the voice 

coil actuator to 500 µm, with an accuracy of ≤0.2 µm (0.04%). The bone holder 

was then attached to a voice coil linear microactuator. Fibulae were kept at 

37°C in CO2-independent medium without phenol red (Gibco), and 10% fetal 

bovine serum (FBS). Dynamic axial loading was applied onto the fibulae. 

Mechanical loading was applied using axial compression of the fibulae in a 

sinusoidal manner with an amplitude of 12.5, 25, and 100 µm at a loading 

frequency of 5 Hz during 5 min. 

 

Strain measurements 

Global matrix strains were measured using EA-06-015LA-120 strain gauges 

(Vishay Micro-Measurements, Raleigh, NC, USA) in a quarter bridge 

configuration containing one active gauge element, and temperature 

compensation. Strain gauges were glued to the approximate mid-shaft of the 

fibula. Bones were loaded at 5 Hz with an amplitude of 12.5, 25, or 100 µm. 
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Calculations were done using the recordings made between 9 and 11 sec after 

start of mechanical stimulation (2 sec, 10 cycles). Strains were calculated using 

a formula derived from: 
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Since the contribution of temperature changes to the outcome of our 

measurement was negligible, we simplified the formula to:  

4
ε×
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o

                                    
  [2] 

Where ε equals the strain (dimensionless) and GF the gauge factor (2.06). V0 

and Vex are given in Volt. 

 

Statistics 

Values of intracellular NO production before and after mechanical stimulation 

obtained from individual cells were calculated and analyzed using the paired t-

test for testing differences within groups. Differences were considered 

significant when p<0.05. 
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RESULTS 

 

Finite-element predictions of strain 

The principal compressive strain was -930 (±842) (mean (±SD)) µε. The 

distribution of the lowest principal strain is shown in Fig. 2A. We found that 

maximum strains were present on the medial side the fibulae. The frequency 

distribution of the principal strain showed a homogeneous distribution of strains 

on the medial side as well as on the lateral side of the fibulae (Fig. 2B). 

 

 
 
Fig. 2 Finite-element predictions of strain. A) Representative image of the finite-
element predictions of strain. The fibula was subjected to a compression of 12.5 
µm. The medial side of the fibula shows the highest strains. B) Frequency 
distribution of the principal strains in the fibula. 
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Strain gauge measurements 

The global strains in fibulae for the corresponding displacements are shown in 

Fig. 3. Fibulae were deformed by applying sinusoidal compressive load in a 

sinusoidal manner with an amplitude of 12.5, 25, and 100 µm at a loading 

frequency of 5 Hz for 5 min. Compression at an amplitude of 12.5, 25, and 100 

µm resulted in maximum strains of 0–3x103 (±0.7x103) µε, 0–10x103 (±5x103) 

µε, and 0–40x103 (±3x103) µε, respectively (Fig. 3). 

 

 
 
Fig. 3 Strain gauge measurements. Fibulae loaded at 5 Hz with an amplitude of 
12.5, 25, or 100 µm displacement, showing a linear increase in maximal strain 
(n=3).   

 
Mechanical stimulation upregulates NO production by osteocytes in situ 

We studied the effect of mechanical stimulation on intracellular NO production 

by osteocytes in situ in mouse fibulae, and found that the osteocytes displayed 

varying basal levels of fluorescence intensity. Fig. 4A shows the intracellular NO 

concentration for the same osteocytes in situ, before and after mechanical 

stimulation, and after addition of SNAP. Mechanical stimulation with 12.5 µm 

displacement increased NO production by 1.3 fold in osteocytes compared with 

the non-stimulated state (Fig. 4B,C). Similarly, 25 µm and 100 µm displacement 

increased NO production by respectively 1.5-fold and 1.6-fold in osteocytes 

compared with the non-stimulated state (Fig. 4B,D,E). Without mechanical 
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stimulation the intracellular NO concentrations did not change (Fig. 4F). We 

could obtain higher (maximum) fluorescence intensity in these osteocytes after 

saturating with SNAP showing that there was DAR-4M AM uptake by these 

osteocytes (Fig 4F).       

 

 
 
Fig. 4 Effect of mechanical stimulation of mouse fibulae on NO production by 
osteocytes in situ. A) Representative fluorescence images of DAR-4M AM 
chromophore-loaded osteocytes in situ, showing upregulation of NO production 
after mechanical stimulation of the fibula at an amplitude of 100 µm at 5 Hz for 5 
min. After mechanical stimulation the osteocytes in situ were saturated with the 
NO donor SNAP. B) Fold-increase in NO production by osteocytes after 
mechanical stimulation compared with its non-stimulated state. Quantification of 
fluorescence intensity shows a significant increase in NO production after 
mechanical stimulation with C) 12.5 µm, D) 25 µm, and E) 100 µm of 
displacement (n=6). F) The experimental procedure without mechanical 
stimulation did not increase NO production in osteocytes. Original magnification, 
x20. Bar, 10 µm. 
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DISCUSSION 

The present study shows for the first time that osteocytes surrounded by their 

natural environment in 3D respond to mechanical stimuli by upregulation of NO 

production. Numerous studies have shown that osteocytes isolated from bone 

are mechanosensitive, but whether they exert such an activity in vivo has not 

been shown so far. We studied the effect of different strain magnitudes on 

intracellular NO production by osteocytes in situ by using DAR-4M-AM 

chromophore. We found that mechanical stimulation of mouse fibulae with 

different strain magnitudes upregulated intracellular NO production in 

osteocytes in situ.  

 Osteocytes produce high levels of NO in response to mechanical 

loading in vitro22,23. NO is essential for mechanical loading-induced bone 

formation in vivo3,24, and mediates the inhibition of osteoclast activity by 

mechanically stimulated osteocytes13. NO is a small and highly reactive 

molecule. It reacts very fast and has a physiological half-life of 0.1–5 sec, which 

makes its real-time monitoring at the in situ level difficult. However, Vatsa et 

al.25 have demonstrated the use of DAR-4M AM chromophore to quantitatively 

monitor absolute concentrations of intracellular NO production in single cells. 

The use of DAR-4M AM enabled us to monitor upregulation of intracellular NO 

production by osteocytes in situ. We found that osteocytes in a fibula display 

varying basal levels of fluorescence intensity. This indicates that osteocytes 

either produce different amounts of basal NO, or that their intracellular 

chromophore metabolism is different since the amount of cytoplasmic esterases 

and/or cell membrane composition are different. 

We performed finite-element analysis to calculate the strain distribution 

pattern in the fibulae. The finite-element prediction of strains with 12.5 µm 

shortening of a mouse fibula was in line with strains measured with a strain-

gauge. Finite-element analysis revealed that maximum strains were present on 

the medial side of the fibula rather than on the lateral side. Therefore it is likely 

that osteocytes in situ perceive different strains on the medial side than on the 

lateral side when the fibulae are loaded in our device, and that they respond 

differently to the same mechanical stimulation. In our study we were careful to 
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visualize the same osteocytes in situ before and after mechanical stimulation, 

but we did not restrict the choice of osteoyctes studied to either one or the other 

side of the fibulae.  

We used different strain magnitudes for mechanical stimulation of 

fibulae in the current study. We realize that 25 µm and 100 µm displacement of 

a fibula is of supraphysiological magnitude26,27

Loading-induced matrix deformations and fluid flow have been shown to 

be distinct mechanical stimuli for osteocytes in vitro

. The reason to use these 

displacements was to investigate whether osteocytes in situ are responsive at 

all to mechanical stimulation. Therefore, we used physiological (12.5 µm) and 

supraphysiological (25 µm, 100 µm) strain magnitudes to mechanically 

stimulate the mouse fibulae. We did not find a loading magnitude-dependent 

increase in NO production by osteocytes in situ. Possibly the osteocytes 

reached the maximum threshold of NO production already at 12.5 µm 

compression of fibulae. 

28. It has yet to be 

unequivocally established which stimulus is most important for driving the 

response of osteocytes leading to bone adaption to mechanical loading in 

vivo29. It is also a matter of debate whether the osteocyte cell body and their 

processes are mechanosensitive, or rather that only the cell processes show 

this property11,30

Our ex vivo fibular loading model is a comprehensive model to study in 

situ the osteocyte response to mechanical loading. However, the model has 

some limitations. A small bone like fibula had to be used in this model, since the 

osteocytes in situ were visualized using a confocal microscope. It would have 

been difficult to visualize osteocytes in situ in a larger bone like the femur. 

Furthermore it is very important that the bones have the same length during 

mechanical stimulation, since similar amplitudes of compression will produce 

. In our ex vivo fibular loading model, the osteocytes in situ can 

be stimulated by both fluid flow as well as matrix deformations. Our model may 

enable to answer the question whether the osteocyte cell body and/or the cell 

processes are important for osteocyte mechanosensing in vivo. To this end, 

mouse bones lacking osteocyte cell process formation can be used, such as 

bones from MT1-MMP–deficient mice.         
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different strain magnitudes if bones do not have the same length. Finally it is 

extremely important to glue fibula in a straight alignment in the bone holder. If a 

fibula is glued in a skewed position, this would affect the strain distribution in the 

fibula, and therefore the osteocyte response to mechanical stimulation.   

  In summary, we demonstrated that osteocytes in situ respond to 

mechanical stimulation by upregulation of intracellular NO production. 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. It might also permit studies leading to a better understanding 

of the process of bone remodeling.  
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GENERAL DISCUSSION 

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 

remodeling1,2. The bone remodeling process is executed by bone resorbing 

osteoclasts and bone depositing osteoblasts, which are orchestrated by 

mechanosensing osteocytes3-5. Mechanical loading stimulates bone apposition 

whereas disuse decreases bone mass, mineral content, and bone matrix 

protein production2,6-9. In this thesis we focus on the identification of signaling 

molecules produced by mechanically stimulated osteocytes that regulate 

osteoclastogenesis.  

 

Osteocyte mechanosensitivity 

Osteocytes are the putative mechanosensors in bone. Osteocyte-ablated mice 

are resistant to unloading-induced bone loss, providing evidence for a role of 

osteocytes in mechanotransduction10. Osteocytes constitute over 90-95% of the 

bone cell population11. Stellate-shaped osteocytes reside in the lacuna-

canalicular network within the bone matrix, with the cell bodies occupying the 

lacunae and the cell processes radiating into the canaliculi. Nearly 50-60 cell 

processes, which are generally less than 0.5 µm in diameter, radiate from 

individual cell bodies in different directions12. Via their cell processes osteocytes 

form a syncytium with the surrounding osteocytes as well as with the cells lining 

the bone surface13,14. The manner whereby osteocytes sense the strains of 

mineralized matrix has been considered in the light of very small strains in the 

bone during daily loading, as compared to muscle tissue15. This has led to the 

concept of strain-derived canalicular fluid flow, or its derivative, fluid drag force, 

as the physical mediator of mechanosensing by osteocytes in bone tissue16-18. 

The cell processes are actin-rich structures, which apparently possess elements 

that interact with the fluid flow thus leading to mechanosensation19. Osteocytes 

have been reported to possess primary cilia projecting from the cell surface, 

which deflect during fluid flow. Primary cilia are sensory organelles that 
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translate extracellular chemical and mechanical cues into cellular responses20. 

These primary cilia are believed to be required for the osteogenic and bone 

resorptive responses to dynamic fluid flow.  

Mechanosensation is a vital phenomenon for survival of osteocytes and 

eventually the maintenance of bone mass and architecture in accordance with 

external mechanical loads4,21,22. 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 

molecules like PI3/Akt23,24. 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. However, since MT1-MMP is required for matrix collagenolysis, its 

deficiency leads to a lack of formation of osteocyte processes in vivo25. We 

propose that in spite of the lack of cell processes, the osteocytes in MT1-MMP–

deficient mice can sense loading-induced matrix deformations possibly via their 

cell bodies.  

It is still a matter of debate whether both the osteocyte cell bodies and 

their processes are mechanosensitive or rather just the cell processes26,27. It is 

also not fully understood how osteocytes in situ transduce the mechanical 

stimuli 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. Our mechanical loading model 

may enable to answer whether the osteocyte cell bodies and/or their processes 

are important for osteocyte mechanosensing in vivo. To do this, bones from 

MT1-MMP deficient mice in which osteocytes do not form cell processes can be 
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used. Moreover, bones from osteocyte-specific MT1-MMP–deficient mice can 

be used to study the role of MT1-MMP in osteocyte mechanosensitivity in vivo. 

 

Signaling molecules 

Mechanosensitive osteocytes control bone remodeling by tightly coordinating 

the action of osteoblasts and osteoclasts that collaborate in basic multicellular 

units (BMU)28. It has been proposed that activation of osteoclasts and 

osteoblasts during coupled bone remodeling is correlated with opposite strain 

distributions in the surrounding bone tissue. Loading creates areas of high bone 

strain around the resting zone and the closing cone, which activates osteocytes 

to recruit osteoblasts. In contrast, unloading creates an area of decreased bone 

strain and produces stasis of extra-cellular fluid in the tip of the cutting cone of a 

tunneling osteon. This field of low strain leads to osteocytic disuse, and 

attraction of osteoclasts3,29. Tatsumi et al.10 have shown that osteocytes 

produce pro-osteoclastogenic signals in the absence of mechanical loading 

leading to stimulation of bone resorption. On the other hand, mechanically 

loaded osteocytes may produce factors that inhibit osteoclast recruitment, while 

under disuse conditions osteocytes decrease the production of osteoclast 

inhibiting signals10,30. In chapter 2, we demonstrate that MEPE might be a 

soluble factor produced after mechanical loading of osteocytes leading to 

the inhibition of osteoclastogenesis. 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 produce high levels of nitric oxide (NO) in response to 

mechanical stimulation31,32, and NO mediates the inhibition of osteoclast activity 

by mechanically stimulated osteocytes30. It is yet unknown whether the increase 

in MEPE gene expression by osteocytes in response to mechanical stimulation 

is NO dependent.  

 As mentioned above, the local strain fields during normal loading as 

well as the fluid flow through the lacuna-canalicular network are high around the 

closing cone. Based on our results, we propose that the osteocytes around the 
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closing cone respond to this fluid flow by producing MEPE that likely inhibits 

osteoclastogenesis. Interestingly, overexpression of MEPE decreased the 

osteoclast number and activity in a murine model33. Since MEPE is 

predominantly expressed by osteocytes, the inhibitory effect of MEPE on 

osteoclastogenesis is likely even more profound in vivo where osteocytes are 

surrounded by their natural environment.  

Bone diseases such as rheumatoid arthritis are caused by 

inflammation, and nowadays the interplay between bone cells and cytokines is 

an emerging field of research. Rheumatoid arthritis is often associated with 

increased serum levels of cytokines, such as amongst others interleukin-1β (IL-

1β) and interleukin-6 (IL-6)34,35. IL-1β has been shown to inhibit the upregulation 

of NO production by osteocytes in response to mechanical stimulation36. Since 

NO is essential for the inhibition of osteoclastogenesis30, we investigated 

whether IL-1β affects osteoclastogenesis in the presence or absence of 

mechanical loading of osteocytes. We found that IL-1β stimulates 

osteoclastogenesis, and that mechanical loading of osteocytes abolished this 

IL-1β-induced osteoclastogenesis (Chapter 4). In the non-loading situation, IL-

1β stimulated osteoclastogenesis by increasing RANKL and by decreasing 

OPG gene expression in osteocytes. Since osteocytes are the major source 

of RANKL during bone remodeling in vivo37, our findings provide important 

information on IL-1β–induced bone loss. Mechanical stimulation of osteocytes 

abolished IL-1β-induced osteoclastogenesis in spite of the inhibitory effect of IL-

1β on the NO upregulation by osteocytes. Mechanical stimulation did not 

decrease the RANKL/OPG ratio in osteocytes. Interestingly, mechanical loading 

in the absence of IL-1β upregulated cysteine rich protein 61 (CYR61/CCN1) 

gene expression by osteocytes, a negative regulator of osteoclastogenesis38. 

Whether upregulation of CYR61 expression by osteocytes is dependent on NO 

is unknown. Moreover CYR61 inhibits osteoclastogenesis in a 

RANKL/RANK/OPG independent manner38. Therefore CYR61 might be a 

soluble factor produced by mechanically stimulated osteocytes in the absence 

of IL-1β that inhibits osteoclastogenesis. 
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These results suggest that the inhibition of osteoclastogenesis by 

mechanically stimulated osteocytes is not solely dependent on downregulation 

of the RANKL/OPG ratio. The presence of IL-1β inhibited the upregulation of 

CYR61 by mechanically stimulated osteocytes. In spite of this decreased 

CYR61 expression, the conditioned medium from mechanically loaded IL-1β–

treated osteocytes still inhibited the formation of osteoclasts. What are the 

soluble factors in the conditioned medium that inhibit osteoclastogenesis? 

Mechanically-induced Wnt production and-/or reduction of sclerostin levels 

inhibit osteoclastogenesis in a RANKL/RANK/OPG-dependent manner39-41. 

Thus Wnts and/or sclerostin are possibly not involved in the inhibition of 

osteoclastogenesis by mechanically loaded IL-1β–treated osteocytes. Bloemen 

et al.42 have shown that interaction between human osteoblast-like cells and 

osteoclast precursors is necessary for osteoclast formation. Whether the 

conditioned medium affects expression of the ICAM-1 (adhesion molecule 

intercellular adhesion molecule-1) by osteocytes and its ligand LFA-1 (leukocyte 

function-associated antigen-1) by osteoclast precursors is yet unknown. Further 

research is needed to identify the specific soluble factors in the conditioned 

medium and the effect of this conditioned medium on the interaction between 

osteocytes and osteoclast precursors is warranted. 

 The role of IL-6 as an anabolic or catabolic cytokine in the regulation of 

bone mass is under debate. It is unknown whether IL-6 affects the upregulation 

of NO production by osteocytes in response to mechanical stimulation. Chapter 

5 shows that IL-6 did not affect the stimulating effect of fluid shear stress on NO 

production and 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. Moreover, incubation with IL-6 reduced osteocyte 

apoptosis. These findings suggest that IL-6 is an anabolic, but not a catabolic 

cytokine. Since IL-6 inhibitors are used clinically for the treatment of patients 

with rheumatoid arthritis, our findings provide important information regarding 

the treatment of these patients. Obviously this topic requires further studies 
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before making changes in the recommendation regarding the use of IL-6 

inhibitors for the treatment of patients with rheumatoid arthritis. 

 Osteocytes produce several factors in response to mechanical 

stimulation that inhibit osteoclastogenesis. We were able to identify some of 

these factors, such as MEPE and CYR61. The future is wide open to identify 

the other soluble factors produced by mechanically stimulated osteocytes that 

inhibit osteoclastogenesis. For instance, the conditioned medium from 

mechanically stimulated osteocytes can be fractionated by using reversed-

phase high-performance liquid chromatography (RP-HPLC). Different fractions 

containing eluted proteins can be tested for their osteoclastogenesis-inhibitory 

activity. Furthermore, proteins from the fraction with the highest 

osteoclastogenesis-inhibitory activity can be identified by ion trap mass 

spectroscopy. This provides an attractive possibility to study the communication 

between mechanically stimulated osteocytes and osteoclasts. 

 

Conclusion   

Collectively our results illustrate 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 
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results might contribute to new treatment modalities for diseases where this 

communication might be disturbed, such as osteoporosis or osteopetrosis.                 
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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.                 
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MECHANISCHE STIMULATIE VAN OSTEOCYTEN EN REGULERING VAN 
OSTEOCLASTOGENESE  

 

ALGEMENE SAMENVATTING 

Onder invloed van mechanische belasting past bot zich aan qua hoeveelheid, 

vorm en trabeculaire structuur. Hierdoor wordt een optimale weerstand tegen 

mechanisch falen bereikt met een minimale benutting van materiaal. Dit proces 

staat bekend als functionele adaptatie van bot, en vindt plaats tijdens het 

proces van botremodelering. Dit botremodeleringsproces wordt uitgevoerd door 

de botresorberende osteoclasten en de botvormende osteoblasten, die worden 

aangestuurd door de drukgevoelige osteocyten. Wanneer osteocyten 

mechanisch worden belast produceren ze factoren die de osteoclastvorming en 

-aantrekking remmen, terwijl onbelaste osteocyten minder osteoclast-

remmende factoren produceren. Celkweekexperimenten hebben aangetoond 

dat osteocyten hoge concentraties stikstofoxide (NO) produceren in reactie op 

mechanische stimulatie. NO speelt een rol bij de remming van de 

osteoclastactiviteit na mechanische belasting van bot alsmede bij de adaptieve 

botvorming in vivo. Het is grotendeels onbekend welke signaalmoleculen, al 

dan niet afhankelijk van NO, worden geproduceerd door mechanisch 

gestimuleerde osteocyten die de osteoclastogenese reguleren. 
In dit proefschrift wordt ingegaan op de vraag hoe mechanisch 

gestimuleerde osteocyten osteoclastvorming reguleren. Het doel was om 

signaalmoleculen aan te tonen die worden geproduceerd door mechanisch 

gestimuleerde osteocyten welke de osteoclastvorming reguleren. Omdat 

mechanogevoeligheid een vitale eigenschap van osteocyten is en uiteindelijk 

dus ook voor de beïnvloeding van de osteoclastvorming, hebben we ook als 

doel gesteld om moleculen te identificeren die de mechanogevoeligheid van 

osteocyten beïnvloeden.  
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In dit proefschrift werden de volgende vragen aan de orde gesteld: 

1. Heeft mechanische belasting van osteocyten een effect op de door 

osteocyten gestimuleerde vorming van osteoclasten middels “matrix 

extracellular phosphoglycoprotein” (MEPE)? 

2. Speelt “membrane-type matrix metalloproteinase-1” (MT1-MMP) een rol bij 

de respons van osteocyten op mechanische belasting? 

3. Heeft interleukine-1β (IL-1β) een effect op de door osteocyten gemoduleerde 

vorming van osteoclasten in de aan- of afwezigheid van mechanische 

belasting van osteocyten? 

4. Beïnvloed IL-6 de mechanorespons van osteocyten, en de communicatie 

tussen osteocyten met osteoblasten en/of osteoclasten? 

5. Reageren osteocyten in situ op mechanische stimulatie in een ex vivo 

mechanisch belastingsmodel van muizen fibulae? 

Wij hebben aangetoond dat MEPE die wordt geproduceerd door osteocyten 

na mechanische belasting, en we suggereren dat deze oplosbare factor tot 

remming van de osteoclastvorming leidt (Hoofdstuk 2). Osteoblast-achtige 

cellen scheiden belangrijke stoffen uit die verantwoordelijk zijn voor de 

osteoclastdifferentiatie, zoals “macrophage colony stimulating factor” (M-CSF) 

en “receptor activator of nuclear factor kappa-B ligand” (RANKL). RANKL bindt 

aan zijn receptor, “receptor activator of nuclear factor kappa-B” (RANK), die 

zich aan het oppervlak van osteoclast voorlopers bevindt. Hierdoor worden 

deze voorlopers gestimuleerd om zich te committeren tot het osteoclast 

fenotype. RANKL activiteit kan worden geremd door binding aan 

osteoprotegerine (OPG). Deze oplosbare “decoy” receptor concurreert met 

RANK om RANKL. Wij vonden dat de genexpressie van MEPE werd verhoogd 

en dat de RANKL/OPG ratio afnam door mechanische belasting van 

osteocyten. We speculeren dat de door mechanische belasting geïnduceerde 

toename in genexpressie van MEPE verantwoordelijk was voor de toename in 

de OPG genexpressie die wij vonden. 

Osteocyten brengen MT1-MMP tot expressie, een membraangebonden 

metalloproteïnase dat betrokken is bij de pericellulaire proteolyse van 
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verschillende extracellulaire matrix eiwitten waaronder type I collageen. MT1-

MMP is een transmembraanmolecuul waarvan het extracellulaire domein 

associeert met extracellulaire matrixmoleculen, terwijl het intracellulaire domein 

fungeert als een modulator in celsignalering en daarbij moleculen zoals src en 

Akt activeert. MT1-MMP deficiëntie leidt tot een afname van de vorming van 

osteocytuitlopers, en beïnvloedt tevens de botmassa. Wij verwachtten dan ook 

dat MT1-MMP deficiënte osteocyten een verminderde mechanogevoeligheid 

bezitten. In hoofdstuk 3 tonen we aan dat MT1-MMP een tot nu toe onbekende 

rol speelt in het waarnemen van mechanische belasting (mechanosensing) door 

osteocyten. Wij hebben aangetoond dat “knockdown” van MT1-MMP de 

respons van osteocyten op mechanische stimulatie verhoogt. MT1-MMP 

deficiëntie lijkt de intrinsieke gevoeligheid van de osteocyten te beïnvloeden, 

omdat “knockdown” van MT1-MMP in osteocyten de grootte en het aantal van 

paxilline-positieve “focal adhesions” deed toenemen. “Focal adhesions” zijn 

belangrijke structuren betrokken bij het omzetten van extracellulaire 

mechanische signalen, zoals vloeistofschuifkracht, in een biologische respons 

middels activering van cytoplasmatische signaleringsmoleculen zoals PI3/Akt. 

Wij suggereren dat de grotere “focal adhesions” in MT1-MMP “knockdown” 

osteocyten zorgen voor meer celmembraangebonden β1 integrines en daarbij 

“strain” op osteocyten, met als mogelijk gevolg een veranderde respons van 

osteocyten op mechanische stimuli. 

De verhoogde NO productie door osteocyten in respons op 

mechanische stimulatie wordt geremd door IL-1β. Inflammatoire ziektes zoals 

reumatoïde artritis gaan vaak gepaard met verhoogde plasma- en synoviale 

vloeistofspiegels van IL-1β, en een verhoogde botafbraak door osteoclasten. 

Omdat IL-1β de respons van osteocyten op mechanische belasting beïnvloedt, 

hebben wij het effect van IL-1β bestudeerd op de osteocyt-gemoduleerde 

osteoclastogenese in de aan- of afwezigheid van mechanische belasting op 

osteocyten. Mechanische belasting in de afwezigheid van IL-1β verhoogde de 

genexpressie van “cystein rich protein 61” (CYR61/CCN1), een negatieve 

regulator van de osteoclastogenese. Wij laten zien dat IL-1β de 
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osteoclastogenese stimuleert, en dat mechanische belasting van osteocyten 

deze IL-1β geïnduceerde osteoclastogenese weer teniet doet (Hoofdstuk4). 

 IL-6 spiegels in serum van reumatoïde artritis patiënten zijn hoger dan 

in serum van gezonde individuen. Het is nog steeds niet duidelijk of IL-6 een 

cytokine is met een anabool dan wel een katabool effect op de botmassa. Het is 

ook niet bekend of IL-6 de respons van osteocyten op mechanische belasting 

beïnvloedt. Wij hebben onderzocht of IL-6 de productie van signaalmoleculen 

door mechanisch gestimuleerde osteocyten verandert, en of IL-6 de 

communicatie tussen osteoblasten en osteoclasten moduleert. Wij vonden dat 

IL-6 geen invloed uitoefende op het stimulerende effect van 

vloeistofschuifkracht op de NO productie en cyclooxygenase-2 (Cox-2) 

expressie door osteocyten. Een belangrijke bevinding was dat IL-6 de 

osteoclastvorming niet stimuleerde. Aan de andere kant veroorzaakte IL-6 dat 

osteocyten factoren produceerden die de proliferatie van osteoblasten 

stimuleren, maar de differentiatie remmen (Hoofdstuk 5). Onze resultaten 

suggereren dat IL-6 geen katabool, maar een anabool cytokine is. 

 Van verschillende moleculen, waaronder NO, is aangetoond dat ze de 

activiteit van osteoblasten en osteoclasten kunnen moduleren. Dit resultaat is 

gebaseerd op in vitro experimenten met waarin osteocyten werden gekweekt op 

plat, stijf substraat. Osteocyten in situ bevinden zich in een drie-dimensionale 

omgeving met een scala aan extracellulaire matrix componenten die de cellen 

omgeven. Het is niet geheel duidelijk hoe de osteocyten in situ de kleine 

mechanische stimuli die ontstaan tijdens lichamelijke activiteit kunnen omzetten 

in een sterke chemische respons. Om dit aan te tonen hebben we een ex vivo 

mechanisch belastingsmodel ontworpen om de respons van osteocyten in situ 

in muizen fibulae op mechanische belasting te bestuderen. In hoofdstuk 6 

tonen wij aan dat mechanische belasting van muizenfibulae de intracellulaire 

NO productie van osteocyten in situ deed toenemen. Met dit ex vivo fibula 

belastingsmodel kan mogelijk gedetailleerd onderzocht worden hoe osteocyten 

reageren op belasting onder fysiologische dan wel pathologische 

omstandigheden zoals osteoporose. 



Algemene samenvatting 

147 

 

 In dit proefschrift tonen wij aan dat mechanisch gestimuleerde 

osteocyten signaalmoleculen produceren die de osteoclastogenese reguleren. 

Wij hebben MEPE en CYR61 geïdentificeerd als signaalmoleculen die worden 

geproduceerd door mechanisch gestimuleerde osteocyten en we suggereren 

dat deze moleculen de osteoclastogenese kunnen remmen. MT1-MMP 

“knockdown” verhoogde de respons van osteocyten op mechanische belasting. 

Dit laat een tot nu toe onbekende rol voor MT1-MMP zien in “mechanosensing” 

door osteocyten, wat van fundamenteel belang is voor de regulering van de 

osteoclastogenese. Verder laten we zien dat osteocyten in hun natuurlijke 

omgeving als respons op mechanische stimulatie reageren met een verhoogde 

NO productie. Onze resultaten suggereren dat IL-1β de osteoclastogenese 

verhoogt en dat mechanische belasting van osteocyten deze IL-1β-

geïnduceerde osteoclastogenese weer teniet doet. IL-6 daarentegen had geen 

effect op de respons van osteocyten op mechanische stimulatie noch op de 

osteoclastogenese, hetgeen suggereert dat IL-6 niet een katabool maar een 

anabool cytokine is. 

De resultaten beschreven in dit proefschrift dragen bij aan een beter 

begrip van de communicatie tussen mechanisch belaste osteocyten en 

osteoclasten. Onze resultaten dragen mogelijk ook bij aan nieuwe 

behandelingsmodaliteiten voor ziektes waar deze communicatie verstoord zou 

kunnen zijn, zoals osteoporose of osteopetrose. 



Dhanyawad 

148 
 

Thank you! Dhanyawad! Dank jullie wel! 

It is said that, “A tree when overladen with fruits becomes humble and lower 

down”. I feel the same way at this stage of almost completing a PhD degree. 

Achieving these ‘fruits’ cannot be separated from the people who helped me 

during this journey. One of the joys of completion is to look over the journey 

past and remember those who have helped and supported along this long but 

fulfilling road. 

 

Prof. Dr. Jenneke Klein-Nulend, dear Jenneke, thank you for giving me 

opportunity to carry out this exciting research. Your dedication to your PhD 

students is admirable, which enabled me to finish this thesis within four years. 

During these years, you boosted me to achieve the best whether it was to give 

a scientific talk or to write a research article. Thank you for always being there 

and supporting me during these years. 

 

Prof. Dr. Vincent Everts, dear Vincent, it was always pleasant to discuss the 

results with you. Thanks you for your critical input. I have learnt from you that 

solving scientific puzzles is exciting and a great fun. 

  

Dr. Astrid Bakker, dear Astrid, it was wonderful to share office space with you 

for 2.5 years in the medical faculty building. I always enjoyed our brain storming 

work discussions. It was inspiring to work with you. Thank you for being so 

approachable over these years, I have learnt a lot from you. You were truly a 

friend, philosopher and guide for me during these years. 

 

Dear Teun, thank you for introducing me to the beautiful osteoclasts. Dear Ton 

B., thank you for teaching me the minute details in bone histology and for 

interesting conversations about different cultures, countries. 

  

Dear Jolanda and Ineke, my paranymphs, thanks you for coming all the way to 

India to attend our wedding. Your presence in the wedding made our day extra 

special. Thanks for your help with organizing my promotion. Jolanda, thanks for 



Thank you 

149 
 

your big laughs as they made me aware of coffee break, and for your 

welcoming and ever-ready to help approach. 

 

Dear Behrouz, thanks for asking how things are going and for taking a time to 

help with a big smile. I will definitely miss our morning high five. Dear Cor, 

thanks for the help in the lab and your help in translating my letters from 

nederlandse taal. Dear Dirk-Jan, thank you for taking care of ordering 

chemicals, reagents etc. needed for my research. Dear Marion, thanks for 

letting me know different dutch traditions, festivals and your help with bone 

histomorphometry. Dear Ton S., thank you for your help, especially in my initial 

PhD days, in the lab. Dear Danny, Micha thanks for your help with the 

micromover set-up and for providing the bone holders for ex vivo loading 

experiments. Dear Don, Clara, Jack, Henk-Jan, thanks for answering my 

queries and your help during these years. 

 

Dear Marjolein, our nederlandse taal tutor, dank je wel voor je nederlandse 

taallessen. Dear Alejandra and Marina, it was a great fun to learn dutch and to 

have dinner afterwards with you at Marjolein’s place. Marjolein, thanks again for 

taking time to teach us. Dear Aviral, Mel, Ana Santos, Veerle, Lucienne, Elena, 

Agnes, Nina and ZuFu for your useful tips and sharing your PhD experiences 

with me. Dear Marjoleine, Janice, Petra, thank you for sharing the ups and 

downs that a PhD student encounters and for a good company at the 

conferences. Dear Jenny, thanks for reminding me of lunch time and for our 

cheerful conversations. Dear Janak, Dwayne, and Anna, good luck with the 

completion of your PhD studies. To all people from functional anatomy, Jan 

Harm, Geerling, Leo, Peter, Hans, Greetje and Wilco, thanks for making our 

Christmas parties and day outs even more fun and enjoyable. To my bachelor 

students, Thomas and Lisi, it was a pleasure to work with you. Dear Qilong, 

Jing, thanks for chinese sweats and candies. 

 

I want to thank my friends Dhwajal, Ruchir, Twinkal, Harini, Pramod, and Kiran 

for the good time we spent together in the Netherlands. Thanks to my indian 



Dank jullie wel 

150 
 

friends in Sweden for starting the abroad journey together, and for keeping in 

touch and sharing the ups and downs in life. 

 

It is not possible to mention all the names here but there are many more people 

whom I wish to offer my gratitude for their help and nice memories during these 

years. 

 

Last, but most importantly, my deepest gratitude and regards to my parents, 

Aai-Baba, for standing behind me like a solid rock and supporting my each and 

every career decision. Aai-Baba, I can see myself completing this highest 

educational qualification because of your teaching in my life and your blessings. 

I dedicate this thesis to you. Many thanks to my brother and sister-in-law, Dada-

Vahini, and my parents-in-law for your encouragement and support. My special 

thanks to my dear wife Rashmi for her unconditional love and support during the 

last one-and-a-half years. Rashmi, thank you for being part of this journey and 

for embracing the joys, excitements, frustrations and desperations of this 

venture. 

 

Rishikesh 

 

 

 

  

 



Curriculum vitae 

151 
 

CURRICULUM VITAE 
 
Name (First, Surname):      Rishikesh Nandkumar, Kulkarni 
Date of Birth:                       20 May 1982 at Parali, India 
Nationality:                          Indian 
 
 
Scientific Education    
 
PhD                                  ‘’Mechanical Stimulation of Osteocytes and  
Dec 2007- Jun 2012           Regulation of Osteoclastogenesis’’  

                                         Dept. Oral Cell Biology, ACTA- University of                                                                                             
Amsterdam and VU University, Research Institute 
MOVE, Amsterdam, The Netherlands. 

                                           Funding: University of Amsterdam 
                                           Promotor(s):  Prof.dr. Jenneke Klein-Nulend 
                                                                 Prof.dr. Vincent Everts        
                                           Co-promotor: Dr. Astrid D.Bakker 
                                             

             MSc                                    Master of Science with a Major in Molecular Biology                      
Jan 2006- Jul 2007             University of Skövde, Skövde, Sweden. Passed with                                                                                                                                                                                                                                                                                                                                                                                                                                            
                                            distinction. 
 
BVSc & AH                        Bachelor of Veterinary Science and Animal            
Jun 1999- Jul 2004             Husbandry  
                                           Maharashtra animal and fishery sciences university, 
                                           Nagpur,India. Passed with first class. 
 
 
Award 
 
Recipient of 2011 New Investigator Award at the 3rd Joint meeting of the 
European Calcified Tissue Society and the International Bone and Mineral 
Society, 7-11 May 2011, Athens, Greece. 
 
 
International Meetings Attended 
 
9th International Bone Fluid Flow Workshop, 22-23 May 2008, Amsterdam. 
 
10th International Bone Fluid Flow Workshop, 16-17 September, Hershey, PA, 
USA (podium presentation). 
 
36th European Symposium on Calcified Tissues, 23-27 May 2009, Vienna, 
Austria  (poster). 
  



Curriculum vitae 

152 
 

3rd European Meeting on Cell Mechanics (444th Wilhelm and Else Heraeus 
Seminar Cell Mechanics), 19-21 October 2009, Physikzentrum Bad Honnef, 
Germany (podium presentation). 
 
3rd Joint meeting of the European Calcified Tissue Society and the International 
Bone and Mineral Society, 7-11 May 2011, Athens, Greece (poster). 
 
 
National Meetings Attended (The Netherlands) 
 
Annual Meeting of the Netherlands Institute of Dental Sciences, 2008, Lunteren, 
The Netherlands. 
 
Annual Meeting of the Netherlands Institute of Dental Sciences, 2009, Lunteren, 
The Netherlands. 
 
Annual Meeting of the Netherlands Institute of Dental Sciences, 2010, Lunteren, 
The Netherlands (podium presentation). 
 
Annual Meeting of the Netherlands Institute of Dental Sciences, 2011, Lunteren, 
The Netherlands. 
 
19th Annual Meeting of the Dutch Society for Calcium and Bone Metabolism, 
2009, Zeist, The Netherlands (podium presentation). 
 
20th Annual Meeting of the Dutch Society for Calcium and Bone Metabolism, 
2010, Zeist, The Netherlands (podium presentation). 
 
1st Annual MOVE research meeting 2009, 3 June 2009, Amsterdam, The 
Netherlands (poster). 
 
2nd Annual MOVE research meeting 2010, 28 October 2010, Amsterdam, The 
Netherlands (podium presentation). 
 
3rd Annual MOVE research meeting 2011, 28 September 2011, Amsterdam, 
The Netherlands (poster). 
 
 
Publications 
 
Papers: 
 
Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. (2010). Inhibition of 
osteoclastogenesis by mechanically loaded osteocytes: Involvement of MEPE. 
Calcif Tissue Int 87:461-468. 
 



Curriculum vitae 

153 
 

Kulkarni RN, Bakker AD, Gruber EV, Chae TD, Veldkamp JBB, Klein-Nulend J, 
Everts V. (2012). MT1-MMP modulates the mechanosensitivity of osteocytes. 
Biochem Biophys Res Commun 417:824-829.  
 
Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Mechanical loading prevents 
the stimulating effect of IL-1β on osteocyte-modulated osteoclastogenesis. 
(2012).  Biochem Biophys Res Commun 420:11-16. 
 
Kulkarni RN, van Ruijven LJ, Bacabac RG, Everts V, Klein-Nulend J, Bakker 
AD. Mechano-response of osteocytes in situ in an ex vivo mechanical loading 
model of murine fibula (submitted). 
 
Bakker AD, Kulkarni RN, Klein-Nulend J, Lems WF. IL-6 stimulates osteocytes 
to produce factors that increase osteoblast differentiation but not osteocyte-
mediated osteoclastogenesis (submitted). 
 
Abstracts: 
 
Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Mechanical loading affects 
osteoclastogenesis-related gene expression in osteocytes. Bone 44/S2:S337, 
2009. doi:10.1016/j.bone.2009.03.648   

 
Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Mechanical loading affects 
osteoclastogenesis-related gene expression in osteocytes. Proceedings of the 
10th Bone Fluid Flow Workshop, Sep 16-17, 2009, Hershey, PA, USA. Abstract  
p. 27, 2009. 
 
Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Mechanical loading affects 
osteoclastogenesis-related gene expression in osteocytes. Proceedings of the 
3rd European Meeting on Cell Mechanics (444th Wilhelm and Else Heraeus 
Seminar Cell Mechanics), Oct 19-21, 2009, Physikzentrum Bad Honnef, 
Germany. Abstract Session 5, 2009. 
 
Kulkarni RN, Bakker AD, Gruber EV, Chae TD, Veldkamp JBB,  Everts V, Klein-
Nulend J. MT1-MMP affects the mechanosensitivity of osteocytes. Bone 
48/S2:S140, 2011. doi:10.1016/j.bone.2011.03.291 
 
Kulkarni RN, Bakker AD, Gruber EV, Chae TD, Veldkamp JBB,  Everts V, Klein-
Nulend J. MT1-MMP affects the mechanosensitivity of osteocytes. Transactions 
of the 2011 annual meeting of the American Society for Bone and Mineral 
Research 2011; abstract number su0313. 
 
Gruber EV, Kulkarni RN, Veldkamp JBB, Chae TD, Everts V, Bakker AD, Klein-
Nulend J. Ist der Zellkörper von Osteozyten mechanosensitiv? Eine präklinische 
Studie in MT1-MMP knock-out Mäusen. Stomatologie, 7-8, 175-177, 2010. 



Notes 

 

 
 
                                      



Notes 

 
 

 


	title page_Kulkarni
	Chapter 1
	5. Burger EH, Klein-Nulend J, Smit TH. Strain-derived canalicular fluid flow regulates osteoclast activity in a remodelling osteon--a proposal. J Biomech 2003;36:1453-1459.
	6. Smit TH, Burger EH, Huyghe JM. A case for strain-induced fluid flow as a regulator of BMU-coupling and osteonal alignment. J Bone Miner Res 2002;17:2021-2029.
	11. Tatsumi S, Ishi K, Amizuka N, Li M, Kobayashi T, Kohno K, Ito M, Takeshita S, Ikeda K. Targeted ablation of osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab 2007;5:464–475.

	28. Holmbeck K, Bianco P, Pidoux I, Inoue S, Billinghurst RC, Wu W, Chrysovergis K, Yamada S, Birkedal-Hansen H, Poole AR. The metalloproteinase MT1-MMP is required for normal development and maintenance of osteocyte processes in bone. J Cell Sci 2005...

	CHaper 2 thesis
	4. Vezeridis PS, Semeins CM, Chen Q, Klein-Nulend J. Osteocytes subjected to pulsating fluid flow regulate osteoblast proliferation and differentiation. Biochem Biophys Res Commun 2006;348:1082-1088.
	11. Gluhak-Heinrich J, Pavlin D, Yang W, MacDougall M, Harris S. MEPE expression in osteocytes during orthodontic tooth movement. Arch Oral Biol 2007;52:684-690.


	Chapter 3
	chapter 4
	chapter 5
	7. Tatsumi S, Ishi K, Amizuka N, Li M, Kobayashi T, Kohno K, Ito M, Takeshita S, Ikeda K. Targeted ablation of osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab 2007;5:464–475.
	11. Kulkarni RN, Bakker AD, Everts V, Klein-Nulend J. Inhibition of osteoclastogenesis by mechanically loaded osteocytes: Involvement of MEPE. Calcif Tissue Int 2010;87:461-468.
	12. Kato Y, Windle JJ, Koop BA, Mundy GR, Bonewald LF. Establishment of an osteocyte-like cell line, MLO-Y4. J Bone Miner Res 1997;12:2014-2023.

	chapter 6
	5. Tatsumi S, Ishi K, Amizuka N, Li M, Kobayashi T, Kohno K, Ito M, Takeshita S, Ikeda K. Targeted ablation of osteocytes induces osteoporosis with defective mechanotransduction. Cell Metab 2007;5:464–475.
	6. Santos A, Bakker AD, Zandieh-Doulabi B, Semeins CM, Klein-Nulend J. Pulsating fluid flow modulates gene expression of proteins involved in Wnt signaling pathways in osteocytes. J Orthop Res 2009;27:1280-1287.
	7. Galea GL, Sunters A, Meakin LB, Zaman G, Sugiyama T, Lanyon LE, Price JS. Sost down-regulation by mechanical strain in human osteoblastic cells involves PGE2 signaling via EP4. FEBS Lett 2011;585:2450–2454.
	11. Bacabac RG, Smit TH, Van Loon JJ, Doulabi BZ, Helder M, Klein-Nulend J. Bone cell responses to high-frequency vibration stress: does the nucleus oscillate within the cytoplasm? FASEB J 2006;20:858-864.

	25. Vatsa A, Smit TH, Klein-Nulend J. Extracellular NO signalling from a mechanically stimulated osteocyte. J Biomech 2007;40:S89-95.
	27. Fritton SP, McLeod KJ, Rubin CT. Quantifying the strain history of bone: spatial uniformity and self-similarity of low-magnitude strains. J Biomech 2000;33:317-325.

	chapter7
	3. Burger EH, Klein-Nulend J, Smit TH. Strain-derived canalicular fluid flow regulates osteoclast activity in a remodelling osteon--a proposal J Biomech 2003;36:1453-1459.
	29. Smit TH, Burger EH, Huyghe JM. A case for strain-induced fluid flow as a regulator of BMU-coupling and osteonal alignment. J Bone Miner Res 2002;17:2021-2029.

	General Summary
	Algemene samenvatting_
	Acknowledgements
	CV

