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CHAPTER 6
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ABSTRACT

IGF-I is a key regulatory growth factor in the adaptation of bone mass and structure to 
mechanical loading. Two isoforms of IGF-I, IGF-I Ea and MGF are expressed by osteocytes 
and osteoblasts. The expression of MGF by osteoblasts is increased in response to mechanical 
loading by cyclic uni-axial strain (CS). It is however unknown whether IGF-I Ea expression by 
osteoblasts is affected by CS, and whether CS alters the expression of MGF and IGF-I EA by 
osteocytes. Therefore, we aimed to investigate whether CS affects the expression of IGF-I Ea 
and MGF by MC3T3-E1 osteoblasts and MLO-Y4 osteocytes, and whether these effects are 
different in osteoblasts compared to osteocytes.
 MC3T3-E1 osteoblasts and MLO-Y4 osteocytes were subjected to CS (3Hz, 5% 
deformation) for 1 h. IGF-I Ea and MGF mRNA expression levels in osteoblasts and osteocytes 
were measured from RNA samples which were collected at 1h CS, and at 1, 3, 6, and 24 h post-
CS.
 Basal IGF-I Ea and MGF gene expression levels were 300-fold higher in MC3T3-E1 
osteoblasts compared to MLO-Y4 osteocytes. CS stimulated both IGF-I Ea and MGF mRNA 
expression levels in osteoblasts, but only directly after 1h CS. In osteocytes CS also increased 
MGF gene expression at 1 h CS, but CS did not affect IGF-I Ea mRNA expression levels at any 
time point measured.
 In conclusion, CS increases IGF-I Ea and MGF mRNA gene expression levels by 
osteoblasts, whereas in osteocytes, only MGF mRNA levels were increased in response to CS. 
The lack of increase in IGF-I Ea gene expression by osteocytes in response to CS seems curious 
since mechanical loading induced IGF-I gene expression is important for bone maintenance in 
vivo. This may indicate that for osteocytes the increase in IGF-I Ea expression is likely due to 
fluid flow in the canaliculi rather than tensile strain.
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INTRODUCTION

It has been well established that lack of physical exercise leads to bone loss, while usually, 
this can be prevented by mechanical stimulation. Localized bone mass in athletes performing 
high impact activities such as basketball, weight lifting, squash or tennis is much higher when 
compared to bone mass in sedentary people (2, 6, 11, 16). The process of bone remodeling 
allows bones to adapt their mass and structure to mechanical loading (10, 22). During bone 
remodeling, bone resorption by osteoclasts is followed by bone deposition by osteoblasts(1). 
Current scientific insights strongly suggest that mechanical adaptation by osteoclasts and 
osteoblasts is orchestrated by osteocytes (22).
 Mechanical loading on bone causes tiny deformations in the stiff mineralized bone 
matrix. These deformations may have different effects on osteocytes and osteoblasts. It is 
generally known that osteocytes will be exposed to fluid shear stresses as the bone matrix 
deformations will drive a thin layer of fluid through the canaliculi around the network of osteocytes 
(4, 29) (fig 1). This can be compared with squeezing a stiff, water-soaked sponge. The fluid flows 
from regions under high pressure to regions under low pressure, and this results in a fluid shear 
stress, ranging from 0.8 to 5.0 Pa (29, 40). A recent study suggests that the dendritic processes 
of osteocytes also sense tensile strains, as integrin attachments along osteocyte processes can 
induce a high focal axial strain concentration, resulting in amplification of bone tissue strains (38). 
As such, in vivo, osteocytes may experience both tensile strain and fluid shear stress during 
loading. 
 In contrast to osteocytes, osteoblasts on the surface of the bone matrix are likely 
not exposed to high fluid shear stresses. Osteoblasts may experience strain as a result of 
deformation of the load bearing matrix. Quantitative studies on animal and human bones found 
maximal loading-induced strains (matrix deformation) of 0.2–0.3% (5, 31). These deformations 
are very small, and one can wonder whether they are sensed at all by the cells. However, since 
bone is not a homogenous material, the magnitude of global (end-to-end) strain that is applied 
on bone will be different from the local strains within the bone matrix (27, 41). Strain distributions 
in bone are highly heterogeneous, and therefore the strains that osteoblasts experience in vivo 
might be higher than the applied strain to bone as an organ.
 In response to mechanical loading, osteocytes and osteoblasts transduce the 
mechanical signal into a biochemical signal (i.e. production of growth factors, cytokines, 
and reactive nitrogen and oxygen species). One of these signals is the production of insulin 
like growth factor-I (IGF-I), which has an anabolic effect on bone. IGF-I is expressed by both 
osteoblasts and osteocytes, and has two isoforms, IGF-I Ea and MGF, which are known to both 
play a role in bone turnover. In bone, MGF E peptide (a 23 amino acid peptide encoded the MGF 
E-domain), stimulates osteoblast proliferation, while recombinant IGF-I domain stimulates both 
osteoblast proliferation and differentiation (8, 26). Recombinant IGF-I also has been shown to 
stimulate osteoclast differentiation and resorptive activity (13, 39). This indicates that IGF-I may 
not only increase bone formation, but also bone resorption. In growth hormone-deficient men, 
growth hormone treatment increased serum IGF-I, bone resorption, bone formation as well as 
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bone turnover rate (3).
 The expression of IGF-I in osteocytes is crucial for the adaptive response of bone to 
mechanical loading (25). IGF-I Ea and MGF gene expression levels are increased in osteocytes 
in response to high magnitudes of fluid shear stress (18). In response to cyclic strain (CS), 
late responses, i.e. 6 h post-CS, of IGF-I expression by osteocytes were observed (20), but 
it is unknown which of the 2 isoforms of IGF-I, IGF-I Ea and MGF, was increased, or both. In 
osteoblasts, CS increases MGF expression levels (36). It is however unknown whether IGF-I 
Ea expression by osteoblasts is changed by CS and whether CS, in contrast to fluid shear 
stress, applied to osteocytes stimulates IGF-I Ea and MGF expression. Therefore, we aimed to 
investigate whether CS (3Hz, 0-5% deformation) affects the expression of IGF-I Ea and MGF by 
MC3T3-E1 osteoblasts and MLO-Y4 osteocytes.

Chapter 6



99

Figure 1: Mechanical loading of bone. Mechanical loading of bone causes deformation of the load-
bearing matrix. This load can be transmitted to the cells directly, causing cell deformation (strain), or 
indirectly through fluid flow resulting in fluid shear stress that can be sensed by the osteocytes.

IGF-I expression by osteoblasts and osteocytes in response to cyclic strain
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MATERIALS AND METHODS

Osteocyte culture
MLO-Y4 osteocytes were cultured in α-minimal essential medium (Gibco, Paisly, UK) 
supplemented with 10 µg/ml penicillin (Sigma-Aldrich, St. Louis, MO), 10 µg/ml streptomycin 
(Sigma-Aldrich), 50 µg/ml fungizone (Gibco), 5% fetal bovine serum (FBS; Gibco), 5% calf serum 
(CS; Gibco) at 37ºC, in a humidified atmosphere of 5% CO2 in air. The medium was exchanged 
every three to four days. The MLO-Y4 osteocytes were kindly provided by Dr. L.F. Bonewald 
(University of Missouri-Kansas City, USA) (34). Upon confluence, cells were harvested using 
0.25% trypsin and 0.1% EDTA in phosphate buffered saline (PBS), seeded at 2x105 cells per 75 
cm2 culture flask (Greiner Bio-One, Kremsmuenster, Austria), and cultured until the cell layer 
reached confluence again. MLO-Y4 osteocytes were used for CS experiments as described 
below.

Osteoblast culture
MC3T3-E1 osteoblasts were cultured in α-MEM (Gibco) supplemented with 10% FBS (Gibco), 
penicillin (10 µg/ml, Sigma), streptomycin (10 µg/ml, Gibco), and fungizone (50 µg/ml, Gibco). 
MC3T3-E1 osteoblasts were harvested after reaching subconfluency. at 37ºC, in a humidified 
atmosphere of 5% CO

2
 in air. The medium was exchanged every three to four days. Upon 

confluence, cells were harvested using 0.25% trypsin and 0.1% EDTA in phosphate buffered 
saline (PBS), seeded at 2x105 cells per 75 cm2 culture flask (Greiner Bio-One), and cultured until 
the cell layer reached confluence again. MC3T3-E1 osteoblasts were used for CS experiments 
as described below.

Mechanical loading by CS
The biochemical response of bone cells to strain was investigated in vitro using a Flexcell® 
Tension Plus System (Flexcell® Corporation, McKeesport, Pennsylvania, USA).  This system 
uses vacuum to deform a flexible-bottom culture plate (fig. 2). The precision, accuracy, and 
repeatability of the strains controlled by the system, resulting in deformations to growing cells, 
are essential to analyze and interpret the results accurately. We therefore validated this system 
before starting experiments. 
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Figure 2: Seeding bone cells on Bioflex plate. (A) Six-well cell culture plate with a flexible silicone 
elastomer membrane. (B) Cells were seeded only in the area that was uniformly exposed to the applied 
strain. This area was somewhat smaller than the surface of the loading post.
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Validation of the Flexcell® system
To determine whether the strain programmed in the Flexcell® system matched the actual 
membrane strain applied to the cells, landmarks in the form of a speckled pattern were created 
on the membrane of BioFlex® plates using an airbrush (fig. 3). Plates were subjected to strains 
ranging from 0% to 20%, while photographs were taken. The actual membrane deformation was 
calculated by the following formula, where ‘l’ is the distance between 2 speckles (fig 3): 

To determine whether cells actually respond to the mechanical stimulus, MLO-Y4 osteocytes 
were seeded on a BioFlex® plate and subjected to strains ranging from no strain to 20% strain 
for 1 h. Subsequently the cells were lysed, RNA was isolated, and mRNA levels of the early 
mechanotransduction marker c-fos were measured. 

Figure 3: Deformation of the flexible membrane. Landmarks in the form of a speckled pattern were 
created on the membrane of BioFlex® plates using an airbrush. The actual membrane deformation was 
calculated by the following formula, where l is the distance between 2 speckles: 

Chapter 6
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Application of CS
For each experiment, cells were seeded at a density of 2x104 cells/cm2 on BioFlex collagen 
I-coated six-well culture plates (BioFlex, Flexcell International Corp, McKeesport, PA). After 
allowing the cells to attach for 24 h, medium was replaced by α-MEM with 1% FBS and 1% 
calf serum plus antibiotics for MLO-Y4 osteocytes and α-MEM with 2% FBS plus antibiotics for 
MC3T3-E1 osteoblasts. Osteocytes and osteoblasts were subjected to 1 h of CS in a FX-4000 
Flexcell Tension Plus apparatus (Flexcell International Corp) placed in a 5% CO

2
 incubator at 

37°C and 95% humidity. CS was applied in a sinusoidal pattern with a frequency of 3 Hz and a 
maximum elongation of 5%. Control cells not treated by cyclic mechanical loading were placed 
in the same incubator next to the loading station of the Flexcell apparatus. After mechanical 
loading or control treatment RNA samples were collected. Total RNA was extracted using 0,7 
mL TriPure reagent (Roche Applied Science, Mannheim, Germany).

RNA isolation and RT-PCR
Total RNA was isolated using RiboPure™ Kit (Applied Biosystems, Foster City, CA, USA). Total 
RNA concentration was measured using a BioTek® microplate spectrophotometer (BioTek® 
Instruments, Inc., Winooski, VT). mRNA was reverse-transcribed to complementary DNA (cDNA) 
using a High Capacity RNA-to-cDNA Kit (Applied Biosystems). Real-time PCR for determination 
of mouse IGF-I Ea and MGF mRNA was performed on the StepOne™ Real-Time PCR system 
(Applied Biosystems). Primer sequences were for IGF-I Ea, 5’-GTGTTGCTTCCGGAGCTGTG and 
5’- CAAATGTACTTCCTTCTGAGTC, and for MGF, 5’-GGAGAAGGAAAGGAAGTACATTTG and 
5’- CCTGCTCCGTGGGAGGCT. Data were analyzed using StepOne™ v2.0 software (Applied 
Biosystems) and normalized for 18S ribosomal RNA expression.   

Statistical analysis
Data were obtained from 6 independent experiments. Statistical analysis was performed using 
KyPlot (Kyence, Tokyo, Japan). For statistical analysis, CS-treated-over-control ratios were 
calculated.  Differences between groups were tested with Student’s two tailed t-test single group 
mean and compared to 1. Differences were considered significant when p<0.05.
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RESULTS

Validation of the Flexcell® system
The strain that was programmed in the Flexcell®-computer corresponded with the actual 
membrane strain that was measured using the speckled pattern on the flexible membrane of 
the Bioflex plate (fig. 4A). Thus, the applied programmed strains are similar to the strains that 
occur in the flexible membrane. CS increased c-jun mRNA levels in MLO-Y4 osteocytes. This 
effect was positively correlated with the magnitude of the applied CS (fig. 4B).

CS increased both IGF-I Ea and MGF mRNA levels in osteoblasts, whereas in osteocytes, 
CS increased only MGF mRNA levels
First, we measured basal gene expression levels of IGF-I Ea and MGF in MC3T3-E1 and MLO-Y4 
osteocytes. We observed 300-fold higher expression of IGF-I and MGF in MC3T3-E1 osteoblasts 
than in MLO-Y4 osteocytes under static culture conditions (fig. 5).

Figure 4: Validation of programmed strain. (A) BioFlex® Plates containing a speckled pattern were 
subjected to uni-axial strains and bi-axial strains ranging from no strain to 20% strain, while photographs 
were taken. Actual membrane strains were calculated and plotted against programmed strains. The 
programmed strain correlated with the actual membrane strain (dotted line: y = x). (B)  Biological response 
of bone cells to CS. MLO-Y4 osteocytes were seeded on a BioFlex® plate and subjected to strains ranging 
from no strain to 20% strain for 1 h at 1 Hz. CS increased c-jun mRNA levels in MLO-Y4 osteocytes. This 
effect was positively correlated with the magnitude of the applied CS.
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MC3T3-E1 osteoblasts were subjected to 1 h CS for 1 h, and post-incubated without CS up 
to 24 h. CS of MC3T3-E1 increased both IGF-I Ea (2.3-fold)  and MGF mRNA (2.0-fold) levels 
immediately after 1 h strain (fig. 6), indicating that the expression of both isoforms of IGF-I by 
osteoblasts are enhanced by CS. Similar to the effects of CS on MLO-Y4 osteocytes,  effects of 
CS on IGF-I Ea and MGF mRNA expression levels in osteoblasts was not observed any more 
after 1 h post-CS.

Figure 5: Basal mRNA levels of IGF-I Ea and MGF in MLO-Y4 osteocytes and MC3T3-E1 
osteoblasts. IGF-I Ea and MGF mRNA levels were >300 fold higher in MC3T3-E1 osteoblasts when 
compared to IGF-I Ea and MGF mRNA levels in MLO-Y4 osteocytes. * Significant difference in mRNA 
levels, p<0.05.

Figure 6: CS increases IGF-I Ea and MGF gene expression by MC3T3-E1 osteoblasts. (A) IGF-I 
Ea gene expression. (B) MGF gene expression. Values are normalized to 18S and expressed as mean ± 
SEM of CS-treated-over-static control ratios. CS/static=1 means no effect of CS  (n=5). # Significant effect 
of CS, p<0.1.
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MLO-Y4 osteocytes were subjected to 1 h CS for 1 h, and post-incubated without CS up to 
24 h. CS did not affect IGF-I Ea mRNA expression levels in MLO-Y4 osteocytes at any time 
point measured, but increased mRNA expression levels of MGF by 2.9-fold immediately after 
1 h loading (fig. 7). Expression levels returned to baseline from 1 h post-CS onward, indicating 
that for MLO-Y4 osteocytes, CS has an early stimulatory effect on MGF, but not on IGF-I Ea 
expression.

Figure 7: CS increases MGF, but not IGF-I Ea mRNA levels in MLO-Y4 osteocytes. (A) IGF-I Ea 
gene expression. (B) MGF gene expression. Values are normalized to 18S and expressed as mean ± 
SEM of CS-treated-over-static control ratios. CS/static=1 means no effect of CS (n=5). # Significant effect 
of CS, p<0.1.
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DISCUSSION

The aim of this study was to investigate whether mechanical loading by CS increases mRNA 
expression levels of IGF-I Ea and MGF in MC3T3-E1 osteoblasts and osteocytes. First, we 
observed substantially higher basal (300-fold) mRNA expression levels of IGF-I Ea and MGF 
in MC3T3-E1 osteoblasts compared to MLO-Y4 osteocytes under static culture conditions. 
This may indicate that osteocytes do not produce these growth factors in large quantities in 
the absence of mechanical loading. In response to CS, MGF, but not IGF-I Ea mRNA levels in 
MLO-Y4 osteocytes were increased at 1h CS, whereas in MC3T3-E1 osteoblasts, CS increased 
both IGF-I Ea and MGF mRNA levels at 1h CS. Thus, in response to CS, IGF-I Ea and MGF 
expression levels are differentially affected in osteoblasts and osteocytes.

Effects of mechanical loading by CS on IGF-I Ea and MGF mRNA expression by 
osteocytes and osteoblasts
Osteoblasts and osteocytes are bone cells from the same origin, i.e. mesenchymal stem cells. 
During osteogenic differentiation from osteoblast to osteocyte, the expression levels of particular 
genes, such as osteocalcin and sclerostin, change according to the needs and function of the cell 
(7, 9). In our study, the expression levels of IGF-I Ea mRNA and MGF were 300-fold higher in 
MC3T3-E1 osteoblasts than in MLO-Y4 osteocytes under static culture conditions. This agrees 
with results of in situ measurements in rat tibia showing that osteocytes in deeper layers of 
bone hardly express any IGF-I compared to osteoblasts on the surface (30). It might be that 
osteoblasts require more IGF-I than osteocytes, since IGF-I is an anabolic factor and osteoblasts 
are the bone forming cells.
 We observed that osteocytes and osteoblasts respond differently to CS regarding IGF-I 
Ea expression. In osteocytes, only MGF mRNA expression levels were increased in response 
to CS, whereas in response to high magnitudes of fluid flow both IGF-I Ea and MGF gene 
expression by osteocytes were increased (18). As such, in vivo, the increase in IGF-I Ea and 
MGF expression by osteocytes, may rather be due to fluid shear stress than to tensile strain. 
As osteoblasts in vivo are likely not exposed to high fluid shear stresses, they may be more 
sensitive to CS, since CS stimulates the expression of both IGF-I Ea and MGF by osteoblasts.
 Our data partially agrees with results on in situ loading of rat tibia showing that 
mechanical loading enhances IGF-I expression by osteocytes and osteoblasts (30). In situ, after 
mechanical stimulation, an increase in IGF-I expression was observed in only few osteocytes, 
whereas almost all osteoblasts on the surface of the tibia express more IGF-I than osteocytes. 
This may indicate that the anabolic effect of IGF-I in response mechanical loading is likely caused 
by osteoblasts, but not by osteocytes, suggesting that IGF-I expression by osteoblasts plays a 
role in mechanically induced bone remodelling. Recently, it has been shown that osteocyte-
derived IGF-I plays an essential role in regulating bone turnover during developmental bone 
growth (33). Whether this also is true for bone turnover in adult bone remains to be clarified.   
 The fact that CS stimulates only MGF gene expression by osteocytes, and fluid shear 
stress stimulates both IGF-I Ea and MGF gene expression by osteocytes also suggests that 
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the expression of MGF is stimulated by other types of stimuli than the expression of IGF-I Ea, 
although in osteoblasts both isoforms of IGF-I are increased in response to CS. It may be that 
fluid shear stress activates signaling pathways that regulate exon splicing of the IGF-I transcript, 
since this post-transcriptional phase determines whether IGF-I Ea or MGF will be produced (12).  
Alternatively, osteocytes may not be that sensitive to CS compared to osteoblasts since the 
structure of the actin-cytoskeleton changes during osteocyte maturation (35), and this structure 
is crucial for sensing mechanical stimuli (15).
 So far, the role of the different isoforms of IGF-I, i.e. IGF-I Ea and MGF, in mechanical 
loading induced bone adaptation is not well known. Differential regulation of IGF-I Ea and MGF 
gene expression has been observed in skeletal muscle (14). These investigators showed an 
increase in MGF gene expression, but no increase in IGF-I Ea gene expression, 2.5 h after high 
resistance exercise in human skeletal muscle.  Moreover, MGF and IGF I-Ea have distinct roles 
in skeletal muscle. The IGF-I domain (exon 3 and 4), which is present on both isoforms, activates 
the IGF-I receptor, whereas the MGF E-peptide binds to an unidentified receptor. In muscle, 
MGF is involved in the activation of proliferation of muscle stem cells. This suggests that MGF 
can stimulate the proliferation of osteoprogenitor cells. Whether the pathways of IGF-I Ea and 
MGF in muscle cells also account for osteoblasts/osteocytes needs further investigation.

Limitations
Our in vitro study has a number of limitations. We used the MC3T3-E1 osteoblast cell line, and the 
MLO-Y4 osteocyte-like cell line rather than primary cells representing the full range of osteoblast 
and osteocyte specific responses. MC3T3-E1 is a widely used osteoblast model as these cells 
are able to produce bone matrix, which is the most important function of an osteoblast (24). 
MLO-Y4 cells may not be typical osteocytes, as they do not express the osteocyte marker Sost 
(19). However, the response of MLO-Y4 cells to mechanical stimuli in vitro closely resembles 
the response of mouse osteocytes to mechanical stimulation in vivo, which makes MLO-Y4 
cells a valid model for studying osteocyte responses to mechanical stimuli (32). Since the only 
osteocyte cell lines available to date are of mouse origin, we have used mouse cells rather than 
human cells.
 Mouse bone differs from human bone in that the murine skeleton grows slowly after 
puberty and lacks osteonal remodeling of cortical bone (17). Despite these differences, there are 
also similarities in the pathophysiology of cancellous bone loss and age-related bone loss in mice 
and humans, i.e. decreasing trabecular wall width, increasing trabecular porosity, and cortical 
thinning (17). Therefore the use of mouse models for studying bone remodeling may provide 
cues that contribute to the knowledge of human bone physiology, although careful interpretation 
is required in translating observations from mice to human.
 Insights in bone mechanobiology have increased using in vitro applications of fluid 
flow and tensile strain to bone cells. It should be noted that cells cultured as a monolayer on a 
2-dimensional surface does not represent the 3-dimensional in vivo environment. Nonetheless, 
the responses of bone cells to these applications of mechanical loading in vitro correspond to 
those events that occur in vivo (21, 23, 28).
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The regime we used for CS had a sinusoidal pattern with a frequency of 3 Hz, with a maximum 
elongation of 5%. This may be extremely high, as the maximal surface bone strains that have 
been measured do not exceed 0.3% (5). However, as bone is highly heterogeneous, strain 
distributions throughout the bone matrix may differ. It has been shown that trabecular bone 
can be exposed to 60,000 µε, representing 6% deformation (27). With this regime, osteocytes 
respond physiologically as has been tested during the validation of the Flexcell® system. 
Moreover, this regime does not damage the cells, as the release of Adenylate Kinase (AK) by 
the bone cells is not increased after mechanical loading (data not shown).
 Furthermore, we analyzed the effect of CS on gene expression levels, which is the first 
signal for changes in protein levels (37). But to be sure that mRNA is translated to an (biologically 
active) protein, which can cause a change in bone adaptation, we need to investigate the changes 
in protein production by osteocytes and osteoblasts after CS as well.

Summary and Conclusion
We found that mechanical loading by CS differentially affects IGF-I Ea and MGF mRNA gene 
expression levels in osteocytes and osteoblasts. The increase in both IGF-I Ea and MGF gene 
expression by osteoblasts in response to CS might indicate that the in vivo stimulation of IGF-I Ea 
and MGF expression by osteoblasts on the bone surface is likely due to tensile strains resulting 
from deformations of the load bearing bone matrix. The increase in MGF gene expression and 
the unchanged IGF-I Ea gene expression by osteocytes in response to CS indicates that the in 
vivo increase in IGF-I Ea gene expression by osteocytes is rather due to high fluid shear stress, 
than to tensile strain. Future research should unravel via which pathways CS or fluid shear stress 
induced IGF-I Ea and MGF gene expression are regulated. This will give more insight in the role 
of the two isoforms of IGF-I in exercise-induced bone adaptation.
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