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It is generally accepted that bone and muscle possess the capacity to act in an autocrine, paracrine, or endocrine
manner, with a growing body of evidence that suggests muscle can secrete muscle specific cytokines or
“myokines”, which influence bone metabolism. However, there has been little investigation into the identity of
bone specific cytokines that modulate skeletal muscle differentiation and function. This study aimed to elucidate
the influence of osteocytes onmuscle progenitor cells in vitro and to identify potential bone specific cytokines or
“osteokines”. We treated C2C12 myoblasts with media collected from differentiated osteocytes (Ocy454 cells)
grown in 3D, either under static or fluid flow culture conditions (2 dynes/cm2). C2C12 differentiation was signif-
icantly inhibited with a 75% reduction in the number of myofibers formed. mRNA analysis revealed a significant
reduction in the expression of myogenic regulatory genes. Cytokine array analysis on the conditioned media
demonstrated that osteocytes produce a significant number of cytokines “osteokines” capable of inhibiting
myogenesis. Furthermore, we demonstrated that when osteocytes are mechanically activated they induce a
greater inhibitory effect onmyogenesis compared to a static state. Lastly,we identified the downregulation of nu-
merous cytokines, including Il-6, Il-13, Il-1β,MIP-1α, and Cxcl9, involved inmyogenesis, whichmay lead to future
investigation of the role “osteokines” play in musculoskeletal health and pathology.

© 2017 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Numerous studies have demonstrated a close functional and devel-
opmental relationship exists between bone and muscle mass (Frost
and Schonau, 2000; Judex and Rubin, 2010; DiGirolamo et al., 2013).
While the long standing view is that this relationship is primarily me-
chanical in nature, recent work has demonstrated an endocrine rela-
tionship. Indeed, many muscle specific cytokines, collectively coined
“myokines”, produced by skeletalmuscle can influence bone cells devel-
opment and function (Hamrick et al., 2007; Colaianni et al., 2014; Juffer
et al., 2014; Johnson et al., 2014). Although there is a substantive body of
evidence suggesting that muscle can influence bone, the ability of bone
to influence muscle remains unclear.

Osteocytes are connected to the vascular system and they secrete
molecules known to influence distal tissues and organs (Sato et al.,
2013). Indeed, osteocyte secreted FGF23 has shown to play a vital func-
tion in phosphatemetabolism in the kidney (Quarles, 2012) and recent-
ly, sclerostin, an osteocyte-specific secreted factor, has been shown to
influence not only bone, but also adipose tissue (Fulzele et al., 2016). In-
terestingly, it has also been demonstrated that deletion of gap junction
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protein connexin 43 in osteoblasts and osteocytes leads to impaired
muscle formation in vivo (Shen et al., 2015). Collectively, these findings
suggest that bone specific osteokines may pass outside the bonematrix
and play a role in muscle formation, kidney function and fat metabo-
lism. To date limited work has assessed the potential for osteocytes to
modulate skeletal muscle differentiation and function. Mo et al.
(2012) identified that conditioned media from MLO-Y4 osteocyte like
cells induced acceleration of myogenesis of C2C12 myoblasts. The
same group reported enhanced myogenic differentiation following
Wnt3a treatment (a key factor released by osteocytes) suggesting that
Wnt3a plays a role in the regulation of myoblast differentiation
(Romero-Suarez and Brotto, 2012).

Given that bone has the potential to secrete factors that influence
muscle and that limited work has been conducted in this area, this
study aimed to elucidate osteocytes influence on muscle. We used
C2C12 myoblast cell line, a well-established and well-accepted cell
model for myogenic differentiation (Yaffe and Saxel, 1977; Burattini et
al., 2004). In addition, in contrast to previous studies, we investigated
whether conditionedmedia from a novel 3-dimensional (3D) osteocyte
cell culture system, under both static and fluid flow conditions, could
modulate skeletal muscle cell differentiation. Here we report that oste-
ocyte secrete factors capable of inhibitingmyogenesis, with a specific af-
finity for late differentiation. Furthermore we have also identified
numerous signalling cytokines present in the osteocyte secretome,
which may begin to explain how osteocytes inhibit myogenesis.
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Table 1
Primer sequences for qPCR analysis.

Primer Forward sequence (5′ to 3′) Reverse sequence (5′ to 3′)

MyoD1 TACGACACCGCCTACTACAGTG GTGGTGCATCTGCCAAAAG
Mrf4 TGCTAAGGAAGGAGGAGCAA CCTGCTGGGTGAAGAATGTT
MyH1 CTTCAACCACCACATGTTCG AGGTTTGGGCTTTTGGAAGT
Myf5 CTGTCTGGTCCCGAAAGAAC TGGAGAGAGGGAAGCTGTGT
Myogenin GCAATGCACTGGAGTTCG ACGATGGACGTAAGGGAGTG
HPRT1 TGATTAGCGATGATGAACCAG AGAGGGCCACAATGTGATG
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2. Materials and methods

2.1. Materials

Phosphate buffered saline (PBS, Cat. No. 17-512F), Dulbecco's Mod-
ified Eagle Medium High Glucose (DMEM, Cat. No. 12-604F), Alpha
modification of Eagle's medium (αMEM, Cat. No. 12-169F), and Penicil-
lin-StreptomycinMixture (Cat. No. 17-602E) were obtained from Lonza
(MountWaverly, Australia). Fetal Bovine Serum and Horse Serumwere
obtained from Bovogen (Keilor East, Australia). Trizol Reagent and
TrypLE Express were purchased from Life Technologies (Thermo Fisher
Scientific, MA, USA). IScript™ Reverse Transcription Super mix for RT-
qPCR and iTaq™ Universal SYBR® Green Super mix were purchased
from Bio-Rad (Gladesville, Australia). The Proteome Profiler Mouse Cy-
tokine Array Kit, Panel A was purchased from R &D Systems (Abingdon,
UK). qRT-PCR primers purchased from Integrated DNA Technologies
(Baulkham Hills, Australia).

2.2. Cell cultures

Ocy454 murine osteocytic cells were grown in proliferation media
containing high glucose DMEM supplemented with 10% fetal bovine
serum (FBS) as previously described (Spatz et al., 2015). Briefly, for
three dimensional cell cultures, 1.6 × 106 Ocy454 cells were plated on
a 200 μm polystyrene Alvetex (Reinnervate) well insert scaffolds. Cells
were allowed to grow at the permissive temperature (33 °C) for
2 days prior to transferring to (37 °C) for differentiation. For the gener-
ation of “static” osteocyte conditioned media (CM), cells were differen-
tiated for 14 days and media collected on day 15 following a media
change on day 14.

For collection of “flow activated” conditionedmedia (Flow-CM) cells
were differentiated for 14 days prior to transferring to the Reinnervate
Perfusion Plate. The perfusion plates were attached to aMasterflex Peri-
staltic Pump (#7520-57) with a Masterflex Standard Pump Head
(#7014-20) and were exposed to 2 dynes/cm2 (0.2 Pa, frequency of
1.2 Hz with a shear rate of 278γ) for 24 h prior to medium collection.
Prior to use the produced CM was centrifuged at 500 g for 5 min at
4 °C to remove cells and cellular debris.

C2C12 murine multi-potent cells were cultured in Proliferation
media; DMEM/High Glucose+10% Fetal Bovine Serum (FBS) & 1% Pen-
icillin/Streptomycin andweremaintained at 40–70% cell density. Under
these conditions, myoblasts proliferate, but do not differentiate into
myofibers.

For differentiation studies, undifferentiated C2C12 cells were plated
in a 6 well plate at a density of 4.5 × 105 cells per well to a final volume
of 1ml and allowed to settle for 24 h. Undifferentiated C2C12 cells were
then cultured in “static” or “flow activated” osteocyte conditioned
media or relevant unconditioned media “vehicle”. The following con-
centrations of osteocyte CMwere tested, 10%, 50%, and 100% comprising
the appropriate ratio of conditioned and differentiation media. Addi-
tionally, for all assays, the appropriate unconditioned media (vehicle,
10% FBS) was used as a negative control (Supplementary Fig. 2). RNA
was collected after 1, 3, or 6 days following the commencement of dif-
ferentiation with a media change every 2 days.

2.3. Real-time PCR (qPCR)

RNAwas extracted from C2C12 cells lysed in Trizol (Invitrogen, Aus-
tralia), and cDNAwasprepared using randomhexamers (Promega, Aus-
tralia) and Superscript III (Invitrogen, Australia) according to the
manufacturer's protocol. Real-time RT-PCR was performed using the
StratageneMX3000P (Agilent Technologies) as previously described
(Gooi et al., 2010; Gooi et al., 2014). Primers designed using Primer-
BLAST are listed in Table 1. Primer sets were obtained from Integrated
DNA Technologies (Coraville, IA). Post-run samples were analysed
using StratageneMxPro software and are expressed as linearΔCT values
normalized to Hypoxanthine Phosphoribosyltransferase 1 (HPRT1). The
level of housekeeping gene did not vary significantly between treat-
ment groups.

2.4. Myofiber number and length

The number and length ofmyofibers were quantified using lightmi-
croscopy. Briefly, C2C12 cells were plated in a 6well plate at a density of
4.5 × 105 cells per well to a final volume of 1ml. Cells were then treated
with different osteocyte CM. At 1, 3 and 6 days images were taken on an
Olympus FV1000 live cell imager with an IX81 microscope (Olympus,
Pennsylvania, USA) under 10× magnification. Images were obtained
at 16 bit and analysed using ImageJ software (NIH).

2.5. Cytokine array

Osteocyte CM from Ocy454 grown for 14 days (static or fluid flow
activated) (n= 3 biological replicates) was analysed for cytokine pres-
ence using mouse cytokine array panel A (R&D Systems), as per the
manufacturer's instructions. 1 ml of each medium sample was thawed
on ice prior to kit incubation, wash, and detection.

Quantification of cytokine array spot density for theMouse Cytokine
Array Panel A was performed using NIH ImageJ and normalized to pos-
itive controls in each membrane as per manufacturer instructions.

2.6. Statistics

All experiments were performed a minimum of 3 times, using inde-
pendent preparations of conditioned medium (n = 3 biological repli-
cates). Data were analysed for statistical significance by Student's
unpaired t-test or ANOVA as indicated in figure legends followed by
Dunnett's multiple comparisons test, using Prism 6.0 (GraphPad). For
all graphs, bars represent the mean/group and error bars indicate stan-
dard error of the mean (SEM).

3. Results

3.1. Osteocyte conditioned media inhibits myogenic differentiation of
C2C12 myoblasts

To investigate the effect of secreted factor(s) from Ocy454 cells,
C2C12were incubatedwith 100% osteocyte CM (static and flow activat-
ed) from 3D cell cultures. This percent CM was determined by dose re-
sponse experiments up to 100% CM (Supplementary Fig. 1). 10%CMhad
no significant effect, apart from MyoD, on myogenic gene expression.
50% and 100% CM had a more robust response and as no significant dif-
ferences were observed between 50% and 100% CM groups, all subse-
quent experiments were performed with 100% CM compared to
C2C12 cultured in fresh unconditioned Ocy454 media (vehicle). Cell vi-
ability was no affected by the increasing concentrations of CM (data not
shown).

Treatment with static CM had no effect on myofiber number or
length following on day 1 (D1) of treatment (data not shown). Howev-
er, by day 3 (D3) of differentiation there was a significant reduction in
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the number of myofibers formed compared to vehicle (95.67 ± 6.7 vs
27.33 ± 2.0 myofibers/well) which was also observed on day 6 (D6)
of differentiation (220.3 ± 12.1 vs 84.67 ± 8.4 myofibers/well) (Figs.
1 & 2). Myofiber length, unaffected on D1 and D3, was significantly re-
duced on D6 following treatment with static osteocyte CM compared
with vehicle (333.8 ± 4.3 μm vs 265.5 ± 5.6 μm, Fig. 2D).

Treatment with Flow-CM also resulted in a significant reduction in
the number of myofibers formed at D3 compared to vehicle (95.67 ±
6.7 vs 44.33 ± 4.2 myofibers/well) and D6 (220.3 ± 12.1 vs 57.00 ±
9.0 myofibers/well) (Figs. 1 & 2A & C). Myofiber length was unaffected
on D1 of treatment, however in contrast to treatment with static CM,
was significantly reduced on D3 (272.6 8 ± 4.7 μm vs 230.6 ± 7.2 μm,
Fig. 2B) and also D6 of treatmentwith Flow- CM comparedwith vehicle
(333.8 ± 4.3 μm vs 225.9 ± 6.2 μm, Fig. 2D).

3.2. Change of gene expression profile after osteocyte conditioned media
treatment

To explore the mechanism behind the effects of osteocyte CM, the
expression of key myogenic regulatory factors (MRFs) was measured.
MRFs are the master regulators of skeletal myogenesis controlling the
commitment of myogenic precursor cells and the terminal differentia-
tion of myoblasts. Classically, Myf5 and MyoD are considered to be the
early or commitment MRFs, while myogenin and MRF4 are considered
Fig. 1. Effect of treatment with conditioned media, collected from differentiated Ocy454 cells (s
images of C2C12 vehicle (unconditionedmedia (10%FBS)) treated cells at A) Day 1, D)Day 3, an
treated with fluid flow activated CM C) Day 1, F) Day 3, and I) Day 6. N = 3. Scale bars represe
to be differentiationMRFs. Furthermore, MyH1 amarker of the contrac-
tile apparatus that serves as a late marker of myogenic differentiation
was also measured.

Treatment with static CM resulted in a significant reduction in Myf5
mRNA expression levels at D1 (65%, p = 0.012) and D6 (27%, p = 0.0009)
of differentiation compared to vehicle. These reduction were also observed
with treatment with Flow-CM at both D1 (44%, p = 0.0254) and D6 (33%,
p=0.0159) compared to vehicle (Fig. 3A). Expression ofMyoDwas also ob-
served to be significantly reduced at D6 with static (60%, p = 0.0088) and
Flow-CM (61%, p= 0.0159) compared to vehicle (Fig. 3B).

Treatmentwith static osteocyte CM resulted in a significant decrease
(70%, p b 0.0001) in Myogenin gene expression following one day of
treatment compared to vehicle. This reduction was also seen at D1 fol-
lowing treatment with Flow-CM (66%, p = 0.009) and was also signifi-
cantly reduced on D6 of treatment (62%, p= 0.0149) compared vehicle
(Fig. 3C). Expression of Mrf4 was increased following treatment with
static CM at D1 (263%, p = 0.002) and D3 (134%, p = 0.01) of differen-
tiation compared to vehicle. In contrast, treatmentwith Flow-CM result-
ed in a significant reduction inMrf4 expression at D6 (52%, p= 0.0437)
compared to vehicle (Fig. 3D).

Myh1 expression was significantly reduced (75%, p = 0.004) at D6
following treatment with static CM (p = 0.004) compared to vehicle.
This reduction was also observed at D6 in cultures treated with Flow-
CM (88%, p = 0.002) (Fig. 3E).
tatic and flow activated (2 dynes/cm2 for 24 h)), on C2C12 differentiation. Representative
d G) Day 6. C2C12 cells treatedwith Static CMB)Day 1, E) Day 3, and H)Day 6. C2C12 cells
nt 100 μm.

Image of Fig. 1


Fig. 2. Effect of treatment with conditionedmedia, collected from differentiated Ocy454 cells (static and flow activated (2 dynes/cm2 for 24 h)), on C2C12myofiber number and length. A)
C2C12myofiber number following treatment with OCY454 CM for 3 days and C) 6 days. B) C2C12myofiber length following treatment with OCY454 CM for 3 days and D) 6 days. Data is
Mean ± SEM. N = 3. *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 vs Vehicle. #p b 0.05 v Static. Data were analysed for statistical significance by ANOVA.
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3.3. Comparison between the effects of static and flowactivated conditioned
media on C2C12 differentiation

Treatment of C2C12 myoblasts with static and flow conditioned
media resulted in an overall inhibition of skeletalmuscle differentiation.
However, activation of osteocytes, via pulsatile fluid flow, resulted in a
profile of greater inhibition of skeletal muscle differentiation. Flow-CM
resulted in the abolition of the increase in Mrf4 seen after D1 and D3
of treatment with static CM, reaching significance at D3 (p = 0.0326,
Fig. 3D). Furthermore, treatment with flow activated CM resulted in a
significant reduction ofMyH1 gene expression at D3 (p=0.0011) com-
pared to treatment with static osteocyte CM (Fig. 3E). Finally, myofiber
length was significantly reduced following 6 days of treatment
(265.5 ± 5.6 μm vs 225.9 ± 6.2 μm, Fig. 2D).
3.4. Identification of distinct cytokine profiles in static and flow activated
conditioned media

In order to identify potential factor(s) present in both static and flow
CM, and to determine if each CM had a distinct secretory profile, a cyto-
kine arraywas performed on CM collected from both experimental con-
ditions. When overlaid with the cytokine array coordinates, the array
revealed that in comparison to unconditioned media the chemokines
MCP-1 and CXCL1 were the most abundant proteins in the static CM,
followed by TIMP-1, CCL5, CXCL10, and M-CSF (Fig. 4A). Further expo-
sure of the film (3min) revealed static osteocytes released an abundant
variety of cytokines (Fig. 4).

Cytokine analysis of flow-CM revealed that CXCL1 and CCL5 were
the most abundant chemokines compared to unconditioned media
followed by MCP-1, CXCL1, TIMP-1, and IL-6 (Fig. 4A). As seen with
the static CM, further exposure of the film revealed an abundant variety
of cytokines produced by flow activated osteocytes (Fig. 4B).

Of particular interest was that we observed distinct differences be-
tween the cytokine profile of flow-CM compared to static-CM (Table
2). We observed significant increases in the production of IL-6 (13.42
fold, p = 0.0007), CXCL2 (14.57 fold, p = 0.0003), IP-10 (p =
0.0286), KC (p = 0.0018), and RANTES (p = 0.0025) in flow-CM
compared to static-CM (Fig. 4A, Table 2). We also observed significant
decreases in BLC (p = 0.0045), C5a (p = 0.0019), Eotaxin (p =
0.0023), siCAM-1 (p = 0.0224), IFN-γ (p = 0.0056), IL-1α
(p b 0.0001), IL-1β (p = 0.0017), IL-3 (p = 0.019), Il-4 (p = 0.0056),
IL-7 (p = 0.0105), IL-10 (p = 0.0046), IL-13 (p = 0.0141), MIG (p =
0.0437), MIP-1a (p = 0.0063), TIMP-1 (p = 0.0184) and TREM-1
(p = 0.0464) compared to static-CM (Fig. 4A & B, Table 2). Altogether
these data demonstrated that osteocytes secrete numerous cytokines
capable of directly affect muscle cells differentiation and functions.

4. Discussion

This study investigated the effect of the secretome of static and flow
activated osteocytes on skeletal muscle differentiation.We demonstrat-
ed that treatment with osteocyte conditioned media significantly
inhibited C2C12 myogenic differentiation. The observed reductions in
the expression of myogenic regulatory factors, across numerous time
points, suggested that osteocyte conditioned media contains signalling
molecules which inhibit myoblasts ability to differentiate into
myofibers. This was confirmed with a significant reduction in the num-
ber of myofibers formed. Our findings were in stark contrast to work
conducted byMo et al. (Mo et al., 2012), who reported that conditioned
media collected from the MLO-Y4 osteocyte cell line promoted
myogenesis. Their study demonstrated increased levels of Myogenin
and Myod following MLO-Y4 treatment. These contrasting results
could derive from a number of experimental differences. Our study
used the OCY454 cell line in a 3D cell culture system, which in contrast
the MLO-Y4 cell line grown in 2D by Mo et al., has been shown to be a
more faithful recapitulation of the characteristic osteocyte gene expres-
sion profile of osteocytes in vivo which in contrast toMLO-Y4 cells have
high mRNA levels of Sost and Dmp1 and no osteoblastic contamination
as demonstrated by the lack of keratocan (osteoblast marker) expres-
sion (Spatz et al., 2015).

Upon investigation into the osteocyte secretome, we identified a
large number of common cytokines which have previously been
shown to have roles in myogenic differentiation. For example, MIP-1a,
significantly down regulated in our study, has been shown to greatly in-
crease myoblast proliferative response (Yahiaoui et al., 2008).

Image of Fig. 2


Fig. 3. Effect of treatment with conditioned media, collected from differentiated Ocy454 cells (static and flow activated (2 dynes/cm2 for 24 h)), on C2C12 myoblasts gene expression
collected 1, 3, and 6 days after treatment. A)Myf5, B)Myod, C)Mrf4, D)Myogenin, and E)Myh1 gene expression. Static (■), Flow-CM ( ) and unconditioned media (10%FBS) (vehicle,
). Data are mean levels of the gene of interest relative to HPRT1 ± SEM (N = 3). *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 vs Vehicle. #p b 0.05, ##p b 0.01, vs static

conditioned media. Data were analysed for statistical significance by ANOVA.
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Collectively, these findings suggest that the static osteocyte secretome
can signal to myoblasts via numerous signalling molecules, which has
an overall inhibitory effect of the ability of myoblasts to differentiate
into myofibers.

As osteocytes are amechanosensitive cell our next aimwas to inves-
tigatewhethermechanically stimulated osteocytes had a different effect
on C2C12 differentiation compared to static osteocytes. The precise
level of sheer stress generated by physiological loading is a subject of
ongoing research. Theoretical models have predicted sheer stresses of
0.8–3 Pa (Burger and Klein-Nulend, 1999; Weinbaum et al., 1994). In
this study, osteocytes were exposed to 0.2 Pa, significantly lower than
previously predicted. We have previously observed classical loading re-
sponses, such as the downregulation of Sost mRNA, using this level of
force (Spatz et al., 2015). Furthermore, it is likely that the actual amount
of force reaching the osteocyte cell body is lower still due to the inho-
mogeneity of the scaffold. This suggests that osteocytes may be even
more sensitive to mechanical loading than previously predicted.

Myoblasts cultured in flow activated osteocyte conditioned media
expressed significantly lessMrf4 andMyh1 compared to static osteocyte
conditioned media. Similarly, flow activation of osteocytes arrested the
increase at D1 and D3 in Mrf4 mRNA expression that was observed in
static osteocytes. Collectively, these findings suggest that osteocyte
secretome under flow has a greater inhibitory capacity on C2C12
differentiation.

Flow activated osteocyte conditioned media displayed a vastly dif-
ferent secretory profile from static osteocyte conditioned media. Inter-
estingly, many of these differentially expressed cytokines, which were
significantly down regulated in this study by flow activation, have pre-
viously been demonstrated to play a role in myogenesis. Il-4 and Il-13
have been demonstrated to inducemuscular hypertrophy by increasing
the recruitment of reserve myoblasts for fusion to myofibers
(Jacquemin et al., 2007). Similarly, IL-1β is associated with an increase
in the level of myogenic transcription factors MyoD and Myogenin at
the onset of myofiber fusion (Hoene et al., 2013). Il-10 and M-CSF pro-
mote a macrophage phenotype involved in the regeneration of
atrophied muscle (Keeling et al., 2013; Deng et al., 2012) and MIG and
MIP-1a promote myoblast proliferation (Ge et al., 2013) and early dif-
ferentiation. Collectively these observations suggest that flow activation
of osteocytes produces a resounding inhibitory effect onmyogenesis, by
reducing the expression of pro-myogenic cytokines and increasing the
production of inhibitory myogenic cytokines.

We also observed that IL-6 expression increased and IFN-γ expres-
sion decreased in flow activated compared to static osteocyte condi-
tioned media, however the meaning of this finding was harder to

Unlabelled image


Fig. 4. Comparison of the effects of flow activation (2 dynes/cm2 for 24 h) on cytokine production versus static osteocyte CM (A) 30 s exposure (B) 3 min exposure. Data is Mean± SEM.
N = 3. *p b 0.05, **p b 0.01, ***p b 0.001, ****p b 0.0001 vs Static CM.
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interpret because the roles of these cytokines in myogenesis remains
unclear. It has been demonstrated in C2C12myoblasts that IL-6 induces
the activation of the Stat3 signalling and promotes the down regulation
of the p90RSK/eEF2 and mTOR/p70S6K, resulting in inhibition of the
myogenic program (Pelosi et al., 2014). However, IL-6 has also been
demonstrated to play a role in promoting myogenic differentiation of
mouse skeletal muscle cells by autocrine activation of STAT3 and
Socs3 cascade (Hoene et al., 2013). Similarly, IFN-γ has been shown to
be both promote and inhibit myogenesis. Exogenous IFN-γ has been
shown to influence the proliferation and differentiation of cultured
myoblasts (Legoedec et al., 1997). However, IFN-γ has also been report-
ed to inhibit myogenesis through a direct inhibition of myogenin
(Londhe and Davie, 2011) and inhibition of myoblast proliferation and
fusion (Kalovidouris et al., 1993).

If we extrapolate our findings into a wider context, it appears as
thoughweobserved osteocytes simultaneously promoting osteogenesis
(via mechanical stimulation) and inhibiting myogenesis. We demon-
strated that CM from static osteocytes inhibitedmyogenesis and this ef-
fect is further increased when cells are exposed to mechanical forces
(fluid flow). Our findings suggest that mechanically-stimulated osteo-
cytes signal for bone production at the expense of muscle generation.
Osteocytes, in response to loading, increase bone production by increas-
ing osteoblast and decreasing osteoclast formation through SOST/
sclerostin and RANKL respectively. Given that osteocytes producing in-
hibitorymyogenic cytokines it appears as thoughmolecules secreted by
both static and activated osteocytes may either permeate the perioste-
um or move through the circulation to modulate myogenesis. Further
studies need to be conducted to determine the extent to osteocytes,
both static and flow activated, inhibit myogenesis, and if our in vitro ob-
servations translate to the in vivo setting. Furthermore, this study and
the observed effects on skeletal muscles number and size, suggests
that future studies should also examine the mTOR pathway which has

Image of Fig. 4


Table 2
Differential cytokine and chemokine expression in flow activated osteocyte conditioned
media compared to static conditioned media.

Cytokine Alternate name Change p-Value Fold change

BLC CXCL13/BCA-1 0.0045 −2.49
C5/C5a Complement Component 5a 0.0019 −1.79
G-CSF – 0.3707 1.04
GM-CSF – 0.2424 1.15
I-309 CCL1/TCA-3 0.0696 1.16
Eotaxin CCL11 0.0023 −2.75
sICAM-1 CD54 0.0224 −2.41
IFN-γ – 0.0056 −2.53
IL-1α IL-1F1 b0.0001 −2.26
IL-1β IL-1F2 0.0017 −3.05
IL-1ra IL-1F3 0.3757 1.23
IL-2 – 0.1331 −1.59
IL-3 – 0.019 −1.63
IL-4 – 0.0056 −1.80
IL-5 – 0.847 −1.01
IL-6 – 0.0007 13.42
IL-7 – 0.0105 −2.05
IL-10 – 0.0046 −3.11
IL-13 – 0.0141 −2.48
IL-12 p70 – 0.0803 −2.31
IL-16 – 0.7505 −1.31
IL-17 – 0.0796 2.62
IL-23 – 0.7397 −1.09
IL-27 – 0.9475 −0.03
IP-10 CXCL10/CRG-2 0.0286 −0.10
I-TAC CXCL11 0.0369 −1.73
KC CXCL1 0.0018 1.24
M-CSF – 0.2288 −1.07
JE CCL2/MCP-1 0.0032 −1.29
MCP-5 CCL12 0.1902 −3.55
MIG CXCL9 0.0437 −1.49
MIP-1a CCL3 0.0063 −1.728
MIP-1β CCL4 0.5908 1.28
MIP-2 CXCL2 0.0003 14.57
RANTES CCL5 0.0025 1.49
SDF-1 CXCL12 0.1024 −1.23
TARC CCL17 0.0679 −1.09
TIMP-1 – 0.0184 −1.13
TNF-α – 0.3625 −1.11
TREM-1 – 0.0464 −2.85
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been shown to be a crucial pathway for muscle hypertrophy (Bodine et
al., 2001).

5. Conclusion

In summary, we have demonstrated that osteocytes inhibit
myogenesis, with a specific affinity for late differentiation. We have
also identified numerous cytokines present in the osteocyte secretome,
which may begin to explain how osteocytes inhibit myogenesis. Our
findings suggest that the underlying physiological mechanism that is
at play is that when osteocytes sensing a load bearing dynamic environ-
ment they simultaneously signal for bone remodelling and inhibition of
myogenesis by secreting numerous bone specific cytokines.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bonr.2017.02.007.
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